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Comments About This draft

This is a set of course notes hoping to someday be a book.

Unfortunately, there is a huge di erence between course notesral a
book. This is why | need everyone's help. If there are parts that ya
think are unclear { please let me know. If there are errors | please let
me know (even if they are small and subtle). If the gures are unclar
| please let me know. If there are mistakes in grammar | please let
me know.

If you don't get the jokes... well, that is your problem. Seriously
though, | need help if this is eventually going to arrive at the Nirvana
that is bookdom. Give me feedback please. It will be good for your
Karma.






Some thoughts about this book

This book originated as part of a lecture course given at Oxford in tle
fall of 2016 and then again in 2017, 2018, 2019, 2020,: and this kept
going until I nished the book, which seemed like forever.

The idea of this book is to give a general introduction to topological
quantum ideas. This includes topological quantum eld theories, topo-
logical quantum memories, topological quantum computing, topologcal
matter and topological order | with emphasis given to the examples of
toric code, loop gases, string nets, and particularly quantum Hall eects.
The book is aimed at a physics audience (i.e., we avoid the language of
category theory like the plague!), although some mathematicians ma
also nd the perspectives presented here to be useful.

How to read this book

The book was originally written to be read roughly sequentially. How-
ever, you may be able to jump around quite a bit depending on your
interests. When the toric code is introduced, it is quite independentof
the prior chapters on the general structure of TQFTs. In the caurse |
teach, | am certainly not assigning all of the chapters | I'm not a sad ist!
| should also mention that chapter[33 introduces some basic mathe-
matics that many people may know but | thought should be included
for completeness.
There are often small hitches and caveats that are swept underhe
rug in the name of simplifying the discussion. | try to footnote these
caveats when they occur. Many technical details are pushed to cpter
appendices | often these can be skipped on a rst reading. 1 _ _
In a margin note of my previous book, | said that my next book (i.e., ' S0 suggested that | might write a
. . . . _ thriller about physicists defeating drug
this one) would be about two dimensional electron systems. This toft  smugglers. For those who are inter-
is covered in the section on fractional quantum Hall e ect. ested, I'm still working on it, but | dis-

A list of useful references is given etc. ﬁovgfed that writing a novel is pretty
ard.
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Introduction: History of
Topology, Knots, Peter Tait and
Lord Kelvin

The eld of quantum topology inhabits a beautiful nexus between mah-
ematics, computer science, and physics. Within the eld of physicsijt
has been fundamental to a number of sub elds. On the one hand,dpol-
ogy and topological matter are key concepts of modern condendenatter
physics'. Similarly, in the eld of quantum information and quantum
computation, topological ideas are extremely prominent. At the same
time much of our modern study of topological matter is rooted in idea of
topological quantum eld theories that developed from the high enegy
physics, quantum gravity®, and string theory community starting in the
1980s. These earlier works have even earlier precedents in physisd
mathematics. Indeed, the historical roots of topology in physics dte all
the way back to the 1800s which is where we will begin our story.

In 1867 Lord Kelvinfl and his close friend Peter Tait were interested
in a phenomenon of uid ow known as a smoke ring®, con gurations of
uid ow where lines of vorticity form closed loops as shown in Fig. L.
Peter Tait built a machine that could produce smoke rings, and showd
it to Kelvin who had several simultaneous epiphanies. First, he realize
that there should be a theorem (now known as Kelvin's circulation theo-
rem) stating that in a perfectly dissipationless uid, lines of vorticity are
conserved quantities, and the vortex loop con gurations should rsist
for all time. Unfortunately, few dissipationless uids exist | and the

ones we know of now, such as super uid helium at very low tempera-

tures, were not discovered until the next century?. However, at the time,
scientists incorrectly believed that the entire universe was lled with a
perfect dissipationless uid, known as Luminiferous Aether, and Kdvin
wondered whether one could have vortex loops in the Aether.

Very Easy Material

1The 2016 Nobel Prize was awarded
to Kosterlitz, Thouless, and Haldane

for the introduction of topological ideas

into condensed matter physics. The
topic of this book is a great-grand-

daughter of some of those ideas. In
chapters 28 and 27l we will discuss some
of the key works that this Nobel Prize

honored.

2Wwe will see this starting in chapter 24
below.

3see chapter[8.

Fig. 1.1 A smoke ring or vortex loop

is an invisible ring in space where the
uid ows around the invisible ring as
shown by the arrows. The whole thing

At the same time, one of the biggest mysteries in all of science wasmoves out of the plane of the page at

the discreteness and immutability of the chemical elements. Inspire by
Tait's smoke ring demonstration, Kelvin proposed that di erent ato ms
corresponded to di erent knotting con gurations of vortex lines in the
Aether. This theory of \vortex atoms" was appealing in that it gave a

4Actually, in 1867 he was just William Thomson, but he would la
the peerage and take the name Lord Kelvin after the River Kelv
laboratory.

ter be elevated to
in that owed by his

you as the uid circulates.

5Even in 1867, a talented smoker could
produce a smoke ring from their mouth.

6in fact Helium was not even discov-
ered yet in 1867!



2 Introduction and Ancient History

reason why atoms are discrete and immutable | on the one hand there
are only so many di erent knots that one can make. (See for examie,
the list of the simplest few knots you can form from one piece of strig
shown in Fig.[1.2.) On the other hand, by Kelvin's circulation theorem,
the knotting of the vortices in a dissipationless uid (the Aether) should
be conserved for all time. Thus, the particular knot could correspnd to
a particular chemical element, and this element should never chang®
another one. Hence the atoms should be discrete and immutable!

For several years the vortex theory of the atom was quite populg
attracting the interest of other great scientists such as Maxwell,Kirch-
ho, and J. J. Thomson (no relation). However after further research
and failed attempts to extract predictions from this theory, the id ea of
the vortex atom lost popularity.

Although initially quite skeptical of the idea, Tait eventually came
to believe that by building a table of all possible knots (knotted con-
guration of strands such that there are no loose ends) he would gin
some insight into the periodic table of the elements, and in a remarkale
series of papers he built a catalogue of all knots with up to 7 crossirg
(the rst few entries of the table being shown in Fig. [[.2). From his
studies of knots, Tait is viewed as the father of the mathematical heory

of knots, which has been quite a rich eld of study since that time (ard
’ particularly during the last fty years).
During his attempt to build his \periodic table of knots", Tait posed
L/ what has become perhapghe fundamental question in mathematical

knot theory: how do you know if two pictures of knots are topologially
identical or topologically di erent. In other words, can two knots b e

smoothly deformed into each other without cutting any of the strands.

Although this is still considered to be a di cult mathematical problem,

a powerful tool that helps answer this question is the idea of a \kn®
C invariant" which we will study in the next chapter. Shortly, it will

become clear how this idea is related to physics.
Although Tait invented a huge amount of mathematics of the theory
of knotd] and developed a very extensive table of knots, he got no closer
. , to understanding anything about the periodic table of the atoms. In
Fig. 1.2 The simplest few knots made his | life he b ite f d with his lack of in tis
from one strand of string. The top is later life he became quite frustrated with his lack of progress in t
knot, a simple loop, is known as the  direction and he began to realize that understanding atoms was prisably
\unknot”, and corresponds to the sim- unrelated to understanding knots. Tait diedd in 1901 not realizing that
ple smoke ring in Fig. LLI The second  pis \ork on the theory of knots would be important in physics, albeit

knot from the top, known as the trefoil, f irelv di
is not the same as its mirror image (see or entrely di erent reasons.

exercise[Z1)

7Some of his conjectures were way ahead of their time | some being proven only in
the 1980s or later! See|Stoimenow [200€] for a review of the Ta it conjectures proven
after 1985.

8peter Tait was also a huge fan of golf and wrote some beautiful papers on the
trajectory of golf balls. His son, Freddie Tait, was a champi on amateur golfer, being
the top amateur nisher in the British Open six times and plac  ing as high as third
overall twice. Freddie died very young, at age 30, in the Boer wars in 1900. This
tragedy sent Peter into a deep depression from which he never recovered.



Further Reading

" Daniel S. Silver, \Knot Theory's Odd Origins", American Scien-
tist, Volume 94, 2006.






Kau man Bracket Invariant and
Relation to Physics

The purpose of this chapter is to introduce you to a few of the key igas
and get you interested in the subject!

2.1 The Idea of a Knot Invariant

Topological equivalence.  We say two knots are topologically equiva-
lent if they can be deformed smoothly into each other without cuttingﬂ.
For example, the picture of a knot (or more properly, the picture of the
link of two strings) on the left of Fig. £1lis topologically equivalent to
the picture on the right of Fig. .11

It may appear easy to determine whether two simple knots are tope
logically equivalent and when they are not. However, for complicated
knots, it becomesextremely di cult to determine whether two knots are
equivalent or inequivalent. It is thus useful to introduce a mathemaical
tool known as a knot invariant that can help us establish when two krots
are topologically inequivalent.

A Knot Invariant  is a mapping from a knot (or a picture of a knot)
to an output via a set of rules which are cooked up in such a way that
two topologically equivalent knots must give the same output. (See
Fig. Z2.) So if we put two knots into the set of rules and we get two
di erent outputs, we know immediately that the two knots cannot b e
continuously deformed into each other without cutting.

To demonstrate how knot invariants work, we will use the example of
the Kau man bracket invariant &3 (SeelKau man [1987]). The Kau -

1A few pieces of ne print here. (1) | am not precise about knot v ersus link. Strictly
speaking a knot is a single strand, and a link is more generall y made of multiple
strands. Physicists call them all knots. In either case no da ngling ends are al-
lowed. A knot can be dened as a particular embedding of a circle ( S?1) into a
three dimensional reference manifold such as R® (regular 3-dimensional space) with
no self-intersections. A link is an embedding of several circles into the three dimen-
sional manifold with no intersections. (2) When | say \topol  ogically equivalent" here
I mean the concept of regular isotopy  (See section[Z.2.1 and[Z.6.1). Two knots are
isotopic if there is a continuous smooth family of knots betw een the initial knot and
the nal knot | however to be more precise, as we will see below  in section E2ZT]
we should think of the knots as being thickened to ribbons and we want a smooth
family of ribbons.

2Be warned: there are multiple things named after Kauman. Th e particular nor-
malization of the bracket invariant that we use has been name d the topological bracket
By }éau man. The more common de nition of the bracket is our de nition divided
y d.

Easy Material

@:c@?

Fig. 2.1  Topological equivalence of
two knots. The knot on the left can be
deformed continuously into the knot on
the right without cutting any strands.

Knot
Such that
topologically

Rules equivalent
knots give the
same output
H
Output

Fig. 2.2  Schematic description of a
knot invariant as a set of rules taking an
input knot to some mathematical out-
put such that topologically equivalent
knots give the same output.

3The term \bracket" is due to a com-
mon notation where one draws a pic-
ture of a knot inside brackets to indi-
cate that one is supposed to evaluate
this invariant. We will not draw these
brackets.




6 Kau man Bracket Invariant and Relation to Physics

‘we will eventually see that d stands
for \dimension".

5There is a hidden assumption that an
empty diagram has value 1. This means
that the overall value of a diagram with
a single loop is d, the overall value of
a diagram of two unlinked loops is d?,
and so forth.

6The word \skein" is an infrequently

used English word meaning loosely
coiled yarn, or sometimes meaning an
element that forms part of a compli-

cated whole (probably both of these are
implied for our mathematical usage).

\Skein" also means geese in ight, but

| suspect this is unrelated.

man bracket invariant was essentially invented by Vaughan Jones wb
won the Fields medal for his work on knot theory[Jones, 1985]. Kau
man's important contribution to this story (among his many other co n-
tributions in the eld of knot theory) was to explain Jones' work in ve ry
simple terms.

To de ne the Kau man Bracket Invariant , We start with a scalar
variable A. For now, leave it just a variable, although later we may
give it a value. There are then just two rules to the Kau man bracket
invariant. First, a simple loop of string (with nothing going through it)
can be removed from the diagram and replaced with the numbe®

d= A? A2 (2.1)
The second rule replaces a diagram that has a crossing of strings lay
sum of two diagrams where these strings don't cross | where the two
possible uncrossings are weighted bz and A ! respectively as shown
in Fig. 231 This type of replacement rule is known as askein rule.®

= A2

/\/:A '
\/\:A

Fig. 2.3 Rules for evaluating the Kau man bracket invariant. The
third line is exactly the same as the middle line except that a Il the
diagrams are rotated by 90 degrees, so it is not an independen t rule.
However, it is convenient to draw the rule twice to make it eas ier to
compare to other diagrams.

A?2 =4d

The general scheme is to use the second (and third) rule of Fig. 2.3
to remove all crossings of a diagram. In so doing, one generates ans
of many diagrams with various coe cients. Then once all crossings &
removed, one is just left with simple loops, and each loop can just be
replaced by a factor ofd.



2.1 The Idea of a Knot Invariant 7
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Fig. Z47 Example of evaluation of the Kau man bracket invariant for the simp le twisted loop in the
upper left. The light dotted red circle is meant to draw attention to w here we apply the Kau man
crossing rule (the middle line in Fig.[Z.3) to get the two diagrams on the ight hand side. After
applying the Kau man rules again (the nal line in Fig. 2.3)] we have rem oved all crossings and we
are left only with simple loops, which each get the valued. In the penultimate line we have used
the de nition of d to replace A2+ A 2= d. The fact that we get d in the end of the calculation
is expected since we know that the original knot is just a simple loop (he so-called \unknot") and
the Kau man rules tell us that a loop gets a value d.



8 Kau man Bracket Invariant and Relation to Physics

"To a mathematician the Kau man in-
variant is an invariant of regular isotopy
| see Section ZZ T below.

8The converse is not true. If two knots
give the same output, they are not nec-
essarily topologically equivalent. It is
an open question whether there are any
knots besides the simple unknot (a sim-
ple loop) which has Kau man invariant
d. It is also an open challenge to nd
out whether any combinatoric knot in-
variants similar to Kau man can dis-
tinguish all topologically inequivalent
knots from each other.

9There is also some discussion of \topo-
logical" systems in 1+1 D in chapter 12_]
for example.

time

-_—

Fig. 2.5 A space-time process show-
ing world lines of particles for a
2+1 dimensional system (shown as the
shaded disk at the bottom). The X's
mark the points in space-time where
particles-anti-particle pairs are either
pair-created or pair-annihilated.

To give an example of how these rules work we show evaluation of
the Kau man bracket invariant for the simple knot in the upper left o f
Fig. Z4. The output of the calculation is that the Kau man invariant
of this knot comes out to bed. This result is expected since we know
that the original knot (in the upper left of the gure) is just a simple
loop (the so-called \unknot") and the Kau man rules tell us that alo op
gets a valued. We could have folded over this knot many many timeg
and still the outcome of the Kau man evaluation would be d.

The idea of a knot invariant seems like a great tool for distinguishing
knots from each other. If you have two complicated knots and youdo
not know if they are topologically equivalent, you just plug them into
the Kau man machinery and if they don't give the same output then
you know immediately that they cannot be deformed into each other
without cutting 8. However, a bit of thought indicates that things still
get rapidly di cult for complicated knots. In the example of Fig. 2l.4ve
have two crossings, and we ended up with 4 diagrams. If we had a kho
with N crossings we would have gotten® diagrams, which can be huge!
While it is very easy to draw a knot with 100 crossings, even the world's
largest computer would not be able to evaluate the Kau man brackd
invariant of this knot! So one might then think that this Kau man
bracket invariant is actually not so useful for complicated knots. We
will return to this issue later in Section 2.4l

2.2 Relation to Physics

There is a fascinating relationship between knot invariants and quatum

physics. For certain types of so-called \topological quantum systms"
the amplitudes of space-time processes can be directly calculatedav
knot invariants such as the Kau man bracket invariant.

We should rst comment that most of what we will discuss in this
book corresponds to 2 dimensional systems plus 1 dimension of time.
There are topological systems in 3+1 dimension (and higher dimensian
as well') but more is known about 2+1 D and we will focus on that at
least for now?

Figure[Z.3 shows a particular space-time process of particle world liree
At the bottom of the gure is shown the shaded 2 dimensional systen
(a disk). At some early time there is a pair creation event | a particle-
antiparticle appear from the vacuum, then another pair creation event;
then one particle walks around another, and the pairs come back to
gether to try to reannihilate. At the end of the process, it is possile
that the particles do reannihilate to the vacuum (as shown in the di-
agram), but it is also possible that (with some probability amplitude)
the particle-antiparticle pairs form bound states that do not annihilate
back to the vacuum.

In a topological theory, the quantum amplitude for these proceses
depends on the topology of the world lines, and not on the detailed
geometry (l.e., the probability that the particles reannihilate versus form



bound states). In other words, as long as the topology of the wadd lines
looks like two linked rings, it will have the same quantum amplitude as
that shown in Fig. 8. It should surprise us that systems exist whee
amplitudes depend only on topology, as we are used to the idea that
amplitudes depend on details of things, like details of the Hamiltonian,
how fast the particles move, and how close they come together. Bun

a topological theory, none of these things matter. What mattersis the
topology of the space-time paths.

What should be obvious here is that the quantum amplitude of a
process is a knot invariant. It is a mapping from a knot (made by the
world lines) to an output (the amplitude) which depends only on the
topology of the knot. This connection between quantum systems ad
knot invariants was made famously by Ed Witten, one of the world's
leading string theorists [Witten, 1989]. He won the Fields medal along
with Vaughan Jones for this work.

Such topological theories were rst considered as an abstract gsi-
bility, mainly coming from researchers in quantum gravity (see chapter
[6). However, now several systems are known in condensed matt&hich
actually behave like this. While not all topological theories are related
to the Kau man bracket invariant, many of them are (There are ot her
knot invariants that occur in physical systems as well | including the so-
called HOMFLY invariant[Freyd et al.,| 1985]. See exercisé 31.) A brief
table of some of the physical systems that are believed to be relatieto
nontrivial knot invariants is given in Table Z.T]

In addition there are a host of complicated systems that could in
principle be engineered but are much too hard for current technolgy to
contemplate. There are many other quantum hall states that arealso
topological, but have corresponding knot invariants are fairly trivial, as
we will later see in chapter ***.

2.2 Relation to Physics 9
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10The Ising conformal eld theory, de-

scribes the critical point of the 2D
classical Ising model. We will dis-
cuss the relationship between confor-
mal eld theory and topological theo-

ries in chapter 8I]

11 Two Nobel Prizes have been given for
work on Helium-3 super uidity.

(1) SU(2), class. For these, the Kau man bracket invariant
gives the quantum amplitude of a process by using the
value A = ie = @2*2) = {33 This is also known as
\Ising" anyons . Possibly physical realizations include

= 5=2 Fractional Quantum Hall E ect (2D elec-
trons at low temperature in high magnetic eld). See
chapters ***,

2D p-wave superconductors.
" 2D Films of *HeA super uid 1*.

~ A host of \engineered" structures that are designed
to have these interesting topological properties. Typ-
ically these have a combination of spin-orbit coupling,
superconductivity, and magnetism of some sort. Re-
cent experiments have been quite promising. See
chapter ***?

(2) SU(2)3 class. For this, the Kau man bracket invariant
gives the quantum amplitude of a process by using the

value A = ie '= @@*3) = j4%5 The only physical system
known in this class is the = 12=5 fractional quantum hall
e ect.

(3) SU(2)4 class. For this, the Kau man bracket invariant
gives the quantum amplitude of a process by using the
value A = je 7 @) = j56 |t is possible that =
2 + 2=3 Fractional quantum hall e ect is in this class.

(4) SU(2)1 class Also known as semions. These are proposed
to be realized in rotating boson fractional quantum Hall
e ect (See comments in chapter31). This corresponds to
a fairly trivial knot invariant as we will see later in section

*%%

(5) SU(3), class. This corresponds to a case of the HOMFLY
knot invariant rather than the Kau man bracket invariant.
It is possible that the unpolarized = 4=7 fractional quan-
tum hall e ect is in this class.

Table 2.1  Table of some interesting topological systems related to kn ot invariants.

Note that these are closely related to, but not precisely the same asSU(2)x Chern-
Simons theory (which we discuss in chapter )] The slight di ~ erences are related to
extra phases that appear in braiding. See also chapter ****,  See end of chapter for
references ***



2.2.1 Twist and Spin-Statistics

Before moving on, let us do some more careful examination of the Ka-

man bracket invariant. To this end, let us examine a small loop in a piece
of string (as shown in Fig.[2.6) and try to evaluate its Kau man brack et

invariant.

NRYIeRTYe

= A[ A2 AZJ+A! ): A3 )

Fig. 2.6 Evaluation of a twist loop in a string. The dotted lines

going o the top and bottom of the diagrams mean that the strin g
will be connected up with itself, but we are not concerned wit h any
part of the knot except for piece shown. The result of this cal culation
is that removal of the little twist in the loop incurs a factor of A3,

We see from the calculation, that the little loop in the string has value
of A3 compared to a straight string. But this seems to contradict what
we said earlier! We claimed earlier that any two knots that can be de-
formed into each other without cutting should have the same Kau man

bracket invariant, but they don't!

The issue here is that the unlooped string on the right and the looped
string on the left are, in fact, not topologically equivalent'?. To see this

we should think of the string as not being in nitely thin, but instead

having some width, like a garden hose, or a \ribbon*3. If we imagine

straightening a thick string (not an in nitely thin string) we realize th at
pulling it straight gives a twisted string (see g 2.7) | anyone who has

tried to straighten a garden hose will realize thist
So the looped string is equivalent to a string with a self-twist, and this
is then related to a straight string by the factor of

A3. In fact, this is a

result we should expect in quantum theory. The string with a self-twist
represents a particle that stays in place but rotates around an ais. In

quantum theory, if a particle has a spin, it should accumulate a phase
when it does a 2 rotation, and indeed this factor of
such a phase in any well de ned quantum theory.

2.2 Relation to Physics 11

12\n mathematics we say they are am-
bient isotopic but not regular isotopic!
(See section[Z6.7)

B3\e should thus think of our knots as

not just being a simple embedding of a
circle St into a three manifold R3, but
rather an embedding of a ribbon. This

is equivalent to specifying an orthog-

onal vector at each point along knot

which gives the orientation of the rib-

bon cross section at each point. When
one draws a knot as a line, one must
have a convention as to what this means
for the orientation of the ribbon. See

comment on blackboard framing at the

end of this section.

14 you have not had this experience
with a garden hose, you are not paying

A3 is precisely enough attention to your garden!
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151n the most interesting case of non-
abelian statistics, there may be mul-
tiple possible exchange phases for two
particles, although this does not e ect
the equivalence of diagrams stated here.
We will discuss this more in chapter 3[]

1619 properly count the self twists,
one calculates the so-called \writhe"
of the knot (See section E62). Give
the string an orientation (a direction to
walk along the string) and count +1
for each positive crossing and -1 for
each negative crossing where a positive
crossing is when, traveling in the direc-
tion of the string that crosses over, one
would have to turn left to switch to the
string that crosses under. If we orient
the twisted string on the left of Fig. 2.6
as up-going it then has a negative cross-
ing by this de nition.

1
>
w
(M

Fig. 2.7
string. This twist can be replaced with a factor of

Pulling straight a small loop introduces a twist in the
A3,

In fact, Fig. E.7]is a very slick proof of the famous spin statistics the
orem. In the left picture with the loop, we have two identical particles
that change places. When we pull this straight, we have a single paitle
that rotates around its own axis. In quantum theory, the phasesaccu-
mulated by these two processes must be identical. As we will see below
in chapter[3], in 2+1 D this phase can be arbitrary (not just +1, or -1),
but the exchange phase (statistical phase) and the twist phasetkie spin
phase) must be the sam®.

As a side comment, one can easily construct a knot invariant that
treats the looped string on the left of Fig. 2.8 as being the same as
the straight piece of string. One just calculates the Kau man bracket
invariant and removes a factor of A3 for each self twist that occurs'®.
This gives the famed Jones Polynomial knot invariant. See exercideZ

Blackboard Framing

Since it is important to specify when a strand of string has a self-twis
(as in the middle of Fig.[Z4) it is a useful convention to use so-called
blackboard framing With this convention we always imagine that the
string really represents a ribbon and the ribbon always lies in the plane
of the blackboard. An example of this is shown in Fig[Z38. If we intend
a strand to have a self twist, we draw it as a loop as in the left of Fig[2.l7
or the left of Fig. 2.6

Fig. 2.8 Blackboard framing. The knot drawn on the left represents th e ribbon on
the right, where the ribbon always lies at in the plane of the page (i.e., the plane of
the blackboard).
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2.3 Bras and Kets

For many topological theories (the so-called nonabelian theories) hte

physical systems have an interesting, and very unusual propeyt Imag-

ine we start in a ground state (or vacuum) of some systems and cete

two particle-hole pairs, and imagine we tell you everything that you

can locally measure about these patrticles (their positions, if their sim,

etc etc). For most gapped systems (insulators, superconducts, charge

density waves) once you know all of the locally measurable quantities

you know the full wavefunction of the system. But this is not true for

topological systems!’ As an example, see Fig2]9. 7 particles in topological systems seem

to \remember" their space-time his-
joi = jli = w

tory. The reason for this, as we will
see in chapter [ and thereafter, is that
Fig. 2.9 Two linearly independent quantum states that look iden-
tical locally but have dierent space-time history. The hor izontal

this historical information becomes en-
coded in the properties of the vacuum;
plane is a space-time slice at xed time, and the diagrams are all
oriented so time runs vertically.

time

i.e., the regions away from the particles.

D
time

hoj = hj =

Fig. 2.10 Kets are turned into bras by reversing time.

To demonstrate that these two di erent space-time histories arelin-
early independent quantum states, we simply take inner products a
shown in Fig.[Z.11 by gluing together a ket with a bra. Sinceh0j0i =
hjli = d? but Oj1li = d, we see thatjOi and jli must be linearly in-
dependent, at least forjdj & 1. (We also see that the kets here are
not properly normalized, we should multiply each bra and ket by 1=din
order that we have normalized states.)

We can think of the jOi and jli states as being particular operators
that produce particle-hole pairs from the vacuum, and (up to the isue
of having properly normalized states) the inner product producedby
graphical gluing a bra to a ket is precisely the inner product of these
two resulting states. So for example, the inner product0jli as shown in
the bottom of Fig. E17] can be reinterpreted as starting from the \acuum,
time evolving with the operator that gives jOi then time evolving with
the inverse of the operator that producegli to return us to the vacuum.
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HOjOi = = = P
hLj1i = = @ = (2
HOj1i = = = d

Fig. 2.11  Showing that the kets jOi and jli are linearly indepen-
dent. For jdj & 1 the inner products show they must be linearly
independent quantities.

Suppose now we insert a braid between the bra and the ket as shovim
Fig. Z12. The braid makes a unitary operation on the two dimensional
vector space spanned byOi and jli. We can once again evaluate this
matrix element by calculating the Kau man bracket invariant of the
resulting knot.

= h0jBraidj0i

joi =

Fig. 2.12 Inserting a braid between the bra and the ket. The braid
performs a unitary operation on the two dimensional vector s pace
spanned by jOi and jli



2.4 Quantum Computation with Knots

2.4 Quantum Computation with Knots

Why do we care so much about topological systems and knot invarias?
A hint is from the fact that we wrote states above asjOi and jli. This
notation suggests the idea of qubit$®, and indeed this is one very good
reason to be interested.

It turns out that many topological quantum systems can compute
quanitites e ciently that classical computers cannot. To prove th s,
suppose you wanted to calculate the Kau man invariant of a very can-
plicated knot, say with 100 crossings. As mentioned above, a classit
computer would have to evaluate 2°° diagrams, which is so enormous,
that it could never be done. However, suppose you have a topologit
system of Kau man type in your laboratory. You could actually arra nge
to physically measurethe Kau man bracket invariant M. The way we do
this is to start with a system in the vacuum state, arrange to \pull"
particle-hole (particle-antiparticle) pairs out of the vacuum, then drag
the particles around in order to form the desired knot, and bring them
back together to reannihilate. Some of the particles will reannihilate
and others will refuse to go back to the vacuum (forming bound stées
instead). The probability that they all reannihilate is (up to a normaliz a-
tion?%) given by the absolute square of the Kau man bracket invariant
of the knot (since amplitudes are the Kau man bracket invariant, t he
square of the Kau man bracket invaraint is the probability). Even e sti-
mation of the Kau man bracket invariant of a large knot is essentially
impossible for a classical computer, for almost all values oA. However,
this is an easy task if you happen to have a topological quantum sysim
in your lab!?! Thus the topological quantum system has computational
ability beyond that of a classical computer.

It turns out that the ability to calculate Kau man bracket invariant  is
su cient to be able to do any quantum computation 2. One can use
this so-calledtopological quantum computer to run algoritms such
as Shor's famous factoring (i.e., code breaking) algorithr#?. The idea
of using topological systems for quantum computation is due to Miclael
Freedman and Alexei Kitaev?*.

So it turns out that these topological systems can do quantum com
putation. Why is this a good way to do quantum computation?+4, First
we must ask about why quantum computing is hard in the rst place.
In the conventional picture of a quantum computer, we imagine a bunch
of two state systems, say spins, which act as our qubits. Now durig
our computation, if some noise, say a photon, or a phonon, enterthe

19 perhaps the rst statements ever made about a quantum comput
in 1980. He pointed out that doing any calculation about some

15

180ne of my favorite quotes is \Any id-
iot with a two state system thinks they
have a quantum computer." The objec-
tive here is to show that we are not
just any idiot | that quantum com-
puting this way is actually a good idea!
We will discuss quantum computation
more in chapter II]

20if we pull a single particle-hole pair
from the vacuum and immediately
bring them back together, the proba-
bility that they reannihilate is 1. How-
ever, the spacetime diagram of this is a
single loop, and the Kau man bracket
invariant is d. The proper normaliza-
tion is that each pair pulled from the
vacuum and then retyned to the vac-
uum introduces a 1= d factor in front
of the Kau man bracket invariant.

21The details of this are a bit subtle
and are discussed by |[Aharonov_et al.
[2009]; |Aharonov_and Arad [2011]; Ku-
perberg [2015].

22|n fact the computational power of

being able to evaluate the Kau man

bracket for xed A is equivalent to
the computational power of a quantum

computer, with the exception of a few
special values of the Kau man param-

eter A.

233ee[Nielsen and Chuang [2000], for
example, for more detail about quan-
tum computation in general.

24Freedman is another Fields medalist,
for his work on the Poincare conjecture
in 4D. Alexei Kitaev is one of the most
in uential scientists alive, a MacArthur
winner, Milnor Prize winner, etc. Both
smart people. Freedman is also a cham-
pion rock climber.

er were made by the Russian mathematician Yuri Manin,
complicated quantum system with 100 interacting particles

is virtually impossible for a classical computer. Say for 10 0 spins you would have to nd the eigenvalues and eigenvector s of

a 2190 dimensional matrix. But if you had the physical system in you

r lab, you could just measure its dynamics and answer

certain questions. So in that sense the physical quantum sys tem is able to compute certain quantities, i.e., its own equa tions

of motion, that a classical computer cannot. In the followin

g year Feynman started thinking along the same lines and aske d

the question of whether one quantum system can compute the dy namics of another quantum system | which starts getting

close to the ideas of modern quantum computation.
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25Electronic systems can be made two
dimensional in several ways. See com-
ments in chapter ??.

26A  comment in comparing this
paradigm to the common paradigm of
high energy physics: In high energy
there is generally the idea that there
is some grand unied theory (GUT)

at very high energy scale and it is
extremely symmetric, but then when

the universe cools to low temperature,
symmetry breaks (such as electro-weak
symmetry) and we obtain the physics
of the world around us. The paradigm
is opposite here. The electrons in
magnetic eld at high temperature

have no special symmetry. However,
as we cool down to lower temperature,
a huge symmetry emerges. The topo-
logical theory is symmetric under all
di eomorphisms (smooth distortions)

of space and time.

system and interacts with a qubit, it can cause an error or decoheance,
which can then ruin your computation. And while it is possible to pro-
tect quantum systems from errors (we will see in section *** below low
you do this) it is very hard.

Now consider what happens when noise hits a topological quantum
computer. In this case, the noise may shake around a particle, asewn
in Fig. 213, However, as long as the noise does not change the topgio
of the knot, then no error is introduced. Thus the topological quan-
tum computer is inherently protected from errors. (of course suwciently
strong noise can change the topology of the knot and still cause esrs.)

/\/noise) ﬁé
[ [

Fig. 2.13 The e ect of noise on a topological qguantum computa-
tion. As long as the noise does not change the topology of the k not,
then no error is introduced.

2.5 Some Quick Comments about Fractional
Quantum Hall E ect

There will be chapters later about Fractional Quantum Hall E ect ( FQHE).
But it is worth saying a few words about FQHE as a topological system
now.

FQHE occurs in two dimensional electronic system® in high mag-
netic eld at low temperature (typically below 1K). There are many
FQHE states which are labeled by their so called lling fraction = p=q
with p and g small integers. The lling fraction can be changed in exper-
iment by, for example, varying the applied magnetic eld (we will discuss
this later in chapter ??). The FQHE state emerges at low temperature
and is topologicaf®.

How do we know that the system is topological? There are not a
whole lot of experiments that are easy to do on quantum Hall systers,
since they are very low temperature and complicated experimentsa do.
However, one type of experiment is fairly straightforward | a simple
electrical resistance measurement, as shown in Figs._2]14 ahd 2. 15. ,
Fig. 214 the so-called longitudinal resistance is measured | where tre
current runs roughly parallel to the voltage. In this case the measred
voltage is zero | like a superconductor. This shows that this state of
matter has no dissipation, no friction.

The measurement in the Fig.[ZIb is more interesting. In this case,
the Hall voltage is precisely quantized asv = (h=€?)(1= )l wherel is



A

2D electron sample o
in B-eld Dissipationless Flow

o

Fig. 2.14 Measurement of longitudinal resistance in FQHE experiment

i l V = (h=e?)(1=)I

2D electron sample . )
ol Quantized Resistance

Fig. 2.15 Measurement of Hall resistance in FQHE experiment.

the current, h is Plank's constant, e the electron charge and = p=qis a
ratio of small integers. This quantization of V=I is extremely precise |
to within about a part in 10 1°. This is like measuring the distance from
London to Los Angeles to within a millimeter. What is most surprising is
that the measured voltage does not depend on details, such as ttshape
of the sample, whether there is disorder in the sample, or where yoput
the voltage leads or how you attach them as long as the current and
voltage leads are topologically crossed, as they are in the Fig_2115ub
not in Fig. E.I41 We should emphasize that this is extremely unusual. If
you were to measure the resistance of a bar of copper, the voltagvould
depend entirely on how far apart you put the leads and the shape othe
sample. This extremely unusual independence of all details is a stran
hint that we have something robust and topological happening here

Finally we can ask about what the particles are that we want to braid
around each other in the FQHE case. These so-called quasiparticlese
like the point-vortices of the FQHE super uid. As we might expect for a
dissipationless uid, the vortices are persistent | they will last fore ver
unless annihilated by antivortices.

So in fact, Kelvin was almost right (See chaptefl). He was thinking
about vortices knotting in the dissipationless aether. Here we arehink-
ing about point vortices in the dissipationless FQHE uid, but we move
the vortices around in time to form space-time knots!

2.5 Quick Comments 17
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27This is a very old result, by Kurt
Reidemeister from 1927. Note that it
may take many many moves in order
to bring a knot into some particular
desired form. For example, if there
are c¢ crossings in a diagram which is
equivalent to the simple unknot (an un-
knotted loop), the strongest theorem
yet proven is that it can be reduced to
the simple unknot with (236 ¢)! moves
|Lackenby, 2015].

‘p$
(e g -

58 (e
AN A

Fig. 2.16 The Three Reidermeis-
ter Moves. Any two knots that can
be deformed into each other without
cutting (they are \ambient isotopic")
can be connected by a series of Rei-
dermeister moves.  Strictly speaking
the Reidermeister moves includes the
moves drawn here as well as the front-
back mirror-re ections of each of these
moves (turn all over-crossings to under-
crossings).

Type |

2Bror regular isotopy of link dia-
grams one should allow cancellation
of opposite ribbon twists which is
sometimes known as a type-1° move.

l
$ Type 1°

2.6 Appendix: More Knot Theory Basics

2.6.1 Isotopy and Reidermeister Moves

Two knots (or two pictures of knots) are ambient isotopic if one can
be deformed into each other other without cutting any of the strands.
In order for two pictures of knots to be ambient isotopic they must
be related to each other by a series of moves, known as Reidermedst
moves’, as shown in Fig.[Z.16.

In the context of quantum physics, and as elaborated in sectiof 2.2,
we are usually concerned withregular isotopy which treats the strands as
ribbons. Two knots are regular isotopic if they can related to each ther
using only type-ll and type-lll moves. A type-l move inserts a twist
in the ribbon (See Fig.[Z1) and results in a di erent ribbon diagram,
whereas type-ll and 11l moves do not twist the ribbon?8.

2.6.2 Writhe and Linking

Let us put arrows on all strands of our knots and links (so how we hae
directed lines). For each crossing we de ne a sign as shown in Fig[ 2.1V

Fig. 2.17 Dening asign = 1 for each crossing of oriented knots and links.

The writhe w of an oriented knot (here \knot" means made of a
single strand) is the sum of all of the values of the crossings

w(knot) =

crossings

(crossing) (2.2)

Note that type Il and Il Reidermeister moves preserve the writhe of a
knot, whereas type | moves do not. Thus, the writhe is an invariant of
regular isotopy but not of ambient isotopy.

For a link made of two strands, the linking number
two strands is given by

lk between the

X

Ik(link ) = (crossing) (2.3)

crossings between
two di erent strands



Chapter Summary

Knot invariants, such as the Kau man bracket invariant, help dis-
tinguish knots from each other.

The quantum dynamics of certain particles are determined by cer;
tain knot invariants.

Computation of certain knot invariants is computationally \hard"
on a classical computer, but not hard using particles whose dy
namics is given by knot invariants.

Computation by braiding these particles is equivalent to any other
guantum computer.

Physical systems which have these particles include fractiona
quantum Hall e ect.

Further Reading

" The book by Kau man|[2001] is a delightful introduction to knot
theory and connections to physics. This was the book that got
me interested in the subject back when | was in grad school and
changed the course of my life.

" | wrote another easy reading introduction,[Simon lLZle], connect-
ing knots to anyons.
~ Some nice introductory books on knots includé Adams [1994], and

2]. A beautiful set of course notes on knot theory is
given by [2015].

Exercises

19

Exercises

Exercise 2.1 Trefoil Knot and the Kau man Bracket

Using the Kau man rules, calculate the Kau man bracket inva riant of the
right and left handed trefoil 2 knots shown in Fig. 218l Conclude these two
knots are topologically inequivalent. While this statemen t appears obvious
on sight, it was not proved mathematically until 1914 (by Max Dehn). It is
trivial using this technique!

Exercise 2.2 Abelian Kau man Anyons

Anyons described by the Kau man bracket invariant with cert ain special
values of the constant A are abelian anyons { meaning that an exchange
introduces only a simple phase as shown in Fig.[ZI9.

29The word \trefoil" is from the plant

trifolium, or clover, which has com-

pound trifoliate leaves.

QD QD

Fig. 2.18 Left and Right Handed Tre-
foil Knots (on the left and right respec-

tively)
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2N

Fig. 2.19 For abelian anyons, ex-
change gives a phasee' .

~~_

N

Fig. 2.20  For bosons or fermions the
sign in this gure is +, for semions the
sign is

SOHOMFLY is an acronym of the
names of the inventors of this poly-
nomial. Sometimes credit is even
more distributed and it is called HOM-
FLYPT.

31in order for the HOMFLY invariant
to represent quantum particles, a phase
for this type | move must be inserted by
hand.

(@) For A = €~ 3 (and the complex conjugates of these values), show that
the anyons are bosons or fermions respectively (i.e..e = 1).

(b) For A = €= © (and the complex conjugates of these values) show the
anyons are semions (i.e..e = ). Infact these are precisely the anyons that
arise for the = 1=2 fractional quantum Hall e ect of bosons (We will discuss
this later in this book (See section ***). This particular ph ase of quantum
Hall matter has been produced experimentallyClark et al. [[2 020], but only in
very small puddles so far and it has not been possible to measue braiding
statistics as of yet.

HINT: For (a) and (b) show rst the identity shown in Fig. 2.20_1
If you can't gure it out, try evaluating the Kau man bracket invariant for
a few knots with these values of A and see how the result arises.

Exercise 2.3 Reidermeister moves and the Kau man Bracket

Show that the Kau man bracket invariant is unchanged under a pplication of
Reidermeister move of type Il and type IIl. Thus conclude tha t the Kau man
invariant is an invariant of regular isotopy.

Exercise 2.4 Jones polynomial
Let us de ne the Jones polynomial of an oriented knot as

Jones(knot) = ( A% ) Kau man(knot)

wherew is the writhe (We must rst orient the knot, meaning we arrows on the
strands, in order to de ne a writhe). Show that this quantity is an invariant of
ambient isotopy { that is, it is invarient under all three Rei dermeister moves.

Exercise 2.5 HOMFLY Polynomial

The HOMFLY %° polynomial is a generalization of the Jones polynomial
which has two variables A and z rather than just one variable. To de ne
the HOMFLY polynomial we must rst orient the strings in our k  not or link
(meaning we put arrows on the lines). The HOMFLY polynomial ( |Freyd et al.
[1985]) of an oriented link is then de ned in terms of two vari ables A and z
by the two rules

O -O- i
4

AN A D=2 L

(a) Show that the HOMFLY polynomial is invariant under type |  Reider-
meister moves’

(b) Calculate the HOMFLY polynomial of the right and left han ded trefoil
knots (shown in Fig. E18).
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Particle Quantum Statistics

In chapter [2] we discussed braiding particles around each other, oex-
changing their positions. This is often what we call particle statistics
(or quantum statistics, or exchange statistics). What we mean bythis
is \what happens to the many particle wavefunction when particles ae
exchanged in a certain way."

We are familiar with bosons and fermiond:?. If we exchange two
bosons the wavefunction is unchanged, if we exchange two fermisrihe
wavefunction accumulates a minus sign. Various arguments have lea
given as to why these are the only possibilities. The argument usually
given in introductory books is as follows:

If you exchange a pair of particles then exchange them again, you
get back where you started. So the square of the exchange ojador
should be the identity, or one. There are two square roots of one:
+1 and 1, so these are the only two possibilities for the exchange
operator.

In the modern era this argument is considered to be incorrect (or
at least not really su cient). To really understand the possibilities in
exchange statistics, it is very useful to think about quantum phydcs
from the Feynman path integral point of view.*

3.1 Single Particle Path Integral

Consider a space-time trajectory of a single non-relativistic partide. We
say that we havex moving in RP where D is the dimension of space, so
we can write x(t) wheret is time.

Given that we start at position x; at the initial time t; we can de ne a
so-called propagator which gives the amplitude of ending up at positio
X¢ at the nal time t;. This can be written as

hxe jO(ts 5 t)jxii

where 0 is the (unitary) time evolution operator.
The propagator can be used to propagate forward in time some aib
trary wavefunction (x) = hxj i fromt; to t; as follows
z

hxej (tf)i = dx; I"D(ij(tf;ti)ini hxij (tj)i

If we are trying to gure out the propagator from some microscopic

Easy Material

1Bose cooked up the current picture of
Bose statistics in 1924 in the context of
photons and communicated it to Ein-

stein who helped him get it published.

Einstein realized the same ideas could
be applied to non-photon particles as
well.

2Based on ideas by Pauli, Fermi-Dirac
statistics were actually invented by Jor-
dan in 1925. Jordan submitted a paper
to a journal, where Max Born was the
referee. Born stuck the manuscript in
his suitcase and forgot about it for over
a year. During that time both Fermi
and Dirac published their results. Jor-
dan could have won a Nobel Prize (po-
tentially with Born) for his contribu-
tions to quantum physics, but he be-
came a serious Nazi and no one really
liked him much after that. Born felt
terribly guilty about his mistake later
in life, stating \I hate Jordan's poli-
tics, but | can never undo what | did
to him."

3The error in this argument is that
one has to be much more careful about
de ning what one means about an \ex-
change".

4if you are familiar with path integrals
you can certainly skip down to section
If you are not familiar with path
integrals, please do not expect this to
be a thorough introduction! What is
given here is a minimal introduction to
give us what we need to know for our
purposes and nothing more! See the
Further Reading for this chapter for a
better introduction.
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calculation, there are two very fundamental properties it must obey.
First, it must be unitary | meaning no amplitude is lost along the
way (normalized wavefunctions stay normalized). Secondly it must bey
composition: propagating fromt; to t,, and then from ty, to ty must be
the same as propagating front; to t; . We can express the composition
law as

z

e jO(t  t)jxii = dxm s jO(ts 5 tm )iXm i hXm O (tm 1 t)jXi

The integration over X, allows the particle to be at any position at
the intermediate time (and it must be at someposition). Another way
of seeing this statement is to realize that the integral overx,, is just
insertion of a complete set of states at some intermediate time

z

1= dXpjXmihXpj:

Feynman's genius was to realize that you can subdivide time into
in nitesimally small pieces, and you end up doing lots of integrals over
all possible intermediate positions. In order to get the nal result, you
must sum over all values of all possible intermediate positions, or all
possible functionsx(t). Feynman's nal result is that the propagator
can be written as

X
e jO(ts  ti)jxii = N s x(V1=- (3.1)

paths x(t) from
(Xi;ti) to (xs;t¢)

where N is some normalization constant. HereS[x(t)] is the (classical!)

action of the path z,

f

S= dtL[x(t); Xt);t]
t
with L the Lagrangian.

The sum over paths in Eq[3.1 is often well de ned as a limit of dividing
the path into discrete time steps and integrating over x at each time.
We often rewrite this sum over paths guratively as a so-called path

integral
g VA (Xfits)

b jO(t; ;t)jxii = N Dx(t) €S kx®l== (3.2)
(xisti)

Anglogous to when we evaluate regular integrals of things that look
like dxeSXI=- we can approximate the value of this integral in the
small ~, or classical, limit by saddle point approximation. We do this
by looking for a minimum of S with respect to its argument | this
is where the exponent oscillates least, and it becomes the term which
dominates the result of the integral. Similarly, with the path integral,
the piece that dominates in the small~ limit is the piece where S[x(t)]
is extremized | the function x(t) which extremizes the action. This is
just the classical principle of least action!



3.2 Two ldentical Particles

We would now like to generalize the idea of a path integral to systems
with multiple identical particles, starting with the case of two particle s.
If the particles are identical there is no meaning to saying that paricle
one is at positionx; and particle two is at position x,. This would be the
same as saying that they are the other way around. Instead, wean only
say that there are particles at both positionsx; and x,. To avoid the
appearance of two di erent states expressed a§<1; X2i Versusjxy; Xqi
(which are actually the same physical state?), it is then useful to simply
agree on some convention for which coordinate we will always write st

| for example, maybe we always write the leftmost particle rst 6. For
simplicity, we can assume thatx; 6 X, i.e., the particles have hard cores
and cannot overlap’. For these indistinguishable particles, the Hilbert
space is then cut in half compared to the case of twalistinguishable
particles wherejxy;X2i and jx»;x1i mean physically di erent things.

We call the space of all states the con guration spaceC. To construct
a path integral, we want to think about all possible paths through this
con guration space. The key realization is that the space of all pahs
through the con guration space C divides up into topologically inequiv-
alent pieces. l.e., certain paths cannot be deformed into other pdts by
a series of small deformations.

What do these topologically disconnected pieces of our space of et
look like? For example, we might consider the two paths as shown in
Fig. BI. Here we mean that time runs vertically. It is not possible
to continuously deform the path on the left into the path on the right
assuming the end points are xed.

We will call the non-exchange path TYPE +1 (left in Fig. 3.1}, and the
exchange path TYPE 1 (rightin Fig. 81). The two sets of paths cannot
be continuously deformed into each other assuming the end pointsra
xed. Note that we may be able to further re ne our classi cation o f
paths | for example, we may distinguish over- and under-crossings
but for now we will only be concerned with exchanges (TYPE 1) and
non-exchanges (TYPE +1).

Paths can be composed with each other. In other words, we canlfow
one path rst, then follow the second. We can write a multiplication
table for such composition of paths (the path types form agroup, see
Section[33.2)

TYPE +1 Followed by TYPE+1 = TYPE +1

TYPE +1 Followedby TYPE 1 = TYPE 1 (3.3)
TYPE 1 Followedby TYPE+1 = TYPE 1 '
TYPE 1 Followedby TYPE 1 = TYPE+1

So for example, an exchange path (which switches the two particlgs
followed by another exchange path (which switches again) results ira
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50ften books de ne iX1;X2i =
j X2;x1i for fermions. The two kets
describe the same state in the Hilbert
space only with a dierent phase

prefactor. We should contrast this to

the case of distinguishable particles
where jxi1;x2i and jx2;x1i have no
overlap for x1 6 x2

6This ordering scheme works in one
dimension. In two dimensions we
would perhaps say, the particle with the
smaller x coordinate is written rst, but

in case of two particles with the same
value of x, the particle with smaller y
coordinate is written rst.

71t is sometimes even more convenient
to declare jx1 X2j >

No Exchange Exchange
TYPE +1 TYPE 1

Fig. 3.1 Two possible sets of paths
(paths in con guration space) from the
same two starting positions to the same
two ending positions (we are implying
that time runs vertically). We call the
non-exchange path TYPE +1, and the
exchange path TYPE 1. Here we
mean that time runs vertically. The
two sets of paths cannot be continu-
ously deformed into each other assum-
ing the end points are xed. Note
that we may be able to further re ne
our classi cation of paths | for exam-
ple, we may distinguish over and under-
crossings, but for now we will only be
concerned with exchanges (TYPE 1)
and non-exchanges (TYPE +1)
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8If jx1iX2ii & jX1f Xof i, i.€., if the ini-
tial and nal endpoints of the path are
not the same, then we need a more gen-
eral de nition of what we call TYPE
+1 versus TYPE 1. One simple pos-
sible de nition is to count the num-
ber of times the space-time paths cross
given a particular xed viewing angle.
For example, we can use the order-
ing rule of note Elabove and as time
evolves, we can count the number of
times the ordering changes (which cor-
responds to a crossing of the world lines
as in Fig. BI). An even number of such
crossings would correspond to a TYPE
+1 path, and an odd number of cross-
ings would correspond to a TYPE 1
path. Other consistent de nitions are
also possible as long as the multiplica-
tion rule of Eq. 33Js maintained.

9The sum over intermediate states nec-
essarily requires us to include the case
discussed in note [8 above.

net path that does not switch the two particles.

Now let us try to construct a path integral, or sum over all possible
paths. It is useful to think about breaking up the sum over paths into
separate sums over the two di erent classes of patts

har Xor jO(tr 3 1i)jX2iX2ii = N gstpathl= _
paths

0 inf 1

s [path]:~§

This second line is simply a rewriting of the rst having broken the
sum into the two di erent classes of paths.

It turns out however, that it is completely consistent to try somet hing
di erent. Let us instead write ©

X X
N s [path]=~

TYPE +1 paths TYPE 1 paths
itf it f

hxar X1 jO(tr 1 t)jX 1 X2ii = (3.4)
0 1

s [path]:~§
Notice the change of sign for the TYPE 1 paths.
The reason this change is allowed is because it obeys the compaosition
law. To see this, let us check to see if the composition law is still obeyed
Again, we break the time propagation at some intermediate timé

N X s [path]=-~ X

TYPE +1 paths TYPE 1 paths
i f it f

P Xor JO(tr 5 t)jxai X2ii =

z
X 1m X 2m X ar Xor JO(ts 5 tm)iX1m X2m i DX 1m X2m JO (tm ; i )jX 1i X 211
0 10 1
Za X X X X —
oxan €8 € et
TYPE+1 TYPE 1 TYPE+1 TYPE 1
m! f m! f il m il m

where in the last line we have substituted in Eq.[3.4 for each of the two
propagators on the right, and we have used a bit of shorthand in witing
the result.

Now, when we compose together subpaths from! m with those from
m ! f to get the overall path, the sub-path types multiply according
to our above multiplication table Eq. B3] For the full path, there are
two ways to obtain a TYPE +1 path: (1) both sub-paths are TYPE +1
or (2) both sub-paths are TYPE 1. In either case, note that the net
prefactor of the overall TYPE +1 path is +1. (In the case where both
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subpaths are of TYPE 1, the two prefactors of 1 cancel each other).
Similarly, we can consider full paths with overall TYPE 1. In this case,
exactly one of the two sub-paths must be of TYPE 1, in which case, the
overall sign ends up being 1. Thus, for the full path, we obtain exactly
the intended form written in Eq. 84] l.e., under composition of paths
we preserve the rule that TYPE +1 paths get a +1 sign and TYPE 1
paths geta 1 sign. Thus this is consistent for quantum mechanics, and
indeed, this is exactly what happens in the case of fermions.

3.3 Many ldentical Particles

Generalizing this idea, to gure out what is consistent in quantum me-
chanics, we must do two things:

(a) Characterize the space of paths through con guration spae
(b) Insist on consistency under composition.

Let us rst discuss our con guration space. If we had N distinguish-
able particles in D dimensions we would have a con guration space

ity we usually assume all of these coordinates are di erent (We might
imagine that the particles are hard spheres of some very small dianter
). Thus we write the con guration space as [RP)N ] where rep-
resents the so-calledcoincidenceswhere two particles are at the same

27

position1©. 10Mmathematicians often write
In the case ofidentical particles we want to disregard the order in (R°)N n to represent removing

. . . . D \N
which we write the coordinates. In other words, we have an equivalece ~ from the set (. R)™.

relationship  between theN! possible orderings of the coordinates

Thus for indistinguishable particles the con guration space is

C=[(R*)" ] =
where \= " means that we are \modding out" by the equivalence rela-
tionship . This is just a fancy way to say that the order in which we list
the coordinatesfxj; X2; X3;:::; XN g does not matter (or as described in

section[3.2, we choose some convention for the order, like always itvr
ing the left-most rst). In the case of 2 identical particles above, this
reduced the Hilbert space by a factor of 2. With N identical particles
this will reduce the Hilbert space by a factor of N!. This is the same
indistinguishability factor which is familiar from the Gibbs paradox of

statistical mechanics.

We would now like to consider all possible paths through this con-
guration space C. In other words we want to consider how theseN
di erent points move in time. We can think of this as a set of coor-
dinates moving through time fx;(t);:::xy (t)g but we must be careful
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1The curves are directed because we
do not allow them to double-back
in time as shown in Fig. 3Z] that
would represent particle-hole creation
or annhilation, which we do not yet

consider.

Fig. 3.2 A double-back in time is not
allowed in our considerations here (and
not allowed in the braid group) as it
corresponds to creation and annihila-
tion of particles at the turning around

points.

time

1215 fact what we really want is the
fundamental groupoid which allows for
the fact that the initial and nal posi-
tions of particles may not be the same.
However, for illustration, the funda-
mental group will be su cient.

time

——

Fig. 3.3 A path through con guration
space for 3 Particles in 2 dimensions
(i.e, world lines in 2+1 D) is a braid
with three strands.

BThe identity element 1 of the braid

group is everything that is topologically

equivalent to the non-braid, i.e., parti-

cles that do not change their position

in sp:ilce at all. It is easy to see that
i =L

that the particles are indistinguishable, so the order in which we write
the coordinates doesn't matter. We can think of this asN directed
curves moving inND + 1 dimensional spacé!. Since we want to add
up all of these possible paths in a path integral it is useful to try to
understand the structure of this space of paths better.

Again, the key realization is that the space of all paths through the
con guration space C divides up into topologically inequivalent pieces.
l.e., certain paths cannot be deformed into other paths by a serie®f
small deformations assuming the endpoints are xed. The group of
paths through Cis familiar to mathematicians and is known as the rst
homotopy group 1(C) or fundamental group'? (See sectioi3313). The
reason this is a group is that it comes with a natural operation, or
multiplication of elements | which is the composition of paths: follow
one path, then follow another path.

3.3.1 Paths in 2+1 D, the Braid Group

A path through the con guration space of particles in 2 dimensions is
known as a braid. An example of a braid is shown in Fig.313.
A few notes about braids:

(1) Fixing the endpoints, the braids can be deformed continuously,
and so long as we do not cut one string through another, it still
represents the same topological class, or the same element of the
braid group.

(2) We cannot allow the strings to double-back in time as in Fig.[3.2.
This would be pair creation or annihilation, which we will consider
later, but not now.

The set of braids have mathematical group structure (See sectio
[33.2): multiplication of two braids is de ned by stacking the two braids
on top of each other { rst do one then do another. It is easy to se that
braids can be decomposed into elementary pieces which involve either
clockwise or counterclockwise exchange of one strand with its neiglor.
These elementary pieces involving single exchanges are known as gen
ators.

The braid group on N strands is typically notated as By . The gener-
ators of the braid group on 4 strands are shown in Figlz34. Any braid
can be written as a product of the braid generators and their inveses?®.
The \multiplication" of the generators is achieved simply by stacking
the generators on top of each other. An expression represengpa braid,
suchas 1 » 3! 1 is known as a \braid word." Typically we read the
braid word from right to left (do the operation listed right-most rs t),
although sometimes people use the opposite convention! The impaht
thing is to x a convention and stick with it!

Note that many di erent braid words can represent the same braid
An example of this is shown forB, in Fig. B5 Although a braid can
be written in many di erent ways [ it is possible to de ne invariants of
the braid which do not change under deformation of the braid | so lon g
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SR IR -1
SRR 11

Fig. 3.4 The three generating elements 1; »; 3 of the braid group on 4 strands,

Bs, and their inverses ;% ,*; ;1. Any braid on four strands (any element of

B4) can be written as a product of the braid generators and their  inverses by simply ANl braid word equivalences can be
stacking these generators together (See Fig. B5lfor exampl es). derived from the identity

n n+l n = n+l n n+l

J l p For example, try deriving Fig. 35 flom
L 1 ) 1, o= [( = ] = 5, 1 ) 1 this. See also exercise[3.1.
0 all

third second rst

Fig. 3.5 Two braid words in B4 that represent the same braid. The gure on the
left can be continuously deformed to the one on the right, kee ping endpoints xed.
The braidwords are read from right to left indicating stacki  ng the generators from
bottom to top. [

15The observant reader will see the
as the braid is topologically unchanged. One very useful braid invariat ~ similarity here to Reidermeister moves

is given by the so-called winding number of type-lil discussed in section Z&1]
Similarly =1 is a type-ll move.

W = Winding Number
= (# of overcrossings) (# of undercrossings)

where an overcrossing is a and an undercrossing is a . As can be

checked in Fig.[35, the winding number is independent of the particula " one dimension:

way we represent the braid. As long as we do not cut one strand trough W0 ©Objects cannot cross
another or move the endpoints (or double-back strands) the winéhg ° X °
number, a braid invariant, remains the same.

In two dimensions:
Two objects can go around each other

3.3.2 Paths in 3+1 D, the Permutation Group

We now turn to consider physics in 3+1 dimensions. A key fact is that it
is not possible to knot a one-dimensional world-line that lives in a four- °
dimensional space. If this is not obvious consider the following lower
dimensional analogu@ shown in Fig.[3:8. In one dimension, two points
: s : Fig. 3.6 Top: In one dimension,

cannot cross through each other without hitting each other. But if we .

) . . two points cannot cross through each
allow -the points to move in 2D they can move arpund e.ach other_ Withotl  other without hitting each other.  Bot-
touching each other. Analogously we can consider strings formingiots tom: However, if we allow the points

or braids in 3D space. When we try to push these strings through egh to move in two dimensions they can get
around each other without touching.
This is supposed to show you that one-
161t would be very convenient to be able to draw a diagram in four ~ dimensions! dimensional world-lines cannot form

knots in four-dimensional space.
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.l—‘

o o ® ®
1 2 3 4

Fig. 3.7 Paths in 3+1 D are elements
of the permutation group (or symmet-
ric group) Sy (See section [332.17).
Shown here is an element of S4.

70ne way to think about the relation-
ship between the symmetric group and
the braid group is to say that the sym-
metric group Sy is a \truncation" of
the braid group By, meaning that it
obeys the same group properties, ex-
cept that in Sy, the element 2 has
been identi ed with the identity.

18y the nonabelian case discussed in
section below the ket jf xgi is given
an additional index to become jn; fxgi
with n = 1:::M. This then implies
a basis choice for the M -dimensional
space, and this basis choice for one set
of positions fxg can be chosen indepen-
dently of the basis choice for a dier-
ent set of positions. When the initial
and nal positions are not the same we
can make two independent basis choices
and changing these choices simply pre-
or post- multiplies the representation

by the appropriate basis changing uni-
taries. This caution is related to notes
and [I2] above.

other, they bump into each other and get entangled. However, if v allow
the strings to move into the fourth dimension, we can move one strig
a bit o into the fourth dimension so that it can move past the other
string, and we discover that the strings can get by each other witlout
ever touching each other! Hence there are no knots of one dimensal
objects embedded in four dimensions.

Given that in 3+1 D world-lines cannot form knots, the only thing
that is important in determining the topological classes of paths is wlere
the strings start and where they end. In other words, we can dra things
that look a bit like braid-diagrams but now there is no meaning to an ove
or under-crossing. If the world line lives in 3+1 dimensions, everythimg
can be unentangled without cutting any of the world lines until the
diagram looks like Fig.[3.1: indicating only where lines start and end.
This is precisely describing the permutation group, or symmetric graip
Sy (see sectio.33.2]1). Note that in the symmetric group an exchange
squared does give the identity. However, in the braid group this is nb
so | the braid 2 is not the identity since it creates a nontrivial braid! *’

3.3.3 Building a Path Integral

We now return to the issue of building a path integral. We will follow
the intuition we gained in the two particle case, but now we will include
the information we have discovered about the group of paths thragh
con guration space.

Using the notation f xg to denote all of the N particle coordinates, we
construct the path integral as

X _ hie
hfxgr jO(t; ;t)jf xgii = N oS [path]=-

g2G

(9)
pathsfz g
il

(3.5)

Here G is the group of paths (the fundamental group | or the set of
classes of topologically dierent paths). This is the symmetric group
Sy for 3+1 dimensions and is the braid groupBy for 2+1 dimensions.
Here we have split the sum over paths into the di erent classes | the
outer sum being a sum over the classeg and the inner sum being the
sum over all paths of typeg, i.e., a set of paths that can be continuously
deformed into each other. We have also introducetf a factor of (g) out
front where is a unitary representation of the group G. (See section
3322 on group theory).

In the case where the initial set of positionjf xgii and the nal set of
position jf xgs i are not the same (similar to the case mentioned in note
above) the de niton can still be used, although strictly speakirg
these are not precisely what we would call braids or permuations (fo
which initial and nal positions are supposed to match). Nonetheles
we can associate an elemeny of the braid or permutation group to
each space-time path by viewing the motion from some xed angle and
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smoothly deforming the paths such that start and endpoints are & some

reference positions without introducing any new crossings to the aths®. %A crossing can be dened as a re-
To show that Eq. 3.5 is allowed by the laws of quantum mechanics, ordering of coordinates as in note €1

we need only check that it obeys the composition law { we should be 2°°¢

able to construct all paths from i to f in terms of all paths from i to m

and all paths from m to f.

hfxgr jO(ts s ti)jf xgii =
Z
= df xgm hfxgr jO(tr 5 tm)if Xgmi hfXgm O (tm s ti)if X i
0 1o 1

z X X X X —
df Xgrm (o) % (%) § e Pathi=-
@26 paths2 g 326G paths 2 g
m! f it m

So we have constructed all possible paths from to f and split them
into class g, in the region i to m and then classg; in the region m
to f. When we compose these paths we will get a path of type;g.
The prefactors of the paths (g;) and (g2) then multiply and we get

(91) (2) = (;1@2) since is a representation (the preservation of
multiplication is the de nition of being a representation! See section
[33.24). So the prefactor of a given path fromi to f is correctly given
by (g) where g is the topological class of the path. In other words, the
form shown in Eq.[33 is properly preserved under composition, which
is what is required in quantum mechanics!

3.4 Abelian Examples

Let us consider the case where the representation of our group G of

paths through con guration space is one dimensional | in other wor ds

it is a mapping from g to a complex phase?° 2O\We call these cases abelian since the
This case seems to be most applicable in the quantum mechanicsgroup G is commutative.

we know, because this representation is acting on the wavefunctio of

our system | and we are quite familiar with the idea of wavefunctions

accumulating a complex phase.

3.4.1 3+1 Dimensions

In 3+1 D, the group G of paths through con guration space is the sym-
metric group Sy. It turns out that there are only two possiblé! one- 2!see exercisd32. This is a fairly short
dimensional representations ofSy : proof!

~ Trivial rep: In this case (g) =1 for all g. This corresponds to
bosons, The path integral is just a simple sum over all possible
paths with no factors inserted.

"~ Alternating (or sign) rep: Inthiscase (g)=+1or 1depend-
ing on whether g represents an even or odd number of exchanges.
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22There is no reason why this should
not have been discovered in the 1930s,
but no one bothered to think about it.
It is a lucky coincidence that an exper-
imental system of anyons was discov-
ered so soon after the theoretical pro-
posal (fractional quantum Hall e ect,
discovered by Tsui, Stormer, and Gos-
sard [1982], see chapter ***), since the
original theoretical work was entirely
abstract, and they were not thinking
about any particular experiment.

23Among other things, Wilczek coined
the term anyon. (He also won a Nobel
Prize for asymptotic freedom.)

241f we want j i normalized then there
is a normalization condition on the
An coecients. For example, if the
p; fxgi's are orthonormal then we need

 JAnj2 = 1in order that j i is nor-
malized.

In this case the sum over all paths gets a positive sign for an even
number of exchanges and a negative sign for an odd number. This
is obviously fermions and is the generalization of the two particle
example we considered above in section_3.2 where the exchange
was assigned a 1.

3.4.2 2+1 Dimensions

In 2+1 D, the group G of paths through con guration space is the braid
group By . We can describe the possible one-dimensional representations
by a single parameter . We write the representation

(@=e" @

where W is the winding number of the braid g. In other words, a clock-
wise exchange accumulates a phase ef whereas a counterclockwise
exchange accumulates a phase @&f ' .

" For =0 there is no phase, and we simply recovebosons.

" For =
matter the direction of the exchange (since€
fermions.

we accumulate a phase of 1 for each exchange no
=e ') Thisis

Any other value of is also allowed. This is known asAnyons , or
fractional statistics . They are also known asabelian anyons

in contrast with the nonabelian case which we will discuss in a
moment.

The fact that this fractional statistics is consistent in qguantum me-
chanics was rst point out by Leinaas and Myrheim [1977F2, and pop-
ularized by \Wilczek [1982F3. Soon thereafter, Halperin [1984] and then
Arovas, Schrie er, and WilczeK [1984] showed theoretically that aryons
really occur in fractional quantum Hall systems. We will examine thes
physical systems in detail starting in chapter ??.

3.5 Nonabelian Case

Can we do something more interesting and exotic by using a higher di-
mensional representation of the groups = By of paths in con guration
space? Generally in quantum mechanics, higher dimensional represe
tations correspond to degeneracies, and indeed this is what is nessary.

Suppose we have a system witlN particles at a set of positionsf xg.
Even once we x the positions (as well as the values of any local quan
tum numbers, like any \color" or \ avor" or "spin" degree of freed om
associated with the particle), suppose there still remains arvi -fold de-
generacy of the state of the system. We might describe th& states as
jn;fxgi for n =1:::M. An arbitrary wavefunction of the system can
then be expressed &4
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J txgil = Anjn;fxgi (3.6)

n=1
with the Ap's being some complex coe cients. Given theN positions
fxg, a general wavefunction should be thought of as a vector inv
dimensional complex space. Now that we have a vector, we can usa a
M -dimensional representation of the braid group in our path integrd!
We thus identify that (g) in Eq. isanM by M unitary matrix

@ ! [U(@]nino

which is a representation ofG and must also be unitary so as to assure
that probability is conserved. The propagator in Eq.[3.3 should now ke
thought of as a propagator between the initial ketjn®fxg;i and the nal
bra n;fxgsj. The unitary matrix U(g) will act on the coe cients Ap
(which is a vector) in Eq. B.8.

Let us now consider the process shown in Fid_3.8. Here an initial
wavefunction is represented as shown in EG.36 as a vectér!) multi-
plying basis statesjn; fxgi as in Eq.[3.6. We braid the particles around
each other in some braidg and bring them back to the same positions.
After braiding the wavefunction should still be composed of the sam
basis statesjn;fxgi since the particles are at the same positions and
thus can be written in the form of Eq. B.§ with a vector A" The nal
vector is obtained from the initial vector simply by multiplying by the
unitary operator which is the representation of our braid group elenent

g )
AL = [U(Q)]nn oA (3.7)

A particle that obeys this type of braiding statistics is known as anon-
abelian anyon , or nonabelion .2° The word \nonabelian" means non-
commutative, and the term is used since generically matrices (in this
case theU matrices) don't commute.

In general the Hilbert space dimensionM will be exponentially large
in the number of particles N. We de ne a quantity d, known as the
quantum dimension  such that
dN

M (3.8)

where the  means that it scales this way in the limit of large N. We
will see a lot more of this quantity d later. It is not coincidence that
we used the symbold previously in the context of Kau man anyons!

(See Eq[Z.1) We will see in section17]1 that (up to a possible sign) this

quantum dimensiond is actually the value d of the unknot?.

Some Quick Comments on Quantum Computing:

Quantum Computing is nothing more than the controlled application of
unitary operations to a Hilbert space?’. Unitary operations is exactly
what we can do by braiding nonabelions around each other! l.e., we ar
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Fig. 3.8 An initial state is described
by a vector A multiplying the ba-
sis states jn;fxgji as in Eq. The
particles are braided around each other
in a braid g and brought back to the
same positions. The nal state is again
described in terms of the same basis
vectors but now with coe cients Ag)
which are obtained from the initial vec-
tor by application of the unitary matrix
U(g) as shown in Eq. B7] Here U(g) is
a representation of the braid group.

25The idea of nonabelian anyons was
explored rstin the 1980s and early 90s
by several authors in di erent contexts.
Bais [198(] in the context of gauge the-
ories; |Goldin et al. [1985], Fehlich and
Gabbiani [1990] and Fredenhagen et al.
[1989] in very abstract sense; Witten
[1989]; IChen_et _all [1989] in the lan-
guage of topological quantum eld the-
ories; and Moore and Read|[1991] in the
context of quantum Hall e ect.

26Because of the possible sign, we dis-

tinguish the two quantities by using a
di erent typeface.

27 And initialization and measurement.
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28The observant reader will notice that
for quantum computation we are no
longer summing over all possible braids,
but we are specifying a particular braid
that the particles should take in order
to implement a particular unitary op-
eration. To do this we must control
the paths of the particles, by say, hold-
ing them in traps that we move. In
principle all paths are still included in
the path integral, but only the ones we
specify contribute signi cantly.

29 A more concise derivation of the key
portion of this result was given using
modern category theory techniques by
Msger [2007]. While this shorter proof
is only 40 pages long, in order to under-
stand the 40 pages you need to read a
400 page book on category theory rst!

multiplying a vector by a unitary matrix. Thus we see how braiding of
particles, as discussed in chaptef]2 can implement quantum computa
tion.?® In chapter [LT we will give some more explicit descriptions of how
one does quantum computation by braiding anyons.

3.5.1 Parastatistics in 3+1 Dimensions

Is it possible to have exotic nonabelian statistics in 3+1 dimensions?
Indeed, there do exist higher dimensional representations of theym-
metric group, so one can think about particles that obey more com-
plicated statistics even in 3+1 dimensions | which is often known as
parastatistics. However, it turns out that, subject to some \additional
constraints", it is essentially not possible to get anything fundamenally
new | all we get is bosons and fermions and possibly some internal
additional degrees of freedom. The proof of this statement is dueo
Doplicher et al! [1971,/1974] and took some 200 pages when it was trs
proven?®.

However, we should realize that in making statements like this, the ne
print is important. As | mentioned in the previous paragraph we want
to add some \additional constraints" and these are what really limit us
to just bosons and fermions. What are these additional constraits?

(1) We want to be able to pair create and annihilate. This means we
are not just considering the braid group, but rather a more com-
plicated structure that allows not just braiding particles around
each other, but also creating and annhiliating and even merging
particles by bringing them together. This structure is given by cat-
egory theory, some parts of which we will encounter (in simpli ed
language) starting in chapter[8.

(2) We also want some degree of locality. If we do an experiment on
Earth, while o on Jupiter someone creates a particle-antiparticle
pair, we would not want the particles on Jupiter to e ect the result
of our experiment on earth at all.

These two restrictions are crucial to reducing the 3+1 D case to oly
bosons and fermions. We will not go through the full details of how
this happens. However, once we see the full structure of anyoris 2+1
dimensions, it ends up being fairly clear why 3+1 dimensions will be so
restrictive. We return to this issue in section[20.3 where we will give
further discussion.

We should note that despite this important result, 3+1 D is certainly
not boring | but in order to get \interesting" examples, we have to
relax some of our constraints. For example, if we relax the condition
that \particles" are pointlike, but consider string-like objects inst ead,
then we can have exotic statistics that describe what happens wire
one loop of string moves through another (or when a point-like paricle
moves through a loop of string). We would then need to consider the
topology of the world-sheets describing loops moving through time.
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Chapter Summary

The path integral formulation of quantum mechanics requires ug
to add up all possible paths in space time.

We can add all of these paths in any way that preserves the com
position law and the di erent possibilities allow for di erent types
of particle statistics.

The topologically di erent paths of N particles in space-time form
a group structure (the fundamental group of the con guration
space) which is the permutation groupSy in 3+1 dimensions, but
is the braid group By in 2+1 dimensions.

Particle braiding statistics must be a representation of this group.

In 3+1 dimensions we can only have bosons and fermions, but in
2+1 dimensions we can have nontrivial braiding statistics which
may be abelian (or \fractional") or nonabelian.

Quantum computation can be performed by braiding with certain
nonabelian representations.

Further Reading

~ For more discussion of particle statistics, a nice albeit somewhat
dated book is|Wilczek ].

" A good review discussing many aspects of exotic statistics is Nayak

et al. [2008].

For a basic primer on path integrals see

R. MacKenzie, Path Integral Methods and Applications,
https://arxiv.org/abs/quant-ph/0004090

* The classic reference on the subject is Feynman and Hibb’s [1965].

Exercises

Exercise 3.1 About the Braid Group
(a) Convince yourself geometrically that the de ning relat ions of the braid
group on M particles By are:

il i = i+ 0 i+l 1 i M 2 (39
i = i for ji jj> 1, 1 ij M 1 (3.10)
(b) Instead of thinking about particles on a plane, let us thi nk about par-

ticles on the surface of a sphere. In this case, the braid grop of M strands
on the sphere is written as By (S2). To think about braids on a sphere, it
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Fig. 3.9  An element of the braid
group Blg(Sz). The braid shown here
is 19

is useful to think of time as being the radial direction of the sphere, so that
braids are drawn as in Fig. B9

The braid generators on the sphere still obey Eqns. [3.9 and[31J, but they
also obey one additional identity

12 M 2mM 1M 1M 200 2 1= (3.11)

where | is the identity (or trivial) braid. What does this additiona | identity
mean geometrically?

[In fact, for understanding the properties of anyons on a sphere, Eq. 311
is not quite enough. We will try to gure out below why this is s 0 by using
Ising Anyons as an example.]

Exercise 3.2 About the Symmetric Group

Show that Egs. and [3.10 also hold for the generators of thesymmetric
group Sm on M particles, where ; exchanges particlei and i + 1. In the
symmetric group we have the additional condition that 2 = 1. Prove the
statement used in section[34.] that there are only two one-dimensional rep-
resentations of the symmetric group. Hint: The proof is just a few lines. Use

(i) ()= (i j)where is a representation.

Exercise 3.3 Ising Anyons and Majorana Fermions

The most commonly discussed type of nonabelian anyon is the Ising anyon
(we will discuss this in more depth later). Ising anyons occurs in the Moore-
Read quantum Hall state ( = 5=2), as well as in any chiral p-wave supercon-
ductor and in recently experimentally relevant so called \M ajorana" systems.

The nonabelian statistics of these anyons may be described n terms of
Majorana fermions by attaching a Majorana operator to each anyon. The
Hamiltonian for these Majoranas is zero { they are completel y noninteracting.

In case you haven't seen them before, Majorana Fermions ; satisfy the
anticommutation relation

fi; 9 iit =25 (3.12)

as well as being self conjugate { = ;.

(a) Show that the ground state degeneracy of a system with 2N Majoranas
is 2 if the Hamiltonian is zero. Thus conclude that each pair of Ising anyons
is a two-state system. Hint: Construct a regular (Dirac) fer mion operator

from two Majorana fermion operators. For example,
1 .
= = +
Iod 2( 1+ 2)

will then satisfy the usual fermion anti-commutation fc;dg= cd + dc=1.
(If you haven't run into fermion creation operators yet, you might want to
read up on this rst!) There is more discussion of this transf ormation in a
later problem *** (Ising F matrix)
(b) When anyon i is exchanged clockwise with anyonj, the unitary trans-
formation that occurs on the ground state is
|

Ui = Bl gl i< (3.13)

for some real value of . Show that these unitary operators form a represen-
tation of the braid group. (Refer back to the previous proble m, \About the
Braid Group"). In other words we must show that replacing i with Uj;j +1
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in Eqns. B9 and[310 yields equalities. This representation is 2" dimensional
since the ground state degeneracy is 2 .
(c) Consider the operator

E = ()N 12 o (3.14)
(the notation rve is in analogy with the ° of the Dirac gamma matrices).
Show that the eigenvalues of *¥® are 1. Further show that this eigenvalue
remains unchanged under any braid operation. Conclude that we actually have
two 2N ! dimensional representations of the braid group. We will assume that
any particular system of Ising anyons is in one of these two representations.

(d) Thus, 4 Ising anyons on a sphere comprise a single 2-statesystem, or a
qubit. Show that by only braiding these four Ising anyons one cannot obtain
all possible unitary operation on this qubit. Indeed, braid ing Ising anyons is
not su cient to build a quantum computer. [Part (d) is not req uired to solve
parts (e) and (f)]

(e) [bit harder] Now consider 2N Ising anyons on a sphere (See above prob-
lem "About the braid group" for information about the braid g roup on a
sphere). Show that in order for either one of the 2N ! dimensional represen-
tations of the braid group to satisfy the sphere relation, Eq n. 311, one must
choose the right abelian phase in Eq. Determine this phase.

(f) [a bit harder] The value you just determined is not quite r ight. It should
look a bit unnatural as the abelian phase associated with a braid depends
on the number of anyons in the system. Go back to Eqn. BI1 and insert
an additional abelian phase on the right hand side which will make the nal
result of part (e) independent of the number of anyons in the system. In fact,
there should be such an additional factor | to gure out where it comes from,
go back and look again at the geometric \proof' of Eqn. 3I1] N ote that the
proof involves a self-twist of one of the anyon world lines. T he additional
phase you added is associated with one particle twisting around itself. The
relation between self-rotation of a single particle and exchange of two particles
is a generalized spin-statistics theorem.

Exercise 3.4 Small Numbers of Anyons on a Sphere

On the plane, the braid group of two particles is an in nite gr oup (the group
of integers describing the number of twists!). However, thi s is not true on a
sphere

First review the problem \About the Braid Group" about braid ing on a
sphere.

(a) Now consider the case of two particles on a sphere. Deternine the full
structure of the braid group. Show it is a well known nite dis crete group.
What group is it?

(b) [Harder] Now consider three particles on a sphere. Determine the full
structure of the braid group. Show that it is a nite discrete group. [Even
Harder] What group is it? It is \well known" only to people who know a lot
of group theory. But you can google to nd information about i t on the web
with some work. It may be useful to list all the subgroups of th e group and
the multiplication table of the group elements.

(c) Suppose we have two (or three) anyons on a sphere. Suppos¢he ground
state is two-fold degenerate (or more generally N -fold degenerate for some
nite N). Since the braid group is discrete, conclude that no type of anyon
statistics can allow us to do arbitrary SU(2) (or SU(N)) rotations on this
degenerate ground state by braiding






Aharanov-Bohm E ect and
Charge-Flux Composites

Easy Material

This chapter introduces a simple model of how fractional statisticsanyons
can arise. After reviewing Aharanov-Bohm e ect, we describe thee ex-

otic particles as charge- ux composites and explore some of theirnpp- c
erties. Finally we see how this ts into the framework of abelian Chern Q
Simons theory and brie y discuss its nonabelian generalization. ©
y y g W 8
article 8
4.1 Review of Aharanov-Bohm E ect §eam S
| o | . ko
Let us consider the two slit interference experiment shown in Fig[41l m 5
We all know the result of the two slit experiment but let us rewrite the I
calculation in the language of a path integral. We can write '_
X iS=~ _ X iS=~ X iS= ~ Fig. 4.1  The Young two slit experi-
€ - € + € ment (not to scale).
paths paths, slit 1 paths, slit 2
ghli 4 gkl 2
whereL; and L, are the path lengths through the two respective slits W GE)
to whichever point is being measured on the output screen, and is the y5ticle =
wavevector of the incoming wave. In other words, we get the usuawo B g
slit calculation pioneered by Thomas Young in the early 1800s. eam eld o)
Now let us change the experiment to that shown in Fig.[42. Here m H&j
we assume the particle being sent into the interferometer is a chaeg =
n

particle, such as an electron. In this case a magnetic eld is added iride
the middle box between the two paths. No magnetic eld is allowed to
leak out of the box, so the particle never experiences the magnetield.  Fig. 42 Adding a magnetic eld in-
Further the magnetic eld is kept constant so the particle does notfeel side the middie box in the Young two
a Faraday e ect either. The surprising result is that the presenceof SIt experiment. Here the circular re-

. . ) gion includes a constant magnetic eld.
the magnetic eld nonetheless changes the interference patternbtained No magnetic eld leaks out of the box.
on the observation screen! This e ect, named the Aharanov-Bom ef- Nonetheless, if the particle being sent
fect, was predicted by! Ehrenberg and Siddy|[1949], then re-predied into the interferometer is charged, the

. interference pattern is changed com-
independently by|Aharonov and Bohm [1959]. pared to the above gure.

1possibly the reason it is named after the later authors is tha t they realized the
importance of the e ect, whereas the earlier authors pointe d it out, but did not
emphasize as much how strange it is! The rst experimental ob servation of the e ect
was by [Chambers [1960], although many more careful experime nts have been done
since.
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2Here are the steps: Start with the
Euler-Lagrange equations
d @L _ @L

dt @«  @x:

This gives us

d
— + gA
dt(mXJ( dAx)

d
= M+ g Akt 0 7@?;( Ak
@ @
= i —A; —A
WG @

So that

mxx = q(E+ x Bk

So why does this strange e ect occur? There are several ways to
understand it, but for our purpose it will be best to stay with the ide a
of path integrals and consider the Lagrangian description of partite
motion.

We must recall how a charged particle couples to an electromagnetic
eld in the Lagrangian description of mechanics. We write the magnetc
eld and electric eld in terms of a vector potential

B = r A
E = r Ap dA =dt

where Ag is the electrostatic potential. We can then write the particle
Lagrangian as

L= ox®+ qAK) X Ad) (a.1)

where g is the particle charge. It is an easy exercise to check that the
Euler-Lagrange equations of motion that result from this Lagrangan
correctly gives motion under the Lorentz force as we should expédor
a charged particle in an electromagnetic eld?

We are interested in a situation where we add a static magnetic eld
to the system. Thus, we need only includegA (x) x in the Lagrangian.
The action then gets changed by

Z Z

S! Sp+q dtx A=S+q d A (4.2)

where Sy is the action in the absence of the magnetic eld and the
integral on the far right is a line integral along the path taken by the
particle.

Returning now to the two slit experiment. The amplitude of the
process in the presence of the vector potential can be now rewtén as

X X

. ) R . ) R
elSO=~+ ig=~ dl A | elso=~+ ig=~ dl A

paths, slit 1 paths, slit 2

where Sy is again the action of the path in the absence of the vector
potential.
The physically important quantity is the dierence in accumulated
phases between the two paths. This di erence is given by
4 . Z |
exp 4 a A 4 d A =exp I d A @3
- oslitl - oslit2 -
where the integral on the right is around a loop that goes forward
through slit 1 and then backwards through slit 2.
Using Stokes' theorem, we have
| Z .
g d A= g das (r A)= g enclosed
enclosed
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where  gnclosediS the ux enclosed in the loop. Thus there is a mea-
surable relative phase shift between the two paths given byd  anciosed
This results in a shift of the interference pattern measured on theobser-
vation screen. Note that although the original Lagrangian Eq.[4.1 dd
not look particularly gauge invariant, the end result (once we integrate
around the full path) is indeed gauge independent.

A few notes about this e ect:

(1) If is an integer multiple of the elementary ux quantum
0= 2 ~=q;
then the phase shift is an integer multiple of 2 and is hence equiv-

alent to no phase shift.

(2) We would get the same phase shift if we were to move ux around
a charge.

(3) More generally for particles moving in space-time one wants to
calculate the relativistically invariant quantity
|
Iq

dl A

4.2 Anyons as Charge-Flux Composites

|
We will now consider a simple model of abelian anyons as charge- ux 1\I

composites. Imagine we have a two dimensional system with chargesn

them, where each charge is bound to an in nitely thin ux tube throu gh  Fig. 4.3  Abelian anyons represented
the plane, with each tube having ux as shown in Fig. £3] We will  as charges bound to ux tubes through
notate this charge- ux composite object as a @; ) particle. If we drag itzeq plﬁ’;e'u;*;‘: 523295, g’; ?:Ch Sf;g‘f'e
one such particle around another, we then accumulate a phase due the  iyg one particle around another incurs
Aharanov-Bohm e ect. The phase from the charge of particle 1 ging a phase both because charge is moving
around the ux of particle 2 is €9 ==, whereas the phase for dragging around a ux, but also because ux is
the ux of 1 around the charge of 2 is also€ =", thus the total phase ™M°ving around a charge.

for dragging 1 around 2 is given by

(Phase of charge- ux composite 1 encircling 2) =4 =~

Thus we have (as shown in Fig[ZH#)
_ q —
-«

(Phase for exchange of two charge- ux composites) ="

and we correspondingly call these particles -anyons, with = q = 1\| i
Obviously =0 is bosons, = is fermions, but other values of are

also allowed, giving us abelian anyons as discussed in chapfér 3. .
Note that the same type of calculation would show us that taking '9; 44 Anexchange. Two exchanges
. . . is the same as dragging one particle all
a composite particle with chargeqq and ux 1 all the way around & he way around the other as shown in
composite particle with chargece and ux  » would accumulate a phase Fig. E3]
of with' =(q 2+ @ 1)=—
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3 Almost any prescription for attach-
ing ux to charge (for example, break
the ux into four pieces and attach one
piece on each of four side of the charge)
will give the same result. However, if
we try to put the ux and charge at ex-
actly the same position, we get in ni-
ties that we don't know how to handle!

Fig. 4.5 Tying ux to charge. We put
the ux and the charge at slightly dif-
ferent positions. As a result, when we
rotate the particle around its own axis
a phase is accumulated as the charge
and ux go around each other.

(L + Qs 1+ 2)

(on; 1) (o2; 2)

Fig. 4.6 Fusing two anyons to get an
anyon of a di erent type which has the
sum of uxes and the sum of charges.

| =(0;0)

Fig. 4.7 Fusing an anyon and an an-
tianyon to get the vacuum ( 1) drawn
as dotted line. Note that the antianyon
moving forward in time is drawn as a
downpointing arrow | which looks like
an anyon moving backwards in time.

4The vacuum or identity particle can
be denoted e, or I or 0 or 1 depend-
ing on the context. This nomenclatural
problem stems from a similar problem
in group theory, see section B3.2]

Spin of an anyon

Let us see if we can determine the spin of these anyons. Spin refeis
properties of the rotation operator, so we need to physically rotée the
anyon on its axis. To do this we must think about how the ux is tied
to the charge | we must have some microscopic description of exacly
where the ux is and where the charge is. It is easiest to put the chege
and ux at very slightly di erent positions as shown in Fig. £5F. In this
case, when we rotate the anyon around its axis we move the chargend
ux around each other and we obtain a new phase of

This ts very nicely with the spin statistics theorem | the phase ob-
tained by exchanging two identical particles should be the same as #h
phase obtained by rotating one around its own axis. (See the discsfon
of Fig. [2Z1).

4.2.1 Fusion of Anyons

We can consider pushing two anyons together to try to form a new pr-
ticle. We expect that the uxes will add and the charges will add. This
makes some sense as the total charge and total ux in a region shdd
be conserved (this is an important principle that we will encounter fre-
quently!). We sometimes will draw a \fusion diagram" as in Fig. [4.8 to
show that two anyons have come together to form a composite péicle.

A simple example of this is pushing together two particles both having
the same charge and ux (@;). In this case we will obtain a single
particle with charge and ux (2 g;2 ). Note that the phase of exchanging
two such double particles is now = 4q = (since the factor of 2 in
charge multiplies the factor of 2 in ux!).

4.2.2 Anti-Anyons and the Vacuum Particle

We now introduce the concept of an anti-anyon. This is a charge- «
composite which instead of having charge and ux §;) has charge
and ux ( q; ). Fusing an anyon with its anti-anyon results in pair
annihilation | the two particles come together to form the vacuum
(which we sometime$ refer to as the identity 1) which has zero total
charge and zero total ux, as shown in Fig.[4.J. It may seem a bit odd
to call the absence of any charge or any ux a \particle". However, this
is often convenient since it allows us to think of pair annihilation (as in
the left of Fig. .7)) in the language of fusion.

In the right of Fig. £71we show that it is sometimes convenientnot
to indicate the vacuum particle. In this case, we have written the ari-
anyon moving forward in time as an anyon moving backwards in time.

If the phase of dragging an anyon clockwise around an anyon is 2
then the phase of dragging an anti-anyon clockwise around an antinyon
is also 2. (The two minus signs on the two anyons cancel | negative
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ux multiplies negative charge!). However, the phase of dragging an
anyon clockwise around an anti-anyon is 2 .

4.3 Anyon Vacuum on a Torus and Quantum
Memory

A rather remarkable feature of topological models is that the ground
state somehow \knows" what kind of anyons exist in the model (i.e,
those that could be created), even when they are not actually present.
To see this, consider the ground state of an anyon model on toru@he
surface of a doughnut.

We can draw the torus as a square with opposite edges identi ed as
shown in Fig.[4.8. The two cycles around the torus are marked a€;
and C,.

Let us now construct operators that do the following complicated
operations:

T, is the operator that creates a particle-antiparticle pair, moves
the two in opposite directions around the C; cycle of the torus
until they meet on the opposite side of the torus and reannihilate.

T, is the operator that creates a particle-antiparticle pair, moves
the two in opposite directions around the C;, cycle of the torus
until they meet on the opposite side of the torus and reannihilate.

Both of these operators are unitary because they can be implemésd
(in principle) with some time-dependent Hamiltonian®. However, the
two operators do not commute. To see this let us consider the opator
T, 1T, 1T, T1 where we read time from right to left. This can be inter-
preted as as two particles being created, braiding around each o#r,
and then reannihilating. This procedure is shown in Fig.[4.9.

So what we have now is two operatorg; and T, which do not commute
with each other. Indeed, we havé

T2T1 =€ a T]_Tz

But both T; and T, commute with the Hamiltonian (since they start
and end with states of exactly the same enercf). Whenever you have
two operators that don't commute with each other but do commute with
the Hamiltonian, it means you have degenerate eigenstates. Let usee
how this happens.

SinceT; is unitary, its eigenvalues must have unit modulus (i.e., they
are just a complex phase). Considering the space of possible gradin
states, let us write a ground state eigenstate off; as

Tji=¢€ji.

Note that we are labeling the ket i by its eigenvalue under the ap-
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5see note[ in chapter 331
C1

2

Fig. 4.8 Drawing a torus as a rectan-
gle with opposite edges identi ed. The
two noncontractable cycles around the
torus can be considered to be the edges
of the square, labeled C; and C; here.

6For example, we could insert charges
+Q and -Q near to each other which
are strong enough to pull a particle-
antiparticle pair out of the vacuum, the
-Q trapping the +( q;) and the +Q
trapping the ( g; ). Then we can
drag the  Q charges around the han-
dle of the torus, dragging the anyons
with them.

At least this relation should be true

acting on the ground state space. If
some particles are already present, then
we have to consider the braiding of the
the particles we create with those al-
ready present, which will be more com-
plicated.

8Strictly speaking this means they
commute with the Hamiltonian within
the ground state space, or equivalently
the commutators [ T1;H] and [T2;H]
both annihilate the ground state space.
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time

9There could be even more degeneracy
which would be non-generic. What we
have proven is there must be a degen-
eracy which is m times some integer,
where one generally expects that inte-
ger to be 1 but there could be additional
accidental degeneracy.

\../

(

Fig. 4.9 The torus is drawn as a horizontal rectangle with opposite en ds identi ed.
Time runs vertically. First create a particle-antiparticl e pair at the center of the
rectangle and move them in opposite directions, right and le ft, until they meet at the
edges of the rectangle to reannhiliate. Note that a particle  moving to the right or an
antiparticle moving to the left are both drawn as a rightpoin  ted arrow. Next create
a particle-antiparticle pair in the center of the torus and m ove them to the front
and back walls (which are the same point) to reannihilate. Th en the two processes
are reversed to give T, lT1 17,T:. This procedure can be reduced to one particle
wrapping around another which gives a phase of e 2 . Note that to make the gure
on the left look like the linked rings, we should not quite ann ihilate the particles at
the end of the rst and second step (turning the dotted lines i  nto solid lines). This is
allowed since bringing a particle-anti-particle pair clos e together looks like they have
fused together to the vacuum if we view it from far away.

plication of T;. Now we will generate a new eigenstate with a di erent
eigenvalue of T;. Consider the state T,j i. This must also be in the
ground state space sincd, commutes with the Hamiltonian. But now

Ti(Toj i)= €@ ToTaj i =€ € (Toj i)

This new ground state T,j i has eigenvaluee *2' under application
of T;. We thus call this new ground statej +2 i = Tyj i. We have
now generated a new ground state and we can continue the procate
to generate more!
Let us suppose we have a system where the anyons have statistica
phase angle
= p=m

where p and m are relatively prime integers (i.e., p=m is an irreducible
fraction). Starting with the ground state j i we can generate a series of
ground states by successive application of,,

j iy ] +2p=mi; j +4 p=mi; o ;) 2 (m 1)=mi

When we try to generate yet another state, we get the phase +2 which
is equivalent to  since it is describing a complex phase, so we are back
to the original state. So we now havem independent ground states’
Note in particular that the ground state degeneracy of the system with
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no anyons in it is related to the statistical angle of the anyons if they
were to be created.

4.3.1 Quantum Memory and Higher Genus

The degenerate ground state on the torus can be thought of as gquan-
tum memory. If there are m dierent ground states, the most general
wavefunction we can have is some linear superposition of the multiple
ground states
w1
Anj
n=0
where the coe cients A, form an arbitrary (but normalized) complex
vector. We can initialize the system in some particular superposition
(i.e, some vectorA,) and we can expect that the system remains in this
superposition. The only way that this superposition can change is if
a T1 or T, operation is performed, or some combination thereof | i.e,
if a pair of anyons appears from the vacuum moves around the hard
of the torus and then reannihilates. Such a process can be extresty
unlikely when the energy gap for creating excitations is larg&. Hence
the quantum superposition is \topologically protected".

In fact, one does not even need to have a system on a torus in ond®
have a degenerate ground state. It is often su cient to have an anulus
geometry (a disk with a big hole in the middle as shown in Fig[4.1D).
In this case, T1 could correspond to moving an anyon around the loop
of the annulus and T, could correspond to moving an anyon from the
inside to the outside edge'!

ji= +2 np=mi

10Strictly speaking, at any nite tem-
perature for any size system there is a
nite time for this process to occur, al-
though it might be very long.

Ln this case it is often not precisely
true that the ground states are entirely
degenerate (since there is a non-zero
net result of having moved a particle
from inside to outside, and therefore
one is not necessarily in the precise
ground state) but under certain condi-
tions it can be extremely close to degen-
erate nonetheless. A classic example of
this is discussed by |Gefen and Thouless
[1993].

\

One can consider more complicated geometries, such as a torus withrig. 410  An annulus.

multiple handles, or a disk with multiple holes cut in the middle. For a
theory of abelian anyons (fractional statistics) the ground state degen-
eracy for a surface withgenus g (meaning g handles, org holes) ism?
(See exercis€4]1). Thus by using high genus one can obtain very yer
large Hilbert spaces in which to store quantum information.

4.3.2 Number of Species of Anyons

Having established multiple vacuum states on a torus, let us now reten

to study the anyons that we could create in such a system. Again letis

consider anyons of statistical angle p=m with p and m relatively

prime. We can describe such anyori$ with a charge- ux composite

(9;) = ( p=m; 1). Fusion of n of these elementary anyons will have
charge and ux given by'3

Fusion of n elementary anyons j\n"i =(ng;n)

(np=m;n)

Something special happens when we have a cluster of of these ele-
mentary anyons:
j\m"i=(p;m)

12 By this time I'm sick of writing  ~and

I'm going to set it equal to 1.

Byiis only a slight abuse of notation to
write the ket j\n% to mean a cluster of
n elementary anyons.
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14 As mentioned at the beginning of sec-

tion fZ]the total phase is given by
G 2+ G 1=(np=m)m+( p)n.

15\Whenever we have a particle that
braids trivially with all other particles

(i.e., is transparent), the theory is more
complicated. Later on we will call this
kind of theory \non-modular." See sec-

tion [7.371]

If we braid an arbitrary cluster j\n"i = (n p=m;n ) around one of these
j\m"i = ( p;m) clusters, we obtain a net phas& of 2np which is
equivalent to no phase at all! Thus we conclude that the cluster ofm
elementary anyons is equivalent to the vacuum in the sense that all @rti-
cles get trivial phase if they braid all the way around j\ m"i. Sometimes
one says thatj\ m"i is a transparent particle.

We might be tempted to conclude that there are exactly m dier-
ent anyon species in the system. Indeed, this conclusion is oftenue.
However, there is an exception. If bothp and m are odd, one ob-
tains a nontrivial sign for exchanging (half braiding, as in Fig.[44) a
j\m"i = ( p;m) particle with another \m"i = ( p;m) particle. To
see this note that exchange gives a phasem since it is half of the
2 pm phase for wrapping one particle all the way around the other (as
in Fig. &3). This means thej\m"i particle is a fermion. In fact, this
case ofp and m both odd is a bit of an anomolous case and is a bit more
di cult to handle 1°.

Neglecting this more complicated case with transparent particles, w
are correct to conclude that we have exactlyn di erent species of anyons
{ and also m di erent ground states on the torus as calculated above.
This connection will occur in any well behaved topological theory | th e
number of ground states on the torus will match the number of di erent
species of particles.

Chapter Summary

The Charge-Flux composite model describes abelian anyons |
with the braiding phase coming from Aharonov-Bohm e ect.

We introduced idea of fusion, antiparticles, and spin

The vacuum for a system of anyons is nontrivial and can be a
guantum memory.

Further Reading

A good reference for the charge- ux composite model is John Pikill's
lecture notes (Preskill [2004]).

Exercises

Exercise 4.1 Abelian Anyon Vacuum on a Two-Handle Torus

Using similar technique as in section [43, show that the ground state vac-
uum degeneracy on a two handle torus ism? for a system of abelian anyons
with statistical angle = p=m for integers p and m relatively prime. Hint:
Consider what the independent cycles are on a two-handled torus and deter-
mine the commutation relations for operators T; that take anyon-antianyon
pairs around these cycles.
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5.1 Abelian Chern-Simons Theory

It is useful to see how charge- ux binding occurs in a microscopic &
theory description of a physical system. The type of eld theory we will
study, so-called \Chern-Simons" eld theory?, is the main paradigm for
topological quantum eld theories.

In the current section we will consider the simplest type of Chern-
Simons theory which is the abelian type (i.e., it generates abelian anya)
or simple fractional statistics particles). We start by imagining a gauge
eld a , known as the Chern-Simons vector potential, analogous to the
vector potential A we know from regular electromagnetism. Here we
should realize that a is not the real electromagnetic vector potential
because it lives only in our 2-dimensional plane. We should think of it in-
stead as some emergent e ective quantity for whatever two dimesional
system we are working with.

Let us write the Lagrangian of our system

z
L=Lo+ d*xL
Here we have written Lo to be the Lagrangian of our particles without
considering the coupling to the (Chern-Simons) vector potential. This
might be nothing more than the Lagrangian for free particles | altho ugh
we could put other things into this part too, such as inter-particle inter-
action, if we like.

The second term is the integral of a Lagrangian density | and this
will be the term that is relevant for the ux-binding and the exchang e
statistics of the particles. The form of the Lagrangian density is

2

wherej is the particle current, is some coupling constant, and is
the antisymmetric tensor?. The indices ; ; take values Q1;2 where
0 indicates the time direction and 1, 2 are the space directions (ang®
is the particle density).

The rst term in Eq. 517is the Lagrangian density of the Chern-
Simons vector potential itself. (It is sometimes known as the \Chen-

L= a@a | a (5.1)

Simons term"). The second term in Eq.[5.1 couples the Chern-Simons

vector potential to the particles in the system. Its form, j a , may look
unfamiliar but it is actually just the expected coupling of the charged

Medium Material

1s. s. Chern was one of the most im-
portant mathematicians of the 20th
century. Jim Simons was a promi-
nent mathematician who wrote the key
rst paper on what became known as
Chern-Simons theory in 1974. Simons
was the head of the math department
at Stonybrook university at the time.

In 1982, he decided to change careers
and start a hedge fund. His fund, Re-
naissance Technologies, became one of
the most successful hedge funds in the
world. Simons' wealth is now estimated
at over 20 billion dollars (as of 2018).
More recently he has become a promi-
nent philanthropist, and has donated
huge amounts of money to physics and
mathematics | now being one of the
major sources of funds for the best sci-
entists in the world.

2The antisymmetric tensor is given by
012 = 120 = 201 = 1 gnd 210 =

102 = 021 = 9.
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3Again not the real electromagnetic
charge, but rather the charge that cou-
ples to the Chern-Simons vector poten-
tial a . Later in this chapter we will set
g =1 along with ~ =1 for simplicity of
notation.

4t may look like the right result would
have = 2 on the right hand side, given
thatitis =2 in Eq. EI] However, note
that when we di erentiate with respect
to a on the left hand side of Eq. £.4.]
we also generate an identical factor of
= 2 and these two add up.

particles to a vector potential analogous to what we used when weid-
cussed Aharonov-Bohm e ect in sectiof4]l. To see this, let us cafelly
de ne the particle current j . If we have N particles then the current is

j7(x) G (X Xn)
n=1

ix)y = hXn (X Xn)
n=1

The j° component, the charge density, is just a delta function peak at
the position of each particle with value given by the particle chargeq.
The 1 and 2 component,j is a delta function at the position of each
particle with prefactor given by the velocity of the particle times its
charge. Now when | a is integrated over all of space we get

G [a(xn) % a(xn)] (5.2)

n=1

exactly as in Eq.[41. So this is nothing more than the regular coupling
of a system of charged patrticles to a vector potential.

As is usual for a gauge theory, the coupling of the particles to the
gauge eld is gauge invariant once one integrates the particle motion
over some closed path (one measures only the ux enclosed, as with
the Aharonov-Bohm e ect). The Chern-Simons term (the rst te rm in
Eq.[57) is also gauge invariant, at least on a closed manifold if we can
integrate by parts. To see this, make an arbitrary gauge transfomation

a !

a + @ (53)

for any function . Then integating the Chern-Simons term (by parts
if necessary) all terms can be brought to the form @ @a which
vanishes by antisymmetry. Note that this gauge invariance holds fo any
closed manifold, although for a manifold with boundaries, we have to b
careful when we integrate by parts as we can get a physically impoent
boundary term. (We will discuss these later in section *** but for now,
let us just think about closed space-time manifolds).
To determine what the Chern-Simons term does we need to look at

the Euler-Lagrange equations of motion. We have

@ @
= = - 5.4
@a @ Q@a) 64

which generates the equations of motiof
j = @a (5.5)

This equation of motion demonstrates ux binding. To see this, let us
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look at the Oth component of this equation. We have

j%= (5.6)
where we have de ned a \Chern-Simons" magnetic eldbto be the curl
of the the Chern-Simons vector potential. In other words this equation
attaches a delta function (in nitely thin) ux tube with ux  ¢,= atthe
position of each chargey,. So we have achieved charge- ux binding!
For simplicity, let us now assume all particles are identical with the
same chargeg, = g We might expect that the phase obtained by

exchanging two such identical charges would be given by the charge

times the ux or = ¢?= analogous to sectioi4R. Actually, this is not
right! The correct answer is that the statistical phase is

= =2 ):

To see why this is the right answer, we can multiply our equation of
motion Eq. by a and then plug it back into® the Lagrangian[5.1.
We then end up with

1

L= 5 a
In other words, the Lagrangian of the Chern-Simons vector potatial
itself cancels exactly half of the Lagrangian density, and hence willancel
half of the accumulated phase when we exchange two particles withagh
other!

If we are interested in calculating a propagator for our particles we
can write X X )

ei (SO+ SCS + Scoupling

(5.7)
paths fx(t) g alla (x;t)

Here the rst sum is the usual sum over particle paths that we have
discussed before. The second sum is the sum over all possible con-g
rations of the eld a (x;t). Note that this means we should sum over
all con gurations in space and time so it is e ectively a path integral
for a eld. (This is potentially everything you ever need to know about
eld theory!). Often the sum over eld con gurations is written as a
functional integral X Z

! Da (x)

alla (x;t)

Formally when we write a functional integral we mearf that we should
divide space and time into little boxes and within each box integrate
over all possible values ofa . Fortunately, we will not need to do this
procedure explicitly.
At least formally we can thus rewrite Eq. as
x 7 4 N

gSo=~  Da (x) gScs =~ gl (@=7) s dl @

paths fx(t) g

(5.8)

49

50ne might worry about whether we
are actually allowed to plug the equa-
tions of motion back into the La-
grangian when we do a full path inte-
gral, as in Eq. B.7] where we are sup-
posed to integrate over all eld con gu-
rations, not just those that satisfy equa-
tions of motion. While generally in eld
theory one should not plug equations
of motion back into the Lagrangian, it
is actually allowed in this case because
the Lagrangian is linear in each a . For
example, classically we can think of ag
as being a Lagrange multiplier which
enforces Eq.[58. Similarly in the func-
tional integral when we integrate out ag
it enforces that equation of motion as a
strict constraint.

6Making strict mathematical sense of
this type of integral is not always so
easy!
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"Some space time manifolds we might
consider, such as any 2D manifold
cross time (such that M = R),
seem very natural. However, as we
will see in much detail in chapter 7[]
we will want to be much more gen-
eral about the types of manifolds we
consider. We should even allow three
dimensional manifolds where the two-
dimensional topology of a xed time
slice changes as time evolves! See also
the discussion in chapter §land Fig. 6.1.]

8Compacti cation of time from R to
St is something that might be famil-

iar from statistical physics where this

procedure is used for representing nite

temperatures.

where Sy is the action of the particles following the path but not in-
teracting with the gauge eld, Scs is the action of the Chern-Simons
gauge eld alone (from the rst term in Eq. £.1). The nal exponent ial
in EQ. represents the coupling (from the second term of EJ._5119f
the gauge eld to the path of the particles | it is an integral that fol-
lows the path of the particles and integrates the vector potentialalong
the path (see also Eq[5.R). This is precisely the phase accumulated
by a particle in the vector potential. It is an example of a Wilson-line
operator, which we will see again shortly in sectior . 5.2.

Once the integration over the Chern-Simons eld is done, we obtain

X ) )
e|SO=~+ iW (path)

paths fx(t) g

whereW is the winding number of the path and is the anyon statistical
angle. In other words, integrating out the Chern-Simons gauge &
implements fractional statistics for the particles in the system, inserting
a phasee ' for each exchange!

Vacuum Abelian Chern-Simons Theory

Something we have pointed out above in sectiof 413 is that the vacuum
of an anyon theory knows about the statistics of the particles, een
when the particles are not present (i.e., the ground state degenacy on
a torus matches the number of particle species). Thus, in the absee
of particles, we will be interested in

z

ZM)=  Da (x) €5cs~
M

where M is the space-time manifold we are considering

If we are consider a three dimensional manifold of the formM =

St for a 2D manifold and S! represents time (compacti ed®)

this integral gives exactly the ground state degeneracy of the stem.
As we might expect, this quantity will be a topological invariant of
the space-time manifold. That is, smooth deformations ofM do not
change its value. (See chapter appendix, particularly section’5.3}2)This
guantity Z(M ), often known as the partition function of the theory for
the manifold M , will be of crucial importance as we learn more about
topological theories in general in Chapte ¥ below.

5.2 Nonabelian Chern-Simons theory: The
paradigm of TQFT

Among 2+1 dimensional topological quantum systems, pretty muchev-
erything of interest is somehow related to Chern-Simon theory | ho w-
ever, we don't generally have the luxury of working with abelian theory
as we have been doing so far.
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We can generalize abelian Chern-Simons theory by promoting the %If you have studied Yang-Mills theory,
gauge eld a to be not just a vector of numbers, but rather a vector YoU alréady know about nonabelian
. 9 . . . vector potentials.
of matrices” More precisely, to construct a nonabelian Chern-Simons
theory, we consider a vector potential that takes values in a Lie alg-
bral®. For example, if we choose to work with the Lie algebra oSU(2) 1°See the introduction to Lie groups
in the fundamental representation we can write a general elemenof this and Lie algebras in section 83231 In

; .o brief: A Lie group is a group which
algebra as a sum of the three generators (proportional to ; y; z) so 2 " "~ L < manifold A Lie

that our Lie algebra valued gauge eld is then'! algebra is the algebra of in nitesimal
changes in this group. A prime exam-

a (X) = aa(x) _'f‘ (5_9) ple is the Lie group SU(2) with alge-
2i bra generated by i j with 's being

. . . . . the Pauli operators. We write group el-
where , are the Pauli matrices. Now thata is matrix valued it becomes  ements as exponentials of the algebra

noncommutative and we have to be very careful about the order irwhich g=¢ ".

we write factors ofa . Uror general Lie algebras, we want to
The fundamental quantity that we need to think about is the Wilson  write a = a2 T, where T, are the anti-
loop operators'? Hermitian generators of the Lie alge-
bra with Ta = TZ. This means that

[Ta;Tp] = fa°T. with f the so-called
WL =Tr Pexp d a (5.10) structure constants of the Lie group,

L and Tr[ TaTp] 1 a. In case of

. . . . SU(2) in the fundamental representa-

where here the integral follows some closed path. This object, being ton we have Ta = i a=2 with b =
the exponential of an integral of a vector potential, is essentially he 3. Be warned that other normaliza-
nonabelian analogué® of the Aharonov-Bohm phase of Eq.[4B). In EZEVZ%%?‘SU%TI ?r?Sth'StS,eaer:T?i ﬁggn?;r;g

Eq., theP symbol indicates pat_h ordering | anal_ogo_us to the l_JsuaI dom factors of 2 or i or worse.

time ordering of quantum mechanics. The complication here is that 2 1hese are 4 for Ken Wilso
H : H - Se are name r n lison,

a (x) is a matrix, so when we try to do the integral and exponentiate, . """ " "\ Lo brize for his work
we have a problem thata (x) and a (x% do not commute. The proper on the renormalization group and crit-
interpretation of the path orderered integral is then to divide the path ical phenomena. There is a legend that

into tiny pieces of length di. We then have Wilson had very very few publications
| when he came up for tenure as a profes-

sor at Cornell. Only due to the strong

Pexp( dl a)= (5.11) recommendation of his senior colleague
L Hans Bethe (already a Nobel Laureate
[1+a (xy)dl (x))][L+ a (x2)dl (x2)] [L+ a (x3)dl (x3)] ;1 at the time) did he manage to keep

his job. Bethe knew what Wilson had

where x1; x2; x3;::: are the small steps along the path. been working on, and vouched that it
would be extremely important. His

The proper gauge transformation in the case of a nonabelian gauge g nd-preaking work on renormaliza-
eld is given by tion group was published the next year.

a! Ulau+u l@U (5_12) Everything worked out for him in the
end, but the strategy of not publish-

Where U(x) is a matrix (which is a function of position and time) which  ing is not recommended for young aca-
acts on the matrix part of a . Note that this is just the nonabelian demics trying to get tenure.
analogué* of the gauge transformation in Eq.[53. To see that this 3The factor of i we usually have in
gauge transformation leaves the Wilson loop operators invariant (ad the exponential of the Aharonov-Bohm

. . . . hase (Eq.H4.3) is missing because it has
h | p
hence is the right way to de ne a gauge transformation!) see sectio been absorbed into a in Eq. B81(See

2.3.1. comment in note II). The factors of q
With a a matrix valued quantity, the Chern-Simons action is now and ~ are missing because we have set
written as them to one as every theorist should do.
k z 2 14 -
— 3 Here take U = €' and note that a
= — + = e ;
Scs 4 d°x T a @a 3a aa (5.13) factor of i is absorbed into the vector

potential as mentioned in note 137]
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15 the case of the gauge group being
SU(2), as mentioned in section 33.2.3]
the gauge group is isomorphic to the
manifold S3. So if the manifold hap-
pens to be S3 then we are looking
at mappings from x 2 S3 (space) to
U(x) 2 S3 (group). A mathematician
would say that  3(S%) = Z, meaning
one can wrap S3 around S® any inte-
ger number of times. The case of zero
winding number is anything that can be
continuously deformed to U =1 every-
where. However, we also can consider
the identity mapping that S3 (space)
maps into S2 (group) in the obvious
way (every point goes to itself) which
gives an n = 1 mapping (a 1-to-1 map-
ping). One can also construct 2-to-1
mappings which have winding n = 2
etc. (See exercise[5.3)

Note that the second term in the brackets would be zero if thea were
commutative. (In the abelian case above, we have no such term! 8e
Eq. B1).

The Chern-Simons action is metric independent, which we show ex-
plicitly in the chapter appendix section 5.3.2. This means that space
and time can be deformed continuously and the value of the action des
not change. While this may not be obvious from looking at the form of
the action, a large hint is that the action is written without any refer ence
to the usual space-time metricg

Since Chern-Simons theory is also a gauge theory, we would like the
action to be gauge invariant. It turns out that the action is almostgauge
invariant, as we will discuss momentarily. At any rate it is close enough
to gauge invariant to be of use for us!

It turns out that the Chern-Simons action is actually unigue in being
both metric independent and also (at least almost) gauge invariant.In
2+1 dimensions, no other action can be written down which involves
only one gauge eld and has these two properties: topological invaance
and gauge invariance. This is what makes Chern-Simons theory such
crucial paradigm for topological theories in 2+1 dimensions.

Let us now return to this issue of how the Chern-Simons action is only
almost gauge invariant. First of all, if the manifold has a boundary, we
will run into non-gauge invariant terms as mentioned below Eq[5.3. Fo
now, let us just assume that our manifold has no boundaries.

More crucially there is another issue with gauge invariance. Under
gauge transformation (at least on a closed manifold) as in Eq.5.12 th
Chern-Simons action transforms to (See exercide 5.2)

Scs ! Scs +2 k (514)

where

z
1

— 3
=2z, O

T (U '@u)(U '@u)u '@u) (5.15)
Surprisingly the complicated expression in EqQ[5.I5 (sometimes known
as the Pontryagin index) is always an integer (See section 5.3.3 for me
detail). The integer gives the winding number of the mapU(x) from
the manifold into the gauge group®.

It may now look problematic that our Chern-Simons action is not a
true gauge invariant (Eq. 5.14), but we note that the only thing enter-
ing our functional integral is €S¢cs | not the Chern-Simons action itself.
Thus, so long as we choosg, the so-called \level", as an integer (and
since the winding number is also an integer), then we have a well
de ned functional integral of the form

z

Z(M)= Da (x) eScs (5.16)

where the resultZ (M ) turns out to be a manifold invariant (see chapter
appendix, sectior[5.3.2), meaning that smooth deformations of spz and
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time do not change its value.

The insertion of the Wilson loop operator into the path integral gives
a knot invariant of the link L that the Wilson loop follows. The fact that
the result should be a topological invariant should not be surprising gven
the fact that the Chern-Simons action itself is metric independent and
therefore independent under deformations of space and tinté. Often
we will think about our link as being embedded in a simple manifold like
the three sphere, which we denote aS§? (see sectiori33.1]1 for de nition
of S3).

So for example, to nd the link invariant corresponding to the two
linked strings in Fig. 5.1, we have

R .
Z(Ssy L1, LZ) _  s3 Dlg (X) WL1W|—2 gScs
ACO N s Da (x) eScs

Knot Invariant = (5.17)

with W_ being the Wilson loop operators as in Eq[5.10. Indeed, if we
choose to work with the gauge groupgSU(2) at level k (working with the
spin 1/2 representation of the group, i.e, with Pauli matrices) we olain
the Kau man invariant of the knot with A = ( i)(k+D =(k+2)

If we keep the same gauge group, but work with a di erent represe-
tation (for example, spin 1, rather than spin 1/2 in Eq. £9), we will
obtain di erent \particle types" of the theory.

One can also choose to work with di erent gauge groups.
SU(N) and choosing a levek one obtains the two parameter HOMFLY
knot polynomial (the two parameters here beingN and k). Similarly,
using SO(N ) at level k gives a two parameter Kau man polynomial (not
to be confused with the Kau man bracket). Typically a Chern-Simons
theory with gauge group G at level k is notated as Gx (For example,
using SU(2) at level 2 we write the theory as SU(2),). Changing the
sign of k corresponds to taking the \mirror image" of the theory (the
partition function is complex conjugated).

5.3 Appendix: Odds and Ends about Chern
Simons Theory

5.3.1 Gauge Transforms with Nonabelian Gauge
Fields

Let us de ne a Wilson-line operator, similar to the Wilson loop but not
forming a closed loop, i.e., going along a curv€ from space-time point
X to point y. 7

We(x;y)=Tr d a

C

Under a gauge transformation function U(x) we intend that the Wilson
line operator transform as

P exp

We(xy) ! U(x) P We(xy) U(y) (5.18)

Using Z51)

M3

Fig. 5.1 A cartoon of a 3 manifold
with a link made of two strands em-
bedded in it.

16The observant reader will note that
we have not speci ed the \framing" of
the knot | i.e, if we are to think of
the world-line as being a ribbon not a
line, we have not speci ed how the rib-
bon twists around itself. (See section
In eld theory language this
enters the calculation by how a point-
splitting regularization is implemented.
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Clearly this obeys composition of paths, and will correctly give a gaug
invariant result for a closed Wilson loop. Now let us see what is required
for the gauge eld a such that Eq. holds. We consider

We(x;x + dx) =1+ a dx (5.19)
and its transformation should be

We(x;x +dx) | UX) We(xx + dx)U(x + dx)
= U(x) 1+ a dx JU(x+ dx)
= Ux) Y1+ a dx JU(x)+ dx @U(x)]
= 1+[U la U+ U '@uldx (5.20)

By comparing Eq.[5.19 and Eq.[5.2D we see that the gauge transform
rule Eq. 512 correctly gives a gauge invariant Wilson loop operator.

5.3.2 Chern Simons Action is Metric Independent

You will often see books state that Eq[5.1B must be metric indepenent
because you don't see the metrigg written anywhere. But that kind
of misses the point!
A di erential geometer would see that one can write the Chern-Simams
action in di erential form notation
z

—_ N 2 N N
Scs = 1 (a™ da+ 3a a” a)
which then makes it \obvious" that this is metric independent being the
integral of a 3-form.

In more detail however, we must rst declare how the gauge eld
transforms under changes of metric. Itis a\1-form" meaning it is meant
to be integrated along a line to give a reparameterization invariant result,
such as in the Wilson loops. In other words, we are allowed to bend and
stretch the space-time manifold, but the ux through a loop should stay
constant. Under reparametrization of coordinates we have

Z z Z

X
da= dx a (x)= dx° =xa (x
() o372 9
This means that under reparameterizationx%x) we have
@x
a (x)= —-a (x
)= gg2 I

such that the line integral remains invariant under a reparameterization
of the space.

Now, if we make this change on all of thea's in the the Chern-Simons

action we obtain

2i
Tr a @a Eaaa !
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000 @X @X @X 2
WWWW a @a Eaaa

But notice that the prefactor, including the , is precisely the Jacobian
determinant and can be rewritten as

*°° detl@x=@K

Thus the three-dimensional Chern-Simons action integral can belanged
to the dx®variables and the form of the integral is completely unchanged
and thus depends only on the topological properties of the manifold

In fact, this feature of the Chern-Simons Lagrangian is fairly unique.
Given that we have a single gauge elda (x) this is the only (3-form)
gauge invariant Lagrangian density we can write down which will give a
topological invariant!

5.3.3 Winding Number: The Pontryagin Index

We would like to show that the integral in Eq. is indeed always
an integer. While doing this rigorously is di cult, it is not too hard to
see roughly how it must be done. First, we note that, like the Chern-
Simons action, it is the integral of a three form so it does not care
about the metric on the manifold (this is not surprising being that this
winding number arose from the Chern-Simons action). One can then
reparameterize the manifold in terms of coordinates within the groy,
and convert the integral over space into an integral over the grap. The
only thing that is left unclear is then in the mapping U(x) : M! G
how many times the group is covered in this mapping. We then have
immediately that the given de nition of the winding number must be an
integer times some constant. By construction of a few examples,n@ can
see that the constant is indeed unity (See exercide 5.4). A more daited
discussion of this issue is given in_Vandoren and van Nieuwenhuizen
[2008] and Rajaraman|[1982].

5.3.4 Framing of the Manifold | or Doubling the
Theory

There is a bit of a glitch in Chern-Simons theory. We want the Chern-

Simons functional Z(M ) to be a function of the topology of M only.

This is almost true | it is true up to a phase. In order to get the

phase, you need to specify one more piece of information which careb

provided in several ways (often called a 2-framing’). This additional 17A detailed discussion of 2-framing
piece of information is most easily described by saying that you need is given by Ativah [1990bl| Kirby and
to specify a bit of information about the topology of the 4-manifold :‘é':llvs'?u['!mg-' This is fairly mathemat-
N that M bounds M = @N. It is a fact that all orientable closed

3-manifolds are the boundary of some 4-manifold | in fact, of many

possible 4-manifolds. The phase oZ (M) is sensitive only to the so-

called \signature" of the 4-manifold N . (Consult a book on 4 manifold

topology if you are interested!)



56 Chern-Simons Theory Basics

Bhisis precisely what happens on the
surface of materials known as \Topo-
logical Insulators" (or Tls) in three di-
mensions. The bulk of the system is a
gapped insulator, but the surface of the
system has a single Dirac fermion (or an
odd number of Dirac fermions) and this
is impossible to have in a purely two-
dimensional system. See chapter ***.

The fact that the Chern-Simons theory should depend on some infie
mation about the 4-manifold that M bounds may sound a bit strange.
It is in fact a sign that the Chern-Simons theory is \anomolous". That
is, it is not really well de ngd in 3-dimensions. If you try to make sense
of the functional integral Da , you discover that there is no well de-
ned limit by which you can break up space-time into little boxes and
integrate over a in each of these boxes. However, if you extend the
theory into 4-dimensions, then the theory becomes well behavedThis
is not unusual. We are familiar with lots of cases of this sort. Perhaps
the most famous example is the fermion doubling problem. You cannot
write down a time reversal invariant theory for a single chirality fermion
in D dimensions without somehow getting the other chirality. However,
you can think of a system extended intoD + 1 dimensions where one
chirality ends up on one of theD -dimensional boundaries and the other
chirality ends up on the other D dimensional boundary*®. So to make
Chern-Simons theory well-de ned, you must either extend into 4D, or
you can \cancel" the anomoly in 3D by, for example, considering two,0p-
posite chirality Chern-Simons theories coupled together (so-calletdou-
bled" Chern-Simons theory). The corresponding manifold invariant of
a doubled theory getsZ (M ) from the righthanded theory and its com-
plex conjugate from the left handed theory, thus giving an end reslt of
jZ (M )j? which obviously won't care about the phase anyway!

5.3.5 Chern Simons Theory as Boundary of a Four
Dimensional Topological Theory

With the considerations of the previous sectiorT 5.3 1, it is interestingto
express Chern-Simons theory as the boundary theory of a 4D tagogical
theory. To do this let us de ne the eld strength tensor

F = @A @A +[A ;A ]

This de nition matches the expression for the electomagnetic eld grength
in the case where the elds are abelian such that the commutator va-
ishes. However, more generally for nonabelian gauge theories (inding
Yang-Mills theory) the additional commutator term must be added.

In 4D we can de ne the dual eld strength

F = F

where is the antisymmetric tensor. We now consider the following
topological action on a 4D manifold N
Z

S= d'x Tr[F F ]

16 2

This 4D action is well de ned and non-anomalous, meaning it can be
regularized and/or treated properly on a lattice.
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With a bit of algebra the action can be rewritten as

Z
- 4
S_ﬁ Ndx@G
where )
G =2 T A @A +§A A A (5.21)

Since the action can be written as the integral of a total derivative it
should give zero when integrated over a closed manifolth . However
when the manifold has a boundary one obtains
z
S=_— d&xGv
82 an

where v is the unit vector normal to the boundary. Examining the
form of Eq. we realize that the action is precisely the Chern-Simas
action on the 3D boundary manifold @N

5.3.6 Chern Simons Canonical Quantization for the
Abelian Case

One can consider the Chern-Simons theory as a quantum mechanica

theory with wavefunctions and operators (i.e., not in path integral lan-

guage). To do this, we need to nd the commutation relations. Working

in the gaugeag = 0, in the Chern-Simons Lagrangian terms like @ay

multiply ax and vice versd®. This means that a,(x) is the momen- °Note that for nonabelian Chern-

tum conjugate to ay (x) and vice versa. We thus have the commutation Simons theories working in the ao =0
relations gauge makes the a® term of the action

vanish!

(:a,(0] = = (x )

The arguments % here live in 2 dimensions. Consider now the Wilson
loop operators around the two di erent handles of a torus

|
I .
W, =exp i(g=) a a
L
where herej indicates we have a loop around either cycle 1L(;) or cycle
2 (L) of our torus. The two paths must intersect at one point and

therefore, due to the above commutations, do not commute with ach
other. We can use the identity that

e = B ]

which holds when A; B] is a humber not an operator. This then gives
us
W1iW, = eiq2: “"WoW; = ei W,oW,

where is the statistical angle of the theory. Thus the Wilson loop
operators act just like operatorsT; and T, in section[4.3 which created
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particle-hole pairs and moved them around the handle then reannihi-
lated. So even without discussing particles, the ground state wavenc-
tion of the Chern-Simons theory is degenerate!

Chapter Summary

The Charge-Flux model can be realized in an abelian Chern
Simons theory.
We introduced some ideas of general nonabelian Chern-Simons the-

ory, including manifold invariants and turning Wilson loop opera-
tors into knot invariants.

A good reference for abelian Chern-Simons theory is

" F. Wilczek, ed. Fractional Statistics and Anyon Superconductivity,
World Scienti ¢, (1990).

Some good references on nonabelian Chern-Simons theory are

~ E. Witten, Quantum Field Theory and the Jones PolynomialComm.
Math. Phys. Volume 121, Number 3 (1989), 351-399; available on-
line here https://projecteuclid.org/euclid.cmp/1104178138. This
is the paper that won a Fields' medal!

Chetan Nayak, Steven H. Simon, Ady Stern, Michael Freedman,
Sankar Das Sarma,Non-Abelian Anyons and Topological Quan-
tum Computation, Rev. Mod. Phys. 80, 1083 (2008). Also avail-
able online at https://arxiv.org/abs/0707.1889. This has a short
discussion of Chern-Simons theory meant to be easily digested.

" Louis Kau man, Knots and Physics World Scienti c, (2001), 3ed.
The section on Chern-Simons theory is heuristic, but very useful.

Current Algebras and Anomolies by S. Treiman, R. Jackiw, B. Zu-
mino, and E. Witten (World Scienti c) 1985. See particularly the
chapters by R. Jackiw.

G. Dunne, Aspects of Chern-Simons Theoryin Topological as-
pects of low dimensional systems. Les Houches - Ecole d'Ete de
Physique Theorique, vol 69. Springer, Berlin, Heidelberg, eds A.
Cometet, T, Jolicoeur and S. Ouvry. Also available as arXiv:hep-
th/9902115.

Exercises

Exercise 5.1 Polyakov Representation of the Linking Number
Consider a link made of two strands, L1 and L». Consider the double line

integral

| | Lk yk
Liilo)= & dgx'  dx: .
(Luba)= o xR




(a) Show that is equal to the phase accumulated by letting a u nit of ux
run along one strand, and moving a unit charged particle alon g the path of
the other strand.

(b) Show that the resulting phase is the topological invaria nt known as the
linking number | the number of times one strand wraps around t he other,
see sectiofZB.P.

This integral representation of linking was known to Gauss.

Exercise 5.2 Gauge Transforming the Chern-Simons Action

Make the gauge transform Eq. on the Chern-Simons action 5.8 and
show that it results in the change 5141 Note that there will b e an additional
term that shows up which it a total derivative and will theref ore vanish when
integrated over the whole manifold M .

Exercise 5.3 Winding Numbers of Groups in Manifolds

Consider the mapping of U(x) 2 SU(2) ! S3. Construct an example of a
map with winding number n for arbitrary n. l.e., nd a representative of each
group element of 3(SU(2)) (See note[1IT).

Exercise 5.4 Quantization of Winding Number
Let us consider the manifold S® which we consider asR® plus a point at
in nity. Consider the gauge transform function de ned
!
iN x
U(X) = eXp p:
jxjz + R?

where x is a point in R®, and  represents the Pauli matrices with R an
arbitrary length scale. Show the winding number Eq. $5.I51giv es the integer
N. Why does N need to be an integer here?

Exercises 59






Short Digression on Quantum
Gravity

Medium Material

6.0.1 Why This Is Hard
1This chapter aims to give context

Little is known about quantum gravity with any certainty at all. What about why people rst started studying
we do know for sure is the value of some of the fundamental congtés topoogical theories. It can be skipped
that must come into play: the gravitational constant G, the speed of light g:ef‘tfén}gj?t'gg (but do come back
¢ and of course Planck's constant-. From these we can put together an
energy scale, known as the Planck Scale
r—
Eplanck = < 10 eV:
G
The temperature of the world around us is about 003 eV. Chemistry,
visible light, and biology occur on the scale of 1 eV. The LHC accelera-
tor probes physics on the scale of roughly 1§ eV. This means trying to
guess anything about the Planck scale is trying to guess physics oma
energy scale 15 orders of magnitude beyond what any acceleratoexper- ?Cosmic ray observations have been
iment has ever probed. We must surely accept the possibility that ay made at several orders of magnitude
hysical principle we hold dear from all of our experiments on low en higher still | but very little can be de-
phy p P P . ay duced from these extremely rare and
scales could no longer hold true at the Planck scale! The only thing thB | ncontrolled events. A famous event
is really required is that the e ective low energy theory matches tha known as the \Oh my God particle”

. . . 20 -
which we can see at the low energies in the world around us. was apparently 10 <% eV, still 8 orders of
magnitude away from the Planck scale.

6.0.2 Which Approach?

There are several approaches to quantum gravity. While | will not make
any statement about which approaches are promising, and which ap
proaches are crazy and overpublicizel | am comfortable stating that 3For some basic information on the
many of these investigations have led to incredibly interesting and im- wars between some of the di erent ap-
portant things being discovered. While in some cases (maybe in most Egooicsh??héoT?é‘j&t"c\ﬁ?ga;g’sizz.ebt;e
cases) the discoveries may be more about math than about physicthey |ee smolin or \Not Even Wrong” by

are nonetheless worthwhile investigations that | am enthusiastic abut.  Peter Woit. Or see responses to these,
such as the article by J. Polchinski in
the American Scientist, or (with appro-
priate warning that it a bit of a rant)

61 Some General PrinCipIeS? the online response by Lubos Motl.

Also enlightening are the online letters
We have to choose general principles that we believe will always hold, between Smolin and Lenny Susskind.
despite the fact that we are considering scales of energy and lergt
15 orders of magnitude away from anything we have ever observedr
measured. Much of the community feels that the most fundamenté
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4Written down rst by Hilbert in 1915.

51 you are rusty with your general rel-
ativity, recall that the metric tensor g
de nes the relativistically invariant line
element via ds? = g dx dx , and the
Ricci scalar R, which is a complicated
function of g, is a measure of the curva-
ture of a manifold which compares the
volume a small ball to the volume it
would have in at Euclidean space. In
particular fora D dimensional manifold
M we would consider a D -dimensional

ball BP of radius and we have
V(BP) M _ R, ...
V(BP) RD ~ 6(D +2)

60bservation of gravity waves by the
LIGO experiment won the 2017 Nobel
Prize. Long before this we had very
strong indirect observation of gravity
waves from observation of the Hulse-
Taylor binary pulsar which earned a
Nobel Prize in 1993.

thing to hold onto is the Feynman picture of quantum mechanics |
that all space-time histories must be allowed. We might write a quantun
partition function of the form
X _
Z-= es="

All universes

(6.1)

where the sum is now over everything that could happen in all pos-
sible histories of the universe | it is the ultimate sum over histories!
Obviously such a thing is hard to even contemplate. Several key sinip
cations will make contemplation easier:

(1) Let us ignore matter. Let us (at least to begin with) try to mode |
only universes which are completely devoid of substance and only
contain vacuum.

Thus the universe contains only the space-time metric. Doing this, he
Einstein-Hilbert action * for gravity takes the form
z

dx Rp det(g)
M

SEins.tein

where the integration is over the entire space-time manifoldM , where
here g is the space-time metric tensor andR is the Ricci scalaP. One
might imagine that we could construct a theory of quantum gravity
by plugging the Einstein-Hilbert action into the path integral form of
Eq. €. We obtain

z

Dg(x) eiS Einstein [9(x)]=~

Z= (6.2)
thus summing (or integrating) over all possible space-time metrics.Even
without matter in the universe, the model is very nontrivial because the
space-time metric can uctuate | these uctuations are just gra vity
wave$. Even in this limit no one has fully made sense of this type of
path integral without many additional assumptions.

(2) Let us simplify even more by considering a 2+1 dimensional uni-
verse.

We are used to the idea that many things simplify when we go to lower
dimension. Indeed, that is what happens here. In 2+1 dimension, tere
is an enormous simpli cation that there are no gravity waves! Why
not? In short, there are just not enough degrees of freedom in 2+1
dimensional metric to allow for gravity waves. (For more information
about this fact see the appendix to this chapter, sectiofil6.2.) As aesult,
the only classical solution of the Einstein equations in the vacuum is
that R = 0 and that is all! l.e., the universe is at and there are no
uctuations. (One can also have a cosmological constant in which case
R =2 gis the solution).
One might think that this means that gravity in 2+1D is completely

trivial. However, it is not. The space-time manifold, although every-
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where curvature free, still has the possibility of having anontrivial topol-
ogy. Thus what we are interested in is actually the di erent topologies
that our space-time manifold might have!
We thus rewrite Eq. 6.1 as
X z .
Z = Dg(x) e's [9(x)]=~
maniS(aIds M M
Z(M)

manifolds M

where S[g(x)] is the Einstein-Hilbert action for a at universe with met-
ric g, the sum is over all di erent topologies of manifolds the universe
might have, and the integration Dg is an integration over all metrics
subject to the condition that the manifold's topology is xed to be M .
Why would we be interested in such a quantity? In short, suppose
we know what the topology is of our (d-dimensional universe) at a xed
time t. We want to know the amplitudes that the topology changes as
t develops. l.e., is the space-time manifold of our universe of the form
M = time or does the space-time manifold split analogous to that
shown in Fig.[6.1. Fig. 6.1 A manifold where the topol-
Here is the surprise: the functionZ (M ) is precisely the Chern-Simons ©9Y 0f a space-like slice (slice at xed
L. . . . . . time) changes as time progresses.
partition function discussed above in section[5.P for an appropriaty
chosen gauge group! This connection is very roughly sketched in the 7 This was rst noted by Achicarro

chapter appendix section[6.8. and Townsend [1986] and then was de-
veloped further by Witten [1988] land

many others.

time

6.1.1 Further Comments on Connections to
Quantum Gravity

In the \this is not string-theory" school of thought for quantum gravity,

evaluation of Eq.[6.2 is the main goal. Crucially one needs some vari-

ables to describe the metric of the universe. Several di erent appaches

to this seem to converge on some S|m_|lar structures. One interestap- g, _ deed at lengih scales as gmallas the

proach, known as loop quantum gravity, uses Wilson loop operatorss Planck length lpanck =  ~G=C3 =

the elementary variables of the theory (once one has reformulategrav- —c-g,.. 16 10 %m there is no

ity to look like a gauge theory). Another approach discretizes spae-time  reason to believe space-time resembles

and sums over the di erent possible discretization§. With certain as- ©ur macroscopic idea of a smooth man-

sumptions these approaches appear to be very closely related! ection od- The ratio of the radius of the sun
p . pp ) pp . - y y_ : . to the radius of an atom is roughly the

[Z1.3 we will return to the issue of discretizing space-time and how this same as the ratio of the radius of an

can result in topological gravity. atom to the Planck length!
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6.2 Appendix: No Gravity Waves in 2+1 D

Why are there no gravity waves in 2+1 dimension? The short argumenh
for this is as follows (taken from|Carlip [2005])

In n dimensions, the phase space of general relativity is
parametrized by a spatial metric at constant time, which has
n(n 1)=2 components, and its conjugate momentum, which adds
another n(n  1)=2 components. Butn of the Einstein eld equa-
tions are constraints rather than dynamical equations, andn more
degrees of freedom can be eliminated by coordinate choices. We
are thus left with n(n 1) 2n = n(n 3) physical degrees of
freedom per spacetime point. In four dimensions, this gives the
usual four phase space degrees of freedom, two gravitationalawe
polarizations and their conjugate momenta. Ifn = 3, there are no
local degrees of freedom.

Let us put a bit more detail on this argument. If we write the at
metric as . = diag[ 1;1;1;:::] in any dimension, and we consider
small deviations from a at universe g = + h, we can construct the
trace-reversed

h =nh > h

In any dimension, gravitational waves in vacuum take the form
h . =0

and
h =0

where the comma notation indicates derivatives, and indices are raex
and lowered with
In any dimension we will have the gravitational wave of the form

h - eik X

where the polarization is orthogonal to the lightlike propagation
wavevector,k k =0, meaning

k =0: (6.3)

However, one must also worry about gauge freedoms. We can rede
our coordinates and change the form of the metric without changiig any
of the spatial curvatures. In particular, making a coordinate transform
x! x ,we have

h ' h ; o+

Now here is the key: In 2+1 D for any matrix you choose, you can
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always nd a
= A eik X

such that

h = eik X = . 4
This means that the wave is pure gauge, and the system remains per
fectly at! l.e., if you calculate the curvature with this form of h, you
will nd zero curvature.

To be more precise, we nd

=Ak AKk + A k

and any that satis es Eq. 6.3 can be represented with some vectoA.
It is easy to check this by counting degrees of freedom. has 6 degrees
of freedom in 2+1 D, but Eq. is 3 constraints, and A has three
parameters, so we should always be able to solve the equation fak
given .

6.3 Appendix: Relation of 2+1D GR to
Chern-Simons Theory (In Brief)

Let us start with a Chern-Simons Lagrangian for SU(2)x  SU(2) «.
Here we will use a very shorthand notation
z z
k 2 k 2
L=— (A.dA, + ZA3)+ — (A dA + ZA3
7 (AvdAc s Al = A%

Making the transformation
1 k
- 4 = — 4
o 2(A +A) e 3 (A A)

one obtains the Lagrangian (using di erential form notation)
z

L= (e"R+ §e’\ e”e) (6.4)

Heree s interpreted as the dreibein of general relativity which is related
to the metric by (returning appropriate indices to vectors)

g =¢€e a

with 5, the at metric in 2+1 D, and ! is a spin connection which has
an equation of motion that dictates it is torsion free, and the remaining

Lagrangian Eq.[6.4 is precisely the 2+1D Einstein-Hilbert Lagrangian
in the so-called Palitini form. In that equation

= (4 =k)?
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is the cosmological constant. The calculation here has been givenrfa
Euclidean form of gravity. For Lorenzian gravity one needs to workwith
SO(2; 1) Chern-Simons theory which is a bit more complicated.

More details of the relationship between 2+1D general relativity and
Chern-Simons theory are provided in the further reading, listed béow.

Further Reading

For a huge amount of information on 2+1 dimensional quantum
gravity, seelCarlip [2005].

The relationship of 2+1 D gravity to Chern-Simons theory was rst
developed by Ana Actucarro and Paul Townsend ([Actucarro and
Townsend,|1986])

The relationship was further developed by Edward Witten (Witten
[1988])

Years later, the question was revisited by Witten [2007], where
doubt is raised as to whether Chern-Simons theory is su cient to
fully describe gravity in 2+1 dimensions.

A (potentially biased) history of various approaches to quantum
gravity is given by Rovelli [2000].

Reviews of loop gquantum gravity are given byl Rovelli [2008] and
Nicolai et all [2005].

Discussions of discretization approaches to quantum gravity are
given by|Regge and Williams [2000] and Lorente [2006].

The article by Nicolai and Peeters [200/7] covers the connections
between the loop and discretization approach fairly clearly.

Note that none of these references are particularly easy to digés



De ning Topological Quantum
Field Theory?!

Medium Hard Material

. . . 1Many students nd this chapter
We already have a rough picture of a Topological Quantum Field Theoy  frighteningly abstract. While this chap-

(TQFT) as a quantum theory that depends on topological properties as ter sets the stage for a number of ideas
opposed to depending on geometric properties. For example, it magrs ~ that come later, it can also be skipped
. . . , to a large extent if it seems too di cult.
that particle 1 traveled around particle 2, but it doesn't matter how far .0 may seem a bit cruel to include
apart they are. such a chapter early in the book, I've in-
We can formalize these ideas by saying that the theory should be cluded it here because it gives the best

independent of small deformations of the space-time metric. We migt fewr;:lt(':‘;” %f‘g’;‘:t fir;Qng ;C;‘tﬂ'ry iiss

say that what we are studying for the remain-
g—mny correlatori = 0: der of the book.

This is a completely valid way to de ne a TQFT, but is often not very
useful.

Another way to de ne a (2+1 dimensional) TQFT is that it is a set of
rules that takes an input of a labeled link embedded in a three-manifold  2Particularly condensed matter physi-
and gives an output of a complex number in a way that is invariant undg  cists might start to wonder why we need
smooth deformations. This de nition is quite analogous to our de nition :2;}2“??;235285;Zirr?glt,r?r:{éznd?nggh-
of a knot invariant, with two key di erences. First, we allow for the lin s sjonal manifolds | what could they
to be labeled with a \particle type" (and our rules for evaluating the end  possibly have to do with real physical
result will depend on the particular particle type labels). Secondly, the Zysggtsi;l ;g‘;‘g’s‘?gn()bgjirgﬁfné“tﬁisbgrg
I|nI§ can be embedded in some arblltrarlly _compllcated threg-mamfolé. rection allows us to understand some
This type of mapping (see Fig.[7.1) is precisely the sort of thing that me  of the strong constraints on topological
gets as an output of Chern-Simons theory which we called (M ;links) as models and their mathematical struc-
we discussed in sectiof 512. The advantage of thinking in this language turé: and this tms out to be impor-

. . . . . . tant for the analysis of even fairly sim-

is that strictly speaking, the functional integrals of Chern-Simonstheory ple physical sys%lems. y

Swe may also allow world lines of

M anyons to fuse into other species as dis-
cussed in section [£2.

I Z(M ;a;b

Fig. 7.1 A (2+1) dimensional TQFT takes an input of a labeled link inam  anifold
and produces an output of a complex number in a manner which is topologically
invariant.
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4Sir Michael Atiyah, a Fields medal-
ist, who went to primary school in Su-
dan, was one of the foremost mathe-
maticians of the 20th century. He spe-
cialized in geometry and topology |
particularly at the interface between
mathematics and physics. You can
nd videos of him talking about life,
physics, and mathematics at webofsto-
ries.com.

Swhile it is possible to de ne certain
TQFTs on non-orientable manifolds it
is much easier to assume that all man-
ifolds will be orientable | excluding
things like Mabius strips and Klein bot-
tles. See section[33].

6The phrases \depends only on the
topology..." is something that physi-
cists would say, but mathematicians
would not. To a mathematician, topol-
ogy describes things like whether sets
contain their limit points, whether
points are in nitely dense and so forth.
Perhaps it would be better to just say
that V() does not change under con-
tinuous deformation of This is
something mathematicians and physi-
cists would both agree on, and this is
what we actually mean here!

"This may sound a bit abstract, but
it is exactly how the Hilbert spaces
of any two systems must combine to-
gether. For example, in the case of two
spins, the Hilbert space of the union of
the two spins is the tensor product of
the two Hilbert spaces.

are often not well de ned mathematically. Instead, here we bypas the
Chern-Simons eld theory altogether and de ne a TQFT simply as a
mapping from a manifold with a link to an output.

A closely related but more formal de nition of TQFTs is given by a
set of Axioms by |Atiyahl [1988]* which are in some sense much more
informative.

7.1 Paraphrasing of Atiyah's Axioms

Here I'm going to give a rough interpretation of Aityah's axioms of
TQFT, suitable for physicists. To begin with, we will consider space-
time manifolds with no particles in them. As we have found above,
TQFTs are nontrivial even in the absence of any particles. Later onin
section[Z.2 we will discuss adding particles and moving them around in
space-time too.

We will consider aD + 1 dimensional space-time manifolé® which we
call M , and D dimensional oriented slice | we can often think of this
slice as being theD -dimensional space at a xed time. Almost always
we will be thinking of D = 2, although the axioms are quite general and
can be applied to anyD.

AXIOM 1: A D-dimensional space is associated with a Hilbert
spaceV () which depends only on the topology © of .

We call the spaceV, which stands for vector space, although some-
times people call it H for Hilbert space.

As an example of what we mean, we have seen that if is a torus, thee
is a nontrivial Hilbert space coming from the ground state degeneray.
This degenerate space is the spacé(). The space V() will depend
on the particular anyon theory we are considering. For example in tke
case of abelian anyons in section 4.3 we found a degeneracymoffor a
system on a torus with statistical angle = p=m.

Note that when we add particles to the system (we will do this in
section[7.2), if the particles are nonabelian, then there will also be a
Hilbert space associated with the additional degeneracy that comgwith
such nonabelian particles.

AXIOM 2:  the disjoint union of two D-dimensional spaces ; and
2 will be associated with a Hilbert space which is the tensor product
of the Hilbert spaces associated with each spaéel.e.,

2)= V(1) V(2)

In particular this means that the vector space associated with thenull
or empty space; must be just the complex numbers. Let us state this
mathematically.

V(1

Axiom 2 Implies:
V()= C¢C
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The reason this must be true is because[ = and C V()=
V() so the result follows 8. 81t this sounds confusing, remember the
space C is just the space of length 1
AXIOM 3: If M is a (d+1)-dimensional manifold with D -dimensional Comp'tex Ve_iaors’la”dt;enso””g?'engfh
boundary? = @M then we associate garticular element of the vector [ YSCior With & ‘engih - m vector gives

. - . ;i a size n by m matrix, so tensoring a
spaceV () with this manifold. We write vector of length n with a length 1 vector

gives back a vector of length n.

Z(M)2v(an)

e use the @to denote boundary. See

o . . . . section[33.14
where the association (i.e., which particular state in the vector spae is

chosen) again depends only on the topology df1 .

Here we might think of @Mas being the space-like slice of the system
ata xedtime, and V(@ ) as being the possible Hilbert space of ground
states. The rest ofM (the interior, not the boundary) is the space-time
history of the system, andZ (M ) is the particular wavefunction that is
picked out by this given space-time history (See Fig[ZR).

@Y

or

time

Fig. 7.2 Two depictions of a space-time manifold M with boundary @ . The left
depiction is problematic because the only boundary of the ma nifold is supposed to
be the red top surface @M (the black outline of M really should not be there, but
we can't draw a closed three manifold!). The right depiction  is more accurate in this
sense, although it depicts a 2D M and 1D @M .

The point of this axiom is to state that the particular wavefunction o f
a systemZ (M ) which is chosen from the available vector space depends
on the space-time history of the system. We have seen this principle
before several times. For example, we know that if a particle-antiarticle
pair is taken around a handle, this changes which wavefunction we ar
looking at | this process would be part of the space-time history.

Axiom 3 Implies: For M closed, we have@ M= ;, the empty space,
S0

Z(M)2C

i.e., the TQFT must assign a manifold a topological invariant which is
a complex number. This is exactly what we found from Chern-Simons
theory.
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time

10The notation M[ M © means the
union of M and M © glued together
along the common boundary .

time

AR

ZM9=h92V( )

ZM)=j iz V()

Fig. 7.3 In this picture M and M © are meant to t together since they have a
common boundary but with opposite orientation @ = @1°%. Hereh § =
Z(M 9 2 V( ) lives in the dual space of j i Z(M) 2 V(). Note that the
normals are oppositely directed

AXIOM 4: Reversing Orientation

v )=V ()

where by  we mean the same surface with reversed orientation, whereas
by V we mean the dual space | i.e., we turn kets into bras. It is a
useful convention to keep in mind that the orientiation of the normal of
@ should be pointing out of M . See Fig[7.3B.

GLUING: If we have two manifoldsM and M ° which have a com-
mon boundary @1 = (@ 9 we can glue these two manifolds together
by taking inner products of the corresponding states as shown in ig.[Z.4.
Here we have = @ =(@ 9 so we can glue together the two man-
ifolds along their common boundary to give®

ZM[ MY=hzMAizM)i (7.1)
COBORDISM:  Two manifolds ; and , are called \cobordant" if
their disjoint union is the boundary of a manifold M .
@ = 1[ 2

We say that M is a cobordism between ; and ;. See Fig.[Z5 for an
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ZM[ MO=HM9ZM)i=hG i

Fig. 7.4  Gluing two manifolds together by taking the inner product of the wave-
functions on their common, but oppositely oriented, bounda ries.

example.
We thus haveZ(M ) 2 V( ;) V( 2), so that we can write

X
Z(M): U J z;ih 1;j

wherej . i is the basis of states fovV( ,) and h . jis the basis of
states for V( ;). We can thus think of the cobordism M as being an

evolution! similar to that shown in Fig. I.5] 11 This evolution may or may not be
unitary | indeed, the dimensions of
V( 1) and V( 2) may not even match

, if 16 2.
= [ 2

Fig. 7.5 M s the cobordism between ; and 2. le., @ = ;[ 2. Note that
we have reversed orientation of 1 here.

IDENTITY COBORDISM: If we haveM = | wherel is the
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@ = [
Fig. 7.6 A cobordism that can be
topologically contracted to nothing acts
as the identity on the Hilbert space
V().

M = st
Fig. 7.7  Gluing the top of | to
the bottom we obtain M = st

An important factisthat  Z(  S1)is
just the ground state degeneracy of the
2-manifold

12For dimension D > 2+1 dimensional
TQFTs we could have world-sheets of
moving strings and other higher dimen-
sional objects as well.

a b

Fig. 7.8 A 2-manifold with particles
in it, which are marked and labeled
points. We now call the combination
(the manifold and the marked points)
for brevity.

one dimensional interval (We could call it the 1-disk, D! also) then the
boundaries are and (See Fig.[7.6), and the cobordism implements
a map betweenV () and V(). Since the interval can be topologically
contracted to nothing (or in nitesimal thickness"), we can take t his map
to be the identity:

X
Z( )= j .ih . j=identity :

where the sum is over the entire basis of states df ().

We can now consider taking the top of the interval | and gluing it
to the bottom to construct a closed manifold M = S!, where St
means the circle (or 1-sphere), as shown in Fig.7.7. We then have

zZ( SY=Tr[z( 1)]=Dim[V()] : (7.2)

where Tr means trace. Thus we obtain the dimension of the Hilbert
spaceV (), or in other words, the ground state degeneracy of the 2-
manifold .

As we have discussed above in sectidn 4.3, for the torug? we have

Dim V(T ?) = number of particle species (7.3)

which we argued (at least for modular abelian anyon models) based on
non-commutativity of taking anyons around the handles of the torus, and
we will justify for nonabelian anyons as well in sectiof 7.Z11. Similarly,
for a 2-sphereS?, we have

DimV(S?) =1 (7.4)

since there are no noncontractable loops, and this will also hold for @th
abelian and nonabelian theories. See sectidn 4.3.1 for discussion okth
ground state degeneracy of abelian theories on higher genus sacgs.

7.2 Adding Particles

We now consider extending the ideas of TQFT to space-time manifolds
with particle world-lines in them. 12

Let us imagine that there are dierent anyon types which we can
label asa, b, ¢, and so forth. The corresponding antianyons are labeled
with overbar a, b and so forth as in sectionf4.ZP. We now imagine a
2-manifold with some marked and labeled points as shown in Fig_—718.
We call the combination of the 2-manifold with the marked points for
brevity. As with the case without particles (AXIOM 1, in section T.1},
is associated with a Hilbert spaceV (). The dimension of this Hilbert
space depends on the number and type of particles in the manifold (&
expect for nonabelian particles, the dimension will grow exponentially
with the number of particles). We can span the spaceV () with some
basis statesj i which will get rotated into each other if we move the



e

Fig. 7.9 Left: 3-manifold M with particles in it, which are marked and labeled lines
(the lines should be directed unless the particle is its own a ntiparticle). These world
lines may end on the boundary = @V . The wavefunction on the boundary @ is
determined by the spacetime history given by M . Right: M © evolves the positions
of the particles in time. Note that by M © we mean not just the manifold, but the
manifold along with the world-lines in it. In this particula r picture = 0 being the
same surface with the same types of particles at the same posi tions.

marked points around within the manifold (i.e., if we braid the particles
around each other).

Similarly a 3-manifold M is now supplemented with labeled links
indicating the world lines of the particles. The world-lines should be
directed unless the particles are their own antiparticles. The world lires
are allowed to end on the boundary of the manifold@/ . See left of
Fig. [Z9. Analogously we may sometimes call the combination of the
manifold with its world lines M , although sometimes we will write this
asM ;L wherelL indicates the \link" (or knot) of the world lines.

As in the above discussion of axiom 3, the spacetime history speci es
exactly which wavefunction

ji=zM)2v@aa)

is realized on the boundary = @V . If a basis of V(@M is given by
wavefunctionsj ,i then we can generally write the particular wavefunc-
tion j i in this basis X

ji= cj i

We can now think about how we would braid particles around each

7.2 Adding Particles
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13Up to here our discussion has been
applicable to TQFTSs in any dimension.
From here on we specialize to the most
interesting case of D = 2, that is 2+1
dimensions.

14D 2 s the usual notation for a two
dimensional disk and S! again is the
circle.

other. To do this we glue another manifoldM °to @/ to continue the
time evolution, as shown in the right of Fig.[Z.9. The nal wavefunction
is written as

j9=zM[M 9Y2v( 9

If we put the positions of the particles in  ©at the same positions as the
particles in , then the Hilbert spaces, V( 9 is the same asV (), and
we can writej 4 in the same basis ag i

X
i %= & i

We can then think of Z(M 9 as giving us a unitary transformation on
this Hilbert space | which is exactly what we think of as nonabelian
statistics. We can write explicitly the unitary transformation

X
ZM9Y= U j oih ]

or equivalently X

Note that if the particles stay xed in their positions (or move in
topologically trivial ways) then M © can be contracted to in nitesimal
thickness and we can think of the unitary transformation as being te
identity. As with the identity cobordism discussed in section[7.1, we ca
take such an identity transformation, glue the top to the bottom and
obtain

Z(  SH=Dim[ V()] (7.5)

l.e., the partition function Z is just the dimension of the Hilbert space
of the wavefunction. This holds true even when has marked points
or particles, in it.

7.2.1 Particles or No-Particles

In the same way that the ground state of a topological system \krows"
about the types of anyons that can exist in the system, it is also the
case that the TQFT in the absence of particles actually carries the ame
information as in the presence of particle$®. To see this consider a
manifold M with labeled and directed world-linesL; in them, as shown
in Fig. 10. Now consider removing the world lines along with a hollow
tubular neighborhood surrounding the paths that the world-lines follow
as shown in the gure. We now have a manifold with a solid torus
removed for each world-line loop. (Think of a worm having eaten a palt
out of the manifold.) In this con guration, the boundary @ of the
manifold M now contains the surface of these empty tubes | i.e, the
surface of a torusT 2 for each world-line loop. Note that the empty tube
is topologically a solid torus D?  S! even if the world-line forms some
knot'4. The statement that it forms a nontrivial knot is a statement



Fig. 7.10 Removing the world-lines on the left along with a thickened t  ube. Imagine
a worm burrowing along the path of the world lines and leaving  a hollow hole (colored
red).

about the embedding of theS?* loop in the manifold.

Note that the Hilbert space of the torus surfaceT? is in one-to-one
correspondence with the particle types that can be put around tle han-
dle of the torus. Indeed, each possible statg¢ ,i of the torus surface
corresponds to a picture like that of Fig.[Z.11, where a particle of tpe
a goes around the handle. We can think of this solid torus manifold
as being a space-time history wher¢ = 1 s the central core of the
solid torus (the circle that traces the central line of the jelly lling of the
donut) and the torus surface is the present time. Somewhere bateen
t = 1 and the time on the surface of the torus, a particle of type
a has been dragged around the handle. Obviously, gluing such a solid
torus containing a particle world line (Fig. [Z.I1) back into the empty
solid-torus-shaped tube (right of Fig.[Z.10) recovers the originapicture
of labeled world lines following these paths (left of Fig[Z.1D).

Fig. 7.11 The possible wavefunctions | ai that we can have on the
surface of the torus can be realized by having a world-line of a parti-
cle of type a going around the handle of the torus. We can call these
Z (solid torus with a running around handle) = | ai

The partition function of the manifold with the tori excised from it
(the right of Fig. I.I0) contains all of the information necessary tode-
termine the partition function for the left of Fig. T.I0%for any particle
types that we choose to follow the given world lines. For the manifold
on the right there are two surfaces (the two surfaces on the insié of the
holes left where we excised the two tori), so we have

X
Z(M)= ZMij)yh caij hoLagj

7.2 Adding Particles
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15y you are rusty on these elementary
topology manipulations, see the review
in section B3]

16Topologically it is easiest to think
about the n-dimensional ball, B", as
being the interval | = B! raised to the
n™ power. The disk (or 2-ball), is topo-
logically a lled-in square D2 = B2 =
I 1. The usual 3-ball is topologically a
cubeB3 =1 | 1. The 4-ballis topo-
logically a 4-cube B4=1 1 | | =
D? D?2.

<d

Fig. 7.12 Assembling two solid tori to
make S3. The obviously drawn torus
D2 S can be thought of as the red
disk D2 crossed with the blue circle
S, The remainder of space outside of
this torus, including the point at in n-

ity is the other solid torus S! D2,
For this \outside" solid torus, the St
can be thought of as the vertical green
line. This line becomes S by connect-
ing up with itself at the point at in n-

ity. The upper shaded disk is an exam-
ple of a contractable D2 which is con-
tained entirely within the outside solid
torus. Note that the entire outside solid
torus is ST D2, the vertical green line
crossed with disks topologically equiv-
alent to this one. The green loop o to
the side (also contained within the out-
side torus), like the vertical green S?t
loop is not contractable within the out-
side solid torus, but can be deformed
continuously to the vertical green loop.

whereZ (M ;i;j ) is the partition function for the torus with two particle
types i;j following the two world line loops L; and L,, and the two
wavefunctions are the corresponding boundary condition. Thus,f we
want to extract Z(M ; a; b), where the particle lines are labeled witha; b
we simply glue in the wavefunctionj | 141 ] |2pi representing the
boundary condition on the two surfaces.

7.3 Building Simple 3-Manifolds
7.3.1 S® and the Modular

We will now consider building up 3-manifolds from pieces by gluing
objects together using the gluing axiom from sectioi_7J1. The simplds
3-manifold to assemble is the three spher&2. Remember that S can be
thought of as R® compacti ed with a single point at in nity (the same
way that S? is a plane, closed up at in nity | think of stereographic
projection. See the discussion in section-33.1). Recall also that a kb
torus should be thought of as a disk crossed with a circld? St. |
claim that we can assembleS® from two solid tori *°

S-matrix

s®=(st D?)[+.(D? Sh

The notation here is that the two piecesS' D? andD? S! are joined

together on their common boundary which isT? (the torus surface).
There is a very elegant proof of this decomposition. Consider the

4-ball B“. Topologically we havet®

B4 - DZ DZ

Now applying the boundary operator @and using the fact that the

boundary operator obeys the Leibniz rule (i.e., it distributes like a

derivative), we have

s*= @B = D% =(@B D?] (D?
D?) [+ (D? SY)

@p? @B)

(st

where we have used the fact that the boundary of a disk is a circle,
@O = S'. Note that the two solid tori dier in that they have the
oppositeD? lled in. Note that the two solid tori here are glued together
along a commonT? = S S! boundary. To see this note that

@s*

The two tori are glued together meridian-to-longitude and longitude-to-
meridian. (l.e., the contractable direction of one torus is glued to the
non-contractable direction of the other, and vice versa.) A sketb of
how the two solid tori are assembled together to makeS? is given in
Fig. [ 12.

Let us think about the partition function of these two solid tori whic h

D% =s' s'=@D? SY):
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are glued together on their boundaries to make upS3. We write the
partition function as the overlap between wavefunctions on the otside
and inside tori:

Z(SS) = hZ(Sl Dz)jZ(Dz Sl)i = h outside | inside i

where the 's are the wavefunctions on the surface of the torus.

We can further consider including world lines around the noncon-
tractable loops of the solid torus, as in Fig.[Z.I1. There is a dierent
state on the surface of the torus for each particle type we haveun-
ning around the handle. We then assembleés® with these new solid tori
and get an S® with two particle world lines linked together as shown in
Fig. [Z.13. Gluing the two tori together we get

Z(S3 aloop linking bloop) = iZ(S* D?;bjz(D? S*:a)i Sa
(7.6)
This quantity S,y is known as themodular S-matrix , and it is a very
important quantity in topological theories as we shall see in chapteil7
below.!’

hz(s! D2%b)jz(D? Stai =

_ ( = 7(S%alink b) = Sap

Embedded in S8

Fig. 7.13 Here we assemble a partition function for S3 with world lines of a linking
b embedded in the S3. To do this we glue together two solid tori each with a world
line running around the handle. The green line marked b runs around the handle of
the \outside" torus. The end result is known as the modular ~ S-matrix, and it gives a
basis transform converting between the two bases which both  span the Hilbert space
of the torus surface where the two solid tori are glued togeth er.

Note that the S-matrix is unitary 8, since it is simply a basis transfor-
mation between the two sets of wavefunction which both span the gctor
spaceV (T?) of the torus surface T2 where the two solid tori are glued
together. Note also that the elementSyg, corresponding to the element
of the S-matrix where the vacuum particle (no particle at all') is put
around both handles. (Here we are using 0 to mean the vacuum.) This

17S0me comments on the S-matrix: (1)
since a linking b is topologically the
same as b linking a we should have
Sab = Spa- (2) Reversing the direction
of the world line takes a particle to its
anti-particle. This is topologically the
same as taking the mirror image of the
linking diagram in Fig. 7[I3Jthus we
have Sy = [Sap] where a is the an-
tiparticle of a.

18ere we are assuming the theory is
modular meaning there are no transpar-
ent particles. This assumption will be

discussed in more depth in section [7.3]
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191 fact there are an in nite number
of ways two tori can be sewed together
to form a closed manifold. These are
discussed in detail in the appendix to
this chapter, section T.4]

200ne should be warned that S2 St
cannot be embedded in usual three di-
mensional space, so visualizing itis very
hard!

211t is worth considering how the world
lines, in the case where a = b, are posi-
tioned in the S? S!. The world line
around the handle of one torus enters
each S? sphere through one hemisphere
and the world line around the handle
of the other torus exits each S2 sphere
through the other hemisphere. This ts
with the principle that a nonzero am-
plitude of two particles on the surface
of a sphere can only occur if the two
particles are a particle-antiparticle pair.
This is discussed in section B4]

tells us that
Z(S%=Sp 1 (7.7)

and in fact, should be strictly less than one unless there are no noriwial
particle types and S is a one-by-one dimensional matrix.

Another way of viewing the S matrix is as a simple link between two
strands, as shown in Fig[[Z.IB. As with the Kau man bracket invariant,
we can construct a set of diagrammatic rules to give a value to knots
Soon, in chapters[8-Ib we will construct diagramatic rules to help us
\evaluate" knots like this. These rules will be somewhat similar to the
rules for the Kau man bracket invariant, only now we need to keep track
of labels on world lines as well.

732 s$2 st

Sew these disks together along théir boundaries to maks?

Fig. 7.14 Assembling two solid tori to make S? S!. Here the two contractable
disks D2 are sewed together along their boundaries to make SZ2.

There is another way we can put two solid tori together to make
a closed manifold®. Instead of attaching longitude-to-meridian and
meridian-to-longitude, we instead attach meridian-to-meridian andlong-
itude-to-longitude. (This is perhaps a simpler way to put together two
solid tori!) See Figure[7.1%. Here we claim that’

§* st=(b* sY[+:(D* S
The sewing together is again done along the common boundary? =
S! S The S? factors in both solid tori are the same, and both of the
D? have the sameS?! boundary. Thus we are sewing togther two disks
D? along their S boundaries to make a 2-sphereés? (imagine cutting
a sphere in half along its equator and getting two disks which are the
north and south hemispheres).

As in the previous case, we can put world lines through the handles
of the solid tori if we want. If we do so we havé!

z(D? s%bhjz(d* sha) = a
The reason it is a delta function is that both the bra and ket are really
the same wavefunctions (we have not switched longitude to meridian
So except for the conjugation we should expect that we are gettig the
same basis of states for both tori.
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In particular, we have the case where we put no particle (the vacum)
around both handles, we have (i.e.a= b=1 =0)

z(D? SYHjz(D? SYHi= =1

So we have the result
Z(s? sh=1 (7.8)

Note that this agrees with two of our prior statements. On the onehand

Eq. [Z.3 says thatZ for any two dimensional manifold crossed withS?

should be the dimension of the Hilbert space for that manifold; and on
the other hand Eq.[7.4 states that the dimension of the Hilbert spae on
a sphere is 1.

7.4 Appendix: Sewing Two Solid Tori
Together

While this discussion is a bit outside the main train of thought (being
the development of TQFTS) it is interesting to think about the di ere nt
ways two solid tori may be sewed together to obtain a closed manifold

A solid torus is written as D2 S'. We de ne the meridian m to
be the S' boundary of any D2. I.e., the meridian is a loop on the
surface around the contractable direction of the solid torus. We & ne
the longitude | as being any loop around the surface of the solid torus
which intersects a meridian at one point. This de nition unfortunate ly g5 715 A line that wraps both the
has some (necessary) ambiguity. A line that loops around the meridia longitude and meridian of the torus.
n times as it goes around the noncontractable direction of the torusis
just as good a de nition of a longitude (an example of this is Fig. [Z.15
which is n = 1). We call this line | + nm where n is the number of
times it goes around the meridian andl was the original de nition of
the longitude that did not loop around the meridian. Rede ning the
longitude this way is known as a \Dehn Twist".

Let us choose a meridianm; on the surface of one solid torus and
choose to sew it to the line gmy + pl, of the second solid torus (that
is, the line that goesp times around the longitude and ¢ times around
meridian, we make  negative so that the two tori surfaces are oppo-
site oriented for attaching them together. Once the two lines are tued
together this uniquely de nes how the rest of the two torus surfaces
are glued together. The resulting object is known as the \Lens spee”
L(q;p. In section[Z.31 we showed that_(0; 1) = S° and in section[Z.3.2
we showed thatL (1;0) = S?> S!. Note that due to the ambiguity of
de nition of the longitude of the torus  gm; + plz, under rede nition of
the longitude goes to ( @ np)mz + pl,. Thus L(q+ np;p) = L(q; P,
and in particular, L(1;1) = S?2 also.
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Chapter Summary

The Atiyah Axioms formalize the idea of a topological quantum
eld theory.

Further Reading
For discussion on the Atiyah Axioms see Atiyah [1988, 1997]

A discussion of gluing together manifolds (as in sections 713-7.4) is gine
by Rolfson [1976]. The book_Farb and Margalit [2012] may also be
useful. We will discuss this type of sewing further in chaptel2P below
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Fusion and Structure of Hilbert
Space

As discussed in sectioi 7]1, each two-dimensional surface (a slice af
three-dimensional space-time manifold) has an associated Hilbertpsce.
In the case where there are particles in this surface, the dimensionf
the Hilbert space will re ect the nature of the particles. We now see to
understand the structure of this Hilbert space and how it dependson the
particles. At the same time we will building up a diagrammatic algebra
with the goal of constructing a mapping from world-lines of particlesto
complex numbers (a de nitions of a TQFT as given in Fig. [ZT). We
brie y introduced graphical notation in section £2.T]and we will con-
tinue that development here. For those who prefer more mathemtcal
detail, in section[8.8 (as well as in chaptefZIR) we will introduce tensor
description of diagrams and the associated Hilbert spaces.

8.1 Basics of Particles and Fusion | The
Abelian Case

Particle types:

There should be a nite set of labels which we call particle types. For
now, let us call them a, b, c, etc.

Fusion

World lines can merge which we call fusion, or do the reverse, which

we call splitting. If an a particle merges with b to give ¢, we write
a b=b a= c Fusion and splitting are shown diagrammatically in
Fig. Bl. Sometimes colloquially we call both diagrams \fusion".

It should be noted that we can think of two particles as fusing togeher
even if they are not close together. We need only draw a circle arouh
both particles and think about the \total" particle type inside the cir cle.
For example, we sometimes draw pictures like shown in Fig_8l2.

In our abelian anyon model of charges and uxes (see sectidn4.2i,
the statistical angleis = p=m (p and m relatively prime and not both
odd) then we havem speciesa = (aqg;a) for a=0:::m 1, where
g = p=m. The fusion rules are simply addition modulom. That is
a b=(a+ bhmodm.

Easy Material

a b C

Fig. 8.1  Fusion (left) and splitting
(right) diagrams can be thought of as
part of a space-time history of the parti-
cles. If we are describing two separated
particles a and bwhose overall quantum
number is c (sometimes we say \overall
fusion channel is c), we would describe
the ket for this state using the right
hand picture | which we can think of
as a space-time description of how the
current situation ( a on the left bon the
right) came about (with time going up).
Details of the formal meaning of these
diagrams in terms of as bras and kets
is given in sections B.6land chapter [Z]

C

Fig. 8.2 Another notation to describe
the fusion of two particle types to make
athird a b= c. The two particles need
not be close to each other. This gure
is equivalent to the right of Fig. 8[1]
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Litis annoying that we have so many
di erent ways to express the identity,
but in dierent contexts dierent no-
tations seem natural. For example, if
our set of particles is fusing by addi-
tion (as we discussed in the charge- ux
model) the identity should be 0. But if
our group fuses by multiplication, iden-
tity is more naturally 1. See note 5[0h
chapter B3]

/V = /a/
Fig. 8.4 A particle going forward

should be equivalent to an antiparticle
going backwards.

a a a a
Fig. 8.5 Fusion of an anyon with its
anti-anyon to form the identity can be
thought of as a particle turning around
in space-time. On the right, we have
reversed one arrow and changed a to
a, and we have not drawn the identity
line.

cordor:::

Fig. 8.6 Multiple possible fusion chan-
nels. Here we show that a and b can
fuse together to give either c or d or
other possible results.

Identity

Exactly one of the particles should be called the identity or vacuum. W
write this! as 1 or 0 orl or e. The identity fuses trivially

=a

for any particle type a. In the charge- ux model (section[4.2) we should
think of the identity as being no charge and no ux. Fusion with the

identity is depicted schematically in Fig. B.3. Often we do not draw the
identity particle at all, being that it is equivalent to the absence of any

(nontrivial) particle.

Fig. 8.3 Fusion of a particle with the identity a | = a. The dotted line indicates

the identity. In some of these pictures the a particle appears to move slighly to the

left. However, this is not important for topological proper ties since the path can be
deformed continuously to a particle that does not move.

Antiparticles

Each particle a should have a unique antiparticle which we denote as
a. The antiparticle is dened by a a= 1. (There should only be one
particle which fuses with any a to give the identity!). A particle going
forward in time should be equivalent to an antiparticle going backwards
in time as shown in Fig.[8:4. Fusion to the identity can be thought of
as a particle turning around in space-time as shown in Fig[_815.

A particle may be its own antiparticle, in which case we do not need
to draw arrows on its world lines. An example of this in our charge- ux
model from section4.2 would be the \2" particle (fusion of 2 elementay
anyons, see section413) in the case of= = 4. Also, the identity particle
| is always its own antiparticle.

8.2 Multiple Fusion Channels - the
Nonabelian Case

For the nonabelian theories as we have discussed above (for exalapn
Section[3.5), the dimension of the Hilbert space must increase with té
number of particles present. How does this occur? In nonabelian naels
we have multiple possible orthogonal fusion channels

a b=c+d+::: (8.1)
meaning that a and b can come together to form eitherc or d or :::,
as shown in Fig.[86. A theory is nonabelian ifany two particles fuse in
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such a way that there are multiple possible fusion channels (i.e., there
is more than one particle listed on the right hand side of Eq[811).

If there are s possible fusion channels fom b, then the two particles
a and b have ans dimensional Hilbert space (part of what we called
V().

What is this Hilbert space associated with multiple fusion channels?
A slightly imperfect analogy is that of angular momentum addition. We
know the rule for adding spin 1/2,

1 1

> 270
which tells us that two spin 1/2's can fuseto form a singlet or a triplet.
As with the case of spins, we can think about the two particles being
in a wavefunction such that they fuse in one particular fusion chanrl
or the other | even if the two particles are not close together. The
singlet or J = 0 state of angular momentum is the identity here: it has
no spin at all. The analogy with spins is not exact though | unlike the
case of spins, the individual particles have no internal degrees ofdfedom
(analogous to the 2-states of the spin 1/2), nor do any results ofusion
have anm; degree of freedom (like a triplet would).

1

Locality

The principle of locality is an predominant theme of anyon physics (if
not of physics altogether).

The quantum number (or \charge") of a particle is locally conserved
in space. Consider, for example, FigC8]7. On the left, a particlea
propagates along and suddenly something complicated happens Idka
If only a single particle comes out of this region it must also be a particle
of type a. (If two particles come out of this region, we could havea split
into two other species as in the right of Fig.[81). We sometimes call
this the no transmutation  principle. It allows us to conclude that
the complicated picture on the left of Fig. [B.1 must be equal to some
constant times the simple propagation of ana particle as shown on the
right.

If two particles (maybe far away from each other) fuse togetherto
some overall particle type (in a case where multiple fusion channels ar
available) it is not possible to determine this fusion channel by measting
only one of the initial particles. In order to determine the fusion channel
of the two particles, you have to do an experiment that involves boh
of the initial particles. For example, one can perform an interfererce
measurement that surrounds both of these particles. The fusiohannel
is local to the pair.

Similarly, if we have some particles,b and c and they fuse tod (see
Fig.8.8), no amount of braiding baround c will change this overall fusion
channeld. The fusion channel islocal to the pair. If these two then fuse
with a to give an overall fusion channelf, no amount of braiding a,
b and c will change the overall fusion channelf . However, if a braids

=

o
T,
mk(;/ﬁ“\\
A )
~~

Fig. 8.7 If a particle a goes into
a spacetime region, then a net par-
ticle charge a must come out. This
is also sometimes called the \no-
transmutation" principle.  From far
away, one can ignore any local processes
(up to an overall constant).

Fig. 8.8 In this picture band c fuse to
d. Then this d fuses with a to give an
overall fusion channel of f. No amount
of braiding b around c will change the
fact that the two of them fuse to d.
However, if we braid a with b and c,
this can change the fusion of b with ¢
subject to the constraint that the fusion

of all three particles will give f.
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2Fibonacci, also known as Leonardo
of Pisa, was born around 1175 AD.
Perhaps his most important contribu-
tion to mathematics is that he brought
Arabic numerals (or Hindu-Arabic nu-
merals) to the western world. The

is named after him, although it was
known in India hundreds of years ear-

h%rilbonacci anyons can be described ex-
actly by the G level 1 Chern-Simons
theory. This involves a messy Lie al-
gebra called G,. The SU(2)3 Chern-
Simons theory contains some additional
particles besides the Fibonacci parti-
cles, but ignoring these, it is the same
as Fibonacci.

N
=

Fig. 8.9 Two dierent notations for
the two di erent fusion channels of two
Fibonacci anyons

with b and c, then the fusion of b and ¢ might change, subject to the
constraint that the overall channel of all three particles remainsf .

Locality gives another important way in which of anyons di ers from
the fusion of spins. With spins, if you can measure two spins individually
you can (at least sometimes) determine the fusion channel of thepins.
For anyons you must be able to measure a loop thasurrounds both
anyons in order to determine their collective fu sion channel | measuring
each anyon individually does not tell you the fusion of the two!

Antiparticles in the Case of Multiple Fusion Channels

When we have multiple fusion channels (i.e., for nonabelian theories)
we de ne antiparticles via the principle that a particle can fuse with its
antiparticle to give the identity, although other fusion channels may be
possible.

a a= | + other fusion channels

As in the abelian case we use the overbar notation to indicate an an-
tiparticle. It should be the case that for each particle a there is a unique
particle that can fuse with it to give the identity, and we call this par-
ticle a. As in the abelian case, a particle may be its own antiparticle if
a a= | +other fusion channels, in which case we do not put an arrow
on the line corresponding to the particle.

8.2.1 Example: Fibonacci Anyons

Perhaps the simplest nonabelian example is the anyon system knowrsa
Fibonacci® anyons. Something very close to this is thought to occur in
the so-called = 12=5 quantum Hall state which we will study in more
depth in section[31. Fibonacci anyons are closely related to th&U(2);
Chern-Simons theory.

In this example the particle set includes only two particles, the identity
| and a nontrivial particle which is often called

Particle types = fl; g

The fusion rules are

= | +

The rst two of these rules hardly need to be written down (they are
implied by the required properties of the identity). Itis the nal rule that
is nontrivial. This nal rule also implies that is its own antiparticle

= which means we do not need to put arrows on world lines.

With two Fibonacci anyons the Hilbert space is two dimensional, since
the two particles can fuse tol or , as shown in Fig.[8.9.

With three Fibonacci anyons the Hilbert space is 3 dimensional, as
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shown in Fig. [B10. The key thing to notice is that if the rst two
particles fuse to , then this combination acts as being a single particle
of overall charge | it can fuse with the third in two ways.
There is a single state in the Hilbert space of three anyons with overa
fusion channell. This state is labeled ag jNi. As mentioned above “Here jNi stands for \noncomputa-
by Fig. BZ, due to locality, no amount of braiding amongst the three tional", since it is not used in many
particles will change this overall fusion channel (although braiding nay gf;;r::g‘cfg:;‘(’;tsmg protocols that use
introduce an overall phase).
There are two states in the Hilbert space of three anyons with oveall
fusion channel . These are labeledjli and jOi in Fig. BIO. Again,
as mentioned above by Fig[8l7, due to locality, no amount of braiding
amongst the three particles will change this overall fusion channelFur-
ther, since in these two basis states the rst two particles furthest left
are in an eigenstate (eitherl in state jOi or in state j1i) no amount
of braiding of the rst two particles will change that eigenstate from jOi
to j1i or from jli to jOi. However, as we will see below in section 10.1,
if we braid the second particle with the third, we can then change the
quantum number of the rst two particles and rotate between jOi and
jli.

= jNi

j1i

il

Fig. 8.10 Notations for the three dierent orthogonal fusion channel s of three
Fibonacci anyons. The notation jNi;jli and jOi are common notations for those
interested in topological quantum computing with Fibonacc i anyons!

For our Fibonacci system, with 2 particles the Hilbert space is 2 di-
mensional. With 3 particles the Hilbert space is 3 dimensional. It is easy
to see that with 4 particles the Hilbert space is 5 dimensional (fusing a
fourth anyon with jOi orjli in gure 8I0Ican give either|l or , whereas
fusing a fourth anyon with jNi can only give , thus giving a space of
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5The name Ising is used here due to the
relationship with the Ising conformal
eld theory which describes the Ising
model in 2D at its critical point.

5The fusion rules of Ising and SU(2)2
are the same, but there are some
spin factors which dier, as well as a
Frobenius-Schur indicator | see sec-
tions [4.2]and [8.3]

“Another common notation is to use
instead of in the Ising theory. In
SU(2)2 the particles I;; may be

called 0;1=2;1 or 0;1; 2.

2

2

S
N

Fig. 8.11 The fusion tree for many
particles in the Ising anyon theory.

dimension 2+2+1). With ve particles the space is 8 dimensional and
so forth. This pattern continues following the Fibonacci sequencgTry
to show this!), hence the name.

Since the N element of the Fibonacci sequence for larg®l is ap-
proximately

Dim of N Anyons = Fib y (8.2)

We say that the quantum dimensionof this particle is d = (1 + P 5)=2,
the golden mean (See Eq.-3]8).

8.2.2 Example: Ising Anyons

The Ising® anyon system is extremely closely related t&SU(2), Chern-
Simons theony?, and this general class of anyon is believed to be realized
in the = 5=2 quantum Hall state (see sectior 31), topological super-
conductors, and other so-called Majorana systems (see sectigi).

The Ising theory has three particle types':

Particle types = fl;; g

The nontrivial fusion rules are

= |+

where we have not written the outcome of any fusion with the identity,
since the outcome is obvious. Again, each particle is its own antipartile

= and = so we need not put arrows on any world-lines.

Fusion of anything with the  particle always gives a unique result on
the right hand side. We thus call an abelian particle (despite the fact
that the full theory is nonabelian), or we say that is a simple current
(see margin notd 8 below). Fusion of many particles is therefore fairly
trivial, since each pair fuses to the identity in only one way.

Fusion of many particles, however, is nontrivial. The rsttwo 's
can either fuse tol or , but then when the third is included the overall
fusion channel must be (since fusing with either or | gives ).
Then adding a fourth  to this cluster whose overall quantum number
is again gives two possible outcomes. Such a fusion tree is shown in
Fig 811. By counting possible trees, we nd that the total number
of di erent fusion channels for N particles of type is 22 (rounding
down if N=2 is not an integer). To see this in another way, we can group

particles together in pairs where each pair gives either or |, so two

particles comprises a two state system, or a qubit. Then thd 's and

's fuse together in a unique way. Since the Hilbert gpace dimension is
(" 2)N the quantum dimension of the particleis d= "~ 2 (See Eq[3B).



8.3 Fusion and the N matrices

We are well on our way to fully de ning an anyon theory. A theory
must have a nite set of particles, including a unique identity |, with
each particle having a unigue antiparticle.
The general fusion rules can be written as
X
a b=

NG ¢ (8.3)

C

where the N's are known as the fusion multiplicities. N§, is zero if a
and b cannot fuse toc. N5, is one if we havea b= :::+ c+ :::, and
c only occurs once on the right hand side. Ifc occurs more than once
on the right hand side, then N5, simply counts the number of times it
occurs .

What does it mean that a particle type can occur more than once in
the list of fusion outcomes? It simply means that the fusion result ca
occur in multiple orthogonal ways® in which case a diagram with a vertex
showinga and b fusing to ¢ should also contain an index ( 2 1:::N§,
at the vertex indicating which of the possible ¢ fusion channels occurs,
as shown in Fig.[8I2. For most simple anyon theoriedNj, is either

0 or 1, and we will not usually consider the more complicated case in

examples for simplicity, but they are discussed in the chapter appedices
for completeness (See sectidn 9.5.3. See also section ***). It is gbto
keep in mind that such more complicated cases exist.

Elementary properties of the fusion multiplicity matrices

" Commutativity of fusion a b=b a.

gb = Nl;:a

~ Time reversal

Ngb = Nacb (8.4)
" Trivial fusion with the identity

N§| = ab (8.5)
" Uniqueness of inverse

N:!\b = b (8.6)
It is sometimes convenient to de ne

Napc = Ngb (8.7)

which is the number of di erent ways that a, b, and c can fuse to the iden-
tity. An example of this equivalence is shown graphically in Fig.[8.13B.
The advantage of this representation is thatN gy is fully symmetric in
all of its indices. For example, using this notation Eq.[8% and Eq[8b
are actually the same. Further, using Eq.[8.F along with the symmety
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E,A particle a is a simple current if
¢ NS, =1 for each particle b.

9While this does not occur for angu-
lar momentum addition of SU(2) (and
also will not occur in Chern-Simons
theory SU(2)x correspondingly) it is
well known among high energy theo-
rists who consider the fusion of repre-
sentations of SU(3). Recall that

8 8=1 8 8 10 10 27

and the 8 occurs twice on the right.

C
Fig. 8.12 Multiple fusion channels. In
nonabelian theory fusion of aand bto c
can occur in multiple orthogonal ways
when N& > 1. To specify which way
they fuse, we add an additional index
2 1:::N§ at the vertex as shown.

c

Fig. 8.13 An equivalence of N5 with
Napc. Both types of vertices have the
equivalent fusion multiplicity.  Note
that the left half of the right picture

is exactly equivalent to the right | c
is entering the vertex from below (then
this c turns over to become a c going
up on the far right).
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Fig. 8.14 Fusing ve a type anyons
e.

together into a nal result

of Napc We can derive identities such as
Ng = Ngc = Ng: (8.8)

where in the last step we used Eq_8l4.

Fusing Multiple Anyons

If we are to fuse, say, ve anyons of typea together into a nal result of
e, we can do so via a tree as shown in Fig._8.14.
To nd the dimension of the Hilbert space, we write
X

b c d e
NaaNbaNcaNda
Rcd
b c d e
NaaNabNac ad
bcd

Dim of fusing ve a anyonsto nal result e

and we identify each factor ofN as being one of the vertices in the gure.
It is convenient to think of the tensor NS as a matrix N, with indices
b and c, i.e, we write [N;]¢, such that we have

Dim of fusing ve a anyons to nal result e=[(N,)*]¢

Similarly were we to have a larger numberp of anyons of typea we would
need to calculate N,J° . We recall (See Eq[3.B) that the quantum
dimensiond, of the anyona is de ned via the fact that the Hilbert space
dimension should scale agl) whereN is the number ofa particles fused
together. We thus have that

da = largest eigenvalue of Nj] (8.9)

Note that this implies d, = d; given the symmetries ofN .

Example of Fibonacci Anyons
The fusion matrix for the particle in the Fibonacci theory is

|
0 |
N-=

1
1
where, as indicated here, the rst row and rst column represent the
identity and the second row and second column represent. The rst
row of this matrix says that fusing  with the identity gives back and
the second row says that fusing with givesl and . It is an easy
exercise tB check that the largest eigenvalue of this matrix is indeed
d =(1+ 5)=2, in agreement with Eq.[8.2.



Example of Ising Anyons

The fusion matrix for the  particle in the Fibonacci theory is

0 1
N:@ A

or o~
O R
or o

where the rst row and column represent the identity, the second row
and column represent and the third row and column represent . So,
for example, the second row here indicates that =1+ . Again,
it is an pasy exercise to check that the largest eigenvalue of this mek
isd = 2 as described in sectiol 8.212.

8.3.1 Associativity

It should be noted that the fusion multiplicity matrices N are very spe-

cial matrices since the outcome of a fusion should not depend on the

order of fusion. l.e., @ b c=a (b o).

For example, let us try to calculate how many waysa b c can give
an outcome ofe. We can either try fusing a b rst as on the left of
Fig. or we can try fusingb and c rst as on the right. Whichever

we choose, we are describing the same Hilbert space and we shouldd n

the same overall dimension either way. In other words, we should ha
the same total number of fusion channels. Thus, correspondingotthese
two possibilities we have the equality

d e _—
Nachd -
d f

NeoN & (8.10)
Again, thinking of NS, as a matrix labeled N, with indices b and c, this

tells us that
[Na;Nc] =0 (8.11)

Therefore all of the N matrices commute with each other. In addition
the N's are normal matrices, meaning that they commute with their
own transpose (Sincela;Na] =0 and N, = NJ by Eq.B38). A set of
normal matrices that all commute can be simultaneously diagonalized
thus

[UyNaU]xy = xy S(a) (8.12)

and all N's get diagonalized with the same unitary matrix U. Surpris-
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a b c a b c
f
e e
Fig. 8.15 Fusing (a b) c should be

equivalent to a (b c¢). On the left
a and b fuse to d rst then this com-

posite fuses with c to give e. On the
right b and c fuse to f rst, then this

composite fuses with a to give e. Both
diagrams represent the same physical
Hilbert space. Fixing a;b;c;ethe gure
on the left spans the Hilbert space with

di erent values of d whereas the gure
on the right spans the same space with
di erent values of f.

10For nonmodular theories, we can still
diagonalize N in the form of Eq. §12]

ingly (as we will see below in sectiofi_17.3]1) for well behaved (so-calledang the resulting unitary matrix U

\modular" *° anyon theories) the matrix U is precisely the modularS-
matrix we discussed above in Eq7]6 !

is sometimes known as the mock S-
matrix.
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e are again assuming manifolds are
always orientable { so this excludes ob-
jects like the Klein bottle or the Mabius
strip. Only a subset of TQFTs are well
de ned in the non-orientable case.

12By nontrivial we mean this particle
is not the vacuum particle.

Bror higher genus surfaces with non-
abelian theories it is possible to have a
single anyon alone on the surface. An
example of thisiswhen a a= 1+ c.
In this case a pair a and a may be cre-
ated, one particle can move all the way
around a handle to fuse with its part-
ner, but it may leave behind a single
anyon c since some quantum numbers
can be changed by the action of moving
the anyon around the handle. If we try
this on the sphere (without the handle)
we would always nd that the pair re-
annihilates to the vacuum. See further
discussion near Eq.

Bt is implied that we are counting
states here with the particles a and a
at some given xed position (all posi-
tions being topologically equivalent). If
we were to count di erent positions as
di erent states in the Hilbert space we
would have to include this nontopolog-
ical degeneracy in our counting as well.

Ssince there is a time direction St e
as well, removing a disk with a particle
in it from a spatial manifold is pre-
cisely the same as removing a tubular
neighborhood with a particle world line

in it from the space-time manifold.

8.4 Application of Fusion: Dimension of
Hilbert Space on 2-Manifolds

The structure of fusion rules can be used to calculate the groundtate
degeneracy of wavefunctions on 2-dimensional manifolés. Here we will
again be examining the Hilbert spaceV () where is our 2-manifold
which may or may not have particles in it.

Let us start by considering the sphereS?, and assume that there
are no anyons on the surface of the sphere. As mentioned previsly in
Eq.[Z5, there is a unique ground state in this situation because ther are
no non-contractable loops (See sections4.1 arid 4.8.1). The dimensio
of the Hilbert space is just 1,

Dim V(S?)=1.

This will be the starting point for our understanding. All other con g-
urations (change of topology, adding particles etc) will be related lack
to this reference con guration.

Now let us consider the possibility of having a single (nontrivial?)
anyon on the sphere. In fact such a thing is not possible because yo
can only create particles in a way that conserves that overall quatum
number. If we start with no particles on the sphere, the total anyon
charge must be conserved | i.e., everything on the sphere must fug
together to total quantum number of the identity. Thus, we have

Dim V (S? with one (nontrivial) anyon) = 0 (8.13)
Another way to explain this is to realize that, since particle-antiparticles
are made in pairs, there is no space-time history that could prepar¢he
state with just a single (non-vacuum) particle on the sphere'3

We can however consider the possibility of two anyons on a sphere. &/
can create ana particle with an a particle, and since these two particles
must fuse back to the identity in a unique way we havé*

Dim V (S? with one a and onea) = 1

The two particles must be antiparticles of each other, otherwise ncstate
is allowed and the dimension of the Hilbert space is zero. This is a
general principle: the fusion of all the particles on the sphere musbe
the vacuum, since these particles must have (at some point in histgf)
been pulled from the vacuum.

Now we could also imagine puncturing the sphere to make a hole
where the particles were. In the spirit of what we did in section[Z.Z.1
we could re- Il the hole with any particle type > . However, if we re |l
one hole with a particular particle type a, then the other hole can only
get lled in with the anti-particle type a. Nonetheless, we can conclude
that

Dim V (S? with two unlabeled punctures) = Number of particle types
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IR

Fig. 8.16  Surgering the twice punctured sphere into a torus. This is th e gluing
axiom in action. Note that we are implicitly assuming the sys tem is trivial in the

\time" direction, which we assume to form a circle St}me .

Now consider the procedure shown in FigC816. We start with the
twice punctured sphere. The two punctures can be labeled with any
particle-antiparticle pair labels. We can then deform the sphere to sw
the two punctures together in a procedure that is sometimes called
surgery (We will discuss surgery in more detail in chapter[22). The
result of this surgery is the torus surfaceT? and we conclude that

Dim V(T?) = Number of particle types

as we have already discussed. The general rule of surgery is thavo 4
. . In Eq. £31we had a torus surface

punctures can be se\{ved togethgr when they have opposing parm:types which we crossed with an interval of
(i.e., a particle and its antiparticle). This is exactly the gluing prop- time and we closed up the interval to
erty of the TQFT. Although we are gluing together pieces along a 1- form a circle, 2thuslgiving T Z(T22
dimensional boundary (the edge of the punctures), we should rdize 'tme D= Z(T%  Siye ) =Dim V(T7).

. . . . . . . . Incontrast, in Fig. 816 We have a cylin-
that there is also a time direction, which we have implicitly assumed iS ger 51| (topologically the same as
compacti ed into S}, . Thus we are actually sewing together the 2- a sphere with two holes) crossed with
surface Sjuncure  Siime ) With another 2-surface (Sgyncuure 1) ?&mze grlwd we closg the cylifdeé toT get
and the inner product between the two wavefunctions on these tw- Srl[ (() ) iime )1 = Z(
surfaces ensures that the quantum number on these two punctes are "™
conjugate to each othet®.

We can continue on to consider a sphere with three particles. Similarly

we should expect that the three particle should fuse to the identity as
shown in Fig.[8.I7. We can then think of the sphere with three particles a b c
as being a sphere with three labeled punctures which is known as a \fra
of pants", for reasons that are obvious in Figure[8.1B. It turns ait that
any orientable 2-dimensional manifold (exceptS? or T2 which we have
already considered) can be constructed by sewing together theumctures
of pants | this is known as a \pants decomposition". For example, in  Fig. 8.17 Three particles that fuse to

Fig. we sew together two pair of pants to obtain a two handled the identity. There are Nape = Ng, dif-
torus. ferent fusion channels.
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b c

Fig. 8.18 A three-times punctured sphere is known as a \pair of pants".

To nd the ground state degeneracy of the two handled torus,
Dim V (Two handled Torus) = Z (Two handled Torus S?);

we assemble the manifold using two pair of pants as shown in Fig._ 8119
and then we simply need to gure out the number of possible fusion
channels where we could satisha b ¢! | (for the bottom pair of
pants)anda b c! | (for the top pair of pants). This number of
possible fusion channels is given in terms of the fusion multiplicitieN apc

as shown in Fig.[81Y. Essentially we are just looking at the number of
ways we can assign labels to the punctures when we glue the objects
together. Thus we have

X
Dim V(Two handled Torus) = NabcN ape

abc

Fig. 8.19 Sewing together two pair of pants to form a two-handled torus

Another interesting use of the pants diagram is to determine the de
generacy of a torusT? with a single anyon on it labelled a. Unlike
the sphere, where one cannot have a single anyon on the surfacBeg
Eq. B.I3) one can have a single anyon on a torus (See ndiel13 of this
chapter). To see how this is possible, take a pants diagram with the
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holes labelledb;b, and a. Connect up the bto the bto give a torus with
a single puncture remaining labeleda. Thus we conclude that
X
Dim V(T2 with one a) = Npa La (8.14)
b

where we have de ned this quantity to be calledL ,.

One nal example is to determine the ground state degeneracy of a
three handled torus. There are many ways we might cut a three hadled
torus into pieces, but a convenient decomposition is the one shown in
Fig.B.Z20. Here there are three tori each with a puncture in it (marked as
ared collar), and a single pants in the middle connecting the three. Eeh
torus with a puncture has a Hilbert space dimensionL , where a is the
quantum number assigned to the puncture. Thus the total dimenson of
the Hilbert space is conveniently written as

X
Dim V(Three handled Torus) = LaLlbleNgpe (8.15)

abc

Example: Fibonacci Anyons

With the Fibonacci fusion rules, there are ve ways we can fuse thee
particles and get the identity.

Fig. 8.20 Decomposing a three han-
N =1 dled torus into three copies of a torus
with puncture (the puncture is the red

and all other Na,c = 0. Thus there are ve possible labelings of the 3?"ar.”ha”d a S,ifgglietﬁams ‘”t‘h‘z mid-
. . . . . e. ave resiste € urge to draw a
punctures in a pants diagram that allow overall fusion to thg identity. =\ - ndied object as being covered
If we match these together on both top and bottom of the diagramon  with moss.
the left of Fig. B.19, we conclude that in the Fibonacci theory we hae
Z(Two Handled Torus S') = Dim V(Two Handled Torus) = 5:

Similarly, we can consider the degeneracy of states for a torus witla
single particle on its surface

Dim V(T2 with one particle on it) = 1

coming from the allowed fusionN = 1. Thus we havelL, = 2 and
L =1. Itis then easy to plug into Eq. BI5to obtain

Dim V (Three handled torus) = 15:

8.5 Product Theories

A very common construction is to consider the product of two anym
theories. Given two anyon theories (let us call themT and t) with



96 Fusion and Structure of Hilbert Space

" Those who feel they have a good
understanding of the physics without

needing the mathematics may be able
to skip this section.

particle types

ab;c;::: 2t
A;B;C;::: 2 T

we consider the product theoryT t. The Hilbert space of the product
theory is just the product of the Hilbert spaces of the constituen the-

ories. So any arbitrary particle in the product theory is composed of
one particle from each of the consitutent theories

2T t =) =(Y;x)with Y2 Tandx 2t

For example, in the theory (Ising  Fibonacci), there are 6 particle
types which we can label as

Gy ) Gry Gy Gy 6o)
The fusion multiplicity matrices N for the product theories are just
the product of the N matrices for the constituent theories

(Cic) = NC
N(aa)ep) = Nae Nap

8.6 Tensor Description of Fusion and Splitting
Spaces

Let us now try to give a bit more precise mathematical meaning to idea
of fusion as well as to some of the diagrams we have been drawirig For
each fusionN &, we de ne a spaceV,§ known as a fusion space and a space
V2 known as a splitting space. Both of these spaces have dimension
Nab
dim VS =dim V& = N

Each of these spaces can be given an orthonormal basis, which wéé&l
with an index . We can write states in this space as kets which we
draw as diagrams

a b

Y = jajbc; i2 v (8.16)
C

describes the splitting space. The Hermitian conjugate, the corrgpond-

ing bras, are drawn as fusion diagrams
c

= habc; j2 Vg (8.17)

a b

In the most commonly considered caseN $, = 1 in which case there is
a unique state and we do not need to specify since it has only one
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possible value. Cases wherbBl§ = 0 area non-allowed fusions meaning
that the space V§, and V2 are zero dimensional.

97

In Eq. we have described states in the space associated with

a single anyon splitting into two, and in Eq. we have described
It is

states in the space associated with two anyons fusing into one.
possible to also describe the splitting or fusion space for a single ango
splitting or fusing into more pieces. For example, when splitting/fusing
into three pieces the relevant spaces are often denotétias V2*° or the
Hermitian conjugate V.S .. A basis of states in this space can be written

abc
diagrammatically with the above described splitting vertices ag®

a b ¢c
q =j(@b;d; i j dice; i2 Vi vae 2 vabe (8.18)
e
The full splitting space V2°¢ can thus be described as

abc _ ab
vabe = Vg

d

VA (8.19)

with a corresponding dimension of this space

dim V@ = NE°NZ°

d

(8.20)

On the other hand, we could just as well have described a state in tis
space as

a b ¢
t =jafier i j (bjoif, i2 v

Vfbc 2 Veabc (821)

e

In this language the full splitting space V2°° can be described as

Ve = Vv e (8.22)
f
with a corresponding dimension of this space
dim V2° = N Nf© (8.23)
d
We thus have
Veabc - Vdab VedC - Veaf Vfbc (824)
d f

where \=" means \isomorphic to". In other words, these are two iso-

18\we do not mean e to necessarily be
the identity here. See note LJof this
chapter. We use this notation to match
that of the next chapter.

197he insertion of the parenthesis ( a; b)
in Eq. B8] and similarly the parenthe-
sis (b;¢) in Eq. §ZI]are crucial to in-
dicate which splitting is closest to the
leaves of the tree (furthest from the
root). Without the parenthesis one can
have ambiguous notation, such as in the
Fibonacci theory, where | ; ij s
could mean either the state in Eq. §187]
or Eq. BZIl The notation is telling us
something important: that the kets in
Eq. BI8 and Eq. BZIlare living in dif-
ferent, albeit isomorphic, spaces.
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morphic decriptions of the same space. Equating the two di erent &-
pressions (Eq. and8.23) for the dimension of this space recage
the equality Eq. B.I0. The isomorphism between these two descriptits
of the same space will be explored in detail in the next chapter.

One can describe more complicated splitting and fusion spaces in an
analogous way. For example, the spac®22@@@ can be described as

M
aaaaa _ aa ba ca da
y2aaaa - (VA VA VA YL
b;c;d

where each term in the direct sum (i.e., each term with xed b;c;d is
drawn diagrammatically as in Fig. B 14.

Chapter Summary

This is

Further Reading

This is some reading.

Exercises

Exercise 8.1 Quantum Dimension
Let N5, be the fusion multiplicity matrices of a TQFT

X
a b= NS C
Cc

meaning that N5, is the number of distinct ways that a and b can fuse to c.
(In many, or even most, theories of interest all N's are either O or 1).

The quantum dimension d, of a particle ais de ned as the largest eigenvalue
of the matrix [ Na]g where this is now thought of as a two dimensional matrix
with a xed and b;cthe indices.

Show that X

dady = N;b de
c

We will prove this formula algebraically in Chapter 1[Z.JHowe ver there is a
simple and much more physical way to get to the the result: Ima gine fusing
together M anyons of type a and M anyons of type b where M gets very
large and determine the dimension of space that results. Then imagine fusing
together a b and do this M times and then fuse together all the results.

Exercise 8.2 Fusion and Ground State Degeneracy

To determine the ground state degeracy of a 2-manifold in a 2+ 1 dimen-
sional TQFT one can cut the manifold into pieces and sew back together. One
can think of the open \edges" or connecting tube-ends as eachhaving a label
given by one of the particle types (i.e., one of the anyons) of the theory. Re-
ally we are labeling each edge with a basis element of a possile Hilbert space.
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The labels on two tubes that have been connected together mug match (label
a on one tube ts into label a on another tube.) To calculate the ground
state degeneracy we must keep track of all possible ways thatthese assembled
tubes could have been labeled. For example, when we assembla& torus as
in Fig. we must match the quantum number on one open end to the
(opposite) quantum number on the opposite open end. The ground state de-
generacy is then just the number of di erent possible labels, or equivalently
the number of di erent particle types.

For more complicated 2-d manifolds, we can decompose the maiifold into
so-called pants diagrams that look like Fig. BZI8 When we sew together pants
diagrams, we should include a factor of the fusions muiltipli city N5, for each
pants which has its three tube edges labeled with a, b and c.

(a) Write a general formula for the ground state degeneracy of an M -handled
torus in terms of the N matrices.

(b) For the Fibonacci anyon model, nd the ground state degen eracy of a
4-handled torus.

(c) Show that in the limit of large numper of handles M the ground state
degeneracy scales asD ™ where D? =" _ d3.






Change of Basis and
F-Matrices *

Medium Easy Material

. IThis chapter is crucial for the under-
Let us consider the case of three anyona; b and c that fuse together to  gianding of topological quantum sys-

form an anyon e. As mentioned several times previously (See Fig.8.15 tems. If there is one chapter to really

or Eqgs.[B.I8 and8.211) one can describe the state of these threerfieles  study closely, this one is it! Don't worry

in two di erent ways. We can describe the space by describing howa :00 much about the section on gauge
. . ransforms or the appendices.

fuses with b (the value of d on the left of Fig. @), or by how b fuses

with ¢ (the value of f on the right of Fig. B.I). Either of these two

descriptions should be able to describe any state of the three angs a; b

and c fusing to e. However, in the two di erent cases these states are

described in dierent bases. We de ne the change of basis as a sef o

unitary matrices23f called F, as shown in Fig.[9.1. 2For simplicity we are assuming no
fusion multiplicites NS greater than
1. In cases where N3 > 1 (as in

a b c X a b c Fig. BI2), each vertex gets an addi-
_ abc tional index which ranges from 1 to its
_— Fe multiplicity so that the F matrix gets
d d f additional indices as well. This case is
f discussed in section [25.3.
e e 3The conventions for writing F-

matrices used in this chapter match
Fig. 9.1 The F-matrix makes a change of basis between the two dierent ways of that of Refs. Kitaev | [2006]] and
describing the space spanned by the fusion of three anyon cha rges a, b, and ¢ when  [Bondersorl [2007].
they all fuse to a total quantum number of e. For xed a;b;cand e, the matrix F
is unitary in its subscripts d;f. Here F is de ned to be zero if the fusion diagram is

not allowed, i.e, if any of the fusion multiplicies Ngb, N§. le)c' N are zero.

Several brief comments are in order. First, as noted in the captiorof
Fig. the F matrix is considered to be zero if any of the vertices on
either side of the diagram are not allowed vertices of the fusion algeh.
Secondly F moves involving the identity particle (i.e, with a, b or c
being the identity in the gure) are chosen to have value of unity®>. In  SThis involves a gauge choice, see sec-
particular this means tion 8.4]

[Felbe = [F&Clac = [F&' Jen =1 (9.1)

4In the notation of section 86 he F matrix describes the isomorphism V2  Vfc =
v V{”¢. We can write the basis change more algebraically as

X
j(ab)di j dicei=  [F&g jaf;el j (bjo)fi
f

which represents Fig. .1 where we have again suppressed indices ;::: at the vertices
for simplicity).



102 Change of Basis andF -Matrices®

Fig. 9.2 The F-matrix can be applied inside of more complicated diagrams. Outside
of the red circle both diagrams are the same. Inside the circl e there is exactly the
same transformation as is shown in Fig. 1.1

Finally, being a change of basis, theF matrix (for xed a;b;c;q is
unitary viewed as a matrix with indices d and f .

This idea of change of basis is familiar from angular momentum addi-
tion where the F-matrix is known as a § symbol (note it has 6 indices).
One can combine three objects with 2 angular momenta valuesa, b and
c in order to get L2 angular momentum e, and quite similarly you can
describe this space in terms o combined with bto get d (as in the left
of Fig. @) or in terms of b combined with c to get f (as in the right of
Fig. @.1). In fact, even when studying TQFTs, sometimes people redfr
to F-matrices as § symbols.

It is important to emphasize that an F-matrix can act on a portion of
a diagram, as shown in Fig[9.R. This allows us to convert any treestrc-
ture in a fusion diagram to any other tree structure.

9.1 Example: Fibonacci Anyons

Again we turn to the example of Fibonacci anyons for clari cation. We
imagine fusing together three particles. As shown in Fig.[8.10, there is
a single statejNi in which the three fuse to the identity | . It should not
= matter if we choose to fuse the leftmost two anyons rst, or the rightmost
. two. In either case there is only one possible state for the outcomene
| g | g can thus dra_w the simple identity shown in Fi_g. Q3. Ma_thematically
Fig. 9.3 There is only one state inthe V& would write _that F, = 1 (A_nd as noted in Eq. B.1], if any of the
Hilbert space of three Fibonacci anyons ~ three upper indices are the identity, we also have- = 1). The more
fusing to the identity (we previously interesting situation is the case where the three Fibonacci anyonsuse
called this jNi. Thus it does not mat-  t5 |n this case, there is a two dimensional space of states, and this
ter if you fuse the left two rst or the two dimensional space can be described in two ways. We can fuse the
right two rst, you are describing the - ) Sl v
same state. left two particles rst to get either | (yielding overall state jOi) or to
get (yielding overall state j1i). See the top of Fig.[9.4. On the other
hand, we could fuse the right two particles rst to get either | (yielding
overall state j0%) or to get  (yielding overall state j1%). See the bottom
of Fig. B.4.
The space of states spanned by the three anyons is the same in &gth
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j1i

;

Fusing the two particles on the left rst

N
To= : @I = jo4

0

19
Fusing the two particles on the right rst

Fig. 9.4 Two ways to describe the same two dimensional space in the cas e of
Fibonacci anyons. The basis fj 0i;jlig fuses the left two particles rst, whereas the
basis fj 0% ;j1%g fuses the right two particles rst.

description. Thus, there must be a unitary basis transform given ly

joi _ Foge  Fo1o jOOi

i T Fip Fio 18 (9-2)

Here F is a two by two matrix, and in the notation of the F matrix
de ned in Fig. B.1] this two by two matrix is [ F ]ap and the indices
a; bshould take the valuesl and instead of 0 and 1, but we have used
abbreviated notation here for more clarity.

For the Fibonacci theory the F matrix is given explicitly by ©

1 1=2
F =F= 1=2 1 (9.3)

where 1= (p 5 1)=2,so is the golden mean. As one should expect
for a change of basis, this matrix is unitary. In Sectionf9.3 we will discss
how this matrix is derived (See also sectiofi_18]2).

5We can redene kets with dierent
gauge choices (see sectio_9.#) and this
will insert some phases into the o -
diagonal of this matrix, but the sim-
plest gauge choice gives the matrix as
shown.
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B\/ - C oD =

Fig. 9.5 Fusingthree particles in the

Ising theory. In jOi and jli we fuse the
left two particles rst, whereas in  jO%
and j1% we fuse the right two particles

rst.

“Itis interesting that the rst of these
two equations is a gauge independent
statement, whereas the second of these
two equations involves a gauge choice.
See section[3.4 and exercise 9.1.

Xy

Fig. 9.6 Diagrammatic representation
of Eq. @51 Both diagrams describe the
same state in the Hilbert space, but
they dierin a 1 phase.

9.2 Example: Ising Anyons

The situation with Ising anyons is quite similar, so we will be rather
brief. Let us fuse three particles to an overall fusion channel of .
There is no other choice, three particles canonly fuse to (l.e., there

is no jNi state. See sectiorl 8.2]2). There are two possible states in
the Hilbert space which we can write in either of two bases as shown in
Fig. | either fusing the left two particles rst or fusing the right

two particles rst. Analogous to the Fibonacci case we can write anF -
matrix which relates the two basis descriptions as in Eq[9.R. However
here the F matrix is instead given by

1 1 1
Fo=F=ps | (9.4)

which is sometimes known as d&dadamard matrix. Deriving this form of
the F-matrix will be described roughly in section[©.3 below, and is done
in detail in sections[I83 andI9M4 below (See also exerc[s€l9.7).
In the Ising theory we can also look at situations where we have both
and particles. In this case we havé

F 1 = 1 (9.5)
[F 1] = 1 (9.6)

Eq. is shown diagrammatically in Fig.[9.6. The other elements of
F in the Ising theory which we have not mentioned so far (i.e., those
not described by Eqgs. [O.4-9.b) are either 1 if all the fusion verticesra
allowed, or are zero if any of the fusion vertices are not allowed (See
Fig. caption).

The presence of the minus signs in Eq$.9.5 arld 9.6 may seem a bit
puzzling being that, for example, the diagrams on the left and right d
Fig. are describing the same state in the Hilbert space. Howevewe
will see in the next section why this sign is required in order to have a
consistent F -matrix (See exercisd 9B for a more detailed calculation).

9.3 Pentagon

It is possible to describe the same Hilbert space in many ways. For
example, with three anyons, as in Fig[8.1b, one can describe the $&a
in terms of the fusion channel of the two anyons on the left, or in tems
of the two on the right. le., we can describe& b) cora (b c¢), and
as in Fig.[@.1, these two descriptions can be related via af -matrix.
When there are four anyons, there are still more options of how we
group particles to describe the states of the Hilbert space, and thse can
also be related to each other viaF matrices similarly (analogous to that
shown in Fig.[9.2). The fact that we can change the connectivity of hese
tree diagrams then allows one to make multiple changes in the trees as
shown in Fig. Indeed, in this gure one sees that one can go from



9.4 Gauge Transforms 105

Fig. 9.7 Pentagon Diagram. Each step in the diagram is a new descripti on of the
same basis of states via and F -matrix.

the far left to the far right of the diagram via two completely dieren t _ _

paths (the top and the bottom path) and the end result on the far right A" analogous relation holds for 6 |
. . . symbols of angular momentum ad-

should be the same either way. This diagram, known as the pentagon gition, known often as the Elliot-

diagram®, puts a very strong contraint on the F matrices, which written  Biedenharn identity.

out algebraically would be

X
[FolalFe®Tne = [Fg™lm [FE" Ik [F*In (9.7)
h

where the left hand side represents the top route of the gure ad the

right hand side represents the bottom route?® %It is very worth working through this
For very simple theories, such as the Fibonacci anyon theory, the to m?ke SUfet 3;]°U U”deﬁttsnt?] how thiIS

fusion rules and the Pentagon diagram are su cient to completely dene ot tch:Se;Sat‘i’(v)'n e B

the F-matrices (up to some gauge convention choices as in sectibn B.4) tices are written in an order such that

See exercis€9l4. Further, foany given set of fusion rules there are a those furthest right in Fig. 9[Zare fur-

nite set of possible solutions of the pentagon equatiof’ | a property ~ thest right in the equations.

that goes by the name \Ocneanu rigidity"**. 10A nite set of gauge inequivalent so-
One might think that one could write down more complicated trees lutions. le., a gauge transform of a

and more complicated paths through the trees analogous to Fig_9@nd gxﬁgosrf'“t'on does not count as a new

somehow derive additional constraints on theF -matrices. A theorem 11 0cneany did not manage to ever pub-

by MacLane [1971], known as the \coherence theorem"”, guarangs that i, this important result. See for ex-

no more complicated trees generate new identities beyond the peagon ample [Etingof et al. [4005].

diagram.

9.4 Gauge Transforms

We have the freedom to make gauge transformations on our diagras
and these will be re ected in the F-matrix. While this is a bit of a
technical point, we make frequent use gauge transformation in soe
later chapters so it is worth discussing it brie y here.
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12This is much more easily expressed
using the notation of section €6 Where
we can just write

jajb;ci = u2Pja;b; ci

B3There can be cases where we do
want to specify that a vacuum line has
branched o at one particular point and
we do allow choosing a nontrivial gauge
for such a vertex (See ILin_and Levin
[2014] for further discussion of this pos-

sibility).

A gauge choice is a choice of a phase associated with the vertices in a
diagram. If we chance this gauge choice, diagrams are then multiplied
by phases. Let us de ne a second vertex

In particular a gauge transformation multiplies the vertices in a dia-
gram by a phase as shown in Fig_9]8. The tilde over the vertex on the
right notates that we have made a gauge transform to a tilde gaug

a b a b
— ab
= uC

Cc Cc

Fig. 9.8 We have the freedom to make a gauge transform of a vertex by mul tiplying
by a phase ugb. The tilde on the right notates that the vertex is in the tilde gauge.

Under such gauge transforms, theF-matrix must correspondingly
transform as
uaf ubc
['\:gbc]d = :b :j

ug’ude

As we shall see in sectioi 1412, some gauge choices are much more nat
ural than others, but we should always keep in mind that we have this
freedom.

Note that if one of the upper legs is the identity (a = | or b = |
in Fig. B.8) we typically do not allow a gauge transform of this type of
vertex, since the presence of a vertex with the vacuum is the samas
the absence of a vertex with the vacuum (i.e, we can add or remove les

labeled by | for free).'3

[F&™la (9.8)

9.5 Appendix: F-matrix Odds and Ends

9.5.1 Product Theories

Given two anyon theories T and t, we can construct the product the-
ory T t as in section[85. If the theoryT has consistentF matrices
[FEBC e and the theory t has consistentF matrices [F2*°]¢ (\con-
sistent" here means satisfying the pentagon relation), then the poduct
theory has consistentF matrices
A; B;b)(C; _
[F((E;:))( XN by ) = [FEBC Tor [FE™la

The point here is that in a product theory, the two consituent theories
don't \see" each other at all.
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9.5.2 Unitarity of F

The F-matrix relation we de ned as

a b C X
—_ abc
d B Fe™ a
f
e

The fact that F is unitary in its indices d and f means we can also
write

a b ¢C
\>>/
e
abcx a b ¢C
— abc
F I:efdd
d
e e

9.5.3 F-matrix with higher fusion multiplicities

In cases where there are fusion multiplicitiesN 5 greater than 1, each
vertex gets an additional index as shown in Fid.8.IP. Thd--matrix must

also describe what happens to these indices under basis transforrive
thus have a more general basis-change equation given in Fig.®.9.

a b ¢y a b ¢
— | abc
d N ORI
e a e

Fig. 9.9 The F -matrix equation with fusion multiplicities greater than o ne. Here the
vertex indices are 2 l:::Ngb and 21:::N§f and 2 l:::Ntf)C and 2 1:::N§ .
The subscripts (d ) and (f ) are \super-indices", of the matrix F2°. l.e., d,
and are joined together to make a single index.

In the language of sectiof 8.6 thisF -transform is written as

X
jasbd; i j dice; i= FE* 4y dafier i bigf; i

Gauge Transforms with higher fusion multiplicities

With higher fusion multiplicities Ng > 1, our diagrams have indices at 14again, this is much more easily ex-
the vertices. Gauge transforms are generally a unitary matrix within  pressed using the notation of section §81
this index space and then take the form shown in FigC9. 16 where we can just write

. . X
Under such gauge transforms, theF-matrix must correspondingly jabc i=  [UP] oabc; i
0
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a b X a b
[Ugb] ;0 0

0

C C

Fig. 9.10 We have the freedom to make a gauge transform of a vertex by mul tiplying
by a unitary matrix [ u2®] o. The tilde on the right notates that the vertex is in the
tilde gauge.

transform as

[E?abC](d o0t ©9 9

([UET 1) o (UET 1) o [FENa s H[UET o[uf] o

Chapter Summary

This is the summary

Further Reading

Exercises

Exercise 9.1 F-gauge choice

(a) Explain why in the Fibonacci theory,[ F ] is gauge independent but
[F 1 is gauge dependent.

(b) Explain why in the Ising theory is[ F ] is gauge independent, but
[F ] is gauge dependent.

Exercise 9.2 F's with the vacuum eld |
Explain why [ F& Jac = [F&' Jap = [ Fa®® Jpe = 1.

Exercise 9.3 Ising Pentagon

Consider a system of Ising anyons. Given the fusion rules, F* will be a
2 by 2 matrix in the case of x = y = z= w = (given by Eq. B4) and is a
simply a scalar otherwise. One might hope that these scalarscan all be taken
to be unity. Unfortunately this is not the case. By examining the pentagon
equation, Eq. @7 in the case ofa= b= c= andd=f = show that taking
the scalar to always be unity is not consistent. Show further that choosing
[F 1 = 1 (and leaving the other scalars to be unity) allows a consistent
solution of the pentagon for a= b=c= andd=f =

Exercise 9.4 Fibonacci Pentagon

In the Fibonacci anyon model, there are two particle types wh ich are usually
called | and . The only nontrivial fusion rule is = |+ . Wih
these fusion rules, the F matrix is completely xed up to a gauge freedom
(corresponding to adding a phase to some of the kets). If we cloose all elements
of the F matrix to be real, then the F matrix is completely determined by



the pentagon up to one sign (gauge) choice. Using the pentagm equation
determine the F -matrix. (To get you started, note that in Fig. 9.[/Tfie variab les
a;b;c;d;e;f;g;h can only take values| and . You only need to consider the
cases wherea; b;c;dare all ).

If you are stuck as to how to start, part of the calculation is g iven in Nayak
et al. [2008].

Exercise 9.5 Pentagon and Fusion Multiplicities
Consider the case of Appendix[@.5.3 where there are fusion miltiplicies
% > 1. Write the generalization of the pentagon equation Eq. 8.71

Exercise 9.6 Gauge Change

(a.i) Con rmthat the F-matrix transforms under gauge change as indicated
in Eq. (a.ii) Show that a solution of the pentagon equat ion remains a
solution under any gauge transformation.

[Harder] Now consider the case of Appendix[@5.3 where thereare fusion
multiplicies NS, > 1

(b.i) Analogous to (a.i) Conrm Eq. 99 (b.ii) Analogous to (a.ii) show
that a solution of the pentagon equation remains a solution u nder any gauge
transformation. (You will need to solve problem 45 ]rst!)

Exercise 9.7 Ising F-matrix

[Hard] As discussed in the earlier problem, \Ising Anyons an d Majorana
Fermions" (Ex, 83), one can express Ising anyons in terms of Majorana
fermions which are operators ; with anticommutations f i; jg=2 j. As
discussed there we can choose any two majoranas and construca fermion
operator

o= 3(1+i2)

then the corresponding fermion orbital can be either lled o r empty. We
might write this as jOi2i = Ci2jli2i and jlizi = ¢,j012i. The subscript 12
here meaning that we have made the orbital out of majoranas number 1 and
2. Note however, that we have to be careful that jO12i = € j1xi where isa
gauge choice which is arbitrary (think about this if it is not obvious already).

Let us consider a system of 4 majoranas, 1; 2; 3; 4. Consider the basis
of states

jai = jolz 034i
joi = jOr21a4i
jCi = j112 034i
jdl = j112 134i

rewrite these states in terms of basis of states

ja%i =  jOsOzsi
i = jOslosi
ic% = jLaOgsi
id% = jlalasi

Hence determine the F -matrix for Ising anyons. Be cautious about fermionic
anticommutations: c¢¢y = ¢/ ¢ so if we dene jix1yi = ¢f¢)j0x0yi with the
convention that jOx0yi = jO,O«i then we will have j1,1,i = j 1,1«i. Note
also that you have to make a gauge choice of some phases (anafmus to the
mentioned gauge choice above). You can choosé& to be always real.
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Exchanging ldentical Particles 1 O

Medium Easy Material

We would now like to deterime what happens when two particles are
exchanged with each other. As one might expect for anyons, phas are
accumulated from such exchanges. However, one must be cauti®uie-
cause the phase accumulated will generally depend on the fusion amael

of the particles being exchanged.

10.1 Introducing the R-matrix

Let us begin with a simple case where two identical particles of typea
are braided around each other. Let us specify that the two partides fuse
together in an overall channelc. Let us call this quantum mechanical
state jstatei as shown in two di erent notations in Fig. [0.1]

a a
Y = C = |statei
C

Fig. 10.1 Two a particles fusing to a c particle.

We then (half)-braid the two particles around each other (counter-
clockwise observing from abovk). The nal fusion channel of the two  1in the language of the braid group we
a particles is still ¢ (by the locality principle of section ). However, Wwould call this exchange . See section
a phase will be accumulated in the process which calR® as shown in
Fig. [0.2. The inverse phase would be accumulated for an exchange in
the opposite direction.

a a a a
p AN : :
f = K’ = R¥jstatei
)

Fig. 10.2 The phase accumulated by exchanging two a particles that fuse to c is
called R32.

This so-calledR-matrix along with the corresponding F -matrices will
allow us to compute the result of braiding any number ofa particles
around each other in arbitrary ways.

Let us consider the case of three anyons of typa. We can write a
basis for the possible states of three anyons as shown in Fig_1D.3.
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c D = jcfi
f

Fig. 10.3 A basis of states for three a type anyons fusing to an overall quantum
number f .

a a g a a

N \//
migfi= Y = @Y

c
f

Fig. 10.4 Exchanging the two left particles incurs a phase R32.

T = R&®jc;fi

We now consider exchanging the left two particles as shown in Fig.10.4
(We call the operator that performs this exchange 4 in analogy with
the braid group discussed in section 3.3]1.) Since we know the fusion
channel of these two particles €) we know that the phase accumulated
in this exchange is justR2?. This seems fairly simple as it is precisely
the type of exchange we de ned in Fig[IO.2 above

As with all operators in quantum mechanics that can be implemented
as a time evolution, the exchnge operator is linear, meaning that it ats
on superpositions by acting on each term individually:

X X
N e fi= cREjc fi
[ [

Let us now instead consider exchanging the right two particles, an
operation we call . Since the right two particles are not in a de nite
fusion channel we cannot directly apply the R-matrix. However, we
can use theF -matrix to rewrite our state as a superposition of states
where the right two particles are in a de nite fusion channel as show
in Fig. LO.5.

X

C N = [Ffaaa]cg a g

g
Fig. 10.5 Using an F-move to work in the basis with a known fusion channel of the
right two particles.

One we have transformed to this new basis, then we can exchange
the right two particles and apply the R-matrix directly to the right two
particles as shown in Fig.[I0.6. Once we have established the e ect of
the exchange we can (if desired) convert back into the original bds
which describes the fusion of the left two particles usingF .



10.1

5% e
e fi = Qc\' = [F{%% leg Qg
g
X

= Ré‘a [F%% ]eq : g '
g

Fig. 10.6 In order to describe exchange of the right two particles, we rst change
to a basis where the fusion channel of those two particles is e xplicit. We can then
apply the R matrix directly.

The result of this procedure in terms of the original basis, is given by
X
ricfi = [Ff*leg R [(FF?) Mgz jzifi (10.1)
9.z

The general principle is that to evaluate any exchange of identical
particles, we can always usd- matrices to convert to a basis where the
fusion channel of the two particles to be braided is known. Once wera
working in this basis, we can then we apply theR matrix directly. At
the end we can transform back to the original basis if we so desire. flis
scheme works forany set of identical particles given appropriate F and
R matrices.

10.1.1 Locality

An important principle which we will often use is that result of braiding

a group of particles with a given total quantum number c is the same as if
that entire group were replaced with just a single particle with quantum
number c. For example, in Fig.[I0.7 when we braid a cluster of; bwith
overall quantum number d around a clusterx; y; z with overall quantum
number w, the phase accumulated should be the same as if we simply
braided d around w.

Fig. 10.7 Braiding a cluster of particles with overall quantum number ¢ around a
cluster of particles with overall quantum number  w should have the same e ect as
braiding a single c particle, around a single w particle. The result should just be a
phase dependent on the quantum numbers c;w and f . In chapter £31we will refer to
this phase as R} Rf". Note that a does not wrap around b. If it did that would
accumulate an additional phase.

Introducing the R-matrix

113
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Yos o =
KN

Fig. 10.8 The two possible states of
two Fibonacci anyons. Note that we do
not draw arrows on the patrticle lines in
the left diagrams since s self-dual.

o

= iNi

C O ) =jo

= jli

9

Fig. 10.10 The three states in
the Hilbert space of three Fibonacci
anyons.

10.2 Some Examples

Since the idea of using theR-matrix is quite important, it is worth
working through a few examples explicitly.

10.2.1 Fibonacci Anyons

Recall the properties of Fibonacci anyons (see sectidn 8.2.1): The is
only one nontrivial particle type which we call and the only nontrivial
fusion rule is =1+ . As we saw in sectiof 821, the fusion rule
imples that there are two possible states of two Fibonacci anyonsThe
state where they fuse together to forml and the state where they fuse
together to  (See Fig[10.8. See also Fig._8.9 where we previsously in-
troduced these two states). We call these statef i andj i respectively.
Now consider the operator ~that exchanges the two Fibonacci anyons
counterclockwise as viewed from above, as shown in FigC_10.9 This
operator yields the phaseR, if the fusion channel of the two particles

is| or R if the fusion channel of the two particles is .
- p N\ L
Al = :&: /\: R, jli
] -
. p N\ .
e TR
Fig. 10.9 Exchanging two anyons gives a phase dependent on their fusio n channel.

In section[I33 below (see also exerci§e_1D.6) we will explain how we
actually compute the phasesR and R, . For now, it su ces to give
the answers that for right-handed Fibonacci anyons

R — e+3 i=5
R, = e?F5 (10.2)
There also exists a left-handed type of Fibonacci anyons for whiclthe
phases are complex conjugate of these.

As with all operators in quantum mechanics we can act on superpo-
sitions by acting on each term individually:

Ajli+t jio = Ryl RO

If we think of our two states jli andj i as the two states of a qubit,
the ~ operator is what is known as a controlled phase gate in quantum
information processing | the phase accumulated depends on the sate
of the qubit.

Next let us consider the possible states of three Fibonacci anyonAs
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described in sectior 8. 211 the space of such states is three-dimensid,
and we can choose as a basis the two states shown in Fig._10.10 (we
already introduced these states in Fig[8.10 above). Now considerna
operator #; that braids the two leftmost particles around each other as
shown in Fig.[I0.11. Here the phase accumulated depends on the fos
channel of the leftmost two particles, entirely analogous to Fig[ 10

MiNi = W @ = RN

: /5
Al = g/: @) = R jli
Fig. 10.11 Exchanging the left two particle.

More interesting is the question of what happens if we exchange the
right two particles as shown in Fig.[T0.12. As discussed in Section10.1,
the trick here is to use the F-matrix to change the basis such that we
know the fusion channel of the right two particles, and then once w
know the fusion channel we can use thé&r-matrix. If we want, we can
then use the F -matrix to transform back to the original basis.

"2j0i =

Fig. 10.12 Exchanging the two particles on the right for the  jOi state where these |\/

two particles on the right are not in a de nite fusion channel . Note that in the tree o= . ©| = jo

diagram on the left the state below the dashed red line is exac tly jOi.

To see how this works, Recall that we can use thé& -matrix to write

the jOi state in the basis of thej0% and j19 as in Eq.[@.2 which we

reproduce the relevant parts of here: 6
= ° =14

jOi = FopojOY + Fo10j19 (10.3)
. . . . . Fig. 10.13 In the prime basis the two
wherejo% and j1% are shown in Fig.LIO.IB. Note that hereFap, is short-  particles on the right are in a de nite

hand for [F  Jab. fusion channel
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2For this particular case (using Eq. 9[37]
for the F-matrix) the matrix F and
F ! happen to be the same matrix

(however we write out the inverse ex-

plicitly for clarity!)

370 fully harmonize the notation with
that of Eq. I0.11we should make the
identication jOi ! j I; i and jli !
j ; i. The indices 0 and 1 are replaced
by | and and as mentioned above the
Fap matrix is really [ F lab -

= joi

D
Fig. 10.15 A simple basis for a qubit
made from three Ising anyons. (See

Fig. B5).

= jii

On the right hand side of Fig.[10.1I3 (i.e., in the prime basis) we know
the fusion channel of the rightmost two particles, so we can braid hem
around each other and use theR-matrix to compute the corresponding
phase as shown in Figl"Z10.14.

\

= FoooR, + FooR @

= FoeR, jO4 + ForoR j19 (10.4)
= FoR, [F ooojOi +[F *Joesjli (10.5)
+ ForoR  [F MaogjOi +[F Mpoqjdi
= FooR, [F oo+ ForoR [F 1o jOI
+ FoooR| [F 'oor + ForR [F oy jli

Fig. 10.14 To exchange the right two particles we rst use an F-move so that we
know the fusion channel of these two particles, then we can ap ply R and then F 1!
to transform back into the original basis.

Where between Eq[I04 an@ 1015 we have used the inverBdransform
to put the result back in the original jOi and j1i basis?. The nal result,
Eq. [I0.8 is precisely the same as E@._10.1 just written out in all of its
detail®

We can summarize the results of the two possible braiding opera-
tions on the three dimensional Hilbert space. Assuming right-handd
Fibonacci anyons and using a basigNi;j0i;jli (also notated asj ;li,

jl; i,j; i) we have
g3i= 5 1
Moo= @ e 4= 5 A (10.6)
g3i= 5
0 g3i= 5 1
n, = @ lgdi= 5 1=2g 3i= 5 A (10.7)
l:2e 3i= 5 1

where = (p 5+ 1)=2 is the golden mean.

10.2.2 Ising Anyons

For Ising anyons the situation is perhaps even simpler since three par-
ticles have only two fusion channels (See sectidn 8.2.2). The appropte
F -matrices are given by Eq.[9.4 and theR-matrices for a right-handed
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Ising theory are given by

RI = e i=8 (108)
R = €%°8=jR, (10.9)

with the R-matrices for a left-handed theory being the complex conju-
gates of these expressions. From th&-matrix, we immediately obtain
the form of the exchange operator %, that counterclockwise exchanges

the leftmost two Ising anyons
nzeizs 10 (10.10)

0 i

Then using Eq.[I0.1 we can evaluate the exchange operator, “which

counterclockwise exchanges the rightmost two anyons of the ttae, giving

s _
=8 1 1' (10.11)

This is some reading

Exercises

Exercise 10.1 Calculating Exchanges

(a) Use Eq.[10.J to con rm Eq. 10.17]

(b) Use Eg. 107 to con rm Eq. 10.7]

(c) Conrm the braiding relation » 17”1 = 2”1, in both cases. What
does this identity mean geometrically. See exercise3.1L.

Exercise 10.2 Ising Anyons Redux
In exercise[3.3 we introduced a representation for the exchange matrices for
Ising anyons which, for three anyons, would be of the form

Moo= g—§(1+ 1 2) (10.12)
g
Noo = p—z(l + 2 3) (10.13)

where the 's are Majorana operators de ned by
fiijg i+ =2

with | = Iy

Show that the exchange matrices in Eq. [I0.I1 are equivalent to this repre-
sentation. How does one represent thejOi and j1i state of the Hilbert space
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Fig. 10.16 The locality constraint (see
similar gure 10.7)]

Fig. 10.17 The locality constraint
(See similar gure 1I0.7)

in this language? The answer may not be unique.

Exercise 10.3 Exchanging More Particles

(a) Consider a system of 4 identical Ising anyons. Use theF and R-matrices
to calculate the braid matrices " 1; 2, and 3. (You should be able to check
your answer using the Majorana representation of exercise[33)

(b) [Harder] Consider a system of 4 identical Fibonacci anyons. Use theF
and R-matrices to calculate the braid matrices ” 1; 2, and 3.

Exercise 10.4 Determinant and Trace of Braid Matrices

Consider a system of N -identical anyons with a total Hilbert space dimen-
sion D. The braid matrix ~ 1;”72;:::;”n 1 are all D-dimensional. Show that
each of these matrices has the same determinant, and each ofliese matrices
has the same trace. Hint: This is easy if you think about it rig ht!

Exercise 10.5 Checking the locality constraint
[Easy] Consider Fig. I018. The braid on the left can be writt en asf; =

2
A2A1A

2.

(a) For the Fibonacci theory with a=  check that the matrix B gives just
a phase, which is dependent on the fusion channelc. l.e., show the matrix By
is a diagonal matrix of complex phases. Show further that the se phases are
the same as the phase that would be accumulated for taking a shgle particle
around the particle c.

(b) Consider the same braid for the Ising theory with a = . Show again
that the result is a c-dependent phase.

[Hard] Consider the braid shown on the left of Fig. I0.I7] The braid can
be written as fi = A 37,727, 7;.

(c) Consider Ising anyons wherea = , Use the F and R-matrices to calcu-
late "3 (See exercisd_10]3.a). Since the fusion of three anyons always gives
c= , calculate fu, show this is a phase times the identity matrix, and show
that the phase matches the phase of taking a single all the way around
another

(d) Consider Fibonacci anyons with a = , Use the F and R-matrices to
calculate *3. (See exercise_I0B.b). Check thatfy is a diagonal matrix of
phases. Check the phases match the two possible phases accumated by
wrapping a single all the way around a single particle ¢ which can bel or

Exercise 10.6 Enforcing the locality constraint

The locality constraint shown in Fig. J0.I6kurns out to be ex tremely pow-
erful. In this exercise we will use this constraint to (almos t) derive the possible
values for the R-matrix for Fibonacci anyons given the known F-matrix.

Consider an anyon theory with Fibonacci fusion rules and Fib onacci F -
matrix as in Eq. 9.2]

(a) [Easy] Conrm the locality constraint shown in Fig. 10.I_6l (see also
Fig. L0.7) given the values of R given in Eq. L0.2. Make sure to con rm the
equality for all three casesf = l;c= andf = ;c=1andf = ;c= .

Note that on the left of Fig. 10161is the braiding operation O =~ ;7121 7,:
whereas the operation on the right is 2.

(b) Show that the locality constraint of Fig. 1016 Would als o be satis ed
by

R ! R R ! R (10.14)
It will turn out (See *** below) that this additional solutio n is spurious, as
there are other consistency conditions it does not satisfy.



(c) In addition to right and left handed Fibonacci anyons and the two
additional spurious solutions provided by Eq. 10.14] there are four additonal
possible sets of R-matrices that are consistent with the F-matrices of the
Fibonacci theory given the locality constraint of Fig. 10.1-6. These additional
solutions are all fairly trivial. Can you guess any of them?

If we cannot guess the additional possible R-matrices, we can derive them
explicitly (and show that no others exist). Let us suppose th at we do not
know the values of the R-matrix elements R, and R

(d) For the case of f = | and c= show that Fig. [0.16] implies

R *=[R T (10.15)
(e) [Harder] For the case of f = we have a two-dimensional Hilbert space
spanned by the two values ofc = | or c = . Any linear operator on this

Hilbert space should be a 2 by 2 matrix. Thus the localtiy cons traint Eq. 10.16]
is actually an equality of 2 by 2 matrices. Derive this equali ty.

(f) Use this result, in combination with Eq. 10.I5F0 nd all p ossible R-
matrices that satisfy the localtiy constraint. You should nd a total of eight
solutions. Six of these are spurious as we will see in sectiof3.:3.

The calculation you have just done is equivalent to enforcin g the so-called
hexagon condition which we will discuss in section [13.3 belaw.
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Computing with Anyons 1 1

Medium Material

Having discussed the basics of anyon theories, we are now in a positio
to discuss how one might perform quantum computations with braids
In chapter 2 we brie y introduced some ideas of topological quantum
computation. In chapter B we discussed how we might de ne a qubit
in several simple anyon theories. In the current chapter we will briey
discuss how anyons can be used to ful Il the requirements for quamm

computation?. YFor more of the basics of quan-
tum computation, a classic reference is
Nielsen _and Chuangl [2000]. We also
provide a bit more information in ap-

11.1 Quantum Computing pendix chapter ***.

To have a quantum computer, we must rst have a Hilbert space, ard we

usually think of this Hilbert space as being built from small pieces, such

as qubits or qutrits?. This Hilbert space will be the quantum memory 2Qubits are two state systems (such as

that the computer acts on. a spin—%), qutrits are three state sys-
Once we have our Hilbert space, our model of a quantum computer €ms €fc. The general case is known as

. o a qudit. See the introduction to quan-
has three key steps for quantum computatiori: tum information in appendix chapter

*kk

(0) Find a Hilbert space to work with. 3 _ _
There are variants on this theme. For

(1) Initialize the Hilbert space in some known state. example, it might be su cient to ini-
. . . tialize into a state that is only partially
(2) Perform a controlled unitary operation on the Hilbert space. known, or it might be su cient to have

a somewhat noisy measurement. Most
interesting is the issue of whether one
can tolerate some amount of imperfec-
If the controlled unitary (step 2) is implemented as a series of unitay tion in the system (noise in the system,

operations each of which acts on only small parts of the Hilbert spag uncontrolled operations on the Hilbert
(such as acting on just a few qubits at a time), we call this scheme fo fmf:r iit?éct\i’gﬁ will discuss this issue
quantum computation the quantum circuit model

We will discuss each of the above steps (0)-(3) for our anyon sysims
in section[I1.2 below. First, however, we will introduce the idea of wha
it means for a quantum computer to be \universal" in the quantum
circuit model.

(3) Measure some degree of freedom in the Hilbert space.

4There are other models of quantum computation. We mention in___particular the measurement schemes (See Raussendorf and
Briegel [2001]; Gross et al.| [2007]), where no unitary is exp licitly performed, but rather the computation is implement  ed as a
series of measurements on an initial highly entangled state . In the context of topological quantum computation an impor  tant
variant is a computation that is implemented by a combinatio  n of unitary operations and projective measurements. The ea rliest
proposal for quantum computing with anyons, by Kitaev in 199 7, was of this type (See Kitaev [1997]). See also footnote I5]
below.
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SRecall a matrix U is unitary if and
only if UYU = UUY = 1.

6Quantum mechanical time evolution
is always unitary. This is simply the
statement that a normalized ket re-
mains normalized. It is worth noting
that we are excluding the possibility of
making measurements (which are gen-
erally nonunitary 7) on the system be-
fore the end of the computation. This
would be outside of the quantum circuit
model.

“All of guantum mechanics can be
viewed as unitary time evolution. Mea-

surements may look like they are non-
unitary, but one can always include
the measuring apparatus within the

system being considered and then the
full system (including the measuring
apparatus) then obeys unitary evolu-
tion. The idea of including measure-
ment within your system in order to

maintain unitarity is sometimes known

as \the church of the larger Hilbert

space".

8Recall that the last step of a quan-
tum computation, after applying a uni-
tary U (via some sequence of gates as
in Eq. LITI) to our Hilbert space, we
obtain an output \answer" by measur-
ing whether some particular qubits are
in the jOi state or the jli state. The
probabilities of theses outcomes is com-
pletely independent of the overall phase
of the U. l.e., if we changed U! € U
we would have the same probabilities of
outcomes.

9] believe this distance measure was in-
troduced by lFowler [2011]. Other de -
nitions of distance can also be used. Re-
lationships between this distance mea-
sure and more conventional operator
norms are given by Field and Simula
[2018] and |Amy! [2013].

11.1.1 Universal Quantum Computing in the
Quantum Circuit Model

Let us suppose our Hilbert space consists dfi qubits (each qubit being
a two state system). The Hilbert space dimension is therD = 2N . The
space of possible unitary operations® on these qubits, is just the group
of D dimensional unitary matrices | a group known as U(D).

Let us now suppose our quantum computer can implement any one
of p di erent elementary operations (usually called \gates") in a single
time step (each gates will act only on a small nhumber of qubits). Each
gate corresponds to a particular unitary operation U, 2 U(D) with

gates constructs a particular unitary operation which is just the product
of the successive gates (the time order runs from left to right)

U=U, U, U, (11.1)
where the number of gated, can be thought of as the \run time" of the
computation.

Suppose there is some particular computation we would like to per-
form, and this computation corresponds to a unitary U which we hope
to construct via a series of gates as in E._1JI11. Note, however, & in
guantum computation we are never worried about the overall phas of
our result.® As such if we want to construct some particular unitary U,
for the purpose of quantum computation, it just as good to constuct
€ U for any value of

Unfortunately, even with this freedom of phase most unitary opea-
tions (except for a set of measure zero) are actually impossible toon-
struct exactly from a nite set of elementary gates as in Eq.[1I1.1. Prtu-
nately, for computational purposes it is good enough taapproximate the
desired unitary operation to some (potentially high) accuracy. Ses of
gates that can always make such an accurate approximation are tad
universal. We will be more precise about the de nition of this word in
a moment.

Since we will be discussing approximations of desired operations, it
is useful to de ne a distance between two unitary matrices so we aa
measure the accuracy of our approximation. Given twoD dimensional
unitary matrices U and V, we de ne a phase invariant distance measure
between them a$

'7)/'
dist(U;V)= 1 JTr[UTV]J

Note that multiplying either matrix by an overall phase leaves dist un-
changed, and ifU and V are the same up to a phase, therist is zero.
We say that V is a good approximation ofU up to a phase ifdist (U;V)
is small .

Having de ned this distance measure, we can be more precise about
what we mean that a set of gates is universal. A gate set, 2 U(D)

(11.2)
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would like to perform Ugger 2 U(D) we can nd a sequence of gates
Ui, Ui, ::: Ui, such that the phase invariant distance to the target is less
than any desired error tolerance

dist (Urarget ; Ui Ui, 101 U;,) < (11.3)

no matter how small an we choose. In other words, our gate set can
approximate any target unitary as precisely as we want.

We might wonder how long a run time (how many gates) will we
typically need to have? A beautiful theorem by Kitaev and Solovay'®
assures us that the run time is not too long*. In particular,

t O (log(l=)) (11.4)

We are thus guaranteed that if we have a universal gate set, thethe run
time of the computer gets at most logarithmically longer as we try to
increase the quality of our approximation of the target operation Uarget -
The essence of this theorem is as follows. If we consider a sequenée
t gates, (i.e., a run time oft), if there are p di erent elementary gates, we
can construct roughly p' di erent sequences of gate¥’. Thus ast gets
larger, there are exponentially more possible unitaries we can constct
and these roughly cover the spacaJ(D) evenly. With the number of
points we can construct in this space growing exponentially witht, the
distance of an arbitrary target unitary to the nearest unitary we can
construct must drop exponentially with t, hence justifying Eq.[11.4.
Itis a nontrivial calculation to determine which set of elementary gates
is su cient to have a quantum computer which is universal. However,
an important result is that if one can perform arbitrary rotations o n
a single qubit and in addition if one can performany entangling two-
qubit operation between any of these two bits (or even between jst
neighboring bits), then one has a universal quantum computet®.

11.2 Topological Quantum Computing

11.2.1 Hilbert space

With a topological quantum computer, a qubit (or qutrit, etc.) can
be formed from multiple anyons which can be put into multiple fusion
channels (See chapter]8). For example, with Fibonacci anyons a dpit
might be formed from three Fibonacci anyons fusing to as shown in
Fig. @.4. With the Ising theory, one might use a cluster of three Ising
anyons fusing to as as qubit as shown in Figl9.b. There are, of course,
many more options of how one encodes a qubit in any given theory. Fo
example, in the Ising theory it may be more convenient to work with
clusters of four Ising anyons fusing tol as shown in Fig.[I1.1.

107he Kitaev-Solovay theorem, often
viewed as one of the most fundamen-
tal results of quantum computation, is
discussed nicely in Dawson and Nielsen
[200€] and |Harrow|[2001].

UThe usual proof of the Kitaev-
Solovay theorem assumes that the gate
set must contain inverses. In other
words, if Up is one of the elementary
gates, then U, 1 should also be one of
the elementary gates.

2\we will not get exactly pt dier-
ent unitaries, since more than one se-
quences might generate the same uni-
tary operation.

BThis important theorem is sometimes
known as the Brylinski theorem after
its discoverers, Brylinski_and Brylinski

[2002]. The authors are married. A
simpler version of the proof is given by
Bremner et al.|[2002].

D G0 =ixi

Fig. 11.1 A qubit made from four
Ising anyons in an overall fusion chan-
nel of I. The two states of the qubit
are x = and x = |. Note that due
to the fusion rules of the Ising theory, if
the overall state of the four qubits is 1,
then if the left two anyons are in state
X, the right two must also be in state
x. Using a qubit made of 4-anyons has
advantages for other topological theo-
ries such as SU(2)x with k > 4. See,
for example, Hormozi et al. [2009].
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Fig. 11.2  Using Aharanov-Bohm-like
interference to measure the fusion chan-
nel of two anyons (inside the circle) that

are far apart.

a a a C a
ﬁ. _ <
Fig. 11.3 The interference experiment
in Fig. IT.Z]is equivalent to measuring
the phase of wrapping the probe parti-
cle (right) around the two test particles.
The general expression for the result-
ing phase would be "2"%"2, which is
dependent on the fusion channel c. (In

chapter [3] we will refer to this phase
as Rf*R2°))

11.2.2 Measurement (in brief) and initialization

A topological qubit could be measured in several ways, depending ahe
particular physical system in question. The genereal principle of loality
which we introduced in section[8.2 (See in particular Fig[[8.B) gives a
good idea how such measurements can (or can't) be done.

Let us suppose, for example, we have two anyons of typa and we
would like to measure their fusion channel. Given the principle of local-
ity, to measure this fusion channel we must perform an operation \wich
is local to both particles, i.e., a measurement that surrounds both.

One way to measure the fusion channel of two anyons is to bring tha
together to the same point, or at least bring them physically close ora
microscopic scale. When two anyons are microscopically close to each
other, in essence their wavefunctions mix with each other and in thizase
measurement ofalmost any nontrivial operator near that location will
su ce to distinguish between the di erent possible fusion channels. For
example, one could measure the energy of the two anyons, or therte
between them, which would generally distinguish the fusion channels.
Note, however, when the anyons are moved macroscopically far apt
no local operators should be able to distinguish the fusion channels.
(We will discuss precisly why this is the case in chapter *** below).

Another way to measure the fusion channel of two anyons would be
to leave the two anyons far apart from each other but implement a
measurement that surrounds them both | such as Aharanov-Bohm-
type interference as shown in Fig[I1P. Here a test particle wave is
split into two partial waves which travel on opposite sides of the anypns
to be measured and then reinterfere with each other. This is entirly
analogous to the regular Aharanov-Bohm e ect (See sectioi 4]1 ah
Fig. £2), where the partial waves travel on opposite sides of a uxand
then reinterfere. In the usual Aharonov-Bohm e ect, the net phase we
measure is the phase of wrapping a single test particle all the way atmd
the central region (See EqC4B). Analogously here we measure thhase
of wrapping the probe anyon all the way around the anyons in the cetral
region to measure their fusion channel as shown in Fig.17.3. As we will
discuss in chapter ***, experiments of this sort have been attemped in
guantum Hall systems.

Once we know how to measure the state of the anyons in our Hilbert
space (and assuming we know how to manipulate our qubits) it is then
fairly trivial to initialize the Hilbert space. We simply measure the state
of a qubit: If it is in the state we want, we are done. If it is in some
other state, we apply the appropriate unitary operation to put it in to
the desired initial state. We will discuss unitary operations next.

11.2.3 Universal Braiding

The most interesting part of a topological quantum compuatation is the
idea that we can apply a controlled unitary operation on our Hilbert
space by braiding anyons around each other. The elementary gageof



the system (or elementary unitary operations) are the (counteclockwise)
exchanges of two identical anyons, which, in braid group notation,we
call »,, as well as the inverse (clockwise) exchanges,? , where n 2

1) for a system of N identical anyons. Each of these
braid operators corresponds to a unitary matrix operating on theHilbert

space.

It turns out that for many types of nonabelian anyon theories, the
gate set made up of elementary braiding exchanges is universal in ¢h
sense de ned in sectior_ ILTM. For example, braiding is universal for
Fibonacci anyons. Similarly SU(2)x Chern-Simons theory is universal
for k =3 and k > 4. In fact, among nonabelian anyon theories, theories
where braiding is not universal are somewhat of an exception. Ising
anyons and the closely relatedSU(2), Chern-Simons anyons are two of
these nonuniversal exceptio

It turns out that any system of N identical anyons that is capable of
universal quantum computation by braiding, is also capabable of unier-
sal quantum compuation by weaving®. Here, what we mean by \weave"
is that we x the positions of N 1 of the anyons and only move the one
remaining anyon around all the other stationary anyons. An exampe of
a weave is shown in Fig[ZIT}K. The weaves are a very restricted sulbse
of the possible braids, but still the weaves form a universal set of afes
for these anyon systems. This result will be important below in sectio
ITZ1. (See also exercige 11.5).

In fact, if one is able to measure fusion channels eastly, it is also
possible to implement universal quantum computation just by making
many measurements of fusion channels, without physically braiding ay
particles around any others®.

11.3 Fibonacci Example
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14This result was shown by Freedman
et al. [20023, b]. These papers are not
particularly easy to read for physicists.

18This is proven by Simon et al. [2006]!
Publication of this work reduced my
Erdss number to its current value of 3.
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Fig. 11.4 A weave is a braid where
only one particle moves and all the
other particles remain stationary. All
the particles in this gure are supposed
to be of the same type. The single par-
ticle that moves is colored red just for
clarity.

"Note that measurement schemes

As an example, we will focus on the case of Fibonacci anyons, which iSof the Aharanov-Bohm type, as in

potentially the simplest anyon system which is universal for quantum
computation.

11.3.1 A Single Fibonacci Qubit

Let us consider a single qubit made of three Fibonacci anyons. We ka
discussed this several times before in sections 8.2.1, ahd19.1 dnd 1.2
To remind the reader, there are three possible states of three Fidmacci
anyons which we labeljNi;j0i;jli (See Fig.[8ID) | which represents
a qubit (the states jOi and jli) and one additional \noncomputational”
state jNi which we will not use for storing quantum information.

Fig. involve braiding a test par-
ticle around other particles.

185ee Ref.[Bonderson et all 120084a].

155U(2) 4 is an interesting case where braiding alone is not universal . However, if we are allowed to go outside of the quantum

circuit model and combine braiding with many projective mea
of the computation), then
Cui_and Wang|[2015]). In fact, the rst proposal of a topologi

surements (i.e., not just making one measurement at the end
SU(2)4 anyons can impliment universal quantum computation (See Re fs. |[Levaillant et al. [2015];
cal quantum computer, by Kitaev in 1997 (published as Kitaev
[1997]), described a computation scheme which involved bot h braiding and projective measurement. A simple discussion

of

this scheme is given by Preskill [2004] with early extension s of the scheme given by IMochon| [2003, 2004].
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We now think about braiding our three anyons. In the braid group
on three strand, Bz (See section 3.3]1), there are two generators,,
exchanging the rst two strands counterclockwise, and ,, exchanging
the second two strands counterclockwise. Any braid of three paticles
can be constructed as some product of 1; »; ;% and ,' in some
order as shown, for example, in FigZIT5.

The action of these braid operations on the three-dimensional Hilbe
space is shown in Eqs[CI0l6 anf—10.7 which we calculated in section
[I0.Z1. By multiplying these matrices together, we can gure out how
any complicated braid acts on our Hilbert space. In fact for now we ae
only interested in how the matrices act on the space of the qubit sttes

jOi and jli and we will return to worry about the jNi state below in
Fig. 11.5 This is the braid written in section **.
Eg. LI6] which gives an approximation
of the X -gate on a single qubit made
from Fibonacci anyons. As usual, time
runs bottom to top. The distance to
the taget is dist =0:17

’\,’\F

=

:

Example of X Gate

We are now interested in the following simple quantum computation
9Note that a Z-gate can be imple- problem: Given a particular target unitary operation which we might
mented exactly as * . Itis unusualand  want to perform on our qubit, how should we move the anyons? l.e.,
non-generic that a target can be con- \yhat prajid should we do to implement the target operation?

structed exactly. . . . .

20 _ _ For example, suppose we want to design a braid that impliments an
Recall that in comparing Eq. 1L.61b X -gatel? (just a Pauli )

Eqg. LI5lwe are not concerned with the 9 X

overall phase, so we ignore the prefactor

ofe 3= 5in Eq. [TH6] Utarget =X = 0

1
10 (11.5)
With a very short braid (Shown in Fig. [1.5), we can make a fairly poor
approximation to this gate (this braid is the best we can do with only
ve braid operations) given by

U A 1A3A 1 g 3E5 0:073 0:225 0:972
approx 2 12 0:972 0:073 0:225
(11.6)
For the approximation given in Eqg. 1.8 the phase invariant distance
from the target is?°

X,/\/,YC/\_

dist (Utarget ; Uapprox )~ 0:17

A

which is not a great approximation. However, with a longer braid having
nine braid operations, shown in Fig[I1.6, one can make a better appx-
imation with a trace distance dist ~ 0:08. If we consider braids that are
—|— longer and longer, we can get successively better approximation®tthe
@a desired target as would be expected from the Kitaev-Solovay thaem
. o discussed in sectiof TT.T]1.
Fig. 11.6 A longer braid gives a more As mentioned in section[II.ZB it is possible to nd braids that are
accurate approximation to the desired . .
target X -gate for Fibonacci anyons. ~W€Aves meaning that only a single anyon moves. For completeness,
This braid has distance to the target, we show a weave in Fig[CIT]7 that impliments anX -gate to precision
dist  0:08. dist  :18 . Note that due to the restricted weave form of this braid,
a slightly larger number of elementary exchanges are required to exh

yod

—



roughly the same precision as in Fig[_ZIT]5. As with braids, at least in
principle, by using longer weaves one can get as close to the targesa
we like.

11.3.2 Topological Quantum Compiling: Single
Qubit

Even if there exists a braid that performs a unitary operation that ap-
proximates some target operation within some small error distance,
it is a nontrivial task to gure out what that braid is. In other words
how do you know what braid you should implement on your computer
in order to perform the desired operation?

The general task of determining which elementary gates should begs-
formed, and in what order, to implement some desired target unitay is
known as quantum compiling*. For a topological quantum computer,
the task of designing a braid is therefore known asopological quantum

compiling. Here we will discuss several approaches to topological quan-

tum compiling in order of their complexity, and their e ectiveness.??.
We continue to focus only on compiling braids for a single Fibonacci
qubit. Multi-qubit braids will be discussed in section [I1.4 below.

Brute Force Search

If we are willing to accept a fairly poor approximation of our target
unitary (a fairly large dist between our approximation and the target)
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AVY:

/

\

Fig. 11.7 A weave that approxi-
mately impliments an X -gate for Fi-
bonacci anyons. Here all three anyons
are meant to be identical. The anyon
colored red is mobile whereas the other
two are kept stationary. The distance
to the target is dist :18. Because we
have restricted the form of this braid
to be a weave, the braid is longer (has
more elementary exchanges) than the
one in Fig. [I.5]for roughly the same
accuracy.

21Quantum compiling is analogous to a

we will be able to use a fairly short sequence of our elementary gatescompiling for a conventional computer,

(i.e., a short braid). In this case we can consider some maximum gate
sequence lengtht (maximum run time) and search all possible gate se-
quences of length less than, choosing the one that best approximates
our target. We should expect to achieve a distance to the target hat
drops exponentially with t, as discussed near Eq._11.4.

If we are considering a single qubit made of three Fibonacci anyons,
our elementary gates are the braid generators {} ;" l;"2 1 This
means that if we want to search through all braids of lengtht we have
to search roughly 4 braids. While there are some tricks that allow
us to reduce this number somewhat®, the computational e ort 24 will
always grow exponentially with the length t. If one wants to make
highly accurate approximation of a target unitary with a very small
error distance, one can easily obtain a run timet large enough that
brute force searching becomes unfeasible.

Kitaev-Solovay Algorithm

Kitaev and Solovay?® provide us an explicit algorithm to construct very
accurate approximations of any desired unitary given a universal st of
elementary gates with reasonable (not exponentially growning!) com
putational e ort 24 The essence of this algorithm is as follows. Let
us suppose that by brute-force search we can approximate anynitary

which is the task of starting with a high
level programming language and de-
termining which machine-level instruc-
tions to impliment at the computer chip
level. See|Harrow [2001] for a discus-
sion of quantum compiling in general.

22The eld of topological quantum
compiling was _started by Bonesteel
et al. [2005]. A very nice recent re-
view of the topic as well as discussion of
a number of other approaches towards
topological quantum compiling is given
by Field and Simula [2018].

2B por example, we might not want to
search any braids where ; and . 1oc
cur in a row since then they would can-
cel.

2YHere we mean the computational ef-
fort for the classical computer that we
use to design our quantum algortithm!

253ee again Dawson and Nielsen [2006];
Harrow| [2001] for nice discussions of
Kitaev-Solovay.
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operation to within a distance dist o with sequency of elementary
gates (elementary braids in the topological case) of lengtly. Let us say
that the classical computational time to achieve this is To. Now given
a target unitary Ut(:,get that would like to approximate, we start with

this brute-force search, and construct our approximationuég)prox which
is accurate to within dist 0. This is our 0" level of approximation
of the target. We would next like to repair this approximation with
another series of gates to make it more accurate. We thus de ne

(1) 0 1,0
Utarget [UE(ip)pI'OX Utarget

If we could nd a series of gates that would exactly give usUt(alr)get we
could exactly construct the original objective Utg)r)get as

© _ 0 @
Utarget - UE(ip)pI'OX Utarget
However, it is not obvious that we have any better way to approximae
Ugr)get than we had to approximate ug’,get , SO why does this help? The

key here is that Ugr)get is necessarily closedist 0) to the identity.
We then decompose

Utgr)get =vwyv w

with W and V being unitary operations close to the identity (dist

“0). We then have an amazing result, that if we are able to approxmate
V and W to an accuracy o (which we can do here by brute-force search)
we will get ugrget accurate to dist 3:2. Thus we obtain

Ut(ealor)get = UE(i?))pI'OX vwy twot (11-7)
accurate to order 8:2. The total sequence of gates is now of lengthtd
since each of othe factors on the right hand side of Eq._11.7 is of letig
to. The classical computational e ort to achieve this is roughly 3Ty since
we must search forUa,OJ)prox andV and W.

This scheme can then be iterated to make our approximation even
better. The only change it that the next level of approximation, instead
of using brute force search to make approximations good talist 0
we use the entire above described al(%orithm to make all of our appra-
mations good todist 8:2. When Uap)prox andV and W are calculated
to order 322 our new approximation for Ut(;’r)get will be an accurate to
dist ( 37%)3=2,

The entire scheme can be iterated recursively to any level of accacy.
Atthe n level of this approximation, we have a gate sequence of length
5"ty and an accuracydist 83:2) and the computational e ort 24 1o
achieve this scales as™g.

Thus if we want to achieve some overall accuracy of our operation,



the gate sequence will be of length

t O [Iog(1= )](In(5) =In(3=2) — 0] [Iog(1= )]3:969::: (118)
and this requires classical computation time
T O [Iog(1= )](In(3) =In(3=2)) — 0] [Iog(1= )]2:710::: (119)

While this algorithm produces gate sequences that are longer thanre
obtains with brute force searching (which produces gate sequerdengths
as in Eq.[11.3) for the same desired accuracy, it has the advantage
that it is computationally feasible?d for much smaller values of and
can therefore produce more accurate results.

Galois Theory Optimal Compiling:

A rather remarkable scheme for quantum compiling was developed in
Kliuchnikov et al.|[2014] based on ideas from Galois theors? . While
we cannot review Galois theory here, nor can we even do justice tche
details of the algorithm, we can nonetheless discuss some of struce of
the problem that makes this approach possible.

It turns out that any unitary that can be constructed by braiding
three Fibonacci anyons can be written (up to a phase) in the form

u vk 1=2
U(u;v;k) = v 122 ULk (11.10)
where =(1+ P 5)=2 is the golden meank is an integer,! = €= 10,
and
juj+ jviz=1 (11.11)

whereu and v come from the so-called ring of cyclotomic integerZ[! ],
which means that

(11.12)

with coe cients a and b all being integers. The fact that the unitaries
that can be generated by braiding take a very restricted mathemécal
form is, in fact, a generic property of all anyon theories’, although the
particular form taken depends on the particular anyon theory.

Further, given values of u;v, and k a relatively simple algorithm is
provided that nds a braid 22 that results exactly in this unitary, where
length of the braid is no longer than

I

al| 3ij2

x3 )
t log j a!'j?+]
i i=0

i=0

This procedure is known asexact synthesisas it constructs exactly the
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26 Evariste Galois was undoubtedly one
of the most interesting and brilliant
mathematicians of all time. Being po-
litically active in an era shortly after
the French revolution, he spent a de-
cent fraction of his short adult life in
prison. His mathematical works (some
written while in prison) opened up vast
new elds of research. He died at age
20 in a duel.

2" This is due to the fact that the F and
R matrices of an anyon theory live in
a particular so-called Galois extension
of the rationals | meaning that only
certain irrational factors can show up
in any mathematical expression. This
fact can be used to prove various state-
ments about what type of operations
can or cannot be done exactly by braid-
ing. See for example Freedman and
Wang [2007].

28iuchnikov_et_al. [2014]] also pro-
vide a similar algorithm for generating
weaves See section[I1.2.3.
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29The \optimal braid" is the one that
would be found by brute force search
if one had the exponentially enormous
computational power necessary to nd
it.

30Here we are constructing a two qubit
unitary operation, which we will call

a two-qubit gate, from our elementary
gates |- the elementary braid opera-

tions.

Fig. 11.8 The braid shown here between two Fibonacci qubits entangles the two
qubits but also results in leakage error. When we use three Fi bonacci anyons as a
qubit, we set the overall fusion channel of the three to be ,soc=d= in this
gure. The quantum information is stored in the quantum numb ersa and b. The
shown braid results in some amplitude ending up in the noncom putational space
where eitehr c or d is | rather than

desiredU(u;v; k) as a series of elementary braid operations.

The remainder of the algorithm is to nd values of u; v; k (with u and
v of the form in Eq. I1.12 with integer coe cients) so that Eq.
approximates any given target unitary. This task can exploit estaldished
methods from algebraic number theory. The interested reader iseferred
to Kliuchnikov et al.|[2014].

The end result of this approach is an algorithm that, although it does
not nd the absolute optimal braid 2°, it nonetheless isasymptotically
optimal in the sense that it produces braids of length

t O (log(1=))

as in Eq.[T1.3. Further, the computational time24 to achieve this scales
only as T O (log(1=)?). Using this type of approach, it is easily
possible to generate braids with error distances of order 13°° or even
better, and these braids are longer than the absolute optimal bra by
only a factor of order unity.

11.4 Two-Qubit Gates

Having studied single qubit operations, we now turn to a brief discus®n

of two-qubit gates®®. As mentioned in sectionCILT.ILIL, the Brylinski the-
orem tells us that to have a universal quantum computer, we need iy

have single qubit rotations along with any entangling two qubit gate.

To construct such an entangling two qubit gate we will need to have a
braid that physically entangles the world lines of the anyons comprisity

the two qubits such as the example shown in Figl"1118.

However there is a crucial complication with braiding anyons between
qubits. If we perform a braid such as that shown in Fig.[11.8B, the
fusion channel of the anyons comprising each of the qubits (quanim
numbers c and d in the gure) are not preserved (see the discussion of
locality in section B.6) and this means that amplitude canleak into the
noncomputational space.

To be more explicit for the Fibonacci case, recall that we encode au
qubits (jOi or jli) by using three Fibonacci anyons in overall fusion
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channel (See Fig.[8.ID). The fusion channel of the three anyons tb

is termed non-computatational jNi and is not used for computation. If

some of the amplitude of the wavefunction ends up in this noncompu-

tational space, it is called leakage error and only very small quantities

of such leakage errors can be tolerated for any realistic computain.

Braids like the one shown in Fig.[11.8 always produce some amplitude ,, .

of noncomputational states. The problem of leakage error in twogubit Ainsworth _and _Slingerland | [2011]

. . . . L. . show that it is not possible to design

gates is not special to Fibonacci anyons, but is in fact a generic pferty  compietely leakage free gates for any

of all anyon theories that have universal braiding. universal anyon theory, and leakage can
While we cannot completely eliminate leakage, we can in principle only be make approximately zero.

design entangling gates with arbitrarily small (albeit non-zero) leakage.

Such braids with low leakage error do exist, but nding them is highly

nontrivial. Inconveniently, the Hilbert space of six Fibonacci anyons,

as in Fig. 118 is 13 dimensiondf. Searching such a large space for 32This space is subdivided into an 8 di-

particular unitaries with low leakage is numerically unfeasible. We thus mensional subspace with f = and a

need a more clever way to design braids with low leakage. gr:;;?r?gsc;??rlmessibzﬁagﬁyﬂginn:chlah g'io
In designing any computation, it is almost always advantageous t0 the f quantum number. Note, however,

simplify the desired task into smaller tasks that can be addressed an that gates must have low leakage inde-

at a time. This \divide and conquor" approach will allow us to tackle Pendent of the value of f.

the job of desiging two-qubit gates. In the next section we will give a

example of how entangling gates with negligible leakage can be designed

11.4.1 Controlled Gates

In quantum computation it is often very convenient to use entangling
gates which are so-called controlledJ-gates, or C(U) where U is a 2-
dimensional unitary matrix. A controlled U-gate acts on two qubits such
that one qubit (the \target" qubit) is acted on with a 2-dimensional OUtpUt

unitary operator U if and only if the other qubit (the \control" qubit)
is in the j1i state, whereas the control qubit remains unchanged:
8
joi j O ! j Oij Qi
_ 5j1ij0i! | 1ij oi Ur—e
C(V): o L (11.13)
2 joi j 1i ! (Ujoi) j 1
gl Lo (Ujti) j 1
Thus the rst qubit here is being controlled by the second qubit®3. A
very commonly used example of a controlled gate is the case &f = X Input

(See EqII15) which we call a controlled-X, or more often a controlig-
NOT (or CNOT) gate. . _ .
The key to our construction of controlled gates is the locality prin- ~'9: 11.9  Typical notation for a con-

. . . . trolled unitary gate C(U). The second
ciple of section[I0.1.1L. If we are given a cluster of 2 anyons which areqit controls the rst.
f[he fusion channel (for example, s_,etc = in Fig. [0.7) and we brr_:ud 33 As always in quantum mechanics the
it around some other anyons, this will have the same e ect as if we j8t  peration acts linearly on superposi-
braided a single around the other anyons. However, if the cluster of 2 tions
anyons is in the trivial (or I) fusion channel, then braiding this cluster 347he constructions discussed here
never does anything, as braiding the vacuum particle always is trivial. were introduced in Bonesteel et al.
Thus we can see that the e ect of the braid is \controlled" by the fusion [2003]-
channel of the two anyons.



132 Computing with Anyons

Controlled *3 gate

Consider the construction shown in Fig.[ILID. On the far left of this
gure, we have shown aweave meaning only a single anyon, the one
drawn in red, moves and the other two anyons remain stationary (se
the discussion by Fig.[TT.4). This weave has been designed to have
approximately the same e ect as if the two blue anyons are wrapped
around each other (exchanged twice counterclockwise), i.e,?*as shown
in the gure. For the particular weave shown, the distance to the target
A2 isdist  :12. We could make the approximation of % more accurate
by using a longer weave using any of the compiling methods discussed
in section[I1.3.2 above. Note that the equivalance between the weav
on the far left and % is true as a 3 3 matrix acting on the full three
dimensional Hilbert space spanned by three Fibonacci anyons (i.e.,mo
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Fig. 11.10 Construction of a controlled gate using Fibonacci anyons. T he weave on the far left is designed to have almost the
same e ect on the Hilbert space as the braiding (two counterc lockwise exchanges) of the two blue particles as shown. Usin g

a longer weave one can more closely approximate the braiding of the two blue particels. On the right, we have a system of 6
anyons representing two qubits. The right (red) we take the c luster of two red anyons, labeled b

Now consider the braid of six anyons on the right of Fig[TT.T0 repre-
senting two qubits | the right (red) anyons are the control qubita nd the
left (blue) anyons are the target qubits. We group the two red anyns
in fusion channelb and we move them around as a single unit to form
the same weave as shown on the far left (here using the two red aogs
and the right two anyons of the blue qubit). If these two red anyons
are in the vacuum fusion channelb= 1, then this braiding has no e ect
on the Hilbert space (braiding of the vacuum patrticle is always trivial).
On the other hand, if the two anyons are in fusion channelb=  then
this braid is equivalent to moving a single particle through exactly the
same weave as on the far left, thus having the same e ect as exchging
the two right-most blue anyons twice counterclockwise. We have ths



constructed a controlled operation, C(*3) which is notated on the far
right of the gure in a manner analogous to Fig. [[1.9: The operation
implemented on the blue qubit is (approximately) a full braiding of the
right two blue strands, if and only if the right qubit ( b) is in the or j1li
or state.

A crucial feature of this construction is that, to the extent that the
weave we use accurately approximates # the resulting construction
leads to no leakage error. The right hand qubit @) is completely un-
changed (hence not creating leakage of this qubit), and the e ecbn the
left hand qubit (a) is designed to be equivalent to just braiding two of
the blue anyons | which does not create leakage either.

Controlled U-gate

With a bit more work, we can in fact make any controlled C(U) gate for
an arbitrary two dimensional unitary U, as in Fig.[I1.9 (up to an overall
phase as discussed in sectibnll.1.1).

First let us discuss the so-callednjection weavedescribed in Fig [ITT.11.
An ideal injection weave is meant to leave the Hilbert space unchange
(it only applies an identity matrix). However, it has the nontrivial e e ct
of rearranging the three strands comprising a qubit. As shown in tke
diagram, the injection weave moves the red strand from the far rigpt
at the bottom to the far left at the top. As discussed in section[11.32
we can more precisely approximate the ideal injection by using a longe
weave.

We now construct the braid shown on the left of Fig.[I1.I2. As in
Fig. L1.10 we group together the two red anyons in fusion channdi and
we move them around as a group. These two anyons are rst put though
an injection weave with the right most two blue anyons. This moves the
group of two anyons into the middle position of the right qubit. A weave
to implement an arbitrary unitary U is then implemented on the three
strands furthest left, treating the two red strands grouped together as a
single strand. Finally, thie injection weave is inverted to bring the two
red particles back to their original position. The braid constructed in
this way will implement a controlled U gate C(U), as shown using the
notation of Fig. on the right of Fig. T1.12: The left (blue) qubit (a)
has the unitary U applied to it, if and only if the right qubit ( b) is in the
jli or state. If we chooseU to be an X gate, such that the necessary
weave in the middle step is a weave like that shown in Fig[11l7, we
obtain a C(X) or controlled NOT gate (CNOT).

To understand this procedure we realize that the only two anyons hat
are moved in this procedure are the two red anyons in staté, and these
two are moved as a group. As in Fig[IT.70 if these two anyons are in
fusion channelb = | (or jOi) then the Hilbert space is left unchanged.
However, if b= (or j1i) then there will be an e ect on the blue qubit
| hence we have a controlled rotation. Let us now consider this case
whenb= , so that we should think of the two red strands as being a
single strand. The injection weaves are designed to have no e ect on
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Inj 13 3

Fig. 11.11  An approximate injection

weave is shown on the left. A perfect
injection has no e ect on the Hilbert

space (it applies the identity matrix

to the Hilbert space) but moves the
red strand from the right to the left

of the three anyons. The distance to
the target for this particular weave is

dist = 0:09. With a longer weave one
can more accurately approximate a per-
fect injection.
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Fig. 11.12  Construction of a controlled U gate C(U) with Fibonacci anyons. The
two red anyons in state b are moved as a group and all other anyons are kept sta-
tionary. If b= 1 or jOi, then the weave has no e ect on the Hilbert space. If b=
or jli then this weave implements a U rotation on the left ( a) qubit.

the Hilbert space | their only e ect is to move the red double strand
inside of the blue qubit. The unitary rotation U is thus only nontrivial
e ect on the Hilbert space.

Chapter Summary

Summary Item 1
Summary Item 2 etc

Further Reading

MOst of the same ideas can be generalzied for other anyon systems

Freedman et al. [2002a] Freedman et all [2002b] for the initial work
showing SU(2)k is universal

Mochon [2003] Mochon|[2004] for universal quantum computing with
topological superconductor. (This was slightly after freedman)

Bonderson et al. [2008b] for interferometry

Bonderson [2009] for splitting of topological degeneracy

Bonderson et al. [2008a] for measurement only tqc.

Field and Simula [2018] Simula review

Bonesteel et al. [[2005] Original Compiling Fib anyons

Hormozi et al. [2007] Quant compiling PRB

Hormozi et al. [2009] Compiling RR states

Simon et al. [2006] One mobile particle

Nielsen and Chuang|[2000] Nielson and Chuang

Harrow [2001] Harrow's thesis.

Brylinski and Brylinski [2002] Brylinksi theorem

Kliuchnikov et al. [2014] Galois theory

Maybe cite original Solovay and Kitaev article.
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Levaillant et al. [2015]/Cui and Wangd [2015] For SU(2)4
—

Exercises

Exercise 11.1 Ising Nonuniversality

The braiding matrices for Ising anyons are given by Egs. 00.10 and [I0.17.
Demonstrate that any multiplciation of these matrices, and there inverses will
only produce a nite humber of possible results. Thus conclu de that Ising
anyons are not universal for quantum compuation. Hint: writ e the braiding
matrices ase' U; where U; is unitary with unit determinant, i.e., is an element
of SU(2). Then note that any SU(2) matrix can be thought of as a rotation
exp(i A =2) where here is an angle of rotation i is the axis of rotation
and is the vector of Pauli spin matrices.

Exercise 11.2 Brute Force Search
Given the braid matrices for Fibonacci anyons in Eq. L0.6]land [I0.4, write
a computer program for brute-force searching braids up to length 10.
Ignoring the noncomputational state jNi, and ignoring the overall phase as
usual, determine the closest approximation to the Hadamard gate

111
H=p5 1 1

Partial Answer: A braid of length 10 exists with phase-invariant distance to
target dist  0:084

Exercise 11.3 Scaling of Kitaev-Solovay Algorithm
Given the discussion just above Eq.[I1.8, prove Eqs[11.8 andI1.d.

Exercise 11.4 About the Injection Weave

One might wonder why we choose to work with an injection weave in
Fig. LI.1T which moves the red strand from the far right at the bottom all the
way to the far left on the top. Show that for three Fibonacci an yons, there
does not exist any injection weave that moves the (red) strand from the far
right on the bottom to the middle on the top, even up to an overall phase. l.e.,
show that no weave exists starting on the bottom far left endi ng in the middle
on the top whose e ect on the three dimensional Hilbert space is € 13 3 for
any phase

Exercise 11.5 Universal Weaving and the Injection Weave

Consider injection weaves as described in Fig.[IT.IL. Let usassume that
we can construct an injection weave of arbitrary precision. Given such an
(approximately) perfect injection weave show that for any n umber of anyons
N > 3, a weave can be constructed that performs the same unitary operation
on the Hilbert space as any given braid. A more general mathematical proof
of the universality of weaving is also given in Simon et al.l [2006].
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Anyon Diagramatics (in detail)






Planar Diagrams@ 1 2

Medium Hard Material

One of our objectives is to come up with some diagrammatic rules (SO  11his chapter through chapter 15 de-
what analogous to those of the Kau man bracket invariant) which will  velop the diagrammatic algebra in some
allow us to evaluate any diagram of world-lines (i.e, a labeled link, pos- gﬁga”éasT:rO?;ng;ton\gtmgg '”;iear‘alt)’”fr:
sibly now including diagrams Wher_e pgrtlcles come together and f_use, troduction to diagrammati% algebra
or split apart) and get an output which is a complex number as desired should go straight to chapter 16-]
in Fig. [l In chapters [BEI0 we have been putting together some of
the necessary pieces for these diagrammatic rules. Here we will bag
to formalize our diagrammatic algebra a bit more precisely. While we 2Formally, some of the mathematical
try to physically motivate all of our steps, in essence the rules of tis structure of planar diagrams was intro-
chapter can be taken to be axioms of the diagrammatic algebra. g”ce.d in section 8.6 The rules we are
. . . - e ning in this chapter is known as a

In this chapter we will focus only on planar diagrams | i.e., we do  ynitary fusion category to mathemati-
not allow lines to cross over and under each other forming braids. We cians.
can roughtly think of such planar diagrams as being particles moving
in 1+1 dimension. Since there are no over and under-crossings thenty
nontrivial possibility is that particles come together to fuse, or they split
apart. An example of a planar fusion diagram is shown in Fig[ZIZ11.
It is convenient to draw diagrams so that no lines are drawn exactly
horizontally. The reader should be cautioned that there are sevel
di erent normalizations of diagrams | two in particular that we will
discuss. These two normalization conventions are useful in dieren
contexts. We will start with a more \physics" oriented normalization in
this chapter but we switch to a more topologically oriented normalization
in chapter [I4 and in later chapters.

We start by brie y reviewing some of the notions introduced in chap-
ters[Bf9: We assume a a set of particle types,; b;c;:::which we will
draw as labeled lines with arrows in our diagrammatic algebra. This
set of particles includes a unique identity or vacuum particlel , which
may be drawn as a dotted line, or or may not be drawn at all since it
corresponds to the absence of any particles. Each particle typeds a
unique antiparticle denoted with an overbar (a for the antiparticle of a). Fig- 12.1 A planar fusion diagram
As we discussed in sectiofi 81, if we reverse the arrow on a line we turnS®"ing and ending at the vacuum.
a particle into its antiparticle. If a particle is its own antiparticle we do
not draw an arrow on its line.

Fusion rules are given by the matricesN§, having the properties dis- 3The word \consistent” here means
cussed in sectiof813. We will also assume a consistéret of F -matrices Egagnthé S&]“at”ces salisfy the pen-
as discussed in chaptelr]9. gon =a.
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4Many of the diagrams we have drawn
(such as Fig. BTl or Fig. 9T) have not
started at the bottom with the vacuum
or ended at the top with vacuum.

5Analogous to some of the ideas of
chapter [7] the bras and kets are meant
to be contracted together with bras and
kets from other diagrams, pasting to-
gether such operators to assemble a pic-
ture with no loose ends like Fig. 12171
which starts and ends in the vacuum.

6The only constraint on this operator

is that it conserves the total quantum

number (or \charge"). One could imag-

ine operators that do not conserve to-
tal quantum number. Such operators
would be nonphysical and are also out-
side of what we can express with dia-
grams.

“We do not need an axiom for total
quantum number conservation, as this
will arise as a result of the other rules
we introduce in this chapter.

12.1 Diagrams as Operators

If, like Fig. [2.1] a diagram starts at the bottom from the vacuum and
ends at the top with the vacuum, we interpret that diagram to repr esent
a complex number, or an amplitude. However, we will also consider
diagrams that have \loose ends" (lines sticking o the top or bottom of
the page ) meaning that they may not begin or end with the vacuunt.
We can view these diagrams with loose ends as being a sub-diagram of a
larger diagram that begins and ends in the vacuum. However, it is also
useful to give such diagrams quantum mechanical meaning in their ow
right.

Our convention is that when we draw a diagram with world-lines that
end pointing upwards we should view these particles as kets (indepen
dent of the direction of any arrow drawn on the world-line). If world -lines
end pointing downwards, we mean them to be bras. Many diagrams will
have world-lines that point both up and down, in which case we mean
that the diagram has some particles that live in the vector space of &ts
and some in the dual (bra) space. Such diagrams can be interpredeas
operators that take as input the lines coming in from the bottom and
give as output the lines going out the top. The lines coming in from the
bottom are thus in the bra part of the operator and the lines pointing
out the top are the ket part of the operator®. If we consider, for exam-
ple, diagrams with M, incoming lines from the bottom and My lines
going out the top, we can write a general operatct as

X
Operator =

nim:q

Chimig in: Mout; gihm; Min; g (12.1)

An example of such an operator is shown diagrammatically in Figl”IZ]2
with two incoming and three outgoing lines. In Eq.[IZ1 the states
jn; Moyt ; i are an orthonormal complete set of states oM particles
where all the particles together fuse to the quantum numberg; and
similarly the states jm; M, ; gi are an orthonormal complete set of states
of M, particles where all the particles together fuse to the quantum
number g. The value of the coe cients Cnm;q depend on the details of
the diagram being considered. The fact that the operator is necesarily
diagonal in the variable g means that the total quantum number of all of
the incoming particles must be the same as the total guantum numbeof
all the outgoing particles (i.e., they fuse to the same overall charge This
conservation of overall quantum number is a re ection’ of the locality
principle of section[8.2.

Generally in a diagram, lines will be labeled with particle types and (if
the particle is not self-dual) arrows. We have not labeled the incoming
and outgoing lines in Fig.[12.2 with the assumption that these labels and
arrows occur inside the hidden box. However, it is sometimes usefuib
reinstate these labels as in Figi_IZ13. As we will discuss in more detail in
section[IZ.Z1 a label restricts the quantum number of the corresgnding
line
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I
diagram 1 = Cithg in: 3;0ihm; 2;qj
‘ ‘ nmig

Fig. 12.2 Diagram 1, representing an arbitrary diagram (or linear com bination,
i.e., weighted sum, of diagrams), is understood as part of a | arger diagram, and is
interpreted as an operator. Incoming lines from the bottom ¢ orrepond to bras and
outgoing lines towards the top correspond to kets. The state sjn; 3;qi are a complete
set of states for 3 particles where all the particles togethe r fuse to the quantum
number g. Similarly, the states jm; 2;qi are a complete set of states for 2 particles
where all the particles together fuse to the quantum number g, The superscript on
C,ﬁ;l,)n;q indicates that these constants correspond to the particula r \diagram 1" in
the box. The total quantum number g of all the particles is conserved by the operator
due to the locality principle from section 8.2_]

i S

diagram 2 = Chq in: 3;0ihm; 2;qj

o i

Fig. 12.3 In a gure with labeled incoming and outgoing lines, the quan  tum numbers
on these lines are xed, as compared to Fig. IZZwhere the dia gram may have a
superposition of quantum numbers on the external lines.

We now introduce an important diagrammatic principle.

Hermitian Conjugation: Re ecting a diagram around a horizon-
tal axis and then reversing the direction of all arrows implements
Hermitian conjugation

For example, re ecting Fig. 2.3 and then reversing the arrows on &
lines results in the Hermitian conjugate diagram

% o
x . . 0
qIealIw s = [C@q1 im; 2;qihn; 3;q

of ¢ "™

Fig. 12.4  Flipping the diagram in Fig. 1Z3rksults in the Hermitian co  njugatate.
The coe cients C,ﬁ;z,)n;q in Fig. [Z3Jare complex conjugated to obtain [ Cﬁf.)ﬂ;q ] here.

It is crucial that when we turn a bra into a ket (re ecting the diagra m
and then reversing the arrows), down-pointing arrows remain dow-
pointing and up-pointing arrows remain up-pointing (Note, for example,
that the arrow on a is pointing up both in Fig. [Z3]and [12.2).
Diagrams which start from the vacuum at the bottom are an impor-
tant special case. When there are no incoming lines at the bottom oé
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8The observant reader will see sim-
ilarities between this stacking proce-
dure and the stacking of manifolds with

boundary discussed in chapter 7] These
similarities are not a coincidence!

diagram the expression become
X
ket = Cn;2 qin Moyt ; i (12.2)
n;q

which we can also interpret as an \operator" which accepts the vaaum

as an input at the bottom and gives a ket as an output at the top. The

symbol ? here means that them index used in Fig.[12.2 and Eq[1Z1
is just the empty set (nothing summed over), or equivalently that the

diagram starts from the vacuum. An example of such a diagram is shan

in Fig. IZ5.

X
‘ ‘ ‘ = C,@, q jn; 3;qi
diagram 3 niq

Fig. 12.5 A diagram with no incoming lines at the bottom is interpreted as a ket.

Similarly we can consider diagrams which end in the vacuum at the
top. When there are no outgoing lines at the top of a diagram we have
X
bra = Co mqMm;Min; g (12.3)

m;q

which is an operator that accepts a ket as an input and gives a com-
plex number as an output. An example of such a diagram is shown in
Fig. IZ.8.

diagram 4

Fig. 12.6 A diagram with no outgoing lines at the top is interpreted as a  bra.

Cimq M 3i0

m;q

If diagram 3 happens to be the re ection of diagram 4 around a hor-
izontal axis with all arrows reversed, then these two diagrams aréner-

mitian conjugates of each other andC,(f)? q = [Cf’;)n;q] :

12.1.1 Stacking operators

Stacking operators on top of each other contracts bras with ket in the
natural way®. For example, if we de ne the operator, diagram 5, as in

X
diagram 5 = Clhq M 1;gihm; 3;qj
‘ ‘ n;m:q

Fig. 12.7  Another example operator
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Fig. 24, we can then stack diagram 5 (Fig[CIZJ]7) on top of diagram 1
(Fig. [Z.2) to obtain Fig. LZ.8. The resultant operator, diagram 6, m
the right is given by

diagram 5 ‘

= diagram 6

diagram 1 ‘ ‘

Fig. 12.8  Stacking operators on top of each other to create new operato rs.

0 10 1
X (5) X 1)
Operator = @ Cpom oq JN; 1;dihm®, 3; gjA @ Cromyg in% 3;cihm; 2; gjA
n;m 0q | n%m;q
« !

X
5 1 P
= Cr(w)] o;cho);m;q jn; 1;gihm; 2; ¢
n;m;q no
where we have used the orthonormality of the stategn® 3;qi to generate
a Kronecker delta nono. Thus diagram 6 can be written in the usual
form of Eq.[IZ1 with constants
X
6 _ (%) 1)
Cr(m)n;q - Cn;n 0;anO;m;q
nO
A particularly important case is that of stacking a bra diagram on top
of a ket diagram which generates a scalar. For example, stacking ¢hbra
diagram 4 on top of the ket diagram 3 generates the usual scalar irer
product as shown in Fig.[TZ9. This ts with our claim at the beginning
of this chapter that a diagram that starts and ends in the vacuum should
correspond to a complex amplitude.

diagram 4 X X
= C’.(’4;)m:q hm; 3;qj Cr(]s)? ;an? 3;qi
m;q nig
: _X c®  cO
diagram 3 2:'miq “m; 2 ;g
m;q

Fig. 12.9 Stacking a bra operator on top of a ket operator generates a sc alar. We
have used orthonormality of the kets jn; 3;gi on the right hand side.
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°In keeping with the notation of
Fig. [Z2] the state jai should be no-
tated ja;1;ai to indicate a single line,
but here we use just jai for simplicity.

10As mentioned in note Tlfrom earlier
in this chapter, this principle is not an
axiom of our diagrammatics, but rather
can be derived from the other rules we
introduce in this section. See exercise

122

12.2 Basis of States

In our de nition of an operator (Eq. TZ.I) we invoked the existence of
a complete orthonormal basis of stategn; M ;g for M particles having
total quantum number g. We now would like to specify some details of
this basis.

12.2.1 One Particle

We begin by considering a single particle at a time. For a single particle,
an orthogonal complete basis is given by the di erent particle types jai
(including the vacuum jli). We denote a projector onto a particular
particle type as a simple labeled straight line as shown in Fig”1Z.10.
The vacuum can be drawn as a dotted line, or may not be drawn at all.

aA = jaihaj

Fig. 12.10 A labeled straight line is just an projector onto the particl e type.

Since the di erent particle types are assumed orthonormalhajbi = 4.
Applying two such projectors in a row diagrammatically gives the iden-
tity shown in Fig. [Z111

bA — jbhbjaihaj = gpjaihaj = 4 g
a

Fig. 12.11  Orthogonality of projection operators.

This identity exempli es the more general rule shown in Fig.[I2Z.12 which
also agrees with the fact that the operators in EqQ[IZ.]l are diagorian
the overall quantum number g. Again this is simply a re ection of the
locality, or no-transmutation, principle ° of section[8.2 (See in particular

Fig. B.7).
ig. B.7) b

anything | =0 unlessa=b

a

Fig. 12.12  The locality, or no-transmutation, principle as in Fig. 8.7C_]

Since we assume the set of particle types is complete, the identity
operator is given by the sum over all particle types as in Fig.[12.13
where the sum includes the vacuum particle. We represent the ideiity

X X
a

a a

jaihaj = identity =

Fig. 12.13 The completeness relation for single lines.



operator on the right in Fig. [Z.13 as a straight unlabeled line. This

is convenient since it allows us to extend labeled lines by appending

unlabeled lines.

12.2.2 Two Particles

Let us now move on to the case of two particles. As discussed in chigy

[8, to fully describe the state of two particles, we need to give the gantum

number (particle type) of each particle and the fusion channel between
the two particles. We thus draw the state of two anyons with a vertex

diagram!! as shown in Fig.[TZ.T4.

a b
ja;bci

Cc

Fig. 12.14 Particles a and b have fusion channel c.

The notation of the ket'? ja; by ci means that the total quantum num-
ber of particlesa and bis ¢ (or a and b fuse"® to c). If N, =0, i.e., if
the diagram is a disallowed fusion, then the value of the diagram is zero
The set of statesja; b ci for all possiblea; b; cis assumed to form an or-
thonormal complete set of states for two anyons. Note in particlar that
for a 6 bthe ket ja;b;ci is orthogonal to jb;aci | i.e., in our planar
diagram algebra, it matters which particle is to the left and which is to
the right.

The Hermitian conjugate of the vertex ket Fig. 1214, the correspnd-

ing bra, is shown in Fig.[1Z.15.
c

ha; b ¢j

a b
Fig. 12.15 This is the bra which is the Hermitian conjugate of the ket in F  ig. 214
The fact that the diagram for the bra looks like the ket upside-down
is in accordance with our general principle of Hermitian conjugatiort*
introduced in section[IZ.1 (See the discussion near Fig.12.4).

To take inner products between a bra (like Fig.[IZI1#) and a ket (like
Fig. 1Z.13) we simply stack the bra on top of the ket, in accordance wth
section[IZ.11, to produce the diagrart?:'® shown in Fig.[12.16.

The fact that we obtain delta functions on the right is equivalent
to the statement that the kets ja;b;ci form an orthonormal set. The
normalization of Fig. LZ.18 (i.e, that one gets kronecker deltas on th
right and no numerical constants) is our physics normalization This
normalization will be changed in chapter[13.

Note that the rst two delta functions 450 and p in Fig. LZ18 can

be interpreted as a result of Fig.[IZ Il (the lines are angled instead

of vertical, but this does not change their meaning). As a result, tre
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Lin cases where the fusion multipl-
icy NS > 1 we must also add an in-
dex 2 1:::Ng at the vertex as in
Eq. and we would write the ket
as ja;b;c; i. We suppress this addi-
tional index here for simplicity. It is
reinstated in section {251

12|14 the notation of Fig. 122 the state

ja; b; ci might be notated j(a;b);2;ci to
indicate there are two outgoing lines.

If we wanted to emphasize that there

is one incoming line and two outgoing

lines we might write ja; b; cihcj instead.
Here we use abbreviated notation.

BMore properly for Fig. 12714 Jwe
should say that a and b split from c,
whereas in Fig. we should say
that a and b fuse to c. Most of the
time people are careless in distinguish-
ing fusing and splitting.

%In section [ZI we treated the
statement that ipping the diagram
gives Hermitian conjugation as an ax-
iom. However, one could instead treat
Fig. [Z15] as the axiom and build up
the general principle from only this
statement.

15Again, it NS, > 1 there are addi-
tional indices  at the vertices and the
kets are orthonormal in these indices as
well. See note [I1] above, and section

Izs

18This inner product between bra and

ket does not give a scalar but rather
gives a scalar times a c particle line.
This is because the ket, Fig. IZ14]is
actually an operator that takes an in-

coming single line as input and gives
two lines as output. (And conversely

with the bra Fig. 1ZI5)] See also the
comment on notation in the above note

12
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- c
= aaf bk® ccO

Fig. 12.16 The inner product between the bra in Fig. 1214 anhd a ket in Fig .[IZI5.
This gives kronecker deltas on the right given the physics no rmalization we are using
in this chapter. The normalization will be changed in chapte r 4]

diagram of Fig. 1216 is of%en written in the simpli ed form shown in
C

Fig.

Fig. 12.17 A simpli ed version of the innner product in Fig. 12.[6._This gives a
kronecker delta on the right in the physics normalization we  are using in this chapter.
The normalization will be changed in chapter 141

The fact that ¢ must equal c® in Figs. [I2.16 and[IZ.1V is consistent
with the no-transmutation principle Fig. 12.12]

The principle of orthonormality of vertices implies the useful result
that a loop, as shown in Fig.[1Z.18, is given the value of unity (This is
jst Fig. [2Z.17 where we have set = c®= | and not drawn the identity
line). At the risk of being repetitive we once again note that we will
change this normalization in chapter[14 below and in later chapters,
although it is correct for this section.

j \/6‘ = jaja;li = jstatei

. . a_ Physics
fstatejstatei = <> =1 Normalization

Fig. 12.18 The orthonormality of trees implies a particle loop gets a va lue of 1 if
we are using physics normalization.

Since the vertex diagramsja; by ¢ci from Fig. £Z.14 form acompleteset
of states for the two particles, we can construct an identity opertor for
two strands as shown in Fig.[[1Z.1PB.

We can derive a useful identity from Fig.[1Z.I9 by applying projectos
jxihxj and jyihyj to left and right strings respectively to obtain Fig. [4.8l

x X y x - - -
c = Xy;chx;y; g = y
X y

Fig. 12.20 Insertion of a complete set of states, with xed quantum numb  ers x and
y on both ends. This gure uses physics normalized diagrams. T he normalization
will be changed in chapter 14]



X a b X

= ja;bcha;bc =
a;b;c a;b;c

a b

Fig. 12.19 Insertion of a complete set of states. This gure uses physic s normalized
diagrams. The normalization wil be changed in chapter 141

An arbitrary operator with two incoming and two outgoing lines can
be written as in Fig. [[2.21 where the coe cients Cy.y ).(ab);c are arbi-
trary (depending on what operator we want to de ne).

X X y X
Coay)iabye  fe = Cixy )i(apyelX Y cha; b ¢
a;b;x;y;c a;b;c;x;y
a
Fig. 12.21  An arbitrary operator with two incoming and two outcoming li nes. The

coe cients C are arbitrary.

12.2.3 Three Particles

We can continue on and consider states of three particles. All theame

principles apply here. As discussed in chaptef]8, we can write an or-

thonormal complete set of states for three particles as a fusionree!’:18
as in Fig.[12.22.

a b c
d = j(a;b);c;dei = j(a;b);di j d;cei

e

Fig. 12.22  An orthonormal set of states for three particles can be descr ibed as a
fusion tree. We have used two di erent notations on the right . The latter notation
matches that of section &6l

If either N3, = 0 or N§, = 0 then the corresponding fusion is disal-
lowed and the value of the diagram is zer&®. The corresponding kets are
obtained using the Hermitian conjugation rule of ipping the diagram
and reversing arrows as shown in Figi_1Z.23.

e
y = Naib);cidief = b dj hdicej
a b Cc
Fig. 12.23 The bras corresponding to the kets in Fig. 1E.22]

The inner product of such states is given by stacking the bra on top
of the ket as in Fig.[12.23.
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17In cases where there are fusion mul-
tipliciies N4 > 1 or N& > 1 then we
must place an additional index or
at the corresponding index. See for ex-
ample, section B.5.3]

18 As mentioned in the above note 121
although we write this as a ket, it

is really an operator, and to empha-

size this we might write something like

j(a;b); c;d; eihej instead.

1his is already implied by looking
at the individual vertices and consid-
ering the rules of a single vertex as in

Fig. (2121
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= aa® bk’ cc® dd® eel e

Fig. 12.24 The orthogonormality of tree states. This diagram uses phys ics normal-
ization.

Note that in Fig. one can focus one's attention on the left
branches (with d; a; b; & b d%, which look exactly like Fig. IZ18 thus
immediately obtaining aq0 by g0 @and replacing the small diamond on
the left branch with a single d-line. The remaining gure then looks
exactly like the gure and gives us the delta functions cco ee0 as
well. Thus the orthonormality of these tree states is not a seperat
assumption but can be derived from the orthonormality of two particle
states that we used in sectior’ 12.212.

The completeness of this set of states similarly can be expressed Wit
diagrams as shown in Fig[T12.25.

X

a;b;c;d;e;a %b0;c0d°

Fig. 12.25 The completeness of tree states for three particles. This di agram uses
physics normalization.

Once again we can derive this completeness relation from what we
know about the two-particle case. We can start in the very centerof
Fig. L2238, considering the linedd; c; e; &, and apply the completeness
relation Fig. LZ.20. This splits o the c-line to the right which, summed
over its index gives a single unlabled line on the right as in FigC”IZ.13.
The remaining diagram on the left (with lines a;b; d; & B’ is of the form
of Fig. IZ.I9 which summed over gives two unlabeled lines. Thus the
completeness relation for three particles is not an independent aasp-
tion but follows from the completeness of the one and two particle caes.

One can use these basis states to build arbitrary operators with thee
particle states. Just as an example, in Fig[[I2.26 we show the most
general form of an operator that takes two particles as an input ad
gives three particles as an output.
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X X

= Crrz™ j(x;y)z; w; eiha; b €]

a;ciexy;z;w aciexy;z;w

Fig. 12.26  An arbitrary operator with two incoming lines and three outg  oing lines.
The coe cients C are arbitary

12.2.4 F-Matrices Again

In de ning our three particle states in Fig. [Z.22 we have fused the wo

particles a and b on the left rstto form d and then fusedd with c to

form e. (Our notation to indicate this is j(a;b)c;d;ei). However, we
could have chosen to fuse the particles in a dierent order to form a
di erent tree as shown in Fig. IZ24. Hereb and c fuse together to form
f and then a and f fuse together to form e. We notate this state as
ja;(b;9;f ;ei.

a b c

= ja;(b;9;f ;e = ja;f;ei j (b;0;fi

e

Fig. 12.27  Another orthonormal set of states for three particles. Comp are to
Fig. [222]

The set of states de ned by the fusion trees in Fig[1Z.27 also form a
perfectly good (but di erent) complete orthonormal basis of states for
three particles. For example, we have the orthogonality relation slown
in Fig. (compare Fig.[12.24).

= aal bk ccO ff 0 eel e

Fig. 12.28 The orthogonality of tree states in a di erent basis. This di agram uses
physics normalization.

As described in detail in chapter[9, if we draw trees with di erent
branching structure, we are describing the same Hilbert space, Huin
a di erent basis | the basis change being given by a unitary F-matrix
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transform as shown in Fig.[1Z.29 (See also discussion of Fig. ®.1).

a b C X a b C

abc
d Fe d f

e e
Fig. 12.29 The F-matrix. See chapter @]

Similarly we have the relation between the Hermitian conjugate state
as shown in Fig.[I2:3D. Note that because th& matrix is unitary in its

— abc
Fe i .

Fig. 12.30 F-matrix
two outside indices d and f in Fig. 12.29) we have
[F&*le = (FE*P)ra = (FE™T Yo

12.2.5 More Particles

The principles we have developed for one-, two-, and three-partle states
are easily extended to greater numbers of particles. Each shapé fusion
tree de nes a di erent orthonormal complete set of states. Forexample,
with four particles, we might choose the tree shape shown in the left
of Fig. 1231, or we might choose the tree shape shown in the right of
Fig.0231. Either one of these makes a perfectly good orthonornhhasis
for four particles | and these two bases are related to each other by

F -matrices as discussed in chaptdrl9.

a b C d a b c d

9 g

Fig. 12.31 Two (of ve) possible bases for describing states of four par ticles. These
bases are related to each other by F-moves (See Fig.[@.7]). The shape of tree on the
left is sometimes known as the \standard" basis.

The left-hand tree structure in Fig. [Z.37], with all of the particles on
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top branching from a single line going from top left to bottom right, is
sometimes known as the \standard basis."

One can useF-moves to evaluate more complicated diagrams. An
example of this is shown in Fig.IZ.3P.

= ( Fe?de)fc

Fig. 12.32 The diagram on the left is evaluated by applying an  F -move to the lower
left part of the diagram. The resulting diagram is evaluated to a function  due
to the orthonormality of tree diagrams. Finally we use the un itarity of F in the last
step. Since this diagram starts and ends at the vacuum it eval uates to a scalar. This
diagram is evaluated with physics normalization.

12.3 Causal Isotopy

Keeping with the idea of diagrams that are planar (no over- and unde- g :

. . . In that case we had regular isotopy
cross_lngs), we now consider how we may deform these diagrams. 8ty ariance meaning that we can deform
we discussed the Kau man bracket invariant we were allowed to frey  knots freely in 3D as long as we treated
deform any diagram as long as we did not cut any strands. This prop- the strands as ribbons. See sections
erty is known asisotopy invariance?®. Analogously, if a planar diagram 22T and 2ET
retains the same value for any deformation that does not involve cts
ting strands or crossing them over each other, we say the theorfaasfull
planar isotopy invariance. Examples of this are shown in Fig[[12.38.

Fig. 12.33  For a theory with full planar isotopy invariance, these two d iagrams
should evaluate to the same result. Full planar isotopy inva riance allows us to distort
the diagram in any way as long as we do not cut any strands or cro ss lines through
each other.

We need to ask how much topological invariance we should really ex-
pect from our physical theories. In the mathematical world of TQFTs
and knot invariants, it is ne to assume that all directions are equivalent,
and we can freely distort a line travelling in the x direction (horizontally)
on the page to a line travelling in the t direction (vertically). However,
in real physical systems, generically the time direction might need to
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2IThe term \regular" implies that
strands are treated as ribbons, but
other than this caveat, all deformations
without scissors are allowed. See sec-
tion £6.1]

22Thjs is not standard nomenclature.

be treated di erently from the space directions. In this section we will
discuss topologically theories that allow deformation in space, but wih-
out allowing one to freely exchange the time and space directions. In
particular some amount of causality might be demanded.

In chapter [16 we will consider a subset of theories which have a much
higher level of topological invariance, known asregular isotopy invari-
ance!, which allows us to freely distort diagrams in either the space or
time direction and further allow us to interchange the two.

In this chapter through chapter L5 we do not assume regular isotpy
invariance (or full planar isotopy in the case of planar diagrams) but
rather assume only what we callcausal isotopy?. Here we allow defor-
mation of space-time diagrams so long as we do not change the time-
direction orientation of any lines or vertices. In other words, the path of
a particle that is moving forward in time should not be distorted such
that it is moving backwards in time (and vice-versa, a particle moving
backwards should not be distorted so that it is moving forwards) | b ut
other than this constraint, any smooth deformation is allowed. Two ex-
amples of deformations that are allowed under causal isotopy arehewn
in Fig. [2.34.

e f g e f g
a b d a b d
Fig. 12.34 Two examples of deformations that are allowed under causal i sotopy.
Deformations of the path are allowed as long as they do not req uire a particle to
reverse directions in the time-like direction. In the left e xample, this deformation

is allowed because in both cases the particle continues to mo ve forward in the time
direciton. In the right example, the temporal order of the ve  rtices does not matter.

0X YOXL,%
! a ! [

Fig. 12.35 Two examples of transformations that are not necessarily eq ualities
under causal isotopy. In some special theories these transf ormations will be allowed,

but generically they are not allowed. The diagrams on the far left are discussed in
chapter [4] The diagram on the far right is discussed in secti ons[IZZ4.1J and[I4.11.

Certain deformation of diagrams are not allowed by causal isotopy.
Two examples of such disallowed deformations are given in Fig._1Z.B5.
On the left of the gure we see a particle which turns around in time.
This need not be the same as the particle moving straight in time as it
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involves a particle creation event and a particle annihilation event. On
the right of Fig. [Z2.35 a vertex is altered so instead of ara particle going
out of the vertex, a a particle goes in. In this case we must have a
with a annihilation event in the far right diagram that does not exist

in the simpler diagram where a and c directly fuse to b. Thus these
two diagrams do not necessarily evaluate to the same result. (Althagh

in some cases, such as in chaptéril6, one may have a simple theory fo
which the tranformations showed in Fig.[12.3% are allowed, such thewes
are not generic.)

12.4 Summary of Planar Diagram Rules in
Physics Normalization

With the principles we have now discussed we should be able to evaluate
any planar diagram | taking a space-time process which starts and ends
in the vacuum and turning it into an amplitude (i.e, a complex number).
The same principles can be used to simplify operators such as Eq. 1.2

Here are a summary of the important rules we have learned for dia-
gram evaluation

(1) One s free to continuously deform a diagram consistent with casal
isotopy as described in sectioi_IZ]13. That is, particles must not =
change their direction in time due to the deformation.

(2) One is free to add or remove lines from a diagram if they are labeled |,
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with the identity or vacuum ( | ). See the example in FigLZIZ36.  Fig. 12.36  One can always add or re-

(3) Reversing the arrow on a line turns a particle into its antiparticle
(See Fig.[B4).

(4) Regions must maintain their quantum number locally as in Fig.[TZ.12.
In particular this means that a line must maintain its quantum
number unless it fuses with another line, or splits.

any diagram.

(5) Splitting and fusion vertices are allowed for fusion multiplicities
NS, > O (See sectior 813). This includes particle creation and
annihilation as a special case where a particle-antiparticle pair fuse
to the vacuum or split from the vacuum (An example is shown in
Fig. 12.38).

(6) Hermitian conjugation is given by re ection of a diagram around
a horizontal line along with ipping the direction of arrows (See
Fig. [IZ.4 or for example, Fig.[12.2B)

(7) One can useF-moves to change the structure of fusion trees in
order to simplify. For example, in Fig. 1Z.33.

(8) Once one reduces a diagram into tree structures that have th
same branching in the upper and lower half (as on the right of
Fig. 12.32) we can use the orthonormality of trees to complete
the evaluation. In cases where the diagram starts and ends in the
vacuum this reduces the diagram to a complex number (See, for

move the identity (or vacuum) line to
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23This is guaranteed by the pentagon
relation and the Mac Lane coherence
theorem.

example, in Fig.[1Z.32). More generally operator diagrams can be
reduced to simple forms analogous to Figi_12.26.

With these principles (and given anF -matrix as input information {
which will depend on the particular physical system we are considerig)
it is possible to fully evaluate any planar diagram, starting and ending
in the vacuum, into a complex number. While there may be many
strategies to use these rules to reduce a complicated diagram to angle
complex number, the nal result is independent of the order in which
we apply the rules’.

The mathematical structure we have de ned thus far (our Hilbert
space andF matrices) is known as a \unitary fusion category". There
is more structure to be uncovered in further chapters that follows from
what we have de ned so far, and there are many special cases toeb
discussed. In addition note that here we have only described planar
diagrams, so we have not yet described 2+1 dimensional theories | in
order to describe these, we will have to include braiding rules for our
diagrams we will add in chapter[I3.

12.4.1 A Simple Example

As a simple example, let us try to evaluate the diagram shown on the fa

left of Fig. [Z.38. We rst work on a small part of the diagram as shown

in Fig. L2.37 (Note that this is the same as the far right of Fig.[1Z.35).
a C

Cc a_/c

a
= [F2%)c b = [F2&®]ic

~ b bc b

Fig. 12.37 To evaluate the diagram on the left, the vacuum line is insert ed and an
F -move is made. The bubble is then removed with Fig. 116 1The se diagrams use
physics normalization. We will re-examine this diagram usi ng a di erent normaliza-

tion in section TZ1T.T]

The result in Fig. 237 can also be re ected along the horizontal axis
as in Fig.[IZ4 to give the Hermitian conjugate diagram. Using both
Fig. IZ.37 and its re ection, we obtain the result given in Fig.[12.38.

a
a@b = jIFglei® < fe Vb= JIFEc]?
a

b

Fig. 12.38 The rst step invokes Fig. 1£.37 dnd its Hermitian conjugate . The gure
on the right is a tree which evaluates to the identity so long a s the fusion vertices are
allowed and assuming physics normalizations.
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12.5 Appendix: Higher Fusion Multiplicities

When we have a theory with higher fusion multiplicities (i.e., N5, > 1
for at least one fusion channel), then the vertices must be given indes
as well as lines having indices, and tree states are orthogonal in tke
indices as well. For example, we would need to modify Figs_127 and
[IZ.20. to the form shown in Figs[1Z.30 anf’12.40. See also the disciass
of the F-matrix with higher fusion multiplicites in section 9.5.3]

Fig. 12.39 The bubble diagram when there are fusion multiplicities. Th is diagram
is a result of the orthonormality of tree diagrams. The varia  bles at the vertices must
match in order for the result to be nonzero. This diagram is dr awn in the physics
normalization. We will change the normalization in chapter  [186.

a b

Fig. 12.40 Insertion of a complete set of states. When there are fusion m ultiplicities,
these must be summed over as well 2 NS . This diagram is drawn in the physics
normalization. We will change the normalization in chapter  [16.

Chapter Summary

THis is an item

Further Reading

This is some reading.

Exercises

Exercise 12.1 Evaluating diagrams with F -matrices
Evaluate the following diagram, writing the result in terms  of F's.
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-y
8

b

Exercise 12.2 Locality Principle
Show that the locality principle (Fig. 12-12}lis derivable f rom our other rules
for evaluating diagrams, and is not therefore an independent assumption.
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Medium Material

. R 1 . .
In chapters[8,[@, andI2 we focused on planar diagrams. These diagns Th'ts ‘;h?r?terd_com'”“est, thel debve'oP'
e . . . . ment O € dlagrammatic algebra In
can be_thought of as descrl_blng the phy§|§:s of obJects tha_t live in 1# some detail. Those who would like a
dimension. More to the point, the nontrivial physics we discovered iS prief and easier (albeit not as general)
really just a re ection of the nontrivial structure of the Hilbert sp aces introduction to diagrammatic algebra
we are Working with. should go straight to chapter 16.]
Here we extend our diagrammatic rules to the 2+1 dimensional world.
In particular we want to describe what happens when we braid world
lines. In chapter[10 we started to discuss braiding of identical paricles

and we continue that discussion here.

13.1 Three Dimensional Diagrams

We begin by generalizing the concept of a diagram that we developed in
chapters[QEL6. The diagrams we want to consider now allow over- ah
under-crossings of lines as in Figi_I3l1. We will end up with a set of 9
rules that are conceptually similar to the knot-invariants we discus®d
way back in chapter[2 | we take a picture of a generalized knot (like
Fig. I3d) and we reduce it to an output number. The generlization
here is that the lines have labels &; b; c;::) and lines can fuse with each
other in addition to crossing over and under each other. Fi . .
. . Fig. 13.1 A diagram with over- and
We should be somewhat cautious here that whereas when we considynder-crossings representing a process
ered the Kau man bracket invariant, we had regular isotopy invariance in 2+1 dimensions.
| meaning that, treating strands as ribbons, any deformation of t he
diagram was allowed as long as we did not cut any strands. In contrds
here (while we should still treat strands as ribbons) not all deforma
tions are allowed. In general we will only have the same type of causa
isotopy as described in section 1213 (that is, we cannot freely defor a
particle line going forward in time to one that goes backwards in time).
Of course there do exist anyon theories with a higher level of isotop
invariance (regular isotopy), which we will discuss in chaptei”16, butwe
should realize that these are not generic.
Our rules for evaluating diagrams with over- and under-crossings Vil
be a consistent extension of a set of rules for evaluating planar dimgms®>.  2In mathematical language, the rules
Our next task is to consider how we handle over- and under-crossgs. introduced in this chapter give addi-
With this information, used in conjunction with the rules we have al- fonal structure to a unitary fusion cat
. egory to make it a unitary braided fu-
ready developed for planar algebras, we will be able to evaluate any sjon category, or unitary ribbon fusion
diagram in 2+1 dimensions. category (these notions are equivalent.
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\
\

a b

Fig. 13.2  One would ideally like a
rule for exchanging any two particles.
However, this will not generally be
just a phase since the initial and -
nal states are fundamentally di er from

each other.

3The notation we use matches that of
Bonderson [2007]. In this convention,
the element R2° is associated with the
diagram having b going out the top left
and a going out the top right. One
might have thought that RB22 would
have been a more natural notation.
(Secretly, when no one is looking, |
sometimes use the other convention.
But in this book we will match the con-
vention of the other references.)

13.2 Braiding Non-ldentical Particles

We now turn to ask what happens if we exchange two di erent partide
species, saya and b. We might be tempted to do something similar to
Figs.[I0.1 and[I0.P | that is we de ne a state with two particles in a
given fusion channel then we exchange the two particles and deterine
the phase accumulated in this process. However, such a schemenoat
work in the case of non-indentical particles. The reason this fails ishat
when the two particles are not identical the initial and nal states are
fundamentally di erent and cannot be related to each other by just a
phase | for example, the initial state for Fig. 3.2 has a to the left of b
whereas the nal state hasa to the right of hb.

Nonetheless, theR-matrix can still be precisely de ned even when we
are braiding nonidentical particles. Diagrammatically we de ne the R
matrix as shown in Fig.[I3.3. On the right of this gure, the particles b
and a come fromc, with a going o to the right and bto the right. In the
left of the gure, the two particles are moved away from each othe, bto
the right and a to the left, before they are braided around each other.
The key here is that in both cases, the nal state of the system ha b
on the left and a on the right, and the two particles fuse to a quantum
number ¢, so that the two processes can be compared to each other and
di er from each other only by a phase, which we de née® to be R2®.

b\?/a b\ /4
— pRab
C R C

Fig. 13.3 De nition of the R-matrix. It is crucial that the nal state of the system
on both the left and right has b on the left and a on the right, and in both cases the
two particles fuse to a. However, the left diagram includes an exchange of the two
particles. The added exchange accumultates the phase Rgb.

Similarly we have the inverse braid

b\?/a V
X [RE"] c

Fig. 13.4 The inverse exchange gives [R2°] 1.

It is important to note that (in a unitary theory) the R-matrix is
always just a complex phase. Note thatR2® is not de ned if a and b are
not allowed to fuse toc (i.e, if N5, = 0). Further, note that braiding
anything with the identity (vacuum) particle should be trivial,

RP =Ry =1
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A full braid (two exchanges in the same direction) of two particlesa
and b fusing to c is given by R&RP2 as shown in Fig.[I35. Note that
in the representation on the far left of the gure, in both the initial
and nal con gurations of particles, the b particle is to the left of the a
particle meaning that we can understand this process as simply incuing
an Aharonov-Bohm-like phase dependent on the fusion channel.

b ,a b\ 2 b a
M

= :RgbRga
S,

@ c

c

Fig. 13.5 A double exchange is a full braid (one particle wrapping full y around
another.

If a particle a has trivial full-braiding with all other particles of a
theory, ie., if R®RE = 1 for all a;c where NS, > 0, then we call the
particle type transparent. (The identity, or vacuum particle, is always
transparent.)

Taken together with the F-matrices, the R-matrices allows us to cal-
culate the physical result of any braid. The scheme is mostly analoges
to the cases we discussed for braiding identical particles in chapt€Q. If
we want to exchange two particles we rst use theF -matrices to put the
system in a basis where those two particles have a known fusion chael.
We can then directly apply the R matrix to describe the exchange.

In particular we can now give a general scheme for evaluating any
crossing of the form shown in Fig..I3.P2 which is shown in Figl_I3]6.
Using this procedure any diagram with braiding can be reduced to a
planar diagram which can then be evaluated using only theF-symbols.

\/ K x B x N
\_ _CC_CRCC
a b a b a b a b

Fig. 13.6 A generic crossing can be reduced to a planar diagram using th e R-matrix.
In the second step a complete set of particles c is inserted as in Fig. [Z.20] Note this
gure uses physics normalization.

N A

Fig. 13.7 The inverse crossing. This gure uses physics normalizatio n.
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Fig. 13.8 These moves, Reidermeister Type-Il moves, are allowed in an y anyon
theory. See section [Z6.11

KX

A
I
ac a Ch
Fig. 13.9 This move, a Reidermeister Type-11l move, is allowed in any a nyon theory.
See section[2.6.7.

Using the Hermitian conjugation principle (See Fig.[12.4) we can de-
rive (see exercis€ 1313)
[RE] *=[RY] (13.1)

13.2.1 Summary of Rules for Evaluating any 2+1 D
Diagram with Physics Normalization

The rules for evaluating any diagram in 2+1 dimensions (working with
physics normalization of diagrams) are thus a very simple extensionfo
the rules presented in sectiol 1ZJ4. We simply add two more rules

(1) We are allowed to useR-moves as in Fig.[I3.B and_I3]4. In par-
ticular, this allows resolving of crossings by using Fig[lI316 and
M3.3.

(2) Once any diagram is reduced to a planar diagram, we can use the
rules of section[1Z.4.

As with the case of planar diagram, there is some degree of deforma
tion of diagrams (causal isotopy, see section 12.3) which is freely ailed.
Here again the rules are similar: any deformation that does not invole
cutting lines, or changing the time-direction of motion is allowed. With-
out introducing new assumptions, natural moves such as those shwn in
Fig. 3.8 and[13.® can be derived (See exerciee 113.5). These are noth
ing more than the Reidermeister Type Il and Il moves introduced in
section[Z6.].

13.3 The Hexagon

Using R-moves andF -moves any 2+1 D diagram (starting and ending
in the vacuum) can be reduced to a complex amplitude. One might
worry if the rules we have listed for evaluation of diagrams are self-
consistent: i.e., does it matter in which order we apply the rules? Will
we always obtain the same complex amplitude result? Indeed, given
an F -matrix, only certain sets of (physically acceptable) R-matrices will
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have the property that the diagrammatic rules give a unique nal result.
In fact, it is even possible that for a given set ofF -matrices that satisfy
the pentagon, there may not even exist a set of consisteriR-matrices!
When we discussed planar diagrams in chaptér12, the pentagon egu
tion guaranteed self-consistency ofF -matrices. Now, given someF -
matrices that satisfy the pentagon equations, the consistency guations
for R-matrices are known as the hexagon equations and are shown dia-
grammatically in Fig. [3.10.

abc a b c abpc a b c

VUF A FF A
abc% € g~/l?abc abc% € g~/'(P1abc
\k d d / d d
e 9 e 9
a /RS b g /R anbc

a p ¢
y ¥ o
~ IRl
¢ " f
d d

[F$%ler RS [FE*)1q (13.2)

a p c
y U
|R
- f
d d

Fig. 13.10 The hexagon equations in graphical form.

In equations the hexagon conditions can be expressed as

RE[FElegRS’

[F§®Ter [RG 1 HIFE™lg  (13.3)
f

Rga] 1[Féicb e [Rgb] 1

The top equation is the left diagram whereas the lower equation is the
right diagram in Fig. [3.I0. The left hand side of the equation corre-
sponds to the upper path, whereas the right hand side of the equ#n
corresponds to the lower path.
The structure we have now de ned | a consistent set of (unitary)
F and R-matrices satisfying the pentagon and hexagon equations, is
known as aunitary braided tensor category . All 2+1 D anyon theories  *This is also sometimes known as a uni-
must be of this form. tary ribbon tensor category due to the

Given a set of fusion rules, the pentagon and hexagon equation areifjé%?tuiﬂ;ﬁg‘ggzV"V"imcgr;;%?s
very very strong constraints on the possibleF and R matrices that can  The unitary braided tensor category is
result. also sometimes known as a premodular
With simple fusion rules, such as Fibonacci (as we saw in exercisecategory.

[9.4) the fusion rules completely determine theF -matrices of the theory.

Even with more complicated fusion rules, as we mentioned in section

@.3, there are only a nite number of possible solutions of the pentagn

equati0n5. 5Solutions that can be obtained from

Once the F -matrices are xed, there are only a nite number of pos- other solutions by gauge transform are
not counted as being di erent solutions.
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sible solutions of the hexagon equations. For example, in the case of
the Fibonacci theory, there are exactly two consistent solutionsto the
Hexagon equations, corresponding to the left and right handed tpes of
Fibonacci anyons (See Eq_I0]2 and exercife 1B.1).

13.4 R-matrix Odds and Ends

13.4.1 Appendix: Gauge Transforms and R

As in section[@.4 one can gauge make gauge transformations on the
vertices of a theory. Given the transform shown in Fig.[9.8,

a b a b

— ab
= ug

C C

Fig. 13.11  We have the freedom to make a gauge transform of a vertex by mul ti-
plying by a phase u2. The tilde on the right notates that the vertex is in the tilde
gauge.

the R matrix transforms as
Qab — uga ab
&= @ R (13.4)

Note that R2? is gauge invariant, as is the full braid R2°R5? in Fig. [3.5.

13.4.2 Product Theories

Given two anyon theoriesT and t, we can construct the product theory
T tas in section[85. If the theoryT has consistentR matrices R2®
and the theory t has consistentR matrices R2® (\consistent" here means
there are F matrices that satisfy the pentagon relation and the F's
and R's satisfy the hexagon relations), then the product theory has a
consistentR matrices
(Aa)(Bib) — HAB pab

R(cie) =Rc™ Re
Again, the point here is that in a product theory, the two consituent
theories don't \see" each other at all.

13.4.3 Appendix: Higher fusion multiplicities

When we have a theory with higher fusion multiplicities (i.e., N, > 1 for
at least one fusion channel), then the vertices must be given indiceas
well as lines having indices as in section 12.5. In this case thHR-matrix
carries vertex indices as well, and is a unitary matrix with respect to
these indices.



X
= [R%]
C

Fig. 13.12 De nition of R-matrix when there are higher fusion multiplicities. Here
the vertices carry labels, and R is a unitary matrix with respect to these labels.

Under a gauge transformation, as in Fig[9.1ID, theR matrix transforms
as X by 1 b b
R o o= (U1 Y o [RE] [ud] o (13.5)

Exercises 163

Exercises

Exercise 13.1 Fibonacci Hexagon Once F matrices are de ned for a TQFT,
consistency of the R-matrix is enforced by the so-called hexagon equations as
shown in the gure diagramatically by Fig. 1B:10.] or the Fibo nacci anyon
theory, once the F matrix is xed as in Eq. 93Jthe R matrices are de ned up
to complex conjugation (i.e., there is a right and left hande d Fibonacci anyon
theory | both are consistent). Derive these R matrices. Conrm Eqgs. 10.2]
as one of the two solutions and show no other solutions exist.

Exercise 13.2 Evaluation of a Diagram
Consider the following diagram:

b

Evaluate this diagram in terms of R's and F's. Hint: First reduce the
diagram to that shown in exercise [2.1.

Exercise 13.3 Symmetry of R
Use hermiticity to derive the property of R given in Eq. I3

Exercise 13.4 Gauge transform of R and Hexagon

(a) Con rm the gauge transform Eq. 1341

(b) Show that a set of F matrices and R matrices satisfying the hexagon
equations, Eq.[I3:2 and[I33 remains a solution after a gaugetransformation.
Remember that both R and F transform.

Exercise 13.5 Reidermeister Moves

(@) Use the R-matrix, and the completeness relationship, to derive the
equivalence shown on the left of Fig.[13.8.

(b) How does the hexagon equation imply the equivalence shown in Fig.
Hint: This is very subtle, but is almost trivial.

(c) Use Fig. 1313 to show the equality on the right of Fig. 138.
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A

f a f a

Fig. 13.13 This move is implied by the hexagon equation. (Similar witht he straight
line f going under the other two, and similar if the left-to-right s lope of f is negative
instead of positive.).

(d) Use the result of Fig. L3.13] along with completeness and the R-matrix
to demonstrate Fig. [3.91

This exercise shows that equalities like those shown in Fig.[I3.8 and[13.9
are not indpendent assumptions but can be derived from the planar algebra
and the de nition of an R-matrix satisfying the hexagon.
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Medium Hard Material

When we discussed knot invariants, like the Kau man bracket invariant, :nTehr:tS (ffh?ﬁéezigorgr’;‘ﬁzﬂéhzl ii"r‘:oi%'
we were allowed to d.ef(_)rm a knot in arbltr_ary ways sollong as we didn't (0 il Thise who woSId ke a
cut any strands?. This is what we called isotopy invariance. We would pyrief and easier (albeit not as general)
very much like the diagramatic rules of our topological theories to ofey introduction to diagrammatic algebra
isotopy invariance. However, as we discussed in sectidn 1.3 we skehu Should go straight to chapter 16.]
really only expect invariance under a more limited set of moves which 2Meaning regular isotopy | i.e., we
we called causal isotopy should treat strings as ribbons. See sec-
Fortunately, in many cases we can make some small changes to nor-fon £2.11
malizations to remove some impediments to isotopy invariance. Let us
rst examine where the most obvious problem lies. For a nice topologi-
cal theory (meaning one with full planar isotopy for a planar theory, or
regular isotopy for a 2+1 dimensional theory) we would want to have
the so-called zig-zag identity shown in Fig..IZ1 (which is not a prop-
erty of theories having only causal isotopy invariance as mentionedn
Fig. 1Z2.35).

Unfortunately, a set of F matrices (even if they satisfy the pentagon
self-consistency condition Eq[9.J7) does not generically satisfy thigig-
zag identity Fig. I4.7. To see this, consider the manipulations shown
in Fig. [4.2. With the physics normalization of diagrams we have been Frig. 14.1 A topological theory with

using, the zig-zag identity does not hold. full isotopy invariance should have this
\zig-zag" identity. However, generi-
cally a set of F matrices will not satisfy
this equality (See Fig. T£2Z)] We can of-
5 ten repair this problem by changing the
- normalization of kets.

-tre, Oy =R e

<
a

9

a a

Fig. 14.2  Straightening a zig-zag wiggle incurs a factor of F using physics normal-
ization of diagrams. The left of this diagram is the same as th e left of Fig. [4.1]
In the rst step we use an F-move on the lower part of the diagram. We then use
orthogonality of the tree to remove the small a bubble. This part of the diagram is
just Fig. IZI8] Thus this small a bubble can be removed. We conclude that with
the physics normalization we cannot satisfy the zig-zag ide ntity Fig. 14.1]

14.1 Isotopy Normalization of Diagrams

To x the zig-zag problem, we take a cue from the Kau man bracket
invariant and change our de nition of diagrams just by a small bit. In
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SEvaluation of an empty diagram also
gives unity, since one can add or remove
vacuum lines freely, we can think of the
empty diagram as being equivalent to
any number of loops of the vacuum | .

4This is arranged by gauge transform.
See section[14.2.

particular, let a simple loop of particle a, as shown in Fig[14.3B, be given
a value which we calld,. This is dierent from our prior de nition
where we set the loop value to one as in Fig._12.18. The change here
only means that we will be working with unnormalized bras and kets.
We will call this normalization \isotopy normalization".

j \/ai = jstatei

. . a _ — Isotopy
hstatejstatei = <> = Qa = da  Normalization

Fig. 14.3 Using a new normalization (which we call \isotopy normaliza tion") of
bras and kets. Compare to Fig. 12181

We should not worry about working with unnormalized bras and kets
| we are allowed to do this in quantum mechanics. The price for using
unnormalized states is that expecations of operators are now giveby

. hjdj i
I"él = #
hiji
instead of the usual expression for normalized states which justds the
numerator. Note that clearly for the identity particle d, = 1 since we
should be able to add and remove and deform vacuum lines freely

Henceforth, we will use isotopy normalization!

With this new normalization, we can recalculate the value of a zig-zag
wiggle analogous to that of Fig.[T4.1.

) [Fgaa]” <>a = da[Fgaa]n a

<
a

Fig. 14.4  With the new isotopy invariant normalization of diagrams, s  traightening
a zig-zag wiggle incurs a factor of da[F22]; . We will choose the value of da so as
to make this factor unity.

If we can arrange that the prefactord,[F222];, is unity then straighten-
ing a zig-zag such as that in Fig[ZI411 will be an allowed transformation.
In the simplest theories, we can simply choosd, such that this product
is unity. However, this is not always going to be possible to do (this
will be discussed in more detail in sectioi 1412). Instead, what we will
always be able to do (which isalmost what we would like!) is to arrange
that [F22],, is real* and we choosed, such that
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do= — & 14.1
? T [Faaa), (4.0

where
a= 1 (14.2)

which we will discuss in more detail in sectior_’IZP below Given this °ilike to call 4 the \wiggle phase" in
choice, the productd,[F233],, in Fig. IZ4is 5 = 1 and the the zig-zag absence of a better name.
identity generally becomes modi ed to that shown in Fig. [14.5.

Fig. 14.5 The modied zig-zag identity. Here a IS always arranged to be +1 or
1. The equality on the left is from Fig. 14Z4._The equality ont  he right follows from
Hermitian conjugation of the equality on the left (turning t he diagrams upside down

and reversing the arrows).

Thus by changing the normalization of a loop in Fig.[14.3 and choosing
the value d, of this loop appropriately, we arrange such that zig-zag lines
as in Fig.[I4.5 can be freely straightened out, up to a possible sign. In
the simplest theories, 5 = +1 for all particle types and zig-zag lines can
be straightened out freely without accumulating any sign. However this
will not always be the case.
Thus we have de ned a new normalization of the loop Fig[ZI4.B given
by the choice of Eq[IZ.1. As we will see in sectidn14.1, the normalizatio
constant d, will turn out (up to a possible sign® ) to be the same quantum  SNote that our conventions allow da to

dimensiond, that we found in Eqg. 8.9 from the Hilbert space dimension Pe positive or negative. We will discuss
potential issues with da < O in section

i |
of fusmg anyons together! L . [IZ2 below. Some references, includ-
Having changed the normalization of our kets, for consistency weed  ing Bonderson| [2007] and Kitaev [2006]

to change the normalization of fusions and splittings vertices as well. dene da to be the absolute value of

Thus we de ne new normalization of vertices as shown in Figl 146 this quantity so it is the same as da.
We have already seen examples where

a b a b da < O (see exercise[2.2).
. . d.d 1=4 . . “One might be worried how one handles
J I - aYb J I the fractional power when one of the d's
Isotopy - d Physics is negative. In fact we will only need
C Normalization c c Normalization to consider cases where the factor in-

. . - ) v o . side the brackets ends up positive. (See
Fig. 14.6  New \isotopy" normalization for vertices . Note that this is consistent Eq. [&4 below). This is always possi-

with Fig. IZI8by setting c¢= | with a= b (and note that d, =1.). ble since we can always choose to put
the minus sign on rather than d.

With this new normalization, the orthonormality of trees is now dif-
ferent from what we FHevioust assumed. For example, Fid. 1232 siuld o .
now have a factor of dadpdedq ON the right hand side. ‘Once again if N3, > 1 there are addi-
L. ) . . tional indices at the vertices and these
Similarly our bubble diagram Fig. IZ.I7 and our completeness diagram must match as well. See section
Fig. 1220 need to be modi ed as shown in FiglI4]7 and Fig_12f8



168 Seeking Isotopy

9Indeed, the reason why we changed
the value of all vertices, as in Fig. 14.6.]
and not just rescale the vertex cor-
responding to a simple loop as in
Fig. [Z43] is in order to keep F from
changing.

d r

b _ dadhy | .
ab - cd dc

C

Fig. 14.7 Bubble diagram with isotopy invariant normalization of dia  grams. See
Eq. [[4.5]for how to interpret the square root in cases where d < 0.

x ! aNy/b
C
a’ \b

Fig. 14.8 Insertion of a complete set of states with isotopy invariant  normalization
of diagrams. See Eq.[I4.3 for how to interpret the square root in cases whered < 0.

C

da db

a b=

A crucial point is that the F-matrix does not need any alteration when
we switch from physics normalization to isotopy normalizatior®! One
can check that in changing normalizations both sides of Figl_9l1 (equiv
alently Fig. [2.29) are multiplied by the same factor of (d,dpd.=ck)*™*.

With this isotopy invariant normalization the rules for evaluating pla-
nar diagrams are exactly the same as those described in section_12.4
except that loops are now normalized with the quantum dimension
as in Fig. 143 and our orthonormality relationships (Fig. and
Fig. [[Z.17) are altered to those shown in Fig[CZ14]8 and Fid._1417.

The sameR-matrix rules can be applied to diagrams with over- and
under-crossings as in chaptel 13. The use of the-matrix is unchanged.
Be warned, however, that in Fig.[13.6 and_I3.J7 we have used the com-
pleteness relationship Fig.[IZ2.20 which now needs to be modied to
Fig. 4.8, so that when we evaluate crossings we now obtain, for exa

ple, Fig. [14.9.
\ X r b a
— dC Rab c
\ ¢ dadb ¢
a b a b

Fig. 14.9 Resolving a crossing with isotopy normalization. Compare t o Fig.
See Eq.[I43 for how to interpret the square root in cases wher e d < 0.

14.1.1 Futher Possible Impediments to Full Isotopy
Invariance

With this new isotopy invariant normalization we allow straightening of
wiggly lines (i.e., the zig-zag identity is obeyed) as in Fig[ T4l up to
a possible sign, which we will discuss further in sectiof 1412. However,
even neglecting this sign, we emphasize this does not guarantee full
planar isotopy invariance, that is that we can deform lines in any way
we like in the plane. For example, the right hand side of Fig.[12.3b
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cannot generically be turned into an equality. In Fig. I4.10 andI4.111
we give similar examples (Recapitulating the calculation in Fig.[TZ.3V
but now using isotopy normalization) of turning-up transformation s that
generically incur nontrivial factors.

o C b
C./b
— cca ¢ — a dadc cca
=[F;4 ]Ib\%a— T[Fa ]I\bY
- ta b
. a a

Fig. 14.10 To evaluate the diagram on the left, the vacuum line is insert ed and an
F -move is made. The bubble is then removed with Fig. 1{£7INote that if we were
to use the physics normalization, the prefactor of dadc=dy, would be absent (See
Fig. [Z.37). Generally we should not expect that the prefact ors of d's and F obtained
on the right should cancel each other. In chapter 16e focus o n precisely the theories
where this does turn out to be unity as is required for full iso topy invariance. More
generally, as we will discuss in section [Z7.T] the transfo rnbfrom left to right in this
gure is unitary, meaning the resulting factor on the right dadc=dp[F$@]p ] is just
a magnitude one complex phase.

dad
“dp [F2°ly,

a

Fig. 14.11 The mirror image of Fig. 14.I0.JHere we use the fact that F is Hermitian,
soF 1=[F .

Thus it seems that our most general theory with causal isotopy in-
variance cannot achieve full planar isotopy invariance. Perhaps tfs is
not surprising. Even if we can deform space-time world lines into each
other, we might still expect that there would be some minor di erence
between a process on the far left and far right of Figl”I4.710: On thdar
left ¢ and ¢ are produced from the vacuum thenc and a come together
to form b whereas on the far right, a simply turns into ¢ and b. Fortu-
nately, many topological theories are not this complicated: as we wilsee
in chapter [I8, there are many theories where one does have full plar
isotopy invariance, and the prefactor incurred in the process shen in
Fig. 1410 turns out to be unity.

14.2 Gauge Choice and Frobenius-Schur
Indicator

Let us now return to the zig-zag in Fig. [I4.1 and our choice of the
quantity d, in Eq. I41. First, we claimed that we can always arrange
to have [F2#2];, be real. With a gauge choice, we can x the phase of
[F2aa], any way we like, at least for cases whera 6 a. Let us see how

169
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a a ] )
\/ = jaai
a a o
N/ = laal
/\ = haaj
a a

Fig. 14.12 The vertex jaai (top)

and the vertex jaai (middle) can be
assigned dierent phases as a gauge
choice (See section [34). The bot-
tom gure here is the Hermitian con-
jugate of the middle and must have the
conjugate phase choice. In Fig. [Z4]
the leftmost gure includes jaai and
haaj, whereas the phases cancel in the
loop formed in the middle picture of
Fig. [Z4] which is formed from jaai
(middle here) and haaj (bottom here).
Thus choosing gauges we can choose
any phase for [F22], unless a = a
(See section[@.4 for discussion of the ef-
fects of gauge transform on F)..

10y particles which are not self-dual
there are severeal dierent de nitions
of what people call the Frobenius-Schur
indicator. Some references just de ne it
to be zero for such particles. Other ref-
erences dene it to be asign[da]. To
avoid confusion we will not use the
phrase Frobenius-Schur in the context
of non-self-dual particles.

UTheories with all positve Frobenius-
Schur indicators are sometimes called
unimodal or unimodular .

this can be done. On the far left of Fig[14.4 we have a vertejaai as well
as a vertex which we write ashaaj (compare to Fig.[IZ.12). Note that,
at least whena 6 a these two vertices arenot Hermitian conjugates of
each other (recall that when Hermitian conjugating a diagram arrows
get reversed as well as re ecting the diagram). By making separat
gauge transforms on these two states, these kets can be reded by an
arbitrary phase as discussed in section 914, and this phase then endip
in [F222], (See the transformation in Eqg. ). Thus by a gauge choice
we can choose any phase fofFf#2],, , as long asa 6 a. It is often
convenient to choose [F2%?];, to be real and positive so that we can
have d, positive and 5 = +1 postive as well. It is nice to have d; > 0
because we want our states in Fig[_I4]13 have positive norm, which is
appropriate for quantum mechanics (although there may be caseahere
we choosel, negative instead. See Eq. 1414 below). Similarly it is nice to
have , = +1 since this means we can straighten wiggles as in Fig_1415
without incurring signs.

However, if a = a, it is not possible to change F2%], by gauge
transform. In this case the ketsjaai and jaai are equal and we do not
have the freedom to gauge transform them separately. It is easto show
that when a = a, the factor of [F2%?];; must be real (See appendix_1416
for a three line proof). The sign of F2%];, is then a gauge invariant
quantity, known as the Frobenius-Schur indicator®

a =sign[F2%]; = asign[da] (14.3)

If the Frobenius-Schur indicator is positive for all the self-dual parti-
cles in a theory, then we can set, = +1 for all particles and we can also
have d, positive for all particles. This means that we can both have a
positively normed inner product, and we can freely straighten out wg-
gles as in Fig.[I4.b without incurring any minus signs. Theories of this
type are fairly simple to work with 1.

However, when the Frobenius-Schur indicator of a self-dual paitle a
is negative, we can choose whether to put the minus sign in Eq._14.1
onto d, or to putitonto 5. Each of these has its disadvantages. On the
one hand, having negatived, means we are working with a non-positive-
de nite inner product. On the other hand, putting the minus sign on
a Means we have to keep track of all the wiggles in our diagram as in
Fig. I4.5. Either one of these approaches ends up giving complicatisn
in keeping track of signs. In appendixCIZ} we show that it is not so
strange to have these sign complications, and such signs occur evéor
conventional spin 1/2 particles!

An alternate approach used by many mathematicians (Bakalov and
Kirillov [2001]) is to create a ctitious degree of freedom and (even wien
a= a) treat a and a as di erent objects. E ectively similar approaches
are used by Lin and Levin [2014], as well as Kitaev [2006] and Bonderso
[2007]. This scheme has advantages in that it appears fully isotopy
invariant, but it comes at the cost of not xing a gauge. We discuss
these scheme, and its pro's and con's in sectidn_14.5.
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14.2.1 Simple Bookkeeping Scheme

Here we will describe an extremely useful and faily general bookkeiang
scheme for handling the Frobenius-Schur sign&’ 12This scheme was constructed by
If one chooses to have negative values of, it is important to arrange ~ Joost Slingerland and myself, but is so
that far unpublished.
sign[da] sign[dy] = sign[dc] when N5, >0 (14.4)

This condition assures that that factor d,dy=d; in Fig. [4.8 is positive, so
that for example, the square roots in Figs[I4J, andI4]8 have posie
arguments. This nonetheless, leaves an ambiguity as to whether we
should take the positive or negative square root. The convention & will

use below is that
r

dady _  negative dy<Oanddy,< O
d. ~ positive otherwise

(14.5)

BThe simplest known, modular anyon
theory for which one cannot both sat-

Since we are able to make gauge choices for all non-self-dual patéis, isfy Eq. [44land choose all 2 =+1is
it turns out that it is almost always possible satisfy Eq. 24 and at the 2 Very complicated theory with 64 dif-
. _ g . B . ferent elds. A simpler example of a
same time choose all ; = +1 which makes dlz_igrammat_lcs partlcularly planar diagram algebra where one can-
easy® since then one can freely straighten wiggles as in Fig._14.5. not choose all 4 = +1 is discussed by
Thus we will choose 5 = +1 for all particles yet we may generally Lin-and Levin [2014].
allow somed, < O (this is only necessary if there exists at least one self-
dual particle with negative Frobenious-Schur indicator). It may sound
problematic to have somed, < 0 since the negative normed state in
Fig. 4.3 seem like they would violate the principles of unitary in quan-
tum mechnanics. However, with a small reinterpretation of the meaing
of our inner product, we can reinterpret our diagrammatics as repesent-

) : c a b
ing a well behaved unitary theory.
Our reinterepretation of this diagrammatic algebra is quite simple. We
evaluate diagrams using the rules given in section I4.1. That is, we use
b c

the rules from sectior ZIZ.# except that loops are now normalized witlhe
guantum dimension as in Fig.[I4.8 and our orthonormality relationships a
(Fig. and Fig.[1Z.17) are altered to those shown in Fid._T418 and Fig. 14.13  With time going vertical,
Fig. 42 (noting the choice of sign in square roots given by Eq_14.5.) :‘ned 'ifgldiif’;g'é"mfoaar;za%‘ivi‘docaggfe
If there_ are over- and under-cr_ossmgs, these can be evaluated;mg the directiogs of tﬁe ArTOws do"not matter,
R-matrix as in Fig. [4.9. Crucially, since we have set all ; = 1, zig-zag and if the particles are self-dual we do
wiggles like Fig.[T45 can be freely straightened out (although recallttat  not draw arrows). The right diagram is
diagrams like[IZ-10 may not be freely straightened in general). never a negative-d cap.

In the case where there are some, < 0, we call the result of this a
evaluation the non-unitary evaluation of the diagram as it corresponds /‘\
to the non-unitary inner product. However, we now insert one addtional
rule into our list a

. . . Fig. 14.14  With time going vertical,
(0) Before evaluating a diagram, count the number of negative-d aps, the left diagram is a negative-d cap if

and call it n. After fully evaluating the diagram multiply the nal and only if da < 0. The right diagram is
result by ( 1)n never a negative-d-cap. We can think of
’ these diagrams as being the same as the

Here a negative-d cap occurs when we go forward in time and two par dcjagr_ams iﬂ Fic?.ﬂj_sjwitr; hc being the
ticles with d < 0 come together to annihilate or form a particle having :j(frr‘]t(')?'m;teer rections of the arrows
d > 0. (See examples in Figd.14.13 arfd 19.4). Another way of counting
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Fig. 14.15 An example of a dia-
gram which should have a postive def-

inite value since it can be written as
hstatejstatei .

the negative-d caps is to imagine erasing all lines in the diagram which
haved > 0. This leaves only a set of closed loops (due to E§.14.4). We
then just need to count caps in this set of closed loop of the form shwn
in the left of Fig. [9.4l

With these new rules, we are now describing a unitary positive-norme
guantum theory | we call this evaluation of a diagram, including rule
0, the unitary evaluation of the diagram. To understand the intuition
behind these rules, consider a self-dual particle with negative Froénius-
Schur indicator. For such particles a wiggle like in Fig.[T4.5 is supposed
to incur a minus sign | however, in our scheme we have set = +1 and
instead maded negative. Since = +1 in the diagrammatic algebra,
there is no sign associated with straightening a wiggle. However, the
wiggle in Fig.[I4.3 has a negative-d cap, so in the nal evaluation of the
diagram (applying rule 0) we correctly obtain the required minus sign.

As a simple example, consider the evaluation of a single loop as in
Fig. I4.3 whered, < 0. Before evaluating the loop we count that there is
a single negative-d cap on the top of the loop (as in the left of Fig—I9¢
We evaluate the diagram with the rules of sectioi 16. 112, to obtaird, < O
as the nonunitary evaluation. However, applying rule (0) this quantity is
then multiplied by 1, giving the nal result for the quantum dimension

d, = jdaj > 0. This is the result of the unitary evaluation of the
diagram, and it is positive as we would hope for a positive de nite inner
product for a diagram that can be written as hstatejstatei (See Fig[14.3.)

As a second example, consider the diagram Fid_I415, and let us
assume thatd,;dp < 0 and d. > 0. Jhe (nonunitary) evaluation of the
diagram (without rule 0) gives d. d,dp=d., the square root coming
from Fig. I4.7 and the sign from the rule Eq.[I45 of how to handle
square roots with negatived's. However, applying rule O, there is a
single negative-d cap (from the vertex witha and b coming in from the
bottom, and c going out the top), and hence the unitary evaluation of
this diagram is +d. dadp=c.. Note that this is postive as it should be
for a diagram that can be written as hstatejstatei analogous to Fig[14.8.

As a third example, consider the same diagram Fid._I4.15 but consider
the casg whered,;d. < 0 and dy > 0. Here the nonunitary evaluation
givesd. d,dp=d., but applying rule 0, with a single negative-d cap (the
top of tBe c loop) we obtain a nal result of the unitary evaluation given
by d. dady,=d.. Note that this is also positive as it should be.

The situation described in this section | having a theory which al-
lows straightening of wiggles, but has negatived,, which can then be
interpreted as a unitary theory | is quite common. There are many
topological theories of this type | including the semion theory SU(2);
and more generally theories likeSU(2).

14.3 What have we achieved?

One of our original hopes for de ning a TQFT, way back in chapter
[1, was some prescription that would turn a labeled knot or link dia-
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gram into a complex amplitude (see Fig.[7.1) where the result would
be unchanged by any smooth deformation of space-time (treatinghe
strands of the knots as ribbons, i.e., we are allowed regular isotopyfo
the diagram). At least to the extent that we can choose , = +1 for all
particles, we have actually now achieved this goalf. The cases where “In the case where we have somed, <
we fail to have full planar isotopy invariance (in section[IZ11) involve O it is the non-unitary evaluation of
fusion vertices, and as long as our diagrams do not have such fusion diagram that has full isotopy invari-
) . . - ance. Once we apply rule 0, we incur

vertices any deformation of the diagram is allowed®. minus signs for straightening a wiggle

Note that in chapter flwhen we were de ning a TQFT we wanted to  again, although we then obtain a uni-
more generally have a prescription for turning a knot or link embedded ggybéf;?l?sfy-sczgfi :;*;Z;gfsfgirsgﬁsnsdég‘ign
in an a_rbltr_ary c_Ios_ed manifold into a complex nl_meer output. Thls section [IZ5 does not incur minus signs
generalization will indeed be possible, and we will return to this issue for removing wiggles, and thus gives us
in chapter [Z4. However, for now we note that our scheme gives unjt completely isotopy invariant link invari-

for an empty diagram (which we can think of as any number of loops ants, but at the cost of not having a

. : . . . . . xed gauge.
of the identity particle with d; = 1) so our diagrammatic evaluation gaug

corresponds to Bitis interesting that in order to  eval-

uate our knot or link diagrams we may

3 wi ; need to turn these knotted lines into
diagram = Z(S° with labeled link embedded) (14.6) into fusing lines, such as in Fig. 149]

Z (53) which may then not be invariant under
some smooth deformations as in section

= 7(S? st with labeled link embedded) f211

with the caveat that the link does not go around the handle of theS? in
the latter case. Note that this normalization matches that of Eq. 5.14.

14.4 Appendix: Spin 1=2 Analogy

It may seem a bit odd that wiggling a space-time line (as in Fig[I4.b) can
incur a minus sign. While this physics might appear a bit unfamiliar it
turns out that there is a familiar analog in angular momentum addition

| where the particle types (the labels a;b;c etc) correspond to the
eigenvalue of total angular momentum squared 2.

Consider three spin-1/2 particles which all taken together are in an
eigenstate ofJ = 1=2. We can describe the possible states of the system
with fusion trees as in Fig.[I4.16 (see also Fig.9.1)| in this case where
a;b;cand e are all labeled with J = 1=2. In Fig. 418 we can (on
the left of the gure) consider either the fusion of the left-most two
particles to some angular momentumd = 0 (meaning a singlet) ord =1
(meaning a triplet), or we can (on the right of the gure) consider fusion
of the right-most two particles to either f =0 or f = 1. The F-matrix

111
that relates these two descriptions of the same space is given biF 2 2 |4
2

which is often known as a § symbol in the theory of angular momentum
addition. Thlelqnalogy of negative Frobenius-Schur indicator here ighe

fact that [F 7 *?]oo is negative.

Let us try2 to see how this happens more explicitly. Given that the
total spin is 1/2 we can focus on the case where the total z-compent
of angular momentum isJ, = 1=2 as well. The state where the leftmost
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16This result of

6] symbol

1
1

2
2

1=2 is precisely the

1
1

2
2

0
0

a b c a b c

X abc
\c§/= | F: d\>>/

e e

Fig. 14.16 The F-move.

two particles fuse to the identity (or singlet J = d = 0) can then be
written explicitly as

)= p_ﬁ(J "itl j# 1"20) |7 &l (14.7)

where the subscripts are the particle labels given in left to right orde.
This wavefunction is precisely analogous to the lower half (the \ket") of
the far left hand picture in Fig.

On the other hand, we could use a basis where we instead fuse the
rightmost two particles together rst, as in the righthand side of F ig.[14.186.
We can write the state where the right two fuse toJ = f = 0 analgously
as

PA=I (ol # 2s) Ps (14.8)

which is precisly analogous to (but the Hermitian conjugate of) the top
half (the \bra") of the left hand side of Fig. 14.2]

It is easy to check that the inner product of these two statesj i and
j 9, corresponding to the value of the left diagram of Fig.I4.D i€

h9i= 1=2

By rede ning the normalization of these states, we can arrange fothis
overlap to have unit magnitude. However, the sign cannot be remoed.
The situation is the same for any two half-odd-integer spins fusedd a
singlet.

14.5 Appendix: The Isotopy Invariant Calculus

As mentioned in section[I4.2 there is an alternate method of handling
Frobenius-Schur indicators which allows one to generate knot invdants
that are fully isotopy invariant | although it comes at the cost of not
having a xed gauge, which is unappealing for physical applications.

While one can apply this scheme to all the particles in the theory, for
non-self-dual particles, and self-dual particles with postive Frokenius-
Schur indicators, it is easy enough to just choose a gauge so thatowy
can remove wiggles as in Fig. with = +1. As such here we focus
here only on self-dual particles with negative Frobenius-Schur indiators
where the problem arises.

The scheme here is based on the idea that one should di erentiate
betweena and a even ifa = a. In other words we should introducing
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a new, arti cal, degree of freedom which does not have any physida
meaning at the end of the day. A version of this scheme is describedyb
Kitaev| [2006] which we will follow.

We assign each cup and cap a big triangular arrow (called a \ ag")
which can either point left or right. (These are not the same arrowswe
have been using to distinguish particles from their antiparticles. Inceed,
the particles we are focusing on here are self-dual!). These ags ar
supposed to indicate which lines are ara particle going up versus aa
particle going down (despite the fact that these two things are suposed
to be the same!). The convention of Kitaev is that the ag always points
towars a.

Hermitian conjugation does not ip the direction of the ag

AT A =T

The corresponding inner product is positive de nite so that

Q= Qe

The direction of a ag can be reversed at the price of a factor of tke
Frobenius-Schur indicator (which is 1 since these are the only particles
we are concerned with here)

Ma = 1 /Ma =1

Finally, the cups and caps can cancel in pairs if the ags point in
opposite directions, such as

-]

Now, if we are given a diagram, without ags drawn this does not have
a well-de ned value (the factors of 1 are ambiguous). We must state
how the ags are to be added to the the cups and caps of the diagra (for
all self-dual particles with negative Frobenius-Schur indicator) bdore the
diagram gets a value.

If we make the rule that all ags always point right, this is basically
xing a unique gauge for all cups and caps. Making this choice, we
recover the story of sectionI4.R | that is removing a wiggle in a line
incurs a minus sign (this can be seen from Eq$.14.9 aid 14]10).

However, another possible choice is to say that ags should be putro

(14.9)

175
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17 The fact that the two possible deco-
rations give the same result is a re ec-
tion of the fact that
tually the same and so you can switch
them and still get the same result. Re-
call that the ags are meant to point
from a to a where these two are arti -
cially declared to be di erent. However,
switching which is which must not mat-
ter.

a and a are ac-

cups and caps so that they alternate directions as you walk along an
line. There are two ways that any line could be decorated with alterna-
ing ags, but fortunately, the two decorations are entirely equivalent?’.
Because wiggles with alternating ags can be freely straightened wthen
have an isotopy invariant diagrammatic set of rules.

This scheme then provides a way thatany braided anyon theory can
be converted into an knot (or link) invariant with full isotopy invarian ce.
Note, however, that it provides a di erent output from our above \gauge-
xed" choice. Also note (entirely analogous to note[I5 above) if oneries
to evaluate a link by using F-moves, one goes from a link diagram to a
diagram with fusions | and these may not have full isotopy invariance .
Further we comment that perhaps the easiest way to keep track bthe
ags in any scheme is to use isotopy rst, but then before applyingF -
moves, ip ags using Eq. [4.9 to get get to a gauge xed diagram (s§
with all ags pointing right) where signs are then easy to keep track of.

For many mathematics applications (certainly for knot theory) one
wants to work with an isotopy invariant set of rules as described hee.
However, for many physics purposes, the gauge xed set of rulesill be
more appropriate. The sign associated with a wigglecan be a genuine
physical quantity, as we described in sectiof 1414.

14.6 Appendix: [F229], is real

Let a be a self-dual particle (i.e.,a = a). Working with the physics
normalization we already showed (Fig[[IZ.R) that

a =[F2®], |a

Similarly, using an inverseF -move, and the fact that F is unitary (See
section[2.5.2) we derive

a =[F2%], |a

Equivalently the last diagram can be derived as being the Hermitian
conjugate the previous diagram.
Finally, assuming only causal isotopy invariance, the equality

a
it ®= aQ - @a:[F:aa].. O

then shows that [F222];, must be real.
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14.7 Appendix: Some Additional Properties of
Unitary Fusion Categories

Unitary fusion categories (the theories we have been discussing!)akie
two useful properties which we now present. bWe do not prove thge
properties here. More detailed discussion is given by Kitaev [2006]. Me
detailed discussions are given for example in_Jones and Penneys [2D17
or [Etingof et al. [2005]. These latter references are quite mathenigal.

14.7.1 Pivotal Property
18\We do not say there is a unitary tran-

A property that may seem obvpus is kn(_)wn as the pivotal Property o, -tion between the two diagrams
This states that there should be isomorphisms$® between a vertex with  since the two diagrams operate on dif-
a downturned line and one with an upturned line, such as that shown in ferent Hilbert spaces |- the left dia-

Fig. IZ14. While this seems like a rather small statement (which is a 9ram having one down leg and two up,
whereas the right has one up and two

down.

a b a

0

c C b

Fig. 14.17 A theory is pivotal if there exist isomorphisms between the s tates of the
Hilbert spaces described by pairs of vertices that di er by d  ownturning and upturning
lines.

property of any unitary fusion category) it turns out to be quite p owerful.
One can deduce from this that the transformations in Figs.[I4.1D ad
[I4.17 are unitary | meaning that the constants on the right hand sid e
have unit magnitude

r r

da dc dadc

[F2%ib [F2ly = (14.11)

See KitaeV [2005]; Bonderson [2007]. In the more generael case whthe
fusion multiplicity NS, is greater than one, the vertices have additional
indices and and the transform is a unitary matrix in these indices.
An example of this is given in Fig. EIZIIB

ey

Fig. 14.18 The matrix Abc is a unitary matrix in the indices and . In the
simpler case of Fig. [Z1T] the prefactor is a unitary one-by -one matrix, meaning it
is a magnitude one complex scalar.

From this type of identity one successively turn up and down legs at
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vertices to obtain the identity in Fig. 14.19]where the prefactor C in the
gure is also a unit magnitude complex scalar (or a unitary matrix in
the case where the vertex has an additional index).

a b a
= Cgb

C

Fig. 14.19 The relationship between these two diagrams is unitary, mea ning C is a
just a phase. For cases where NS, > 1 the vertices are marked with an index, say

on the left and  on the right, and for xed a, b, and c, the constant CZ® becomes a
unitary matrix [ C2] in the indices ;

Quite a few more identities can also be derived from the pivotal prop-
erty. Detailed discussions of this property (and its meaning) are gien by
Kitaevi [2006]; |Bartlett|[2016]. One particularly useful identity is given
by applying Fig. [4.19 three times in a row to obtain

cacheca =1 (14.12)

which diagrammatically is drawn as the so-called \pivotal identity" in
Fig. I4.20. In the case where there are additional indices at the végx,
Eq.[14.12 becomes a matrix product which equals the identity matrix.

aY | | |
Cc
C

Fig. 14.20 The pivotal identity

The derivation of the pivotal identity is a bit complicated and is given
by Kitaev/[2006]. However, it can be made a bit more intuitive physi-
cally by turning up one of the branches to obtain the alternate form of
the pivotal identity shown in Fig. I4.21] This form can be understood
as the statement that the vacuum (or particles fusing to the vacwm)
can be rotated freely in space-time.

a p ¢ a b ¢

Fig. 14.21 Another version of the pivotal identity. We can derive thisf  rom Fig. 4201
by turning up the c-leg.
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14.7.2 Spherical Property

Theories which are unitary (describing real quantum mechanical pa
ticles) have an additional property called being \spherical". Given a
diagram X with a line coming out the top and a line coming in the
bottom. The so-called left trace is de ned by connecting up the top
line with the bottom line in a loop going to the left, as in the left of
Fig. I422. The right trace is de ned similarly, except that the loop
goes to the right of the diagram X as in the right of Fig. I4.22. If the
left trace is always equal to the right trace we say that the theoryis
spherical. The name here comes from the idea that we could pull the
string around the back of a sphere in order to turn a left trace into a
right trace as shown in Fig.[I4.Z3. However, the spherical propeytis ac-
tually stronger than Fig. suggests since it allows us to turn a rigt
trace into a left trace even when there are other objects on the ghere
which might prevent us from dragging a string all the way around the

back of the sphere.
=

Fig. 14.22  The Spherical Property sets the left trace equal to the right trace as
shown in the picture.

{
™~ |a [ g

\ ”
N 5%
X I/

Fig. 14.23 The naming \spherical" comes from the idea that we can pull th e string
around the back of a sphere (as indicated by the black arrows) to turn a left trace
into a right trace.

An obvious result of the spherical property is that dy = dj.

14.8 Appendix: Higher Fusion Multiplicities

When we have a theory with higher fusion multiplicities (i.e., Ng > 1
for at least one fusion channel), then the vertices must be given inides.

179
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This appendix is identical to that of section [[Z8 except that here we
have changed the normalization from physics normalization to isotop
invariant normalization.

Fig. 14.24  The bubble diagram when there are fusion multiplicities. Th  is diagram
is drawn in the isotopy invariant normalization. Compare to Fig.

a b

Fig. 14.25 Insertion of a complete set of states. When there are fusion m ultiplicities,
these must be summed over as well 2 N& . This diagram is drawn in the isotopy
invariant normalization. Compare to Fig. 12[40.]

Further Reading

This is some reading.

Exercises



Twists

Recall from chapter[2 that we considered the procedure of pullingight a
loop in a ribbon as shown in Fig.[I5.1 (compare Figl_Z]7). Pulling tight
results in a twisted ribbon, which (viewing time as going vertically)
corresponds to a particle twisting around its own axis, while at a xed
point in space, as time progresses. The twist in the ribbon can be
removed at the cost of a complex phase which we call,, known as the
particle's twist factor . In other words, the particle twisting around its
own axis accumulates a phase, compared to a particle that does not
twist. This phase is something we should expect for any particle with a
spin, since rotating a spin accumulates a phase.

In our diagrammatic notation, we do not draw ribbons. Rather to
represent a particle twisting around itself we use blackboard framiig as
discussed in sectiof 6. We thus formally de ne the twist factor as en

in Fig. I5.2".

a a *a
Fig. 15.2  The de nition of the twist factor a drawn using blackboard framed

diagrams. The looped strings should be thought of as ribbons lying in the plane as
in Fig. I5I0which are equivalent to a ribbon that twists arou  nd its own axis.

Invoking the Hermitian conjugation principle (if we re ect a diagram
around a horizontal axis, and reverse the arrows so they remainginting
in the same direction, we complex conjugate its amplitude, see Fid.12)
we similarly have the mirror image diagrams shown in Fig[I5.B

Fig. 15.3 The mirror image diagrams to those of Fig. 15.21

It is easy to con rm that the twist factor , can only be a unit mag-
nitude phase as expected (proof of this is given in FigCI5}).

15

Medium Easy Material

e
pull tight

Fig. 15.1 Pulling tight a loop in a rib-
bon results in a twist. This twist in

a ribbon of particle type a can be re-
moved at the cost of a phase factor of
a. See also Fig.[Z1.

1The twist factor is a bit tricky when
we have negative da, since removing a
twist changes the number of negative- d
caps (See section[I4.Z1). More care-
fully, when da < O we can say that re-
moval of the twist gives a and re-
moval of the negative- d cap gives an-
other 1 (which is incurred upon ap-
plication of rule 0).

G

Fig. 15.4 This equality establishes

aa =1 hence jaj = 1. We can
evaluate the diagram on the left by re-
moving the two twists and getting  a ,
times the diagram on the right. On
the other hand, the diagram on the left
can also be turned directly into that on
the right just by using moves which we
know are allowed such as Fig. [3:8] (See
also exercise[15.1).

20ne might think that 4 has been act-
ing strange for a while | but it is just
a phase. Ha ha!.
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Fig. 15.5 The equaltiy of these dia-
grams establishes 4 = 4. See exercise

IS5

3In cases where Ng, > 1, then R is
replaced by [R32]

“Note that a IS gauge independent,
whereas R2° is generally gauge depen-
dent. (Although R22 is gauge indepen-
dent as well).

One further interesting fact about the twist factor is that

a=— a
which can be seen from the equality of the diagrams shown in Fig.15.5.
The twist factor is related to the so-calledtopological spin , or con-
formal scaling dimension , usually called h,, via the relation

L= eiha

This phase accumulated from a 2 rotation is what we typically get in
quantum mechanics from the operatore?! S with $ the spin operator
and we set~ = 1. The vacuum, or identity particle, should have zero
scaling dimension,h; = 0.

Note that in many quantities of interest will depend only on the twist
factor ,, i.e., the fractional part of the topological spin, h, mod 1.
Indeed, we will see that many of the topological properties of a syem
are independent of the integer part of the topological spin, and cee only
about the fractional part. That said, in chapter *** below we will als o
nd cases where the integer part ofh, is important too.

Recall also the famous spin-statistics theorem (as discussed nehig.
[Z7), which tells us that the twist factor should give us the phase for
exchanging two identical particle, and is thus intimately related to the
anyonic statistics of particles. Of course two cases are very wellnown
to us: if the spin h, is an integer, then €™M = is the identity, and the
particle is a boson. Ifh, is a half-odd-integer, then the phase is 1 and
the particle is a fermion.

15.1 Relations between and R

Braiding and twisting are very closely related to each other. In fact
twist factors are related to the R-matrices we introduced in chapters
[I0 and[I3 in several di erent ways.

First, let us try to evaluate the looped ribbon in Fig. using the
R-matrix as in Fig. [5.6. This manipulation establishes the relatior?:*

— X dC aa
a= d—Rc (15.1)
c a
a
x P d
=7 e foya = ZRE
c A c @
a a
Fig. 15.6  Relation of the twist factor to the R-matrix. In the rst step we use

Fig. [Z3] In the second step we use Fig. [411] along with Eq. 1411 and nally
Eq. 47 For da < 0, we have implemented rule O from section I42Z1in the last
step.
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a a
\6 _ \ :Rla;aw

Fig. 15.7 This twist is evaluated with the R matrix. Note that this diagram is not
precisely equal to , (See Fig.[I58).

Fig. 15.8 A loop in rope turned sideways gets a twist factor along with a wiggle
factor . The rst step introduces a wiggle in the curve and we incur a f actor of
a as in Fig. [Z5](We always want to arrange so that = +1). The second step is
an allowed smooth deformation (See exercise [5.1). In the la st step we remove the
loop and obtain a factor of . as in Fig. [5:3] Note that the removal of a twist here
actually incurs sign( da) 5 as mentioned in note [Jof this chapter (in going from the
far left to far right we do not change the number of negative  d-caps so we do not
incur a further minus sign).

A second, and di erent, relationship can be derived via the manipu-
lations shown in Fig.[I5.7. One might be tempted to identify the left of
Fig. I5.4 with the twist factor  but this is not quite right when we look

at it carefully, as shown in Fig.[I5.8. From Fig.[I5.7 and_I5.B we derive S°Note that in this equation, and
Figs. [5.6land I5.71 we are assuming the
; ; . auge choice discussed in sectiol .
R = ,signda] , =sign([F2%T) o : (15.2) 9auge choice discussed in sectiorlI£.2.]

where we have used EJ. 1411 to relate, d, and F. Recall in particular
that for self-dual particles [F232],, is the Frobenius-Schur indicator.
The nal relationship between R and is known as the ribbon iden-

tity © 6This is also gauge independent. Fur-
bapab — c ther, there are no complications when
ReRe™ = (15.3) we have d < 0 due to Eq. [44]

ab
which can be derived by the geometric manipulations in Fig[ZI5.b.

b a
b a b__a \h b a
bapab — ( — g_ c
RbaRa = \/ =
c Cc c C

Fig. 15.9 Deriving the ribbon identity. The middle is the nonobvious g  eometric
step. See also exercis€_I5.P.
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Fig. 15.10 The middle step of Fig. I5.9 Viewed as a ribbon diagram.

The middle step in Fig. [I5.9 is perhaps non-obvious, but is perhaps
clari ed if viewed as a ribbon diagram as in Fig.[I5.10. See also exercise

15.2.
I —

Exercises

Exercise 15.1 Using Geometric Moves |

(a) Using the allowed moves in Fig. 3.8, show the equivalene of the left
and right of Fig. I5.41(b) Similarly, show the equivalence of the left and right
of Fig. I55. (c) Similarly show the equivalence of the middl e two gures in

Fig. I5.8

Exercise 15.2 Using Geometric Moves Il

Demonstrate the middle step of Fig. [5.9]by using allowed geametric moves
such as Fig.[13:8 and Fig.[T3® and Fig.[I3.IB. You may also nee the pivotal
identity Fig.

Exercise 15.3 Gauge Independence of Ribbon Identity
Show that the ribbon identity Eq. 16:37is gauge independent.



Theories with Full Isotopy

In chapters[12 through[I5 we carefully developed the principles ofrayon
diagrammatics. In the current chapter we aim for a slightly simpli ed
and abbreviated, but still extremely useful, version of the diagrammatic
rules developed (roughly axiomatically) in the prior chapters.

Our original intent for a TQFT was to develop rules that would map
a labeled knot or link diagram into a complex amplitude output (as in
Fig. [Z1)) in a way that would be invariant under any smooth deforma-
tions (isotopy) of space-time. Most generally in topological theoris, we
found that there could some restrictions on what sort of deformaions
of space-time would leave the output unchanged (See for examples
tion L4 1.T). In the current section we will focus on a simpler class of
theories where these impediments are lifted. In particular the topdog-
ical theories of this chapter have the property that they give the same
output amplitude for any smooth deformation of space-time (treating
world lines as ribbons). In other words, in this chapter we assume au
theories have \full isotopy" invariance (or \regular isotopy" invar iance

as discussed in section 2.68.1). An example of such full isotopy is shown

in Fig. I6.1.
d a
b
Cc
Fig. 16.1  For a theory with full isotopy invariance (regular isotopy i  nvariance)

these two diagrams must evaluate to the same result since one can be continuously
deformed into the other treating the lines as ribbons.

16.1 Planar Diagrams

We start by considering only planar diagrams, so we do not allow over-
and under-crossings (which we re-introduce in section 16.2). Becae of
our specialization to these fully isotopy invariant theories, our rulesfor
diagrammatic manipulation will be slightly easier than those in chapter
12.

16

Medium Material
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Iwe can think of any direction as be-
ing time, although it is sometimes most
convenient to think of time as up.

a a

Fig. 16.2  For the isotopy invariant
theories considered in this chapter, this
deformation is allowed.

As in chapter[12 there is still a bra and ket interpretation of diagrams.
Roughly we can think of cutting a diagram in half and viewing one side
as a bra and the other as a ket. We can also roughly think of these
diagrams as being world lines of particles moving in 1+1 dimensions.

16.1.1 Planar Diagrammatic Rules

In this chapter all (regular) isotopy of lines is allowed. In particular we
are freely allowed to make the deformation shown in Fig[CZI612. In the
language of Fig.I4.b we are assuming all, = +1.

As in previous chapters we would like to useF -matrices to help us
convert one diagram into another. Although we previously found that
bending lines up and down (as in Fig[I4.10) can incur nontrivial factos,
in this chapter we instead assume no such nontrivial factors so we ay
turn up and down legs freely. Our F-matrix can thus be written as in
Fig. 16.3. Note that the conventions we use in this chapter are di eent
from that of the previous chapter but instead match those introduced
by ILevin and Wen [2005].

b c
d X bad ° ’
= Fecf f

a e a e

Fig. 16.3 The de nition of the F -matrix for fully isotopy invariant theories. This
notation uses the conventions of LLevin_and Wen [2005]/ For a u nitary theory the
F -matrix with xed indices a;b;c;d is unitary in the indices d and f. For this F
matrix to be nonzero, the vertices in the pictures must be all owed fusions | i.e.,
Nabd = Ngeg = Npet = N = 1. The case with fusion multiplicites N greater
than one is considered in section [6.4]

In this chapter, the orientiation of this diagram (how we direct the
legs compared to some direction we call time) does not matter. Fuher,
we can freely rotate the diagrams in Fig.[16.B and we can bend legs up
and down freely as well. For example, the samé& -matrix as in Fig.
applies to Fig.[16.4.

b X b
d —_ F bad
c - ecf f
e e

Fig. 16.4  For fully isotopy invariant theories, the  F-moves can be deformed in arbi-
trary ways. For example the same F matrix governs the transformation in Fig. 1603 ]
as in this gure.

We can compare the de nition of F-matrix in Fig. I631to our prior
de nition of the F-matrix shown in Fig. B.I]1 Since we now assume that
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we can bend legs up and down freely, we can bend legs in Fig. 9.1 and
reverse arrows to make it look like Fig.LI6B and we thereby derive the
relation between the two de nitions

Fet = [F&™la (16.1)

Again the idea of the F -matrix is to write a single diagram (on the left
of Eq.[16.3) as a sum of diagrams on the right. By successively applyin
such F-moves to parts of complicated diagrams we can restructure any
given diagram in a multitude of ways.

There are several further useful rules for diagram evaluation. Fst,
we need is to give a value to the a labelled loop as in Fig._18.5. As in
the case of the Kau man bracket invariant, the value of the loop will be
called d, although here there will be a di erent d,, called the \quantum
dimension”, for each possible particle typea. Note that we have not yet
shown the relationship between this de nition of the quantum dimension
da and the de nition of d, (which we also called \quantum dimension")
given in Eq.[38. In section[I7.1 we will show that these two de nitions
are in fact the same up to a possible sign!

Fig. 16.5 The value of a loop labeled a is given by the quantum dimension da. Here
we have invoked the spherical assumption to give us da = da.

It is always true that d, = 1, meaning that loops of vacuum can be
freely added or removed from a diagram. As emphasized in sectidn T4
giving the loop this normalization implies we are working with non-
normalized kets (see Fig[CI413, and also nofe_20 of chaptgl 2). Nothat
the theories we consider in this chapter must satisfy

sign[dalsign[dp] = sign[d.] whenever Ng > 0 (16.2)

as we described previously in section 14.2.1.
Secondly we de ne the contraction of a bubble as shown in Fig._1616.

a r
C d dadp C
cd dc

b

Fig. 16.6 Contraction of a bubble for fully isotopy invariant theorie  s. In cases where
somed's are negative we interpret the sign outside the square root as negative if and
only if both da < 0 and d, < 0.

This identity is the same as Fig.[I4.T only written sideways (in this
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2Any planar diagram with no loose
ends. As described in detail in section
[IZ1 a diagram with loose ends should
be considered a bra or ket or operator.

b
Fig. 16.9 One can always add or re-
move the identity (or vacuum) line to
any diagram.

chapter the orientation of the diagram on the page does not matte).
Physically we should think of this as being a version of the locality rule
of section[8.2 | looked at from far away, one does not see the bubble
In particular this locality rule implies the \no-tadpole" rule, that any
diagram of the sort shown in Fig.[I6.7 must vanish unless the incoming
line is the vacuum.

Fig. 16.7 Picture of a tadpole. (Apparently this picture is supposed t o look like
a tadpole.). The locality principle Fig. 166 ihplies that a  ny diagram containing a
tadpole must vanish unless the incoming line is labeled with  the vacuum. (l.e., unless
there is no incoming line!). Famously, Physical Review did n ot allow the use of the
name \spermion" for diagrams of this sort.

We also have again the completeness relation as shown in Fig._16.8.
r
X aN/b
a b= Cc
a” b

Fig. 16.8 Insertion of a complete set of states. In cases where some d's are negative
we interpret the sign outside the square root as negative if a nd only if both da < O
and dp < 0.

C

da db

This relation is precisely the same as Fig_14]8, only now we can orient
the diagram in any direction.

16.1.2 Summary of Planar Diagram Rules For Fully
Isotopy Invariant Theories

Given the rules established in sectioli 16.1]1, we can evaluate any plana
diagram? and turn it into a complex scalar number made up of factors
of F's and d's| very similar to what we did with the Kau man bracket
invariant, only without over- and under-crossings here. Here area sum-
mary of the rules for diagram evaluation in the case of fully isotopy
invariant planar theories. These rules are analogous to those prested
in section[12.4, only here the rules are simpler.

(1) One is free to continuously deform a diagram in any way as long
as we do not cut any strand (for this section we assume no over-
or under-crossings).

(2) Oneis free to add or remove lines from a diagram if they are labeled
with the identity or vacuum ( |). See the example in Fig[16.0.

(3) Reversing the arrow on a line turns a particle into its antiparticle
(See Fig.[B.4).
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(4) A line must maintain its quantum number unless it fuses with
another line, or splits.

(5) Vertices are allowed for multiplicities NS, > 0 (See sectior 8I3).
This includes particle-antiparticle creation and annihilation pro-
cesses wherdl!, = 1 (an example is shown in Fig.[16.9).

(6) One can useF -moves to change the structure of diagrams.

(7) One can use relations Fig[I618 an 1616 to change the structure
of diagrams.

(8) Every diagram can be reduced to a set of loops which can each be
evaluated to give d, for each loop of typea.

16.1.3 Constraints and Examples

There are many constraints on our diagrammatic algebras for plana
isotopy invariant theories. Here we give such constraints and expia
where they all come from.

Constraint: The Pentagon

The consistency condition onF -matrices given in Eq.[9.71 can be con-

verted to the notation of this chapter (See Eq.[16.1) to givé 3In deriving Eq. 163¥rom Eq. 97 We
X have taken a;b;c;d! a;b;c;d for ease
cfg -baf _ baf —hag bh f jon.
Fedl Felk = Fgch Fedk Fk°d| (16.3) of notation

Constraint: Relating F to d

For any theory with full planar isotopy the value of d, should be xed

by the F-matrices: 1

E Caal

aal
This is demonstrated by the manipulations of Fig.[T4.4, converted inb
the notation of the current chapter. Recall that we are assuming , =
+1.

da = (16.4)

Constraint: Inversion

One can perform anF -move on the right hand side of Fig.[1I6.B to bring
it back into the form on the left. We obtain the diagrammatic relation
shown in Fig.[16.10,

b C
d [ bad bad  cbf 9
ecf I I:ecf Faeg >_(_<
f;
a Y a e

Fig. 16.10 In the second step we apply the same F -matrix equation from Fig. 163
but the diagram is rotated by 90 degrees.
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which necessarily implies the consistency condition

bf _
Fgci:adea?eg = dg (16.5)

Constraint: Rotation

Rotating the diagram in Fig. by 180 degrees and comparing it to
the original diagram, one derives

Feqd = F&d (16.6)

Constraint: Turning Up and Down

For a theory to be fully isotopy invariant, we must be able to freely
maks the moves shown in Fig[[I470. As shown there, this requires
1= (dadc)=cb[F<] b, or in the notation of this chapter

r

ccl —
Faab -

dy
da dc

wheneverb c= a+ :::, with the sign of the square root taken negative
if and only if d, and d; are both negative.

(16.7)

Constraint: Unitarity

As mentioned above in Fig.[16.8, theF -matrix, being a change of basis,
must be unitary. This means that

0.
F bad| bad = 4qo (16.8)

X

Fer'lFegel = 1o (16.9)
d

or equivalently [F23] = [F23] 1 Comparing the former to Eq. [I6.5 we
obtain
[Foad] = (16.10)

aed

Constraint: Hermitian Conjugation

Using re ection across the horizontal axis as in Fig.[IZ#, we can re-
ect the F-matrix equation Fig. and compare the re ected to the
unre ected diagram to obtain

Fea' = [F&r (16.11)
= [Fgd (16.12)
— eaf .
= F2 (16.13)

where in the second line the rst line has been used in combination
with Eq. [6.6], whereas in the third line the rst line has been used in
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combination with Eq. [6.10.

Constraint: Re ection

An independent condition that is very often imposed is that the F-
matrix should be invariant under left-right re ection. Compare the dia-
gram shown in Fig.[I6.11 to that of Fig.[16.3.

C b c b

d X ced
= I:abf f

e a e a

Fig. 16.11 The diagrammatic equation in Fig. 163 after being left-rig ht re-
ected.This is necessary for a isotopically invariant 2+1 d imensional theory, but
is an independent assumption for a planar diagram algebra.

If a theory has left-right re ection symmetry, then we must have a
further constraint
Foad = pged (16.14)
While this additional condition is not required for a planar diagram al-
gebra, and one can even have full isotopy invariance in two dimensian
without it, it is often assumed. For isotopically invariant three dimen-
sional theories, such a symmetry is necessary since one can vieweth
diagrams either from the front or the back.
Using Eq.[16.14 along with Eq.[I6.IB gives us the natural seeming
constraint
Foad = [ bad (16.15)

ecf ecf

Example: Evaluating a bubble

As an example of showing how further constraints are derived, let 8 use
F -moves to evaluate the bubble shown in Fig["16.12.

C < S
X
a d — b — [ cab
- dcf f
f
b a d a d
C

O

— cab — cab
= ad Fac| = ad Fac| dC /_)P
e a N

Fig. 16.12  Evaluation of a bubble diagram. In the rst step, as usual we ¢ an ip
the direction of an arrow and turn a particle into its antipar  ticle. In the second step
we apply an F-move (compare to Fig. I63)] Then by the no-tadpole (locali ty) rule
(Fig. [67] , we can set f to the vacuum particle | and hence a = d.
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192 Theories with Full Isotopy

However, we also know the value of the diagram in Fig[J6.12 from
Fig. 6.8 which gives us  d.dp=ch. Thus we deriveF$a°d. = %%, or
equivalently (while replacing b with b for simplicity and using d, = d)
we have r

cab _ dy

acl dadc
wheneverc b = a+ ::: where the sign of the square root is taken
negative if and only if d, and d, are both negative. Note that Eq.[16.16
could also be obtained from Eq[I6J7 with EqCI6.13.

(16.16)

Example: The Theta diagram

A commonly considered diagram is the Theta diagram (a;b;9 shown
in Fig. I6.13. This diagram is easily evaluated by using Fig["1&l6 along
with the value of a single bubble Fig.[T&5.

a
q

Fig. 16.13 The Theta diagram. This is evaluated by using Fig. 16 along  with
the value of a single bubble Fig. 16.5] The sign on the square r oot is taken negative
unless all three da, dy and dc are positive.

Example: The tetrahedral diagram

Let us consider one more evaluation known as the tetrahedral diagm
as shown in Fig.[I6&.I#. At this point we are considering this as a planar
diagram even though it looks three dimensional! However, we usually
consider diagrams to be well de ned if they live on the surface of a
sphere, so if we want to think about this as being three dimensional, &
should think of this as living on a spherical surface.

c X c
f c = f dj— bad f
AAL - Few :
- a e g e
q -

—q
- bad dpd dad bad
- I:ecf ds d < af . Gecf

Fig. 16.14  Evaluation of the tetrahedral diagram. The rst step is just smooth
deformation. The second step is application of an F move. Using,Fig. [68] the
index g must be equal to the index f and we obtain some factors of = d. Finally we
are left with a single loop of f which gives a factor of d; to give the nal result which
we give the name G. As in Fig. I6.61the square roots are taken negative if and onl y
if both d's in the numerator of the square root are negative.
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For theories with full planar isotopy, the tetrahedral diagram has some
obvious symmetries. For example, we should have rotational symmgy
in the plane as shown in Fig[I6.Ib which implies the identity (note the

5
2 < i

Fig. 16.15 An obvious rotational symmetry of the tetrahedral diagram.
de nition of G in Fig. 06.14)
Geef = Gfee (16.17)
Another symmetry comes from Eq.[16.6
G = gt (16.18)

which we draw as shown in Fig[16.16.

C
e b a

Fig. 16.16 The rststep is the identity in Eq. 16[I8add the second stepi s a rotation
as in Fig. [6.I5] Although this is actually a planar diagram i t appears as a rotation
in 3D.

Although the diagram shown in Fig. 1618 is a planar diagram, from
the far left to the far right, it appears as if it is a rotation in 3D. Using
Fig. 1615 and16.16 we can rotate this tetrahedron in any way we like.
If one assumes the re ection symmetry Eq[16.14 then one can aldake
the mirror image of the tetrahedron as well to obtain an equivalence
between 24 tetrahedral diagrams related by symmetries

16.2 Braiding Diagrams Revisited

So far in this chapter we have considered planar theories only. Extesion
to fully (regular) isotopy invariant three dimensional ® theories follows
almost exactly the expositions of chapter§_IB. Here we will recapitiate
the key points.

First, any regular isotopy (See section’2.611) of diagrams is allowed
and does not change the value of the diagram. This means that as
long as we treat the lines in a diagram as ribbons, we can deform the
diagram into any shape we like. Often this sort of regular isotopy can
turn a diagram with braiding into a planar diagram which can then be
evaluated using the rules of sectioi 16.1]12. An example of this is shown
in Fig. [&71.

4For an example of a spherical category
that cannot be put in a form with full
tetrahedral symmetry, see Hong [Z2009].

5Here we mean 2+1 dimensional theo-
ries, but we sometimes may not specify
a particular time direction.
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Most generally, however, we will not be able to eliminate all over-
and under-crossing of lines just by using isotopy (i.e., by deforming a
diagram). To handle crossings, we invoke theR-matrix discussed in
chapter [I3. The basic moves we need are summarized in Fig._16117
(which just repeat results previously discussed in Fig[[1419). In the
current chapter, where we consider fully isotopy invariant theories, the
orientation of the crossing does not matter. So, for example, theameR-
matrix formula applies to the crossing in Fig.[I6.17 (top) as in Fig[16.18

\ r b a
= X de gan c
\ c dadb ¢

a b a b
/ r b a

— X dC [Rab] 1
/ dadb c C
C
a b a b

Fig. 16.17 Resolving a crossing with isotopy normalization. The squar e roots are
taken negative if any only if da and d, are both negative

/ erc

c
a—>——— = Rap a

A s .

Fig. 16.18  With fully isotopy invariant theories, we can rotate diagra ms freely.
Thus the uncrossing formula here is identical to that in Fig.  [I6.147 (top).

The R-matrix moves in Fig. 617 allow us to take any diagram with
5Turning a crossing into a planar dia- over-and under-crossings and turn it into a planar diagran? which can
gram is known as \resolution of a cross-  then be evaluated using the rules of sectiofi 16.1.2.
ng"- We thus add two rules for evaluation of diagrams in three dimensions

to our previously stated rules for planar diagrams of sectioi 16.112:

(1) One is free to continuously deform diagrams in three dimensions
in any way as long as we do not cut any strands (and strands
are treated as ribbons). In other words we haveegular isotopy of
diagrams (See sectiofi 2.611). [This rule replaces rule (1) from the
list in section 16.1.2]

(9) Over- and under-crossings can be turned into planar diagramsis-
ing the R-matrix as in Fig. [6.17
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16.2.1 Constraints

There are several further constraints on the braiding diagramméc al-
gebra which we now mention.

Constraint: Rotation

As mentioned in Fig.[16.18, we can rotate crossings freely. By turnig
a crossing entirely upside-down and comparing to the original crossg,
we obtain an identity which holds for isotopy invariant theories

R3 = RR: (16.19)
Constraint: Hermitian Conjugation
As in Eq. I3 we can use Hermitian conjugation to derive
[R2] * = [R&] (16.20)

Constraint: Hexagon Equations

As discussed in sectiofi 1313 there are consistency conditions betreF

and R matrices known as hexagon equations (Eq$.13.2 arild 18.3). In

the notation of the current chapter these can be written as

X

b f = baf
R chgge Ry = Faot Rg ngg (16.21)

RE] MRS R

Fa Ry ] 'Fam  (16.22)

Relation to Twists

As detailed in chapter[I3 each particle has a twist factor , = 5 (with

| = 1) describing twisted strands as chapter[I% which we show again

here for completeness in Fig[_16.19.

a a a+

Fig. 16.19 De nition of Twist Factors (See chapter 15Idr more details)

In the current chapter the direction the twist is drawn on the page is
not important (only its chirality)

The R-matrix and the twist factors are related in several ways. The
identities Eq. I5.1,[15.2, and_I5.B hold where for fully isotopy invariant
theories we set , = +1 for all particles.
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* a\Yb
a b Cc

Fig. 16.20  With time going vertical,
the left diagram is a neagtive-d cap if
and only if da < 0 and d, < 0. (The
directions of the arrows do not matter,
and if the particles are self-dual we do

not draw arrows). The right diagram is
never a negative-d cap.

a

N

a

Fig. 16.21  With time going vertical,
the left diagram is a negative-d cap if
and only if da < 0. The right diagram is
never a negative-d-cap. We can think of
these diagrams as being the same as the
diagrams in Fig.I6.200with ¢ being the
identity. The directions of the arrows
do not matter.

16.3 Negative d, and Unitarity

We have allowed theories withd, to be negative. While this may not
seem problematic, if we think of a loop as being an inner product
hstatejstatei as in Fig.[I4.3, a negatived, implies a non-positive-de nite
inner product, which is forbidden in quantum mechanics. This appar-
ent problem is discussed in detail in section§ T41I{1412. Here we will
very brie y adapt the scheme discussed in sectiof I4.211 to the cuent
situation.

In short, we accept that our diagrammatic algebra has negatived,'s.
Evaluation of such diagrams with negatived,'s we call the non-unitary
evaluation. However, with a small reinterpretation of the diagrams we
can still think of these diagrams as describing a unitary theory. As
discussed in sectioll 14.2]1 we add two simple rules to our list.

(0 We must break the space-time symmetry and de ne a time direc-
tion (often up on the page).

(0) Before evaluating a diagram, count the number of negative-d aps,
and call it n. After fully evaluating the diagram multiply the nal
result by ( 1)".

Recall from section[I4.Z]]l. Here a negative-d cap occurs when we go
forward in time and two particles with d < 0 come together to annihilate
or form a particle having d > 0. (See examples in Fig$.16.20 arid 16.21).

These modi cations guarantee we are describing a unitary theory.For
example, if we take as simple loop like Fig[Z16]5 withd, < O the naive
evaluation (before application of rule 0) gives a negative result. Hoever,
the diagram has one negative-d cap and so the result is multiplied by
( 1)! thus giving a postive result as we should expect for a diagram
that can be interpreted as tstatejstatei as in Fig.[I4.3. More examples
of how these evaluations work are given in section 14.2.1.

The situation described in this section | having a theory which is
fully isotopy invariant but has negative d, | is quite common. Funda-
mentally, as discussed in sections_14.0{14.2, the need to use negatit
comes from negative Frobenius-Schur indicators. There are mantopo-
logical theories of this type | including very simple theories the semion
theory SU(2)1 and more generally theories likeSU(2)k.

16.4 Appendix: Higher Fusion Multiplicities

As in section[9.5.3 when fusion multiplicities are greater than one, the
vertices have additional indices which we label with greek indices ;::: .
For example, if a and b fuse to c with N5, > 1 then the vertex will have
an additional index 2 1:::Ng. Note that compared to section[9.5.8
we do not put black dots on the vertices here. In the conventions bthe
current chapter we would then have
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b C X b C
d — F bad
- ecf f
a e f a e
Fig. 16.22  F -matrix for isotopy invariant theories with fusion multipl icity.

a —_—
Cc d _ dadb C
= cd dc
b

Fig. 16.23  The locality principle for the isotopy invariant diagramma tic algebra
with fusion multiplicity.

r

b

ar b= dadb

Fig. 16.24  Insertion of a complete set of states with isotopy normaliza tion and
fusion multiplicity.

|
;U
[g]
o
[S—rt

[«

a b
Fig. 16.25 Resolving a crossing with isotopy normalization and fu5|on multiplicity.
The square roots are taken negative if any only if da and dy are both negative

Chapter Summary

THis is an item
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Further Reading

This is some reading.
Levin-Lin?
Summary of properties of category?
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Medium Material

In this chapter we will explore some further structure that is inherent
in topological theories.

17.1 Quantum Dimension

Recall that we de ned d,, the quantum dimension, in terms of how
fast the Hilbert space grows as we fuse together mang particles (See

Eq.[3.8)
Dim of M anyons of typea  d
An alternative de nition (Eq. 89)lis that * 1Recall that N is de ned as the matrix
with components [ Nalg = NS which
d, = the largest eigenvalue of the matrix N, (17.1) are the fusion multiplicities.

We have claimed several times that these quantum dimensions are fu
to a possible sign) equal to the value of a loopl, in our diagrammatic
algebra. In this section we will nally prove this important result.

To make a connection to our diagrammatic algebra, let us consider
fusing two loops labeleda and b as shown in Fig.

r
az O a
- dady ©
C
r
_5 de c a _ NS
. dadb . ab C

Fig. 17.1 Fusing two loops into a single loop. Inthe rstline we usethe  completeness
relation Fig. IZ8]1then we deform to the second line and nal ly in the last step we
remove the bubble using Fig. 14.7]

The result seems rather natural, thata and b can fuse together to form

2This result holds very generally. There are several possibl e worries one might have about this calculation which we shou Id
dispell. First, in cases where NS > 1 one must conisder additional indices at the vertices, in wh ich case we use Fig.[14.25 and
Fig. [Z24]in place of Fig. {48land Fig. 14 7Jn the derivatio n. Secondly, one might worry that for general theories, with out
full isotopy invariance, going from the rst line to the seco nd line might be problematic. However, it turns out that one d  oes
not need full isotopy invariance, just the pivotal property is enough to get to the second line (See section 4. 7.1] and exercise

D).
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30one says that the quantities jdaj form
a representation of the fusion algebra.
Compare to Eq. 831

4The Perron-Frobenius theorem is usu-
ally applied to matrices of all posi-
tive numbers and is slightly weaker
when applied to the nonnegative case.
See the detailed discussion in appendix

Iza

5Strictly speaking Na may have several
eigenvalues of the same absolute magni-
tude with the Perron-Frobenius eigen-
value being the only one which is real
and positive. This does not change our
conclusion.

SHere if d is negative we include the
sign associated with rule 0 of section
[IZ2Z1 in the evaluation of the diagram
so that we obtain a postive guantum
dimension d.

c in all possible ways. The derivation uses the completeness relation in
the rst line (Fig. 14.8), then we deform to get to the second line, ard
nally in the last step we remove the bubble using Fig.[14.7.

Now the value of a loop in our diagrammatic algebra isd,. However,
if da is negative we must implement rule 0 from sectioi’14.2]1 and we
always obtain a positive de nite result jd,j for a single loop (which is
appropriate for a diagram which can be interpreted ashstatejstatei, see
Fig. I4.3). Thus the diagramatic manipulations of Fig.[I7.1 give us
N b Jde]

. .. . X
jdaj jdoj = (17.2)

[
Eq. 7.2 has an interesting interpretation if we de ne a vector Gaps

to have componentsjdj. with the vector index being c. We can then
rewrite the Eq. I7.2 as an eigenvalue equation

jdia Gabs = Na Gabs

Since N, is a matrix of nonnegative numberg, and Gups is a vector

of positive numbers, we identify d;ps as the so-called Perron-Frobenius
eigenvector of the matrix N5, and its eigenvaluejd,j is guaranteed by
the Perron-Frobenius theorem (see appendiX 1717 ) to be the large®

eigenvalue ofN, which, by Eq. [I7.1 gives us

da = jdaj

as claimed. This derivation does not rely on the theory having a well-
de ned braiding.

17.2 The unlinking S-matrix

First let use the locality principle (or no-transmutation) principle (Se e
Fig. B17) to show that a closed loop of typea around a world line of
type x gives some constant which we callS;x as shown in Fig.[T7.2.
(In fact using the R-matrix we can explicitly derive this identity and
evaluate Sy in terms of twist factors , the fusion multiplicities NS,
and the quantum dimensionsd. See exercise_17.3. However, we will not
need this explicit expression.) Note in particular that Six = 1 since the
identity loop can be removed for free, andS, = dj since a single loop
of a givesd,.

Now, if we have two loopsa and b around x, we can fuse the two loops
to all possible loopsc as shown in FiglI7Z8. This identity is entirely
analogous to that of Fig.[I7.1. In essence we are fusiregand b to form
all possible strandsc and then in the last step we applyS. On the other
hand, we could also evaluate the left hand side of Fig_1713 by applying
the identity of Fig. IZZltwice in a row, as in Fig. [I7.4.
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X

X
a = Sax

Fig. 17.2  The locality principle tells us that the value of a loop of a around a
world line x is some number which we call Sax. (Indeed, we can use the R-matrix to
calculate Sax . See exercis€ 17.B.)

X X
r
X d
b)la = — b)) a
Q dadb
C
| |
X X X
x "4 X X
= c b a = NS c= N S, Sex
dadp c c

Fig. 17.3  Similar reasoning as in Fig. IZI]allows us to write this diag rammatic

relationship.
X X X
@a = Shx Qa = Sax Six
I I

Fig. 17.4 Application of S twice (compare to Fig. I7Z.2)]

Equating the result of Fig. I7.3 to that of Fig. [7.4 we obtain

X
Sax Spx = N 5, Sex (17.3)

c

This result holds for any anyon theory with a well de ned braiding (i.e.,
that satis es the hexagon relationship). Note that in the special case
where x is the identity we just recover Eq.[17.2.

17.3 The (modular) S-matrix

Recall from sectiorf7.3.1 that we de ned theS-matrix (Eq. £.€) in several
ways. On the one hand we de ned

Sap = Z(S3;a loop linking b loop) (17.4)

whereas on the other hand, we said thas was (under certain conditions
that the theory has no transparent particles) a unitary transformation

201
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"Here again we are using rule 0 from
section 4211 so that a single loop al-
ways evaluates to a positive number
da = jdaj independent of the sign of
a.

Swe will explain the meaning of the
word \modular" in section 1T.3.21

between two di erent bases for describing the Hilbert space of a taus.
Now recall our normalization of diagrams is given by diagram =
Z(S®; diagram)=Z(S?) (See Eq.[14.6), so we can write

Sab = @b < (17.5)

where we have de ned
1

VACD)
Using isotopy of diagrams and Hermitian conjugation it is easy to
establish (see exercise14.2) that

D

Sab = Sba = Sap = Spa = Sap = Spa = S,y = Sps (17.6)

And further by setting one of the indices to the vacuum |, we are left
with a single loop that evaluates to the quantum dimensiorl, hence
giving us
S|a = Sa| = daZDZ (17.7)
Let us now evaluate the S-matrix in terms of our unlinking matrix S.
By bending the top of x in Fig. L[7.2 and forming a closed loop with the
bottom of x, we construct linked rings as shown in Fig[17.b.

O = Op s

Fig. 17.5 Evaluation of linked rings. In the case where d, < 0, we have applied
rule 0 from section [ZZT]so that the single loop gives us a po sitive dy quantum
dimension.

Comparing to the de nition of S in Fig. [Z7.5 we obtain
Sab = Sap db=D = SapSip

or equivalently

Sap = —=
ab Slb

Plugging this into Eq. [7.3 gives us

Sax be

X
= N&%Sex: (17.8)
SIx

c

Again this is generally true for any braided anyon theory, i.e., any theory
which satis es the pentagon and hexagon relations.

17.3.1 Unitary S = Modular

When S is unitary, we say the theory is modular®. It turns out that S
is unitary if and only if the identity is the only transparent particles in



the theory®. A particle a is said to be transparent if braiding a all the
way around any other particle accumulates no phase. Equivalentlyin
terms of the S-matrix we can write

dadx

a is transparent Sax = for all x (17.9)
In other words, a full braiding of a with any particle is trivial °.

It is clear that an S matrix cannot be unitary if there is any transpar-
ent particle a besides the identity (since the rowS,« and the row S«
would be proportional to each other). What is not obvious is that the

absence of any transparent particle guarantee$ is unitary. This state-

ment can be proven using our axiomatic diagrammatic principles (i.e.,
not invoking any of the topological discussion of sectioi 7.3]1 above)

However, the proof is a bit complicated and we refer the reader to
taev [2006]; Etingof et al. [2015] for detalils.

As mentioned a number of times, in some sense all \well-behaved"

anyon theories are modular (we say they arenodular tensor categorie3.
Unfortunately, there are common theories which are not modular. For

example, a simple theory of a single fermion which obtains a minus
sign under exchange. A full braiding gives a plus sign exactly like the

vacuum, and is hence non-modular (although it may have a well de nd
braiding). It is usually the case that theories containing fermions ae
non-modular.

Let us assume for the remainder of this section that we have a modar
theory, i.e., that S is unitary, as we had stated in section Z.31l. First,
unitarity implies that
X X

iSa 7 = 5

a a

1= d?

which thus allows us to identify*!

SX—

D=+ jdaj2 (17.10)

a

which is usually called thetotal quantum dimension Note in particular
that this implies

Sy =1=D (17.11)

Again assuming a unitary S matrix we can multiply Eq. IZ8lby S ! =
SY on the right to obtain the often quoted Verlinde formula'?

X Sax be[s 1]xc — X Sax bescx
SIx SIx

X X

NS = (17.12)
which tells us that all the information about the fusion algebra is con-

tained entirely within the S matrix!.
Alternatively, one can multiply Eq. I78lby S ! = SV on the left to
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%We ran into this concept as far back

as section[4.3.2

10an equivalent statement using the
ribbon identity Eq. 16:374s that a is
transparent ifand only if  ¢=( a p) =1
for all b and c whenever Ng 6 0.

we conventionally choose the posi-
tive square root. Choosing the negative
square root describes a theory whose
central charge is di erent by 4 from the
positive square root case, which we can
see from Eq. [IZ.14 below.

12verlinde] [1988] derived this in the
context of conformal eld theories. In
di erent context it was derived earlier
by Pasquierl [1987].
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BThe word \conjugation” is meant

to evoke charge conjugatoin which
changes positive charges to negative
charges.

T4we will run into the central charge
c again in section *** where we make
connection between TQFTs and 1+1
dimensional conformal eld theories.
In a 1+1 dimensional chiral conformal
eld theory, the specic heat is given
in terms of the central charge as ¢y =
k 2 Tc=(3v) where v is the speed of
light, T is temperature, kg is Boltz-
mann's constant  is pi and 3 is three.

15\We do not need C as an independent
generator since C = S2.

16Be warned there are several closely
related groups that are sometimes
known as the modular group.

obtain (with S and N treated as matrices on the left)

Sax
SI X

[S'NaSly = xy

This means that the S matrix (at least for modular theories) is the
unitary matrix that simultaneously diagonalizes all of the N, fusion
multiplicity matrices (We mentioned this previously after Eq. 812).

A useful quick application of the Verlinde formula, Eq. I7.12, is to
write an expression for the conjugatiort® matrix

Cab ab

This is simply a permutation matrix that permutes each particle with
its antiparticle. Obviously C? = 1 is the identity.
We can nd a relationship between C and the S-matrix by writing C
as the fusion multiplicty matrix of two particles fusing to the identity
X
Ca = Nglm = Sax Sbx = [SST]ab

X

where we have used the Verlinde formula to evaluat®\, along with Six
being real. Finally using the fact S is symmetric we obtain

C=8?

17.3.2 The Modular Group and Torus
Di eomorphisms

Let us de ne one more matrix, which is the diagonal matrix of the twist
factors

Tab= a ab

It turns out to be more useful to absorb an additional complex phae
into this matrix, so let us de ne

T=Te?2c=2 (17.13)
wherec is a real constant, known as thechiral central charge which is an
important piece of data for an anyon theory**. The central charge mod-
ulo 8 can be calculated from the twist factors and quantum dimensios
via (Fmhlich_and Gabbiani![1990]; Rehren [1990]),

. 1 X
eZlc-B:5 dzzia
a

(17.14)
The set of operations generated byl and S form!® a group known as
the modular group.'®

(sT)®=cC (17.15)



For proof of the last identity we again refer the reader tolKitaev [2006];
Etingof et al./[2015]. These relations are equivalent to the grousL(2; 2),
the group of two-by-two matrices with integer coe cients and unit de-
terminant which has generators

0 1

11
S= 1 0 T= 0 1
It is easy to check that Eq.[I7.15% are satis ed by these two by two
matrices.

The modular group has a beautiful topological interpretation: it is the
group of topologically distinct'” orientation preserving di eomorphisms
of the torus surface. To see how this works we consider a torus tbe a
plane R? with the lattice of integers Z? modded out so that each lattice

point is identi ed with every other lattice point.
T2 = R?=Z2

Any transformation on the plane that one-to-one maps lattice-pdnts to
lattice points gives a representative di eomorphism of the torus. Such
transformations are given by the elements of the grouBL(2; Z) just by
mapping points v in the plane to Av¥ whereA is an member ofSL(2; Z)*8.
This analogy with the di eomorphisms of the torus is certainly not
coincidental! Let think back to the discussion of sectior Z.B and7}4. W
considered the solid torusD? S with a particle world line of type a
around the handle. We wrote the wavefunction on the surface as
j ai =jz(D? sta)i
which forms an orthonormal basish ,j i = . AS mentioned there,
this inner product corresponds to sewing together the two solid toi to
create S?
exchanging meridian and longitude to createS®, and the inner product
then becomes (See Eq.716)
hz(S! D?;hjz(D? St a)i = S
A di erent way of thinking of this is that we make a di eomorphism on
the surface of the torus before gluing the two halves back togthe Thus
we could have said
h 6iSi ai = Sab

where § is the operator that makes the di eomorphism on the surface
(the di eomorphism precisely exchanges meridian and longitude).

Note further that €  §2 exchanges the meridian and longitude twice,
giving a net e ect of rotating the torus by 180 degrees. If we think back
to the solid torus with a world line of type a around the handle, the
rotation of the torus surface by 180 degrees changes the relatwdirection
of the embedded world line and thus changes to a, implementing the
conjugation operation C.

S'. However, we could also have sewn the tori together after
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17\What we mean here is the so-called
\mapping-class group" of the torus sur-
face. l.e., two mappings of the torus
surface to the torus surface are con-
sidered to be the same if one can be
smoothly deformed into the other.

18t is obvious that such a transforma-
tion of the plane corresponds to a dif-
feomorphism of the torus. What is a bit
less obvious is that all di eomorphisms
of the torus are topologically equivalent
to (i.e, can be smoothly deformed into)
a linear map of this sort. See, for ex-
ample, Rolfson| [1976]; Farb and Mar-
galit [2012] for detailed discussions of
this point.
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19gee also earlier work by Gepner and
Kapustin [1995] as well as Bonderson

[2007].

20g50metimes the strand is normal-

ized with an additional factor of
D 1 out front.

D or

Finally, the T operation on the torus surface implements an elemen-
tary Dehn twist as described in section_Z#. The fact that theT opera-
tion on the state j ,i corresponds to a twist factor , is fairly obvious
from looking at Fig. [.I5. The presence of the additional complex faor
related to the central charge in Eq.[IZIB is a subtle point and stems
from a change in the 2-framing discussed in section 5.3.4.

17.4 Periodic Tables of TQFTs

As mentioned in sectiond 9.B and_13]3, anyon theories (or TQFTS) are
extremely constrainted by the pentagon and hexagon equationsindeed,
for any given set of fusion rules there are only a nite number of posi-
ble solutions up to gauge equivalence (Etingof et al. [2005]). Once one
includes additional conditions, such as the theory being modular, tie
number of possible solutions drops even more. This makes it possible t
consider building a \periodic table" of possible TQFTs | i.e., a com-
plete list of all consistent modular solutions of pentagon and hexago.
The procedure for building this table is to hypothesize that there are
only n di erent particle types, with n a small number. With xed n one
can constrain the possible fusion rules, then pentagon solutions,na -
nally hexagon solutions. For modular tensor categories this progna has
been carried out by|Rowell et al. [2009] for up to four particle typed®
Some of the key results from this periodic table is presented in table
I773. In chapter[I8 we will see a few of the basic principles used for
compiling such a table.

Extensions of the idea of a periodic table have been made in a number
of directions. Of note, the periodic table has been extended to inclde all
possible braided theories (solutions of pentagon and hexagon) withut
imposing the modularity condition. Further since theories with fermions
are such an important special case, theories that only fail to be mdular
due to a fermion, have been put in periodic tables as well. References
to these works are given in the further reading below.

17.5 Strand (Kirby Color)

A particularly useful object to consider is a weighted sum of particle
types particular sum of particle types known as an -strand, or some-
times \Kirby color" strand 2°, as shown (purple) in Fig.[17.6.

1 X X
-2 e
a a

Fig. 17.6 A String of Kirby color ( -strand) is a weighted superpositi on of all anyon

string types 20 Note that the Kirby color string does not have an arrow on it s ince
it is an equal sum over all particles and their antiparticles . Here d is the quantum
dimension, S is the modular S-matrix, and | is the identity, or vacuum, particle.

This weighted sum will occur in several di erent contexts, including
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Table 17.1  Rank 4 modular tensor categories. From Rowell et al. [2009].

particle types  Fusion rules # solutions Examples
I 1 (Eg)1
I; X X 2= 2 Z, = SU(2)1 = Semion
I; X X 2=1+X 2 (G2)1=Fibonacci
;XY X2=Y,XY =1,Y2=X 2 Z3 = SU@3):
;XY X 2=1+Y,XY =X,Y2=1 8 SU(2)2, Ising, (Esg)2
;XY X2=1+X+Y,XY =X+Y, 2 SU(2)5=Z»
Y2=1+X
;X:Y;Z X 2=Y =22 XZ =1=Y? 4 Z4 = SU4):
XY =2Z,2ZY =X
;X;Y;Z X 2=1,XY =2Z,XZ =Y, 1 of type D (Z2)=Toric Code
Y2=1,YZ=X,22%2=1 1 of type (D4)1
3 of type Z, Zp
:X;Y;Z X 2=1+X,XY =Z, 4 Fibonacci  Z;
XZ=Y+2Z,Y2=1,YZ=X,
Z2=1+X
:X;Y;Z X 2=1+X,XY = Z, 3 Fibonacci  Fibonacci
XZ =Y+Z,Y2=1+Y,
YZ=X+2Z,Z2=1+X+Y+Z
LX;Y;Z X 2=1+X+Y, 2 (G2)2; SU(2)7=2Z2
XY =X+Y+2Z,XZ=Y+2Z,

Y2=1+X+Y+2Z,
YZ=X+Y,Z22=1+ X

Some comments on this table: G, Eg, D4 and SU(N) are Lie groups. Theories
listed, such as (Gz)2 are Chern-Simon theories with the last subscript indicting  the
level of the theory. SU(2)5=Z, means start with the Chern-Simons theory SU(2)s and
consider only the \even" subset of anyons, which form a compl ete theory by themselves.
(Similar for SU(2)7=2Z,). D(Z3) is the quantum double of Z; which we will discuss in
section *** . The counting of the number of solutions in most ¢  ases is obvious. For
SU(2)1;(G2)1; SU(2)5=Z2 and (G2)2 we have the right ( R) and left ( L) handed versions
of the theory (The left and right version of (  D4)1 turn out to be the same). The 3 cases
of Fib Fib and Z, Z, correspond to taking L L, R R,and L R. Note that
R L isequivalentto L R so does not count as a di erent theory. However, for Fib

Zy,alfour L L,R R,R LandL R aredierent. We will discuss the 8 versions
of anyon theories related to the Ising or SU(2)2 in section [8.3] below. Note that the
(Eg)1 theories need not be entirely trivial { even though it has no n  ontrivial particles {
since it can have a central charge which is any integer multip le of 8. Note that nowhere

in this table do we have fusion multiplicity NS > 1.

207
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sections[22.B,*** *** below. The -strand has some interesting pro per-
ties. For example, in Fig.[IZ.7 we show the so-called \killing property"
of a loop of | aloop of allows only the identity to go through it:

all other particle types are \killed."

X X
X X X ]

= Sia a = Sia Sax =D ix :

a a

| | :

Fig. 17.7  The killing property of the -strand for modular theories. A loop of
Kirby color () allows no particles through it except the ide ntity. In the nal step
we use unitarity of S (and the fact that S = S, ).

A useful corrolary of the Killing property is given in Fig. I7.8]

al ib aV'b a\(/

_ X dc C _ R
- . Gads ~oabqg,
] B \D ™

Fig. 17.8 The -strand joins two lines due to the killing property whic h we use in
the second step to force c to be the identity.

A loop of strand with a twist, shown in Fig. 1[Z.9 Jinterestingly re-
produces our expression for the central charge modulo 8, as in EG7.T4.

=£X da O =£x dZa:ezic:S
a
Da Da
a
:lxd :ix d2 :eZiCZS
D @ D aa
a ! a
a

Fig. 17.9 For modular theories, a twisted -strand gives e 2= 8 wijth c the (real)
central charge. See Eq.[I7.14. (See also exercisd 2Zb)

17.6 Still Further Structure

Modular (and many non-modular) theories have a great deal of exta
structure that we have not even touched on. The theories are oliously
very highly constrained, so it is rather natural to expect that there will be
many nontrivial relationships between the quantities we have discused.
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A useful relationship which is assigned as exercige 17.3 is

1X c c .
5 Nao—d (17.16)

c

Sap =

Another interesting result is a theorem by|Bantay [1997] which givesus
the following nontrivial relationship between the Frobenius-Schur indi-
cator  of a particle k and the modular S matrix

X 2 = ysign(d) k=K

N Soi Soj = = KT

0 6 K (17.17)

ij

A beautiful theorem by Vafa [1988] tells us that for any braided uni-
tary theory (modular or not) all the spin factors , must be ann™ root
of unity so that [ = 1 where the integer n is determined only by the
fusion multiplicity matrices N$,. For example, we have

Y X
Xoo =1 (17.18)

with X
Xap= 2N2 NP NENE +4 5  NING

aa’ “aa

17.7 Appendix: Perron-Frobenius Theorem

The Perron-Frobenius theorem states that for a matrix with all positive
entries, there is a unique eigenvector with all positive entries (up tomul-
tiplication by an overall constant) known as the Perron-Frobeniuseigen-
vector. The corresponding eigenvalue is the largest magnitude eige
value, and is positive. Further for a unitarily diagonalizable nonzero
matrix with all non-negative entries, if there exists an eigenvectorwith
all positive entries (up to multiplication by an overall constant), its
eigenvalue is positive and is of magnitude greater or equal to all othe
eigenvalues. The application of the Perron-Frobenius theorem to he
fusion matrix N, is a bit tricky since the theorem is stronger when the
matrix being considered has strictly postive entries and theN, matrices
are only guaranteed to have nonnegative entries. Tq_,avoid this prolem,
construct an arbitrary sum of the N, matricesM =, 3N, where all
the coe cients , are positive. Since all theN{s have common eigen-
vectors (since they are normal matrices and they commute with eeh
other, see sectiori 8.311), these are also the eigenvectors of theatmix
M . Further, all the elements of M are strictly positive, so we may apply
the Perron-Frobenius theorem for postive de nite matrices to M. We
thus obtain a Perron-Frobenius eigenvector ofM with strictly positive
entries (up to a multiplicative constant). But the eigenvectors of N,
match those of of M so we have a postive de nite eigenvector ofN,
which then must be the Perron-Frobenius eigenvectors whose eigealue
is greater or equal to any eigevalue oN,.
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2IHere we can mean any planar algebra
(unitary fusion category) or any 2+1
dimensional topological theory with a
braiding (unitary braided fusion cate-
gory).

221l we actually need is a commuta-
tive fusion ring with a unique identity
and inverses.

17.8 Appendix: Algebraic Derivation of the
Verlinde Form

In this section we show that we do not need the structure of braidimg in
order to derive an equation of the Verlinde form, analogous to Eq_T.12.
Let us begin by recalling from sectior 8.3.1 that for any topological tte-
ory?1:22 the fusion rules are described by fusion multiplicity matrices
s Which can be viewed as a set of square normal matriced, with

indicesband c. As discussed in sectio 8.3]1 these normal matrices com-
mute with each other and therefore can be simultaneously diagonaled
by a matrix which we will call U (See Eq. [81R)

Na=U @Y (17.19)

where (@ is a diagonal matrix for eacha. We note again that we will
discover below that for a so-called modular braided theory we will nd
that S is the modular S-matrix. More generally we call U the mock
S-matrix.

From Eq. I7.19, the columns ofU are the simultaneous eigenvectors
of the N matrices which we can make explicit as

[NaltUcd = Upa (17.20)

C

and no sum ond implied. Note, at this point, the columns of U may
be multiplied by an arbitrary phase (i.e., a phase rede nition of the
eigenvectors).

Since there is a particle type called the vacuum (or identity) which
fuses trivially with all other particles, we have [N,]¢ = § so we have

X (a)
Uag = [Na]?Ucd = Ugq d
Cc
so that U
(a) _ ad
= 17.21
4 = Ug ( )
substituting back into Eq. [7.19 we get the Verlinde formula
o X U
[Nals = UbXTU“ : (17.22)
X

X

This result is extremely generdzz.
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17.9 Appendix: Algebraic Derivation that
Quantum Dimensions Form a
Representation of the Fusion Algebra

Recall that the columns of U are the simultaneous eigenvectors of the
N, matrices. Invoking the Perron-Frobenius theorem, there must k2 a
particular index z such that®® the eigenvectorUy, has all postive entries 23This index z must be | in well
with xed z (up to an overall multiplicative constant). This is a common behaved modular anyon theories, but
eiger}\g)ector of all the Na matrices, and the corresponding eigenvalues L"é’fngﬁ:;rﬁ:ge)'(n(%r;gs it could
are ;'’. By the Perron-Frobenius theorem, since the eigenvector is all
positive @ must be the largest eigenvalue oN,. Recalling (Eq.[839)
that the quantum dimension can also be de ned as the largest eigeralue
of N, we have

do= @

Now let us multiply the Verlinde relation Eq. I7.221on both sides by
d. = §°) = U=V, (see EqI7.2I) and sum ovec. We have

X X U u
NSde = UbXU—aXUCX U—°Z
c XC Ix 1z
R
) bx le Ulz Xz
sz Uaz
= = d,d
Ulz Ulz atb

where we have used the fact thatU is unitary. Thus we conclude

X
da db = N E(i:bdc

Further Reading

The table from Rowell et al! [2009] was extended to ve particle types
in Bruillard et al.|[2015]; moon Hong and Rowell [2010] and to six in
ICreamel [201B]. The modularity condition was relaxed to build a peri-
odic table of all unitary braided theories for up to four particles in Br uil-

lard [2016] and ve in Bruillard and Ortiz-Marrero [2018]. Periodic table

for theories with fermions (which are a special subset of non-modar
theories) have been built in|Bruillard et al. Igggggln (See also Bruillard

et al. [2017)).
(T

Exercises

Exercise 17.1 Using the pivotal property
Use the pivotal property (Section IZ.7.T) to demonstrate th e identity shown
in Fig. You should not assume full isotopy invariance. Nor should you
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Fig. 17.10 This identity can be shown
without full isotopy invariance by using
the pivotal property.

assume = +1 for any of the particles.

Exercise 17.2 Symmetries of S
Use isotopy of diagrams and Hermitian conjugation of diagrams to show
the identities in Eq. 17.6]

Exercise 17.3 Evaluation of the S-link

(a) Use the R-matrices and Eq. [I5.3 to derive the value of the matrix
Sax (See Fig.[T7.2) in terms of fusion multiplicities, twist fac tors 4, and the
quantum dimensions da.

(b) From your result show that

X
@b: f—d.
c ab

Note that this diagram di ers from S, by a factor of Z(S®) = 1=D.

Exercise 17.4 Product theories [Easy]

Given two anyon theories A and B with corresponding S-matrices Sa and
SE.

(a) Show that the product theory A B has S-matrix Sa  Sg.

(b) Show that A B is modular if and only if both A and B are modular.

(c) Show that the central charge of the product theory is the s um of the
central charges of the constituent theories. l.e.,

Cca B =(Ca+ cg)mod8 (17.23)

In fact, central charges strictly add in product theories. H owever, we have
only de ned the central charge mod 8 so far!
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Some Examples: Planar Diagrams
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Some Simple Example

In this chapter we consider a few simple examples of anyon theorie©ur
strategy will be the same in each case. First, we decide on a set ofdion
rules. From this we examine the possible planar planar diagram algebsa
To a mathematician these are known as spherical tensor categosgSee

section[I4.7.2). Once we have found the possible planar algebras wélw

look for possible braidings to build full anyon theories.

All of the examples given here will enjoy full isotopy invariance (with
a = +1, although if there are nontrivial Frobenius-Schur indicators w e
will need negatived's) so we will use the notation of chapterI®.

18.1 Z, Fusion Rules

Let us start with the simplest system of particles we can imagine, an
identity 0 and a nontrivial particle 1. The simplest fusion rules we can
have aré

1 1=0

which tells us that 1 is its own antiparticle 1 = 1 so we do not draw
arrows on the corresponding line. This is known a¥, fusion rules and
is shown in Fig.[181. The corresponding fusion multiplicity matrix is
NP1 = NG = Nip= Ng and Nf; = N = N§; = Ng = 0.

G@&
9

Fig. 18.3 A loop gas has Z; fusion rules. The loop gas drawn here is planar |
there are no over- or under-crossings.

With O being the identity, the only nontrivial vertices we can have

with these fusion rules is where one particle 1 comes in and one particle
1 also goes out as shown in Fig._I18.2. If one does not draw the identity

particle, diagrams must then be just a so-calledloop gasas shown in
Fig. I83. The constraint N§; = N, = N9 = 0 means that loops
cannot end, andN {; = 0 means that loops cannot intersect.

18

Medium Material

Iwe have switched notations | here
the vacuum is 0 not |, and the nontriv-
ial particle is 1. | hope this does not
cause confusion!

0

NN

Fig. 18.1 Fusing two 1-particles to the
vacuum, shown in two notations.

Fig. 18.2 Examples of allowed vertices
for the Z, fusion rules. A 1 particle
(drawn solid) comes into the vertex and
the 1-partice must also go out of the
same vertex. The 0 particle, the iden-
tity, is drawn dotted, but it need not be
drawn at all.
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Fig. 18.4 These F-moves for the Z»
loop gas simply deform the path of the
particles. These are known as \isotopy"
moves.

N
...... - 110 :
> < = Fiig :
/\

Fig. 18.5 This F-move for the Z; loop
gas reconnects the paths of particles.
This is known as a \surgery" move.

Since the largest eigenvalue olN,]; is 1, we have quantum dimensions
di=dy=1 (See Eq[8:9)

The Z, loop gases were studied in Exercise 2.2 (where we allowed
over and undercrossings in addition to just planar diagrams), and e
will consider them again in section[I9.1 below.

With these fusion rules, there are two sets ofF -matrices that give
a consistent fully isotopy invariant planar algebras. These moves tw
solutions correspond tod; = 1, which are the only two options given
dl =1.

18.1.1 d=+1 Loop Gas

Here we chooseal; = +1 for the nontrivial particle, in which case every
F which is nonzero is +1. (l.e., everyF diagram where all vertices are
consistent with the fusion rules. See Fig1613). In other wordsF23d = 1
for every case whereNgng = Ngeg = Npesr = Naer = 1 and F is zero

otherwise. We can write out explicitly the nonzero elements

Fogo = 1=dh=1 (18.1)
Fil¥ = 1=d =1 (18.2)
For = For =1 (18.3)
Fit = FOH=1 (18.4)
Folo = Fibo = (18.5)

The rst two lines are required from Eq. [6.4. Eq.[I83 is from Eq[I16Y
Eq.[18.4 and Eq.[I85b can be derived from Eq.18.2 and Ef.18.3 by the
tetrahedral symmetry equation Eq.[I6.17. Examples of thesd--moves
are shown in Fig.[18.4 and18b.

The d = 1 planar loop gas turns out to be a relatively trivial diagram-
matic algebra. The value of every allowed diagram is unity! (or is zero
if there is anything disallowed in the diagram, such as the intersection
of loops.)

We now turn to consider the possible braidings that we can impose
on this planar algebra. The only nontrivial R matrix element is R3*.
Using the hexagon equatior 1621 and settingg = b= c= d =1 and
e= c= g=0 we obtain (the only allowed value of f is 0)

REPFHS = [FHSPRY (18.56)
The R on the right is unity, and the F's are all unity. Thus
[R2=1 (18.7)

This limits us to two possible anyon theories for thed = +1 loop gas:
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Bosons

We choose theR}! = +1 case. This gives us no phases or signs with
F moves or braiding. The corresponding twist factor (via Eq.[15.1) is
a = +1 which corresponds to bosons.

Fermions

We choose theR}! = 1 case. This gives us minus sign under exchange
of identical partiecles. The corresponding twist factor (via Eq.[I&])) is
a = 1 which corresponds to fermions.
For both bosons and fermions theS matrix describing the braiding is

1 11

S= p—i 11 (18.8)
which is not unitary, so neither of these two cases are modul&t 2since this is not a modular theory, the

S matrix is not the matrix that diago-
nalizes the fusion rules! That matrix is

18.1.2 d= 1 Loop Gas Eq. (814

Here we choosel; = 1 for the nontrivial particle, in which case everyF
which is consistent with the fusion rules is 1. The signs of the nonzero
elements ofF are given as follows

Fooo = 1=th=1 (18.9)
FiY = 1=d= 1 (18.10)
Foor = Fir=1 (18.11)
Fiot = Foi=1 (18.12)
Foo = Fioo =1 (18.13)

As with the d = +1 loop gas, the rst two lines are required from
Eq. 164. Eq.[183 is from Eq[16]7. Eq[I18l4 and EJ._18.5 can be
derived from Eq.[18.2 and Eq[18.B by the tetrahedral symmetry egation
Eq. [I6.17. Note in particular how the signs work in Fig.[I6.I# in the
de nition of the tetrahedral diagram.

It is worth looking at the two di erent signs that F can take. (If
necessary, refer back to Fig["1613 for details of how thé--matrix is
de ned). Moves such as shown in Fig[I84 simply deform the path
of the particle and do not incur a sign. However, the move shown in
Fig. 183 perform \surgery" on the parths and reconnect loops ad does
change the sign. Such a surgery always changes the number of Icom
the diagram by one. The value of any loop diagram is thus given by

Value of (d= 1) _ ( 1)number of loops
loop diagram

As discussed in detail in sectiong”T4]2 (See al$o 16.3), while this is a
perfectly consistent planar diagrammatic algebra, it has non-positve
de nite inner products and therefore is not appropriate for desaibing
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3Here we have switched back to the no-
tation of for the nontrivial particle
and | for the vacuum. Using 1 and O is
also common.

o

Fig. 18.6  An allowed fusion vertex
(right) and a disallowed fusion vertex
(left) for the Fibonacci fusion rules.
The solid line is  and the dotted line
is the identity. The vertices shown in
Fig. [82Z]are also allowed.

guantum mechanics.

However as discussed in_14.2.1 we can make make a proper unitary
theory out of the d = 1 loop gas just by implementing rule 0. So the
unitary evaluation of a diagram is

Value of (d= 1)
loop diagram
including rule 0

= ( 1)number of loops number of caps

For example, in Fig.[18.3 there are 10 loops and 14 caps, so the full e
of the diagram is +1.

The nontrivial particle here has a negative Frobenius-Schur indicabr.
Here we have chosen to do our bookkeeping by working with a negagv
d, by maintaining isotopy invariance of diagrams (with = +1) and
implementing rule O to obtain a unitary theory. There are other possble
ways to account for this sign, but in the end we will always have to pay
the price of a minus sign for a space-time wiggle such as Fig._14.5.

Semions

We now consider possible braidings for thed = 1 loop gas. As in the
cased = +1, we can apply the hexagon to obtain Eq.[I8.8. In this case,
however,F{{{ = 1 so we obtain

RiF= 1

Again there are two solutionsR§! = i corresponding to right- and left-
handed semions. In either case wrapping a semion all the way around
another gives 1, so theS matrix is given by

1 +1 +1
S—}E)—E +1 1 (18.14)

This is unitary, telling us that the theory is modular.

18.2 Fibonacci Fusion Rules: The Branching
Loop Gas

We now consider Fibonacci fusion rules as discussed in sections_8]2.1
and[@1 above. Here the nontrivial fusion rule i$

=\ +

Again = s self-dual. These fusion rules allow vertices with three
particles (one coming from each direction as shown in Fig._1816) so the
loop gas can have branches as shown in Fig_18.7.

The fusion multiplicity matrix Ng, is zero if exactly one of the indices
is and the other two are | . Otherwise NS, = 1. We can establish the
nonzero components of the~ -matrices for these fusion rules:
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G

Fig. 18.7 A Fibonacci branching loop diagram allows intersections of  loops, but no
loop ends.

FIl = 1=d = (18.15)
F! = 1=d (18.16)
F,' = F =1 (18.17)
F! o= 194 (18.18)
F, = PT (18.19)
F/ = F =1 (18.20)
FY = F| =1 (18.21)
F, = F, =F'" =F' =1 (18.22)
F = 1=d (18.23)

As with the case of theZ, loop gases, the rst two lines are required from
Eq.[I64. Eq.[T81¥ and Eq[CI818 are from Eq._18.7. EG_18119 comes
from Eq.[I8.18 and Eq[16.1D. Eq$. 1820, 1821, ahd 18122 can beided
from Eqs. [18.16,[18.17[18.18 anf 18119 by the tetrahedral symmngt
equation Eq.[I6.1T. Finally, Eq.[T8.Z8 comes from the requirement tht
the two by two matrix [ F ] is a unitary matrix (See Fig. 16.3) which

we write out as? 4This F-matrix matches our previous
p claim in Eq. €31 With any proposed
1=d 1= d F -matrix, one should always check that
F o= 1:p a 1=d (18.24)  one has a valid solution of the pentagon
equation Eq. 871(or Eq. 16.3) See ex-
The unitarity requirement on this matrix also gives us ercise[34 for the Fibonacci case!
1 1
—+ — =1 18.25
274 ( )
The solution to this is p_
d = 1+ 5
2

which matches the expected quantum dimensiord given in Eq.[82 as

it must, given the considerations of sectionlI71l. EqCI8.25 also has a

solution with d < 0. However, we cannot accept this solution because

it would violate Eq. [Z.2P. 5since =+ ::: we need to have
As in the case of theZ, loop gases, many of theF-matrix elements sign[d ] sign[d ] =sign[d ].

correspond to simple deformations of paths (isotopy) as in Fig[(18l4

The nontrivial F-moves (corresponding to the matrix F in Eq. [8.24)

are summarized in Fig.[18.8.
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-/ q —
> T ¥ L
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Fig. 18.8 The F-moves for the Fibonnaci branching loop gas. Note that the r st
line is actually the insertion of a complete set of states as i n Fig. [6.8]

18.2.1 Braidings for Fibonacci Anyons

To determine the possible braidings for Fibonacci fusion rules, we nmat
solve the hexagon equation given thé= matrices we just derived. This
is assigned as exercide 13.1. There are two possible solutions, a right
handed solution given in Eq.LTO.2, and a left-handed solutions which is
the complex conjugate of the right handed solution. These are thenly
solutions of the hexagon equations for the Fibonacci fusion rules.

18.3 Ising Fusion Rules: A Two Species Loop
Gas

As discussed in sectiofi8.2]2 the Ising fusion rules (also known &3J(2),
fusion rules) are given by

= |+

with both particle types being self dual = and = . These rules
describe a loop gases with two non-vacuum particles (which we draw
as blue lines and loops in Fig[CI819) and (which we draw red loops in
Fig. 183). The rule of this loop gas is that one may have a vertex with
two sigmas and one , which appears as a blue line splitting o from a

red loop.

D

Fig. 18.9 A diagram with Ising fusion rules. Here is red and s blue.

Looking at the rst fusion rule, = |, we realize this rule alone,
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is simply a Z, fusion rule. Indeed, this tells us immediately that we have

1=d =1=d =1
- B B L e N I
= Fy =F, =F,  =F" =F =F =F; =F,

as given in Eqs[I8.JI-I8]5. One might wonder why we do not consider
d = 1. Thisis for the same reason why we could not consider negative
d inthe Fibonacci case. Here we must have sigd[ Jsign[d ] = sign[d ],
so we must haved positive.

Very similarly we have

F/ = 1=d

FIII = E" =1
F' = F =1
R = Fy =1

The rst equation is from Eq. I6.4] and the second from Eq[I6). Tl
last two are derived from the rst two via the tetrahedral symmet ry
Eq.[1&617.

Further using Egs.[16.7 and16.16 we obtain

F' = F, =1=d (18.26)
F' = F' =F, =F, =1 (18.27)
Enforcing unitarity on the two by two matrix [ F ] we get
F = 1=d (18.28)
giving the two by two matrix the form

_ 1=d  1=d
F 1= 14 1ed (18.29)

The unitarity condition also gives us the condition that
p_
d = 2
which '5_expected from sectiori . 8.Z]2 since the fusion rules give us =
jd j= " 2. Both of these roots are viable solutions of the pentagon.

The remaining nonzero elements of are obtained from Eq.[18.26-
[18.78 by using tetrahedral symmetry Eq.[I6.1F to obtain

1 = F'" =F'" =F, =F (18.30)
= F' =f!' =f' =F! (18.31)
= F, =F =F, =F (18.32)
1= F =F (18.33)

The nontrivial F-moves corresponding to the matrix Eq.[I82ZP are



222

6Since the F matrices are real, Eq. [33]

Some Simple Example

and [I6.22 are equivalent to Eq. 13:2nd

1621

shown in Fig. [I8.10.

A\

-
1 1
d_5+dI
/\
-
_1 1
d d
/\

Fig. 18.10  The nontrivial F-moves for the Ising fusion rules. Note that the rst
line is actually the insertion of a complete set of states as i n Fig. [6.8]

18.3.1 Braidings For Ising Fusion Rules

The most straightforward way to nd all the possible braidings for t he
Ising fusion rules is to explicitly solve the hexagon equation§ 1312 or
equivalently Eq.I6.2P . We here outline how we proceed (Exercise 18.1
asks you to work out the details!). For each possible settings of the
variables in the hexagon equation, we derive a di erent identity. For
each of the following cases, thé -matrices are simple scalars (1 and 1
only) so we derive

a= ;b=c=;d=1 ) R R =R, (18.34)
b= ;a=c=;d=1 ) R R =R, (18.35)
a=b=;c=;d=1 ) [R P=R, (18.36)

a=b=;c=d= ) [R PP= 1 (18.37)

For the following case one uses the two-by-twd matrix meaning we are
working with a two dimensional vector space and the hexagon givesau
two identities

R F=40Q+R )

a=b=c=d=;e=1) R, R :di(lR)

(18.38)

These equations are enough to pin down all of the possible solutions
for the R-matrix. From Eq. [8.36] and[I8.37 we obtain

R, = 1

which also implies = 1 from Eq.[I52. Note that since is aZ,

eld with d comparing to our above discussion of theZ, fusion rules
we already knew that we had to have be either a fermion or a boson
(we could re-establish this by looking at the hexagon with only and

| elds). The hexagon including the  eld now establishes to be a
fermion!
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From Eqgs.[I834 and 1835 and I8.37 we establish
R =R = i

This sign is an agd_itional free choice we can make (in addition to the
choice ofd = 2). To keep these independent choices straight we
will use the notation
1 P
d = 2 (18.39)

R = (18.40)

We now plug in our choices ford and R into the rst of Eq. 18.38]
to solve for R, . This gives yet another independent choice of sign for

a square root which we label with . We thus obtain

.3 31112 1
R, =exp 2i 3 exp 2i 72 8 16

Note now that

3 1

2 1
16
(18.41)
from which we see there are a total of eight possible choices, andel are
all of the possible odd-sixteenth roots of unity which is what we would
predict from the fusion rules given Eq.[I7.18.
For the record, from Eq.[18.34, we also have

NN
ol w

= R, signd J]=exp 2i g exp 2i

2. . 31112
R = iR, =exp 2i 7 3 3

2] =
eXp st g 16

8
We should also check that none of the other hexagon relations areiv
olated for any of these eight solutions (We could for example, evalua
the hexagon witha=d= ; b = ¢c= or any of the other possible
combinations). Remarkably, perhaps, all eight solutions solve all tle
hexagon relations with no violations (see exercise18.1).

The eight possible solutions all have the sam&-matrix (see exercise
18.32)

0 pl p 5 & 1
1 — —
S=3 @"2 9 2 A (18.42)
1 2 1
The two possibilities

1 2 3

=+ = =
1 2 3

=+ =+ =

gives the Ising TQFT and its conjugate respectively. These casesdve
d chosen positive.
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The two possibilities

correspond to SU(2), Chern-Simons theory and its conjugate respec-
tively. Both of these cases haval negative.

Further Reading

Exercises

Exercise 18.1 Using the Hexagon for Ising Fusion Rules
Use the hexagon relations to derive Eqns.[I834FI8.3B. Conrm that the
eight solutions we nd give no violations of any hexagon rela tions.

Exercise 18.2 S-matrix for Ising Fusion Rules

Explicitly derive the S-matrix for all eight solutions of the hexagon equation
for the Ising fusion rules and con rm that they all give Eq. 18_42. Thus con rm
that all eight solutions are modular. Hint: It might be easie st to use Eq.[I7.186.

Exercise 18.3 Frobenius-Schur Indicator for Ising Fusion R ules

Use Eq.[I7I7 to calculate the Frobenius-Schur indicator for the particle
in each of the eight possible solutions of the hexagon equaton for the Ising
fusion rules. Show that the Frobenius-Schur indicator is ne gative exactly when
d is negative.

Exercise 18.4 Evaluating Diagrams |
Show that evaluation of the diagram in Fig. I8 ZJgives  d°*.

Exercise 18.5 Evaluating Diagrams Il
Show that evaluation of the diagram in Fig. I89]gives d? d®

Exercise 18.6 Deriving an F -matrix
(Easy) Consider a theory containing three particle types, |;A;B wherel is
the identity. Let the nontrivial fusion rules be given by

B B = |
A A = |I+A
A B = A

Let us assume we have a theory with full isotopy invariance and full tetrahedral
symmetry. There is only one set of F matrices for these fusion rules. Find
these F -matrices and convince yourself that it satis es the pentag on equation.

Exercise 18.7 Deriving an F -matrix
(Hard) Consider a theory containing three particle types, I;S;V wherel is
the identity. Let the nontrivial fusion rules be given by

S S = 1



S V =V
V V = [+S+V

Let us assume we have a theory with full isotopy invariance and full tetrahedral
symmetry. There is only one set of F matrices for these fusion rules. Find
these F-matrices. (Hint: applying the techniques of this chapter w ill give
the correct solution as well as a spurious solution which you can eliminate by
showing it does not satisfy the pentagon equation.) Show that the hexagon
equaution is solved with R = 1 for all a;b;c
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Temperly-Lieb Algebra and
Jones-Kau man Anyons

Let us look back at the Kau man bracket invariant that we introduc ed
in chapter[2. In the current chapter we want to make use of theseaules
and determine some of the properties of the corresponding anyarin the
langauge we have been developing since chapféar 8. Our strategy wilke
to rst consider a planar diagram algebra in detail before considerimg
braiding properties in section[I9.% below.

So we start by considering a planar version of the Kau man bracket
l.e., we only consider diagrams with with no over- and under-crossing
Our diagrams are isotopically invariant in the plane and the only addi-
tional rule then is that the a loop is given a valued as shown in Fig[19.1.
As compared to the diagrammatic algebra we have constructed ovehe
last few chapters (roughly starting in chapter[8, and continuing through
chapter[18), one things that was missing in the discussion of the Kau
man bracket invariant is the idea of multiple particle types and fusion
rules. In this chapter we will try to construct particle types, fusio n rules,
and F -matrices given only the rule[I9.1 as a starting point. The planar
algebra of loops that we will construct is known as the Temperly-Liebal-
gebra. (When we reintroduce braiding to our theory the resulting theory
is called called Jones-Kau man, or Temperley-Lieb-Jones-Kau man)

Let us start by thinking a bit about what kind of particle types we
already have in our theory. Certainly we have the simple string which
we will call \1"; and we always have a vacuum particles, which we will
call \0". Now we would like to ask whether we can fuse two of these
1-strings together to make another particle.

Several things are immediately obvious. First consider the fact tha
two 1l-particles can fuse to the vacuum, or in other words, a 1-sing
can go up and then turn down, as shown in Fig[I9R. This tells us
immediately that

1=1

The fact that 1 is its own antiparticle is why we do not draw arrows
on the 1-string. For simplicity, if a string is not labeled we will assume
it is a 1-string. Given that loop of 1-string is assigned the valued, we
identify this d; (which is often called the quantum dimension, although
we have been reserving the words \quantum dimension" fod; = jd;j).
We might also consider the possibility that two of these 1-particles
can fuse to something besides the vacuum, in a way similar to that
shown in Fig.[I933. This is a good idea, but it isn't yet quite right. If

19

Medium Hard Material

=d

Fig. 19.1 The loop rule for the
Kau man bracket invariant and the
Temperly-Lieb algebra.

Litis admittedly confusing that 1 is not
identity, but this is the usual notation!
It is (not coincidentally!) similar to
spins where spin 0 is the identity (no
spin), and spin 1 is nontrivial.

Fig. 19.2 Fusing two 1-particles to the

vacuum
?
1 1

Fig. 19.3 Attempting to Fuse two
1-particles to something di erent from
the vacuum
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N

Fig. 19.4
(right).

A cup (left) and a cap

2The Jones-Wenzl projector, if you
want to de nes one, for a single string
is the trivial operator. l.e., one string
comes in and the same string comes out
unchanged.

3The estute reader will notice that
a particle \turning around" as in
Fig. [@.2lis not quite the same as pro-
jecting to the 0 particle, due to the pref-
actor 1=d. We will return to this issue
in section [9.3]below.

the two strings fuse to some object besides the vacuum 0, we haie

make sure that this new object is appropriately \orthogonal" to 0. This

orthogonality must be in the sense of the locality, or no-transmutdion

rule (see Fig[8.T): a particle type must not be able to spontaneouslyurn

into another particle type (without fusing with some other particle or

splitting). In Fig. 19.3]t looks like the two strings brought together ¢ ould

just fuse together to form the vacuum as in Fig.[I9.2, and this would
then turn the collection of two strings into the vacuum. To prevent

such transmutation, we will work with operators known as Jones-V¢nzl
projectors.

19.1 Jones-Wenzl Projectors

The general de nition of a projector is an operator P such that P2 = P.
This means that P has eigenvalues 0 and 1. Let us think of a string
diagram as an operator that takes as an input strings coming from he
bottom of the page, and gives as an output strings going towardshe top
of the page (compare Fig[TIZR). Now consider a set af-strings traveling
together in the same direction (in what is often called acable. The
Jones-Wenzl| projection operatorP,, operates on a set oh such strings
| it takes n-strings in and givesn-strings out | and it is de ned such
that attaching a cup or a cap to the bottom or top of the operator gives
a zero result (See Fig[CI94). The n-particle Jones-Wenz| projeot Py
acting on a cable ofn-strings should be interpreted as then™ particle
species.

The purpose of the Jones-Wenzl projector is to x the problem we
discovered with Fig.[19.3. That is, if a cable of two strings forms a
nontrivial particle (the particle we will call 2), we should not be able to
put a cap on the top of these two strings and transmute the 2-paticle to
the vacuum. l.e., adding a cap should make the entire diagram vanish,
and this is the property we are looking for in the 2-string Jones-Weunl|
projector.

Let us now try to construct the 2-string Jones-Wenzl projectar P,
out of two incoming 1-particles® (two elementary strings ). To do this
we rst construct a di erent projector P, that forces the two incoming
particles to fuse to the vacuun? as shown in Fig.[I35.

P_1U_
AN T

Fig. 19.5 The projector of two strings to the vacuum  P;.
be thought of as an operator that takes as an input two strings
the bottom, and gives as an output two strings going out the to
operator is represented as a labeled box as shown on the right .

This gure should
coming in from
p. Sometimes the

To establish that this P, operator is a projector we need to check that
[P,]? = P,. To apply the P, operator twice we connect the two strings
coming out the top of the rst operator to two strings coming in the
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bottom of the second operator. As shown in Fig[CI986, using the fac
that a loop gets valued we see that P,]° = P, meaning that P; is indeed
a projector.

R,

ol 1 1U
[P,]? = 0 .4_.;: 7 Q = am= P,

Fig. 19.6 Checking that [ P2]2 = P». In the second step we have used the fact that
a loop gets the value d.

The Jones-Wenz| projector P, for two strings is the complement of
the operator P, we just found, meaningP, = | P, wherel is the iden-
tity operator, or just two parallel strings. Diagrammatically we hav e
Fig. I94. Since theP, operator projects the two strings onto the vac-
uum, the P, operator projects the two strings to a di erent orthogonal
particle type which we call 2.

1/ ||
P2 = = P2

d /™~ T

Fig. 19.7 The projector of two strings to the nontrivial particle made of two strings
P> = I  P,. Sometimes this projector is drawn as a labeled box, as on the right.

We can algebraically check thatP; is indeed a projector
PZ=(1 Py)(I Py)=1 2P,+Pf=1 Py=P,
and also we can check thatP, is orthogonal to P2, by
PP, = Po(I Pp)= P, PF=0

and similarly P,P, = 0.
Often it is convenient to draw these projection operators as a labled
box, as shown on the right of Figs[I9.b an@19]7. Sometimes instead o
drawing two lines with a projector P, or P, inserted, we simply draw a
single line with a label, 0 or 2 respectively as in the right of Fig.[19.10
or the left of Fig. I[9.8.
It is useful to calculate the value of the of the 2-string loo. This is “In many references d, is called
shown in Fig.[I9.8. (and similarly d, is called ). We

229

2
will

stick with d to t with the notation in

the rest of this book.
— — — 1
d2 B Q 27 B d = d2 1

Fig. 19.8 Evaluating the 2-string loop.



230 Temperly-Lieb Algebra and Jones-Kau man Anyons

Fig. 19.9 Two cases where the Kau -
man bracket invariant rules become
very simple. If you have not convinced
yourself of these rules, try to do so! (See
exercise[Z2). Note that d = 1 occurs

for bosons or fermions and d = 1 oc-

curs for semions.

Oor 2
||

P2 or Py -

/N

Fig. 19.10 Two possible fusions of two
1-strands, drawn in two dierent no-
tations. A single line labeled 2 is in-
terpreted as two 1-strands traveling to-
gether with a P2 operator inserted. The
label 0 means the two strands fuse to
the vacuum as in Fig. 1921

Abelian Case

In the case whered = 1 it is easy to prove (see ExercisE 212 and ***)
that two horizontal strings equals d times two vertical strings as shown
in Fig. I8.9. In this case, notice that the projector P, = 0 since the
two terms in the projector in Fig. [9.7] are equal with opposite signs.
Correspondingly note that for d = 1 (and only for these values), the
value of the 2-string loop isd; = 0 as shown in Fig.[19.8, meaning that
no such 2-particle exists. Thus the only possible outcome of fusionfo
two 1-strings is the vacuum as shown in FiglI9.2. Thus the entire fusn
rules of these theories are
1 1=0

where again 0 is the identity or vacuum. These abelian fusion rules
result in abelian braiding statistics.

These two possible cases here obviously correspond to thie= 1
loop gases that we studied in section§_18.1.1 arf[d 18.1.2 above. When
braidings are considered we obtain bosons or fermions fat = 1 and
left or right handed semions §U(2),) for d = 1. Since this has been
discussed in depth in sectiofi 1811 we do not elaborate further here.

Two Strands in the General Case

For values ofd not equal to 1, the projector P, does not vanish. This
means that two 1-strands can fuse to either O or 2 as shown in Fid. 9L10.
We can write the fusion rule as

1 1=0+2

We might ask whether it is possible to assemble a third type of particle
with two strands. It is obvious this is not possible sinceP, + P, = 1,
which means these two particle types form a complete setR, projects
the two particles to the vacuum, and P, projects to the 2-particle type).

Three Strands in the General Case

We can move on and ask what kind of particles we can make if we are
allowed to fuse three strands together. We want to try to constiuct
a three leg projector. The most general three legged operator @vcan
construct is of the form in Fig. I9.11.

AN

Fig. 19.11 The form of the most general three legged operator we can cons truct.
Where ; ; ;; are arbitrary constants.
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We would like to nd the three-string operator which is a projector. So
we should enforce|332 = P3. However, there are other things we want to
enforce as well. Since 0 is the identity, we want 0 1 =1 which means
we should not be able to fuseP, (the projector of two strings onto the

vacuum) with a single strand to get P3. Diagrammatically this means
we must insist on relations like Fig.[19.12.

3
i
1 0 @

Fig. 19.12 Insisting that O 1 does not give 3

This and analogous constraints allow us to insist on the conditions
shown in Fig.[IT9.13.

| || | || al )

Ps | = [Ps| = |Ps] =[Ps]=0
|V Vo 1] 1]
Fig. 19.13 Four conditions that come from the fusion condition shown in  Fig.
However, we should alllow fusions of the form 1 2 = 3 as shown in 3 | | |
Fig. [9.14. Enforcing the condition in Fig. 1913, along with P =
P3 gives the form of P3 shown in Fig.[I9.11 with the results that (see P3
Exercise[19.1) = /
=1 1 2
_ _ d
d12 1 Fig. 19.14 Weallowl 2=3
ST @ 1

We can do a short calculation in the spirit of Fig. [19.8 to obtain the
value of a loop of 3—strin@, giving the result (See exercis€19]1) shown

in Fig. [9.15.
ds = Q?’ = dd@  2)
Fig. 19.15 Evaluating the 3-string loop.
Ising Anyons
In the case whered = P 2 (and only in these cases) the three string

loop hasds; = 0 meaning that there is no 3-string particle. Equivalently
it is possible to show that P3; vanishes when evaluated in any diagram
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(See exercis€1911). Itis similarIM possible to show thaP, = 0 and so
forth. Thus, for the case ofd = 2 there are only three particle types
0, 1, and 2. In addition to the fusions we have already determined, &
have 2 2 =0 as shown in Fig.[I9.16 and 2 1 = 1 as shown in Fig.[T9.17.

/'\ (Note that showing 2 2 2 2 requires another explicit calculation, not
2 2

:0

shown here! See exercige 19.1)
We thus have the full set of nontrivial fusion rules

. 1 1 = 0+2
Fig. 19.16 2 2=0.
2 2 =0
1 2 =1

1 which we recognize as Ising fusion rules (see sectiohs 8]2.2 dnd 18.3)
_ where 1= and 2= and 0 is the vacuuml
- Recall in our discussion %lsing anyons in sections 8.2.2 arld 18.3.
There we found that d = 2andd =1. This indeed agrees Vﬁlt_h
2 1 2

the present discussion: We obtain Ising fusion rules fod; = d =
and evaluating using Fig.[19.8, we also havel = d, = 1. Thus our
Fig. 1917 2 1 = 1. We recog- String algebra recovers details of the Ising fusion algebra.

nize this as the fusion 1 1 = 2 from
Fig. [9.I0]just turned on its side.

19.2 General Values of d

For d = P 2 The generalization of the above discussions fod = 1 andd= P 2is
fairly straightforward. One can generally show the following propeties

(SeelKauman and Lins [1994] and exercisé_1912). First, the Jones-
Wenzl projector for n +1 strands can always be written in terms of the

QA@ =0 projector for n strands as shown in Fig[ 19,10 (See exercise 1P.2)

Ll
s S Pn J
= s T ]

Fig. 19.18 Ford= P 3 wehave2 2 Pn+l = PI’J
not fusing to 2. T — dn P ?
LN,
|| --.-ll

Fig. 19.19 Recursion Relation For Jones-Wenzl Projectors

Note in particular that if P, vanishes, we can conclude thaP,, van-
ishes for allm > n as well. We de ned, of particle type n by connecting
n strings coming from the bottom of projector P, to those coming from
the top as shown in Fig.[T9.20.

Using the recursion shown in Fig.[T9.70 and the de nition ofd, in
Fig. we obtain the recursion relation (you can do this in your
head!)

dh+1 =ddn  dy 1 (19.1)

where we dened ; 0 anddg =1 and henced; = d. This recursion
has the general solution
dn = Un(d=2) (19.2)
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Fig. 19.20 Evaluating the quantum dimension of the n-string particle. We connect
the n strings coming from the top of the projector P to those coming from the
bottom. Often this quantity is notated as n.

where U,, is the n" Chebyshev polynomial of the second kind. These
are de ned by (See exercis€ 1912)

Un(cos )sin =sin[(n+1) ] (29.3)

A theory has a nite number of particle types if d, = 0 for somen (Such
that P, vanishes for allp n). This situation occurs precisely when
(See exercis€1912) y
d=2cos 1 (19.4)

for® somek 2 1;::::n. For values of d that are not of this form, one SForodd n the k = ( n+1) =2 case corre-
can construct an in nite number of orthogonal particle types (n-strand sponds to the unphysical case of d = 0.
projectors with di erent values of n), which indicates a badly behaved
theory. (l.e., the algebra never \closes").

Once one constructs the appropriaten-strand projectors, the general
vertex between three di erent particle types can be constructel analo-
gous to that shown in Fig.[19.21. Consider a vertex between particle
types (a;b;9 as in with a;b;c; 0 as in Fig.[19.22. The number of
strings going between the projectors (as in the ght of Fig.[I9.21)is

given by
m = (a+ b ¢)=2=strings betweena and b (19.5)
n = (a+c b=2=strings betweena and c (19.6)
p = (b+c a)=2=strings betweenbandc (29.7)

these quantities must be non-negative, and we must have all of thee

N S

Fig. 19.21  The general vertex in the Temperly-Lieb algebra. Here the ve rtex is
shown for 4 and 5 fusing to 3.
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Fig. 19.22 A general vertex between
particle types ( a; b;c) with a;b;c 0

6This is entirely equivalent to the gen-
eral SU(2)k Chern-Simons fusion rules
where particles j take integer and half-
integer values and

joj+ 1
(19.10)

ji J2=j1 Jaliiia

min(j1+j2;k  j1 j2)
where we have made the identi ca-
tion that a in the Temperly-Lieb-Jones-
Kau man theory is 2 j. Note further
that in the case where k is in nitely
large (so that the nal term in the se-
ries on the right of Eq. I I0Js always
j1+]2), these fusion rules match the an-
gular momentum addition rules of reg-
ular SU(2).

a

Fig. 19.23 The Theta diagram in the
Temperly-Lieb-Jones-Kau man theory.

( a;b;c) =

guantities integer, which is assured if

(a+ b+ ¢)is even (19.8)

Note that a;b or c are allowed to have the value 0, meaning no strings
come out that edge. These variables are also allowed to have the vaiul
meaning a single string comes out the edge (and no projector is need,
see notd 2.)

One can show that a vertex between particle types &;b; g can be
nonzero only if further if the projector

is nonzero (19.9)

Pia+ b+ ¢)=2

This nal conditon is nontrivial and we will not prove it in all generality
here (See for example, Kau man and Lin51[1994], for apo_roof). Howeer,
Fig. 1918 is an example of this condition: Wherd = 2, we've shown
that Pz vanishes and this implies the vertex (22; 2) must also vanish.

The conditions we have just described for a vertexif; n; p non-negative
integers andPa+ b+ ¢)=2 NONZero) gives us the fusion relations for the the-
ory which are given by

a b=ja b;ja b+2;:::;min(a+ b2k a b

wherek is the largest integer such thatPy is non-zero®

With this de nition of a vertex we can evaluate any planar diagram.
A particularly useful diagram is the version of the Theta diagram shavn
in Fig. [9.23. The value of this diagram can be derived generally and is
given by

(dn D)'(dm 1)!(dp 2)!

( a;b;9 = (dea+ b+ ¢)=2)" (da 1)!(dp 1)(dc 1)!

(19.11)

where we have de ned
(dn)!

with dp = dand dy = d ; = 1. From Eq. [9.11 we see that (a;b;qg
is symmetric in exchanging any of its arguments. Further we see thia
the quantity vanishes when da+ v+ )2 Vanishes which agrees with the
condition Eq. [19.9.

While the most general derivation of Eq.[T9.11 is somewhat compli-
cated (See Kauman and Lins [1994]), it is easy enough to con rm it is
correct for a few examples (See exercige 19.3)

The value, Eq.[I9.11, of the Theta diagram does not match what
we would have expected given the rules in chaptef—16. Comparing to
Fig. I6. 13 we would have expected the Theta diagram in Fig.19.23 to
have a value  d,d,d. which in general it does not here. We will now x
this problem.

dndn 1dn 2:::d2dy
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The diagrammatic algebra we have constructed so far in this chapte
is a perfectly self-consistent algebra (See Kau man and Lins [1994fpr
a large amount of detail of this algebra). However , this algebra dog
not t the rules we have establshed in prior chapters. In section[I%2
we just found that the value of the Theta diagram does not match the
expectation from chapter[18. If we tried to work out further details of
the diagrammatic algebra, we would nd other failures as well | for
example, we would nd the F-matrices to be non-unitary! Fortunately,
it is not hard to modify the theory a small amount so that it ts within
our existing framework from chapter[18.

A e F
= v(a;b; 9
a b a b

Fig. 19.24 A renormalized vertex between particle types ( a;b;c) with a;b;c 0
marked with a blue dot on the left is de ned in terms of the orig  inal vertex on the
right. We assume here that the vertex on the right, de ned ana logous to Fig. [9.21]
is nonzero.

Let us de ne a new vertex which is a constant multiple of the old
vertex as shown in Fig.[T9.24. We de ne the rescaling factor as
° da dpdc
v(a;b;9 =

( a;b;9

uch that the value of the Theta diagram in Fig.[I9.25 is now (a;b; 9 =

dadpd. as we expect from Fig[ZI6.IB. It turns out that this simple mod-
i cation is su cient to make the theory tinto the framework develo ped
in chapter [18.

19.4 F-matrices

We can now determine the F-matrices directly from the graphical al-
gebra. As a simple example, consider thé -matrices F! (which we
abbreviate asF ) as shown in Fig.[I9.26. Note that for this equation
we use renormalized vertices as de ned in Eq._19.24 and notated byods
on the vertices.

This F-matrix equation is that of Fig. [&.3]for four incoming 1-string
particles. The F matrix is nontrivial since there is more than one fusion
channel when we fuse the 1's together: 1 1=0+2,solongasdé 1
(in which case the 2-string particle vanishes). We can now rewrite tle F -
matrix equation in terms of strE]g diagrams as in Fig.[T9.27. Note thatin
Fig. 9.2, the prefactors ofd=" d, come from the vertex renormalization
factors v(1; 1; 2)?, and the quantities in brackets areP, projectors which
force the two strings to fuse to the 2-particle.

19.3 Unitarization 235

a

ae LB
( ajb;c) =
\e /

Fig. 19.25 The Theta diagram with
renormalized vertices.
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= FO :0 + F20 2

1 1 — %
L, 1
2 2 2
1 1 —

1 1 1

=

Fig. 19.26 The F-matrix in the Temperly-Lieb-Jones-Kau man theory is unit ary
when use renormalized vertices, indicated by dots. Here we h ave abbreviated Fllll
asF for brevity.

Fig. 19.27  Explicitly writing out the  F -matrix equations of Fig. 19.26.1 The pref-

actors terms in brackets are P, projectors. The prefactors dy is from the ver-
tex renormalization factors v(1;1;2)2 = d?=d,. (The other renormalization factor

v(1;1;0) =1).

We then match up terms on the right and left of the graphical equa-
tions in Fig. I9.2Z7. In the rst line we see that the diagram on the left
is topologi%lly like the rst term in the brackets on the right, so we
have F? = = d,=d. Similarly the rst term on the right is topologically
the same as the second term in the brackets, sB{ = 1=d. Then in the
second line the second term in brackets on the left is topologically the
same as the rst term in brackets on the right, so we haveF? = 1=d.
Then among the remaining terms, the rst term in brackets on the left,
the rst term on the right, and the second ter[pﬂ brackets or‘bth_e right,
are all topologicallyﬁhe same, so we havel= d, = FY (1= d;)F2 or
F)=(1=d(d®> 1)= d,. Finally using d> = (d®* 1) (See Fig.[T9.B) we
obtain the full form of the F-matrix (and returning the 11 superscripts
and subscripts which we have suppressed)

0 p
1 dz 1
[Fi=@p° ¢ A (19.12)
d2 1 1
d d
Note that this matrix is properly unitary for any value of d. For d = P 2

the matrix matches our expectation for the Ising fusion rules givenin
Eq.I829.
With similar diagrammatic calculations, we can work out the F-
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matrices for any incoming and outgoing n-string particles. Detailed
calculations are given in_.Kau man and Lins [1994]. However, note that
the results given there are nonunitary expressions due to the usef un-
rernormalized vertices.

19.5 Twisting and Braiding

So far we have not yet used the braiding rules of the Kau man braclet
invariant, we have only used the loop rule and we have only considered
planar diagrams. We nally can reintroduce the braiding rules for the
Kau man invariant for evaluating crossings as in Fig. and thus we
are now considering a full anyon theory. As shown in FiglZZ16, compang
to Fig. [5.3 we see that the twist factor of the single strand is

1= A

Itis a reasonably straightforward exercise to use these crossingles to
evaluate the twist factors for other particles in the theory (See &ercise
[I9.5), as well as theR-matrices. Just to do a simple example, let us
evaluate R?, as shown in Fig.[T9.Z8.

7 1 1N_1 .
R3! = =
2
- 2
1 1]\K-
= A + A = A
2

Fig. 19.28  Evaluation of R3! = A ! using the Kauman bracket invariant. In
going from the rst line to the second we invoke the bracket ru les Fig. 23 The last
step invokes the fact that P is a projector orthogonal to the turn-around thus killing
the term with coe cient  A.

We have already seen that in order to have a well-behaved theory wit
a nite number of particle types, d must take some very special values
(Eq. I34). Also recall from Fig.[Z3 that d is related to A via

d= A?2 A ?2

A2=exp( ik= (n+1))

237
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or
12 k

4 4n+1)
where we have labeled the two di erent  with two di erent superscripts

to keep track of them. Note that the rst (with the superscript 1),
just changes the overall chirality of the theory.

Let us take, for example, then = 3 case, meaningP; vanishes and
we have Ising fusion rules as discussed in sectign_1P.1., There are two
possiblc;l5 values ofk giv%n by k = 1 correspondingtod= " 2 andk =3
corresponding tod = 2. Each of these has four possible choices of
the signs in Eq.[I9.I8B, thus resulting in eight possible anyon theories.
This matches the eight theories with Ising fusion rules that we foundin
section[18.3 above.

Just for completeness, let us determine the twist factors for the
particle for each of these anyon theories. We have

A =exp ' 2i (19.13)

1 12 k
= A3z 2i Z —
eXp ' 2 16

a

with k =1 or 3. This gives all the possible odd-sixteenth roots of unity

as in Eq.[18.41.

Further Reading

" Louis Kau man, Knots and Physics World Scienti ¢, (2001), 3ed.
Kau man [2001]

L. H. Kau man and S. L. Lins, Temperley-Lieb Recoupling Theory
and Invariants of 3-Manifolds, Annals of Mathematics Studies, no
134, Princeton University Press (1994).

Kau man and Lins [1994]

" Wang book for unitarization M [@]

~ some of the ideas date back to Penrosé [1971]

Exercises

Exercise 19.1 Jones-Wenzl projectors Po, P2, and P3

For two strands one can construct two Jones-Wenzl projectors Py and P>
as shown in Fig.[193 and[19.7.

(a) Show that these projectors satisfy P2 = P, so their eigenvalues are 0
and 1. Further show that the two projectors are orthogonal PoP> = P2Po = 0.
(should be easy, we did this in lecture)

(b) Show that for d= 1 we haveP, = 0 in the evaluation of any diagram.
The result means that in these models there is no new particle which can
be described as the fusion of two elementary anyons. Why shoud this be
obvious? Hint: Look back at the exercise 2.2

(c) The three strand Jones-Wenzl projector must be of the for m shown in
the gure 19.17]
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The coecients ; ; ;; are de ned by the projector condition P32 = P3
and also by the condition that Ps is orthogonal to Py which is shown in the
Figs. 1912 and[I9.138.

Calculate the coe cients
ds shown in Fig.

(d) Choosing d = 2 show that Pz = 0 in the evaluation of any diagram.
We can then conclude that in this model there is no new particl e that is the
fusion of three elementary strands. Hint: Try putting Ps within a some simple
diagrams and calculate the r?ﬁglts.

(e) For the case ofd = 2 show that, when evaluated in any diagram,
2 22 2. In other words, prove Fig. [9.18

B in P3. Calculate the quantum dimension

Exercise 19.2 More General Jones-Wenzl Projectors

(a) A Jones-Wenzl projector for n strands is de ned both by P2 = Ppi
as well as by being orthogonal to Py analogous to Fig.[19.13. Assuming these et
properties are satis ed for P, show that they are satis ed for P,.:1 given by
Fig. I9.19. Hint: Use the fact that connecting up a single string from P41 P“ +1
from top to bottom as in Fig. 19.290must give something propor tional to Py
(Why?).

(b) Using Fig. [9.19]derive Eq.I9.. Show that the solution t o this equation
is given by Egs.[19.2 and[I9.3. Con rm the condition for d, to vanish given Fig- 19.29 ~ This gure, with  n strands

in Eq. 194 going in the bottom, and n strands
' ' coming out the top, must be propor-
Exercise 19.3 Theta Diagram tional to Px.

(&) Show ( a+1;a;1)= da+1 . Hint: Use Fig. [9.29]
(b) More generally show ( a+ k;a;k) = da+1 . Hint: Generalize Fig. [9.29]
to the case wherek strands are connected in a loop from the top to the bottom.

Exercise 19.4 F-matrix diagrammatics
Using the diagrammatic algebra, determine FZ and F2' for arbitrary d.
Con rm that your results are unitary matrices.

Exercise 19.5 Twists of Kau man Anyons
Use the Kau man bracket rules to calculate 5 for the P, kau man anyon.
Show that
a=( 1A 2

Hint: Try a=2then a=3to gure out the pattern.






Anyons from Groups 2 O

Medium Hard Material

In this chapter we will use the structure of discrete groups to buildrules

for anyon theories'. There are two general approaches we will consider. 1in chapter ** (also section ***)
In section[20.1 we will label our diagrams with group elements whereas we d'SCﬁSS an?thEF COZ_S“UC"(’” of an
. . ) . . . . anyon theory from a discrete group,
in section[20.2 we will Iabel_d|_agrams with group representatl_ons. As ®  Lhown as the quantum double con-
have done previously we will in each case consider planar diagrammatic siryction. We defer discussion of that

algebras rst before considering braiding. construction for now.

20.1 Fusion as Group Multiplication

One way to construct a wide variety of consistent planar diagrammaic
algebras is to construct our fusion rule based on the structure o group.
In this approach we consider a discrete grouis, and each elemeng 2 G
is a particle type with the identity element | of the group being the

vacuum.
Fusion rules follows the rules for group multiplication. That is, for
9;h2G g h 9 h
g h=gh
which we draw as shown in Fig[Z0.1. =
Sincegg ! = g g = I, antiparticles are given by the inverse elements

in the group, or g= g ®. This means that in a diagram we may reverse
an arrow if we invert the group element as shown in Fig[2Z0P.
Let us consider diagrams where each line is labeled by a group element gh h 1g 1
g2 G. Reversal of a line corresponds to inversion of the group element
as shown in Fig.[20.2 analogous to reversing an arrow in order to tur@ Fig. 20.1  Fusion is de ned by group
particle into its antiparticle. multiplication. On the right we show
| h the arounp is abelian so th h=gh= hg=h the three particles orientied as all leav-
_n C‘tises where _g p ) ] ay - g - g= ing the vertex. With this orientation
which is what we required for fusion of particle types in sectio 8.1l abee. when the three particles are multiplied
In section [2Z0.1.3 we will consider the possibility of using nonabelian together in clockwise order, thely shlould
groups, but for now we will assume the group is abelian. We thus have L“(ie l‘g }?S _'d(er:‘m}’g P)Z(r?— |g) ) =
fusion rules given by group multiplication '

Ngn = agh = ang y g/l/
Since the result of any fusion is always uniquely de ned by group mul- a

tiplication (one never has a sum on the right hand side, suchag h =
a+ b), the quantum dimension of every particle isdg = 1 meaning the
Hilbert space size does not grow with the number of particles.

An example of a planar diagram with this type of group multiplication
is shown in Fig.[20.3.

Fig. 20.2 Reversing an arrow inverts
the group element.
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2Group cohomology is a very general
framework which we will not delve into
more than is necessary. However, it
is worth knowing that it enters promi-
nently in a number of topological theo-
ries.

Fig. 20.3 A planar diagram with fusion being de ned as group multiplic  ation. For
each vertex, if all arrows are pointed out of the vertex, then  going around the vertex
clockwise, the group elements multiply to the identity, as s hown in Fig. 20.11]

20.1.1 Group Cohomology

We now have the task of trying to construct consistent F -matrices for
our planar diagram algebra. This is an extremely well studied problem
in the eld of group cohomology

Consider a general groups. A so-called 3-cocyle of the group is given
by a function of three variables! (a;b; g where a; b;c2 G that satis es

I (a;b;9! (a;bc; 9! (b;c;d = ! (ab;c; 9! (a;b;cg (20.1)

Generally we will consider cases df being aU(1) valued complex phase.
In group cohomology notation we say that

I 2 H3(G;U(1)) (20.2)

Eq. may look obscure, but it is actually just a translation of the
pentagon equation! Let us make the identi cation, in the notation of
chapter[d,

ib; - Th
[F(aabcc)](ab);(bc) =1 (a;b;9

So that we have diagrammatically

a b ¢cC a b ¢C

a = | (a; b; Q bc
abc abc

Fig. 20.4 The 3-cocycle is precisely an F-matrix. Compare to Fig. 9[1]

Examining the pentagon equation Eq.[9.Y and Fig[9F we see that
this is precisely the same as Eq._201 in a di erent language. Note that
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there is no sum over indices here (like the sum over possible elements
h in Eq. @.7) since the fusion of any two group elements always gives a
unigue group element as an outcome.

As with F-matrices, it is possible to choose di erent gauges (See sec-
tion B.4)). In particular given a 3-cocycle (ie., a solution of the pentagn
equation) we can multiply each a; b vertex by a phaseu(a;b) as shown I U (a; b)
in Fig. to transform the cocycle by

a a

ab ab
| (@:b:g ! u(a; bqu(b; 9 ! (a;b; (20.3) Fig. 205  We have the freedom to
u(a;bu(ab; 9 make a gauge transform of a vertex by
multiplying by a phase u(a;b).
By making such a gauge transform we generate additional solutionsf
the pentagon equation. We view di erent solutions which are gauge
transforms of each other as being physically equivalent, We will typially
work with just one representative 3-cocycle for each equivalencelass by
choosing a convenient gauge. It is useful to always work with a soatled
normalized gauge, wheré (a;b;9 = 1 whenevera=1 orb=1orc=1.
(I.e, fusing with the vacuum gives no phase). Further we want to oty
consider gauge transforms that maintain this normalized gauge, save
must insist on u(l;g) = u(g;l) = u(l;1) = 1. Given this restriction
to normalized gauge, however, one still has a large additional gauge
freedom.
The 3-cocycle (pentagon) equation Eq[20]1 typically will have more
than one gauge-inequivalent solution. Further, if we have two di erent
3-cocycled and! © we may multiply these together to generate another
solution ! ®and we may invert ! to generate another solution. Thus,
the space of 3-cocycles! 3(G; U(1)) in Eq. is itself a group, known
as the third cohomology group ofG with coe cients in  U(1).
A trivial 3-cocycle ! (a;b;g = 1forall a;b;c2 G is always possible. In
this case all diagrams have value 1. However, for any group (beyaithe
trivial group with only one element), there are always other possible3-
cocycles as well. Such 3-cocycles and group cohomology in generavé
been studied extensively in the mathematics and physics communities
and it is possible to simply look up the form of the possible 3-cocyles.
(See the end of the chapter for good references).
While all 3-cocycles provide a solution to the pentagon equation, thg
do not always allow for full isotopy invariance as discussed in chaptdi®.
Indeed, for any 3-cocycld , we will need to check whether it satis es all
the requirements for full isotopy invariance. For example, if we war to
be able to freely turn up and down legs of a vertex as shown in Fig.20.6
Thus for full isotopy invariance (and allowing for d both +1 and 1)
we need to have

s(a;b)! (a;a 1;b)
s(a;b)! (a;b 1;b)

|
(SN

(20.4)
(20.5)

|
(SN
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for all a;bin the group with

1 dazde 1

s(a;b) = +1 otherwise

(20.6)

While this condition seems quite restrictive, the gauge freedom Eq. @3
allows us often to achieve this.

a a'b
a'b

= s(a;b)! (a;a*;b)

ab* b

b*/ = s(ab! (a;b*;b) ?
a

Fig. 20.6  Turning up and down relations (analogous to Fig. 14710).JThe  prefactor

s comes from the proper interpretation of the sign of the d factors in [Z10] See
section 4271

A further item to note is that the Frobenius-Schur indicator for a
particle is

1

d,="!(a;a “;a)

and if a is self-dual (@ = a !) this is the gauge invariant Frobenius-
Schur indicator. If we can do so, we will try to choose a gauge for au
3-cocyles such that we have full isotopy invariance (this is not alwag

possible) by choosing negativel, but keeping 5 positive as discussed in
section[I4.21.

20.1.2 Simple Examples with G = Zy

For example, let us take a simple case of the groufs = Zy, the group
of integers moduloN with the group operation being addition modulo
N. Since this group is abelian, we havegy h = h g as we want for
fusion of particle types as described in chapte[18.

The inequivalent 3-cocyles of the groupZy can be written as (See
references at the end of the chapter)

I (a;b;9 =exp ZNi—ga(b+ c [b+cn) (20.7)

where herea;b;c2 0;:::;N 1, and the brackets p+ c]y meansb+ c
modulo N where the result is chosen to lie in the range 0, ...N 1.
Here the indexp is an integer in the range Q:::;N 1 describing the
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N di erent gauge-inequivalent 3-cocyles.
The trivial 3-cocyle is given by p = 0 which gives! =1 always. The
nontrivial 3-cocycles are more interesting.

Z

Lets consider the simple case af, fusion rules. Here the group elements
areg=0;1 and the group operation is addition modulo 2. One has the
trivial 3-cocycle p =0 in Eq. giving! =1, or all F matrix elements
equal to 1, which we identify as being exactly the same as the = 1
loop gas from sectior_I8.1]1.

The only nontrvial 3-cocycle is the p = 1 case. Here, using Eq[2017
we determine the 3-cocycle is of the form

1 a=b=c=1
| ‘b:Q =
H (&b 9 +1 otherwise (20.8)
We recognize this as being exactly the case of thd = 1 loop gas
from section[I8.1.2 (This translates to saying that theF -matrix is 1 if
and only if all four incoming legs a; b; cand abcare in the 1 state as in
Eq. [I8.10, and note thatabchere means multiplication with the group

operation so is really @+ b+ c)mod 2.).

Z3 and beyond

Generalizing the Z, fusion to Z3, we now haveg = 0;1;2 with the
group operation being addition modulo three. In this case we have
three di erent 3-cocycles, the ftrivial 3-cocycle (p = 0 in Eq. E0.7) and

245

two nontrivial 3-cocycles (p=1 and p =2 in Eq. 20.7). 370 see that it is not possible to achieve
While these nontrivial cocycles provide a valid solution to the pen- full isotopy invariance note that from

tagon equation[20.1 (or Eq[9.7) they are not in a form where they ejoy  Ed.R0.4land PO.5] isotopy invariance re-

full isotopy invariance. One can use gauge transforms Eq.20.3 tory

quires ! (1;1;2) = land! (1;2;2) =
1. However, for N = 3, the prod-

to put the cocyles in dierent forms, but it is not possible to nd a ¢t 1 (1:1;2)1 (1;2:2) is gauge invari-
gauge where both EqC2Z0M and Eq_20l5 are satis ed at the same time ant, and it is only 1 for the case of

Nonetheless they still provide a consistent planar diagrammatic alglera, P =0. See exercise[20.2.
although not a fully isotopy invariant one. Thus the only isotopy in-
variant case is the trivial cocycle p = 0. We will discuss the possible
braidings that are consistent with this planar algebra when we discus
the trivial cocycle below.

One can further show that Zy for any odd N is similar to the case of
Z3: the only fully isotopy invariant case is the trivial cocycle p = 0. See
exercisd 20.R. And this theory has\ solutions of the hexagon equaation.
These are given in detail in appendiX20.4.

For Zy with N even, the situation is slightly more interesting. Here,
there are two possible values op which can give an isotopy invariant
solution: p = 0 (the trivial cocycle similar to what we found in the N
odd case) andp = N=2, which is analogous to the nontrivial cocycle we
found for the Z, case. (See exercide 20.2). For each of these values of
p there are N solutions of the hexagon equation. All of these cases are
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“It looks like a fun exercise to explore
this!

Swe have a bit of a language di culty
here. Here we use the word nonabelian

tomeanwhen g h 6 h gwhereas pre-
viously (See section we used non-

abelian to describe fusion rules where
there is more than one fusion channel,
suchasg h=a+ b+ :::.

670 remind the reader, each discrete
group has a nite number of irreducible
representations, and any representation
of the group can be decomposed into
a direct sum of irreducible representa-
tions. See section[33.2.4.

discussed in detail in appendix’2Z0.4. Again, for other values op we
have a perfectly consistent planar diagrammatic algebra, althoughnot
a fully isotopy invariant one (no matter what gauge we choose).

Other abelian groups

Abelian groups are always of the formzZy, Zy, :::with some number
of factors of cyclic groupsZy. We can look up the cocycles for such
groups in, for example/de Wild Propitius [1995] or Hu et al. [2013] or a
book on group cohomology! Note that the variety of di erent possble
cocycles grows when there are multipleZy factors. We will not pursue
these theories further heré.

20.1.3 Using Nonabelian Groups?

In the case where the group is nonabelian we deviate from what was
done when we discussed fusion of particle types in sectidn 8.1 above.
In the discussion of fusion of particle types, we have always assume
g h=h gand with a nonabeliar® group gh may not be the same as
hg.

Why did we insist in chapter 8 that particle fusion should satisfy
g h=h g? If we think about particles living in three dimensions,
when we bring two particles, g and h together, looking at the system
from one angle it looks likeg is to the right of h but looking at the two
particles from another angle, it looks like h is to the right of g. Thus
there is no way to decide whether the pair fuses tayh or hg.

However, if we are only concerned with a planar diagram algebra (or
a diagram algebra on the surface of sphere) then there is no ambigy!
The surface we are considering is assumed to be oriented so we can
always unambiguously decide which particle is clockwise of which other
particle at a vertex. Thus we can make the general rule that for a
vertex to be an allowed fusion, the three particlesleaving the vertex
must multiply in clockwise order to the identity as shown in the right of
Fig. 20.1. Thus, at least for planar diagrams we can generalize our teas
for particle fusion to allow non-commutative fusions.

All of the gures we have drawn in this section (Fig. { Fig. 20.6)
have been drawn so as to be consistent with our rule for nonabelian
groups | that is, if all of the arrows are outgoing, when you multiply
the group elements clockwise around the vertex you obtain the idetity.

For de niteness we discuss the example of the nonabelian groug; in
the appendix section20.5.

20.2 Fusion of Group Representations: Rep(G)

Another way to construct a consistent planar diagrammatic algebi is
to work with representations of discrete group§. Suppose we have ir-
reducable representationsR; of a group G. A tensor product of two of
these irreducible representations will necessarily decompose intodirect
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sum of irreducible representations. |.e., we have

Ra Rb' Rc Rg (20.9)
with the sum on the right hand side being nite. We thus propose to
label a particle type for our diagrammatic algebra with an irreducible
group representation, and have the fusion relations be given by tbse
tensor product decompositions. Thus we interpret the tensor podut

equation Eq.[20.9 as a particle fusion relation
a b=c+d+:::

and accordingly a particle a's corresponding to representationR, has
antiparticle a corresponding to the dual representation which we write
as Ry, = R,. This fusion category (this set of fusion rules with the
associatedr -matrices) using the representations of the groups is known
as Rep@G).

It is fairly easy using some tricks of group theory to determine the
fusion rules for discrete group representations. Recall that a neresen-
tation R is a homomorphisn? from each group elementg to a matrix

R (g) (See section33.214). The trace of the representation matrix is
known as its character

R@ =T "(9)]

One can either work out the characters of a group explicitly or (mud
more commonly) just look them up on character tables, which can be
found in any group theory book or on the web.

Since Tr(ab) = Tr( ba) we have R(g)= R(hgh !) meaning that the
character depends only on the so-called conjugacy class of the aup
elementg.

Characters combine in fairly simple ways under both direct product
and direct sum

Ra Ro(g) Ra@+ R (g)
Ra Ro(g) = Ra(g) Ro(g)

Further we have orthonormality relations for irreducible represertations:®

(20.10)
(20.11)

: [ Re(g)] Re(g)=
iGj g g RaiRp

926G

(20.12)

where the sum is over all elementg of the group G and jGj is the total
number of elements in the group. We can thus deduce the tensor pduct
decomposition'%: 11
M
Ra Rp'

NS Re

c2 irreps

(20.13)

“If we write M N = P we mean
the following. If Mg is a matrix
of dimension m and N is a matrix
of dimension n then P is dened as
P(ac);(bd)y = MapNcg and is of dimen-
sion nm. If we write P = N M
we mean that P is block diagonal with
blocks N and M . Finally note that the
relation in Eq. Z0.970s an isomorphism
not an equality. One can choose a basis
such that the right hand side is block
diagonal, however, this is not the natu-
ral basis for the left.

8Meaning a mapping where the
group operation is preserved:
Rg1) R(22)= R(002).

9This orthonormality is derived triv-
ially from the grand orthogonality theo-
rem, Eq. B3:3] Since the character (g)
is a function of the conjugacy class of g
only it is sometimes more convenient to
replace the sum over all elements with
a sum over classes where we then also
include a factor of the number of ele-
ments in the class. So the left hand
side would read instead
X . .
I Ragg2 ¢

Rb(g2 C)
iGj

classesc

with jCj meaning the number of ele-
ments in class C.

107he L symbol here means a direct
sum of all the arguments. The prefactor
NS, here means the R¢ representation
occurs N § times in the direct sum.

e have Ra Rp' Rp Ra mean-
ing the two tensor products are isomor-
phic, but they are not equal. The two
matrices have their entries in di erent
places. See the de nition in note 7 bf
this chapter above.
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21he group Sz is also sometimes
known as the dihedral group with 6 ele-
ments, often denoted D3 or sometimes

Dg. See section[33.2 for a few more de-

tails of this group.

13The number of irreducible reps is al-
ways equal to the number of conjugacy
classes.

identity rotations | re ections
‘ 1 element | 2 elements| 3 elements
trivial rep (1) 1 1 1
sign rep (S) 1 1 -1
2d rep (V) 2 -1 0

Table 20.1  Character table for the group Sz. Notice the orthogonality of rows as
de ned by Eq. 40121

where 1

X
Nab = jEngG[ Re(@)l  "=(9) **(9) (20.14)

or in our fusion product language

a b=b a= NS c
C

Note that in the case where the group is abelian, the representatias
themselves are also an abelian group (meanin®l5, = NS, 2 f0;1g
only.)

It is not hard to show (See exercise **) that the quantum dimension
of a representationR, is given by

da= Ra(e) (20.15)

where e is the identity element of the group.

Example: Representations of Sz

As a simple example, let us consider the representations of the grpuSs;
which can also be thought of as the symmetries of a triangle. To remid
the reader*? this group has 6 elements which can be written in terms of
two generators X (a re ection) and R (a rotation) with multiplcation
rulesX? = R® = eand XR = R X with ethe identity. The 6 elements
can be written ase;R;R 1;X;XR;XR 1. There are three conjugacy
classes, which we will call the identity (), the rotations (R, R '), and
the re ections (X, XR, XR 1).

There are also three irreducible representation$. The group has a
character table as given in table[20. It is then easy to use Eq.20.14
to determine the fusion laws for the representations, which are gien by

= 1 I S=5S; I V=V (20.16)
S S = | S v=V (20.17)
V V = | +S+V (20.18)

from which we see thatl plays the role of the vacuum particle. Just as
an example, let us consider Eq._20.18. From the character table wedve
V=(@2; L,0andso vV V=V V=(4;100=1;L1+(;1 1)+



20.2 Fusion of Group Representations: Rep(G) 249

class| 1 1| fixg | fiyg|foizg
elements| 1 1 2 2 2
I 1 1 1 1 1
Ry 1 1 1 -1 -1
Ry 1 1 -1 1 -1
R, 1 1 -1 -1 1
S 2 -2 0 0 0

Table 20.2  Character table for the group Qg. Notice the orthogonality of rows as
de ned by Eq. 40121

. 0= | S \%
@ 10)= + + ’ 4 The quaternions were famously dis-
overed by Hamilton. He was so ex-

Example: Quaternion Group Qs cited by this discovery that he carved
them into the stone of Brougham

The quaternion group'* can be de ned as the eight two-by-two matri- (Broom) Bridge in Dublin. There is
ces 1; i x; iy, i .. The group has ve conjugacy classes 1, 1, ;i‘;'g‘éﬁtthere today to commemorate
f iyxg f iyg f i .0, and correspodingly ve representations. The '

character table is given in table[Z0.2. From the character table it is eay

to use Eq.[2Z0.14 to derive the nontrivial fusion rules (Againl plays the

role of the vacuum particle and we do not write its fusions)

RR R = 1 i = XY,z (20.19)
S R = S i=Xy;z (20.20)
R« Ry = R; (and cyclic permutations) (20.21)
S S = I+R(+Ry+R; (20.22)

Note that S is the 2-dimensional representation given by the de ning
two-by-two matrices.

20.2.1 F-Matrices

With a bit of work, the F-matrices (often known as § symbols in this
context) can also be derived using group theoretic methods. In geeral
this can be a bit complicated but the principle is straightforward group
theory. As usual we should think of F59 as a basis transform (See
Fig. L&3). In this case it is convenient to think of the process ob; a; e
and c fusing to the identity in di erent ways or equivalently, the tensor
product of Ry, Ra, Re and R¢ fusing to the identity representation.

(1) ConsiderR, Rp' 4N4 Ry and fuse withR: Re' L 4 N&Rg.
The resulting representations, Rq and R, then fuse together to
form the identity representation. Such a process correspondsot
the diagram in the top of Fig (same as the left of Fig[16.13).

(2) Eonsider insteadRp, R¢' . Ngch and fuse withR; Re'

¢ NiR¢, and nally fuse R; and R¢ to form the identity repre-

sentation. Such a process corresponds to the diagram on bottom
of Fig (same as the right of Fig[I6.B).
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b c
d
a e
b c
f
a e
Fig. 20.7  Fusion of representations.

Compare to the diagrams in Fig. 16.3.1
The top gure can be thought,of as the
d component of Ra Ry~ 4 N§Rq
fused with R¢  Re dN&Ry to
form the identity. The bottom gure
can be thought of asthe f component of
Ry R¢' f Ngch fused with R4
Re ' § Nge Rt to form the identity.

15Recall that if G is abelian, then the
representations of G are isomorphic to
the group G itself. In which case
Rep(G) is just the trivial cocylce of G.
As we discussed in section and
the trivial cocycle of Zy has N
di erent braidings.

Note that R2® is gauge dependent,
so Egs.[20.23 and[20:24 imply a gauge
choice. However, R R22 is gauge inde-
pendent, and 5 is gauge independent.

18\Central" means that z commutes
with all the elements of the group. l.e.,
zg= gz forall g2 G.

1970 see this consider applying z in
the representation twice R (z) R(z) =
R(z2) = R(e). This means that
R(z) can only act as the identity or

as minus the identity.

20gometimes this braided solution to
the hexagon is called Rep(G;z) com-
pared to the fully bosonic solution
which can then be called Rep( G;e).
l.e., if you set z = e, the identity, then
you set all particles to be bosons.

16Not every set of fusion rules is consistent with the trivial b
section 837, are not consistent with a trivial braiding)

but straightforward statement about using tensor products
essence representing the braid operator by B(Ra
phase. Realizing that the F-matrices are also just relating di erent re-orderings of t

Both of these processes correspond to fusion of the four rementa-
tions to the identity. The rst, we might say is the identity componen t
of (Rb Ra) (Re Rc)whereas the second is the identity component
of (Rp R¢) (Ra Re). While these two tensor products are isomor-
phic, they are expressed in a di erent basis (see note11 above).ol nd
the F-matrix F5¢ matrix relating these bases we simply have to nd
the overlap between thed contribution to the overall identity represen-
tation in case (1) above with the f contribution to the overall identity
representation in case (2).

20.2.2 Some Simple Braidings for Rep (G)

So far we have only discussed consistent fusion of representati®f i.e,
fusion rules that will satisfy the pentagon equation. Given a set of
F-matrices, we can then look for braidings, orR-matrices that satisfy
the hexagon. We already know that there will typically be multiple
solutions!® of the hexagon. Some of the braidings, however, can be
stated easily for any groupG, as we now discuss.

Trivial Braidings: Bosons

It is always the case that the trivial braiding

R =1 (20.23)
provides a solutiotd of the hexagon for RepG) for any group G. If
we choose this braiding we are describing particles that are bosons |
i.e., having trivial braiding 7 and trivial spin 4 = 1 | with internal
guantum numbers given by the representations of the groupG.

Fermions and Bosons

If it so happens that G contains an central element® z such that z2 = e
with e the identity of the group, then each representation R, can be
assigned a degre@(a) which is 1 or 0 depending on whetherz acts as
the identity in the representation or acts as 1 in the representation'®
A consistent braiding is then given by (See exercise20.5)

RZP, = ( 1)P@PO (20.24)

In other words, we have declared a particlea to be if bosonic if p(a) = 0
(if r,(2) acts as 1) or fermionicp(a) = 1 (if r,(z) acts as 1).2°

raiding (For example, the Ising fusion rules, as discussed i n
. The fact that Rep( G) always allows a trivial braiding is a subtle,
of representations to represent fusion of particle types. W e are in
Rp) = Rp Ra, i.e., we just re-order the tensor factors without adding an vy
ensor factors, this tells us that the two

paths through the hexagon must give the same result.
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The fermionc particles have ; = 1 whereas the bosonic particles have
a = +1.

An nontrivial example of Rep(G; z) is given by the quaternion group
Qs where we choose = 1. It is easy to check that this makes theR;
representations bosons, but theS representation is a fermion (note the
negative sign on the character S( 1)).

20.2.3 Continuous (Lie) Group Representations?

One can imagine that instead of looking at the representations of dis
crete groups, one considers instead the representations of Lierayps
(See sectior’33.2]3). For example, the di erent representations fothe
group SU(2) are the di erent values of the spin quantum number j, and
these fuse together with the usual angular momentum addition ruls.
Further, the F-matrices are (up to a normalization) precisely what we
call 6§ symbols of angular momentum addition.
While such a scheme makes a perfectly good planar diagrammatic
algebra, the problem is that there are an in nite number of dierent
representations (For the case oS5U(2) for example, the angulular mom-
mentum j can ini nitely large) and this violates our rule of having a
nite number of \particle types" for our diagrammatic algebra. Suc h
algebras can be problematic when used for physical purposes (F&x-
ample, as we will see in sectiof 2113 using a diagrammatic algebra with
an in nite number of representations for construction of a TQFT r e-
sults in divergences). Schemes have been constructed to reguilsr such
a diagrammatic algebra and arrange that only a nite number of repre-
sentations ever occur { which are often known as \deformations"of the
Lie algebra representatiorf'. The most common such deformations cor- ?!The term \quantum group" is often
respond precisely to the particle types of a corresponding Cheri$imons used. Be warned that a quantum group
theory at some nite level. For example, in the case ofSU(2), one can 'S Nt @ group.
consider SU(2)x Chern-Simons theory which has deformed- -matrices
such that angular momentumj = 0;1=2;:::k=2 can occur, but one never
gets any higher angular momenta.

20.3 Parastatistics Revisited

Way back in section[3.5.1 we asked why we could not have exotic statis- a

position rule, we stated that additional constraints | such as part icle
creation and annihilation and locality | limits us to just bosons and

fermions. We are now at the point where we can discuss exactly what
we mean by this. Fig. 20.8 In 3+1 dimensions these

. . . . . two pictures are topologically equiva-
The structure we have built up for anyons in 2+1 dimensions is that o “rs ail particles are transparent.

of a braided unitary category: a set of particles with fusions,F -matrices  This implies Eq.
satisfying the pentagon, and R-matrices satisfying the hexagon. If we
try to do something similar in 3+1 dimensions we will no longer can have
nontrivial braiding of world lines since, as discussed in section-3.3.2, in

b a b
tics in 3+1 dimensions. While there are nontrivial representations of J/
the permutation group that would satisfy the quantum mechanical com- & -

(
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2 symmetric tensor category is in
some sense the exact opposite of a mod-
ular tensor category. For a modular
tensor category no particles are trans-
parent except the identity, whereas for
a symmetric tensor category all parti-
cles are transpartent.

23Recall the notation [ aly means a
modulo N.
24E e _ ca

xamining ¢(a) = R[a+ oy e see
that c(a) is a group representation of
the group Zy , which can only be of the
form exp(2 ipa=N ) for some p. Finally
we invoke the symmetry 1311

3+1 dimension no knots can be formed in one-dimensional world lines.
Thus, we must impose the restriction shown in Fig[20.8 that all partides
are transparent. In equations this can be stated as

RaRba =1 (20.25)
for all a;b; csuch that N5 > 0. If the condition Eq. holds and yet
we have a solution of the hexagon equation, we say we havesgmmetric
tensor category?. Thus if we are to construct an anyon theory with
point particles in 3+1 dimensions, it must be described by a symmetric
tensor category.

In fact we have already given two examples of symmetric tensor cat
egories, in sectiof 20.2]2: (a) the theory Repg) (or Rep(G;€)) which
describes bosons having internal quantum numbers given by the pes-
ntations of the group G, and (b) the theory Rep(G;z) where some of
the particles are instead declared fermions depending on how theirot-
responding representation transforms under the action of the lement
z. The crucial theorem we mentioned in sectiori-3.511, originally due to
Doplicher and Roberts (See also_Mager/[2007]; Delighe [2002]), is that
there are no other possibilities: Any symmetric tensor category is guiv-
alent to Rep(G) =Rep(G;e) if it has no fermions, or Rep(G; z) if it has
fermions. In other words for point particles in 3+1 dimensions, there
are only bosons and fermions; nothing else!

20.4 Appendix: Isotopy Invariant Planar
Algebras and Anyon Theories from
G = Zy Cohomology

Here we start with the cocycles forZy given in Eq.[20.7 and we look for
isotopy invariant cases. We have two general types of isotopy inv@ant
solutions the p = 0 (trivial cocycle) solution, which exists for any N and
the p = N=2 case which exists for everN only. Let us discuss each of
these in a bit more detail.

20.4.1 Trivial Cocycle:

For any Z\ one can always choos® = 0 in Eq. P0.7] which gives the
trivial cocycle ! (a;b;9 = 1 for all a;b;cand we correspondingly have
dy =1 for all a.

Recall that these cocycles are reallyF -matrices, which have now all
been set to unity. We now want to determine the possible braidings fo
this theory by using the hexagon Eq.[I3:2. Plugging inF = 1 into the
hexagon, we obtairf®

z{" Anyons

cia cb _ pGlatb]
R R[c+ bjn ~ R[c+ a+ qu

[c+ aln

(20.26)

There are exactly N solutions** of this system which we labeln =
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0;:::;N 1 which are given by
=exp ZLab

Ra;b
N

[a+ b]n

where ab on the right is actual multiplication, not the group operation
which is addition modulo N. The twist factors are (using Eq.[15.2)

— ina 2=N
a= e2|na

and the correspondingS matrix is (perhaps easiest derived with EqQ[I7.15)
1 4in
Sap = pﬁ exp — ab

This is a modular theory only for N odd with n and N mutually prime 2°.  25For n = (N 1)=2 the modular the-

These theories are sometimes known aZ{[" anyons (Seel Bondersdn ory matches the Chern-Simons theory
l200-7]) SU(N)1 with N odd.

20.4.2 Nontrivial Cocycle:  Z{2,,

Here we consideN = 2p. The cocycle in Eq[20.Y again ha®l consistent
solutions of the hexagon equations, given byn = 0;:::;(N 1) in the
equation (See_Bondersan [2007])

. 2i (n+ %)
R, =exp ———"[aln [

with all d, = +1, resulting in (from Eq. 15.1)

o= exp %Jr%)[a]ﬁ (20.27)
i 1
Sab = plﬁ exp W[a],\. [l (20.28)

1

These are known ast\‘nJ' 2) anyon theories for obvious reasons. They
are modular when 1 + 1 and p are coprime?®. 26\hen n = (N=2 1) the modular
These anyon theories, in the gauge given by EQ._20.7 are not gendiga  theory matches SU(N)1 with N even,

. . . - and when n = 0 the modular theory
isotopy invariant. We can generally make transformations to put these = =~ ()ne». Be cautioned that

results in potentially simpler forms. there is some disagreement in the liter-

ature as to how you label the level of a
U(1) Chern-Simons theory.
Case I: p-odd

With N = 2p and p odd, the p" particle is self dual particle, and has
Frobenius-Schur indicator 1, which is a gauge invariant quantity. We
will thus need to push this sign ontod in order to have a fully isotopy
invariant theory. As discussed in sectio 14,211 we choose a gauge ek

da=( 1)
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271 we try to use the same rule for
N =2p, with p even where we still set
da = (1)@, this actually gives us the
trivial cocycle discussed above in a less
convenient gauge. Note that the self-
dual particle has d = +1 in the p even
case indicating that we do not need to
push any signs onto d.

28This n is the same as that of
Eq. 2028

(and as usual we are working with all ; = +1 for an isotopy invariant
theory). Note that the composition rule Eq. 044 is satis ed. In this
gauge the cocycle can be written &

1 a; b;call odd

Lfah =
' (a;b; 9 +1 otherwise

(20.29)

The hexagon equation now takes the form

=1 (a. b.QRC;[a+ b]n

[c+ a+ b]n

ca cb
R[c+ aln R[c+ bln
which compared to Eq.[2Z0.26 introduces a minus sign if alb;b;c; are
odd. This system of equations again ha®\ solutions which we index as
n=0;::5;N 1,

Ra;b

2in o
[a+ by =exp T[a]N [bln (l)r(a,b)
wherer(a;b) = 1 if both a and b are odd and equals zero otherwise.
which gives us (using EqCI5IL or EGI5I2 withdy = ( 1) and 5 = +1)

a = eZi na?=N (I)t(a)

wheret(a) = 1 if ais odd and is zero otherwise. It is a short exercise to
show that this recovers the correct 5, Eq.[20.27, andS-matrix Eq.
with the mapping n=n (p 11)=2. Again, the advantage of using this
gauge for the description onN"+ 2) anyons is full isotopy invariance (with
N =2p and p odd).

Case Il: p-even

In this case the Frobenius-Schur indicator of the self-dual partite is +1
so we can choose to work in a gauge where all, = +1. While it is
possible to make a gauge transform that puts the theory into an istopy
invariant form, the transform is not particularly transparent. Fo r this
reason it is often convenient to stay with the gauge given in Eq[20]7.
However, it is not too hard to transform to an isotopy invariant gauge
if we would like.

An example of this, let us consider the nontrivial cocycle for the graip
Z,4. Here we can make a gauge transform (See exerc[se 20.2) suchttha

g 1 (ab;9=(1;11);(1;23);(2;1;2);
| (a;b;Q = S (2,3,2);(3:2,1);(3:3,3) (20.30)

1 otherwise
and with d =1 for all particles 0,1,2,3. This gives a fully isotopy invari-

ant theory. There are correspondingly 4 solutions of the hexagomiven
by?® n =0;1;2;3 with
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. 2i (n+ 1) .
Ry, =exp ——,—2[akldls ( 1)
wherer(a;b) = 1 for (a;b = (1;2);(1;3);(2;1);(3;1) only and is zero
otherwise.

20.5 Appendix: Cocyles for Sz

To give an example of a non-abelian group, let us look at the case of ¢
group Sz. To remind the reader this group has 6 elements which can
be written in terms of two generators X and R with multiplcation rules
X?2=R%=eand XR = R X with ethe identity. The 6 elements can
be written as e;R;R % X;XR;XR 1. Let us write them as (A;a) =
XAR2 with A = 0;1anda = 1;0;1. There are 6 independent 3-
cocycles described by = 0;:::5 in the equation (See references at the
end of the chapter)

' ((Aja);(B;b);(C;0) = (20.31)
expfi pABC gexp 2%( )8*Ca ( )Ch+c [( )Chb+ ds

where the bracket [} indicates modulo 3 where the result is assumed to
be in the range 1;0;1.

Note that within Sz there is a Z, subgroup consisting ofe and X,
ora =0 with A =0;1. The rst term on the right hands side,
exp(i pABC ), matches the two possible 3-cocyles from theZ, group.
For evenp it is the trivial cocycle, whereas for oddp we have a! being

1 only whenA;B; C are all in the 1 state, equivalent to Eq.[2Z0.8. The
second factor looks similar to theZ3 cocycles but only whenC = 0.
Setting C = 0 for a moment, the same argument as in theZ; case shows
that we cannot have full isotopy invariance unlessp = 0 or p = 3, in
which case the second factor on the right hand side of Eq._20.B1 isittial.
Thus this case ofp = 3 gives an isotopy invariant cocyle which essen-
tially ignores the a variable of (A;a) and is equivalent to Eq. for
the A variables with daa) = ( 1)A.

20.6 Details of Working out an F-matrix

Here we give a few more details of how we work out thé -matrix for
a group. Other, potentially more systematic schemes, can be fouhin
Refs.|Hamermesh|[1989]; Buerschaper and Aguado [2009]; Wang df a
[2020] for example.

To impliment our procedure, we work with explicit D dimensonal ma-
trices i'f for eachD dimensional unitary representation R. We extract
the identity component of the fusion of the four particles by writing 2°

255

29This is a result of the grand orthogo-
nality theorem Eq. 333]If we sum over
all group elements we extract only the
identity representation.
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30n cases where N& > 1we must take
extra care to separate to add the mul-
tiple instances of each representation.
For simplicity let us assume N& =0 or
1 only.

X R R R R X
*(9) ®(9) °(9) °(99 = C  wgw(20.32)
g d

where wq is a unit length orthogonal D,Dy,D:D. dimensional vector
representing the process whera and b fuse to d and alsoc and e fuse
to d, and C is an unimportant normalization constant. (Note there is a
gauge choice here in choosing the phase wfy). Similarly we can write

X
Re(@) Re(@)  "(@  Re(9) C zZz  (2033)
° X
C  Pwgw)P'
d

where z4 is a DaDpD D dimensional vector representing the process
where a and c fuse tof and alsob and e fuse tof. In the second line
of Eq. [20.33, the matrix P is simply a permutation matrix since the
two tensor products are isomorphic and simply have rows and colums
appropriately permuted.

The F matrix is then just given by the overlap

Foad = w) z (20.34)

The challenge is then simply to extract the correct vectorswy and sim-
ilarly z; in Eq. and20.3B.

We thus only need to buid up the tensor product in Eq.[20.32 and
step by step. We have

R

X
Re(@)  Re(g) = x{[Re(g] XY (20.35)
d2a b ; =1

where thex's are a set of orthonormalD 4D, dimensional vectors (both
sides of this equation areD ;D y, dimensional matricesf®. The particular
form of the x vectors can be extracted using the grand orthogonality
theorem Eq.[333. Performing the same decomposition for

Ra

X
Re(@) Re(g)= yi[ el [y (20.36)

d2c e ; =1

To nd the identity element of the fusion between the tensors in Eq.20.35
and [20.36 we simply match up thed representations with the d repre-
sentations. Thus we have

X R

WaW} x4 [ Ra(g)] XV y'L @1 by
g ;5 =1

x4 xIP ydydy (20.37)
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where in going to the second line we have used the grand orthogonalit
theorem Eq.[333. Both sides of this equation areD,Dy,D:De dimen-
sional matrices with a single nonzero eigenvalue, so it is then trivial to
extract wq. Then extracting z; by permuting rows of the vector wy as
noted in Eq.[20.33, we then determine theF -matrix using Eq. 20.34.
The procedure outlined here is fairly straightforward, although te-
dious. Equivalent schemes are outlined in Refs. Buerschaper and Agdo
[2009] and Wang et al.[[2020]. In exercise 20.6 we walk through calcula-

tion of F-matrices for the representations of the groupS; whose fusion
rules we worked out in Eqs[20.16{20.T8 above.

As a nal comment we note that there is a beautiful expression to
calculate the Frobenius-Schur indicator for a group representationR

1 X
" iG]

R R(9%) (20.38)

g

which gives 1 if R is self-dual, and gives 0 for a non-self-dual represen-
tation. Recall that the Frobenius-Schur indicator is actually one of the
elements of theF matrix (See Eq.[I4.3). Derivation of this formula is a
standard result in group theory (See, for example, Hamermesh [B3]).

Further Reading
T —

Exercises

Exercise 20.1 Cocycle Equation

(@) Show that the 3-cocycle given by Eq. satis es cocycle condition
Eq. and thus represents a valid cocycle.

(b) Show that Eq. 20.3T]also satis es Eq.

Exercise 20.2 Isotopy Invariance of Cocycles
(a) Show that the cocycle Eq. can only represent an isotgpy invariant
diagram algebra only in the following cases:

" For n an odd integer, only when p = 0.
" For n an even integer, only whenp =0 or p= n=2

(b) For the case of n =4 and p = 2, nd the gauge transformation that
transforms Eq. into Eq.

Exercise 20.3 Quantum Dimension of a Representation

Prove Eq. R0.I5. Hint: Remember that that quantum dimension d, tells
you how the Hilbert space dimension grows as you fuse togethe the particle
a many times. Try fusing together many representations R® R* R?:::
and imagine decomposing the result into irreducible representations using the
orthogonality theorem for characters. Note that for charac ters (e) (9)
for e the identity represnentation.

Exercise 20.4 Frobenius-Schur Indicators in Rep (G)
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31t may be useful to use a computer to
multiply matrices (Mathematica, mat-
lab, octave, and python are all fairly
convenient), since there are a lot of ma-
trix manipulations in this problem and
a single error will destroy the result.

(a) Use Eq. to calculate the Frobnius-Schur indicators of the repre-
sentations for the groups Sz and Qs.

(b) The dihedral group with 8 elements, Dg (sometimes called D4) is the
group of symmetries of a square. Look up the properties of this group. It
turns out that it has exactly the same character table as Qs (!'). Show that
the Frobenius-Schur indicators do not match that of Qs.

Exercise 20.5 Bosons and Fermions in Rep (G;2)

Let z be a central element of the group G (i.e, zg= gz for all g 2 G) such
that z2 = e, the identity. As in section Z0.2Z.Z]for a representation R, set
p(a) = 0if z acts as the idenity in representation R, and setp(a) = 1if z acts
as 1 in representation R,.

(@) Show that if Ra  Rp = Rc :::, then p(a)p(b) = p(c). Hint, conisder
the characters R (e) and R(2).

(b) Given that setting all particles to bosons (i.e., Eq. 20._23) solves the
hexagon equation, show that Eq. also provides a solutbn to the hexagon
equation.

Exercise 20.6 Some F matrix elements for representatons of Ss [Hard]

Let us consider the simplest nonabelian group Sz,which we discuss in sec-
tions 0.5, [17, and[33.21.

We remind the reader taht this group has 6 elements which can be writ-
ten in terms of two generators X and R with multiplcation rules X?2? =
R® = eand XR = R !X with e the identity. The 6 elements can be
written as e;R;R2;X;XR;XR 2 which are grouped into conjugacy classes
feg;fR;R2g;fX; XR;XR 2g (See Table[ZO1).

The three representations are as follows: The trivial repre senatation has

'(g)=1forall ginthe group. The sign rep has S(g)=1for g2fe;R;R?g
and S(g) = 1for g2 fX;XR;XR 2g. (Note that since both these reps
are one dimensional, they are completely de ned by the character table). We
write the two dimensional represenation in a unitary form as

p-

Yx)= 012 V(R):Tl EJ§ 13

with v (e) the identity matrix and all other matrices v (g) for the other
elements g in the group can be generated by using the group multiplicati on
properties. (Do this rst, you will need it later!) 3

Note that we already know the fusion rules for these represertations as they
are given in Eqgs.[20.16{20.18.

In this exercise we will calculate some F -matrix elements by focusing on the
most interesting case, where all four incoming lines in Fig. [I6.3 are in the two

dimensional V representation. Thus we are interested in the unitary matri x

Vvd
FVVf .

(a) Using the grand orthogonality theorem (Eq. 33.3)] nd the decomposition

X2
(9 Y@= x'IX'T+ S(@xKT + xV [ Ra@@] x'P
;o=
Hint: The one dimensional representations are easy to obtain since they can
be obtained by

X
(156Gj) NONRC IR )

g



what remains is the two dimensonal representation.
(b) Given two dimensional matrices A;B;C;D nd the permutation matrix
such that
P(A B C DP'=A C B D

(c) Use Eq.[20.34 and[20.3Y to show that the F matrix is given by

0 =1
p2

15 1 p
FWVi=5@01 g T2A
2 2 0
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State Sum TQFTs

Having learned about planar diagrammatic algebras we are now in a
position to explicitly construct a real 3D TQFT *. There are several steps
in this idea. We start by considering a closed 3D manifoldM which we
discretize into tetrahedra (a so calledsimplicial decomposition of the
manifold). Next we construct a model, similar in spirit to statistical
mechanics, which sums a certain weight over all quantum numbers on
all edges of all tetrahedra. The weights being summed are de ned in
terms of our planar diagrammatic algebra as we will see below. The
result of this sum is the desired TQFT partition function Z(M ) which
we discussed extensively above, and particularly in chaptdr]7.

This discretization of a manifold into tetrahedra is very commonly
used in certain approaches to quantum gravity, which we will discussn
section[2Z1.3.

21.1 Simplicial Decomposition and Pachner
Moves

We start by considering a so-called simplicial decomposition of our man

ifold. Such decompositions can be made of smooth manifolds in any

number of dimensions.

21.1.1 Two Dimensions

As a warm up let us think about two-dimensional manifolds. In two
dimensions, the elementary 2-simplex is a triangle, so this decomposin
is the familiar idea of triangulation shown in Fig. Z1.1.

Since we are only concerned with the topology of the manifold, not tie
geometry, the precise position of vertex points we use is irrelevarjtonly

Fig. 21.1

Some triangulations of 2-manifolds

21

Medium Hard Material

IThe input for the construction in
chapter will be a planar diagram alge-
bra | we do not have to specify any
sort of R-matrix or braiding. It is a bit
surprising that one only needs a planar
algebra to make a 3D TQFT! In sec-
tion EZI.Zlwe will input a spherical ten-
sor category whereas in section 2L 4l we
will input a group and a 3-cocycle.

2Itis interesting (but beyond the scope
of this book) that manifolds exist in
dimension d 4 that cannot be
smoothed, and cannot be decomposed
into simplicies.
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3 encourage you to play with these two

moves and see how you can restructure
triangulations by a series of Pachner
moves.

Yt is interesting to note that a Pach-
ner moves can be thought of as view-
ing a 3D tetrahedron from two oppo-
site directions. We can thus think of
2D Pachner moves as a cobordism (See
chapter [7] in 3D between a surface tri-
angulated with the initial triangulation
and a topologically equivalent surface
triangulated with the nal triangula-
tion.

SFor now let us focus on closed mani-
folds. We brie y discuss manifolds with
boundary in section ZI.Z.2]

6Analogous to the 2D case (see note @]
above), the 3D Pachner moves can be
thought of as viewing a 4D-simplex (a
so-called pentachoron) from two oppo-
site directions.

the connectivity of the points is important, i.e, the topological stru cture
of the triangulation network. Furthermore, a particular manifold, like a
sphere, can be triangulated in many di erent ways. It turns out th at any
two di erent triangulations can be related to each other by a seriesof
elementary \moves" known as two-dimensional Pachner moves?*, which
are shown in Figs[Z1.2 and2T1]3.

/NN

Fig. 21.2 The 1-3 Pachner move in two dimensions corresponds to adding or re-
moving a point vertex from the triangulation. This turns one triangle into three or
vice-versa.

Fig. 21.3 The 2-2 Pachner move in two dimensions corresponds to replac ing two

adjacent triangles with two complementary triangles. This
two di erent triangles.

turns two triangles into

Thus if we want to construct a manifold invariant (like Z(M ) we
discussed in chaptef]r) with a manifold represented in terms of a tria-
gulation we only need to nd some function of the triangulation that is
invariant under these two Pachner moves.

21.1.2 Three Dimensions

The story is quite similar in three dimensions. Since we have been fo-
cused on 2+1 dimensional TQFTs we will mostly discuss three-dimensiaal
manifolds. We discretize any closed three-dimensional manifofd by
breaking it up into tetrahedra (otherwise known as three-dimensimal
simplices). Any two discretizations are topologically equivalent to eab
other if they can be related to each other by a series of three-dinresionall
Pachner move$, which are shown in Figs.[ZI# and21]5. Again, the key
point here is that if we can nd some function of the the network struc-
ture that is invariant under the Pachner moves, we will have constucted
a topological invariant of the manifold.
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Fig. 21.4 The 1-4 Pachner move in three dimensions corresponds to addi ng or removing a point vertex to the tetrahedon
decomposition. This turns a single tetrahedron into four or  vice versa. On the far right we show the four tetrahedron sepa rated
for clarity.

Fig. 21.5 The 2-3 Pachner move in three dimensions corresponds to re-s plitting a double tetrahedron (left) into three
tetrahedron (right). This turns a single tetrahedron into f  our or vice versa. On the far left we show the two tetrahedra
separated for clarity; and on the far left we have the three te trahedra separated for clarity.

21.2 The Turaev-Viro State Sum

The idea of the Turaev-Viro state sum is to build a 3D manifold invariant
from one of the planar diagrammatic algebras we have been discusgin
in chapters[8£20.
First, let us choose any particular planar diagrammatic algebra. We
take any decomposition of an orientable three dimensional manifold ito . )
tetrahedra. Let each edge of this decomposition be labeled with one ASWe have been doing all along, when
. . . we label an edge with a quantum num-
of the quantum numbers (the particle labels) from the diagrammatic per we must put an arrow on the edge
algebra’. We then consider the following sum unless the particle type is self-dual.
X
Zrv(M)= D 2Nv W (labeling) (21.1)
all edge labelings
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8In the language of statistical physics
we can think of W as a Boltzmann
weight for each edge label con gura-
tion, although it need not be positive,

or even real.

9Many works, including the original
works by Turaev _and Viro |[1992].
use the diagrammatic algebra based
on Temperly-Lieb which we discussed
in chapter [8] However, in those
works, they have used the nonuni-
tary version of the diagrammatic al-
gebra without the vertex renormal-
ization which we introduce in section
[I93 In such an approach ( a;b;c)
is replaced by ( a;b;c), for example
(See Eq. [I9I1). It is easy to show
that these vertex renormalization fac-
tors completely cancel and the end
value of the Turaev-Viro invariant is in-
dependent of whether the renormaliza-
tion factors are included or not. Indeed,
it is not necessary to have a fully uni-
tary algebra for the Turaev-Viro con-
struction to give a well behaved mani-
fold invariant. We only need a consis-
tent planar diagrammatic algebra. See
also next margin note!

101 chapter I6lwe insist on a fully iso-
topy invariant algebra with tetrahedral
symmetry, and we will continue to as-
sume those simpli cations here. How-
ever, for constructing a Turaev-Viro in-
variant it turns out to be su cient to
have a spherical (hence pivotal) tensor
category as we discuss in chapter
Full isotopy invariance is not required.
This is discussed in depth by Barrett
and Westbury [1996].

1see the comments in chapter [L6]
about how to choose the signs of the
square-roots in cases where somed's are
chosen negative.

where N, is the number of vertices in the decomposition, and

S —
D= jdn j?

n

is the total quantum dimension (See Eq.[I7.10). In Eq[ZINW is
a weight assigned to each labeling of all the edgés We consider the
following de nition of a weight assiggned to a given labeling of edges

Q

. G(tetrahedron )
W (Iabellng) — tetrahedr:;t3

edges dedge

(21.2)
triangles T wiangle )

Thus each tetrahedron is given a weightG, depending on its labeling,
each edge labeledh is given a weightd, and each triangle is given a
weight ~ ! depending on its labeling.

The weights G and ~are very closely related to quantities G and
we have already studied in chapter [I8 for examplé®. The functions G
and ~are given by !

0 1
p -
~@3Am = (ab;9= dadpde
a
and 0 1
e
S__ S
d
G%@ -ow=rpe GE S
f f

b

Note that the tetrahedron shown here is di erent from the one shown
in Fig. [6.14 that de nes G from a planar diagram (or perhaps more
properly a diagram drawn on the surface of a sphere). In fact thawo
tetrahedra are dual to each other. For example, in Fig.[I6.1% the lines
f;e; c form a loop whereasf; e;a meet at a point. In the diagram in
Eq. [Z1.4 on the other hande;f; c meet at a point wheref; e;a form a
loop. In Eq.[Z1.4 the three edges around any face must fuse togedr to
the vacuum. l.e., we have the four conditions

(21.3)

(21.4)

Nbad> 0 che> O Nfea> 0 chb> O
or elseG will vanish. Note that, like G, the value of G is unchanged

under any rotation of the tetrahedron.

21.2.1 Proof Turaev-Viro is a Manifold Invariant

The proof that Zty (M ) is a manifold invariant is not di cult | one
only needs to show that it is unchanged under the 1-4 and 2-3 Pacter
moves. This is basically an exercise in careful bookkeeping (see egise
[21.2). Roughly, however, it is easy to see how it is going to work.



21.2 The Turaev-Viro State Sum

Let us rst examine the 2-3 Pachner move shown in FiglZT.b. On the
left we have two tetrahedra (call them 1 and 2) which are joined alomy
a triangle (call it ). On the right we have three tetrahedra (call them
3, 4 and 5 which are joined along three triangles (call them , , and )
with the three triangles intersecting along a new edge down the middle
(shown vertical in the gure) which we label with the quantum numbe r
n. To show that the Zty remains invariant we need to show that

X
GGAT )= GERGMAGOB)T )T )T )dn

n

The factors of ~are simply factors of P d, and these cancel some factors
of ~ dj in the de nition of G in Eq. Z1.4. After this cancellation what
remains is a relationship between twd='s on the left and a sum over three
F's on the right. The relationship that remains is exactly the pentagon
equation Eq.[16.3 (or Eq.[9.T)! Thus any diagrammatic algebra which
satis es the pentagon equation will result in a Turaev-Viro partition
function (Eq. B1.1) that is invariant under the 2-3 Pachner move!

The case of the 1-4 Pachner move is only a bit harder and we will
sketch the calculation here. The large tetrahedra on the left of FiglZ1.4
(lets call this large tetrahedron 1) needs to be equivalent to the far
smaller tetrahedra on the right (lets call these small tetrahedra 34;5
and 6) once we sum over the quantum numbers on the four interna¢édges
on the right. The three tetrahedra 3;4 and 5 share a common edge, and
this is entirely analogously to the three tetrahedra we considered irthe
case of the 2-3 Pachner move. Summing over the quantum numberf o
this common edge, and using the same pentagon relation replaceseh
three tetrahedra 3; 4; 5 with two tetrahedra 1 and 2, where 1 is the large
tetrahedron and 2 includes exactly the same edges as the remaining
small tetrahedron 6. The tetrahedra 2 and 6 have 3 edges which ar
not shared with tetrahedron 1 | these are the remaining internal e dges
that need to be summed over. Summing over one of these internatges,
one invokes the consistency condition EJ._I615 to create a delta ftion
which then kills one of the twg remaining sums. The last remaining sum
just yields a factor of D2 = = d2 which accounts for the prefactor in
Eq. 211 being that we have removed one vertex from the lattice.

21.2.2 Some TQFT Properties

The Turaev-Viro state sum has all the properties we expect of a TGT.
Although we need to discretize our manifold, the resulting \partition
function" Zyy (M) for a manifold M is a complex number which is
indeed independent of the discretization and depends on the topolry
of the manifold only.

As we discuss at length in sectiorf_7Z]1 we would also lik&ty (M)
to represent a wavefunction if M is a manifold with boundary. To
remind the reader, the point of this construction is that when we glue
together two manifolds with boundary to get a closed manifold, this
corresponds to taking the inner product between the two corregonding

265
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12The wavefunction here takes some
complex scalar value as a function of
the physical variables which are the
guantum numbers on the edge.

wavefunctions to get a complex number.

To see how this occurs let us consider discretizing a manifold with a
boundary. Here the 3D bulk of the manifold M should be discretized
into into tetrahedra, and the 2D boundary surface = @Mshould be
discretized into triangles. We divide the edge degrees of freedom iot
bulk and boundary where a boundary edge is de ned as an edge wher
both vertices are on the boundary and all other edges are de nedo be
bulk. We de ne Z(M ) of such a discretized manifold with boundary as
a sum like Eq.[2Z11 where the sum is only over the edges in the bulk,
leaving xed (un-summed) the quantum numbers for the edges thalive
entirely on the boundary (i.e., both vertices on the boundary). Thus for
manifolds with boundary we more generally write

X
Zrv(M ;ag;::an)= D N vw9a i ay) W (bulk labels)

bulk labelings

where N, is the number of vertices in the bulk and n, the number of
vertices on the boundary. The weight function W is exactly the same
as the weight function in Eq. [2Z1.2 but only including edges, triangles,
and tetrahedra in the bulk (All tetrahedra are considered bulk, and a
triangle is considered boundary only when all three vertices are onhe

the boundary, and these are not included in the sum over bulk lables.
An additional weight is included which is a function of these boundary
edge labels

V ~
u % d
WO(al; an) = P A boundary edges edge

boundary triangles T triangle )

variables and is interpreted as a wavefunctio® jZ (M )i that lives on the
boundary = @M

It is then quite natural to see how two manifolds can be glued togetler
along a common boundary as in FigL”ZB. In that gure we have a closed
manifold M[ M % where M and M © are manifolds with boundary
joined along their common boundary = @ = [@1 9 : When we
glue together M and M © we obtain the partition function for the full
manifold as in Eq.[7.1 where we obtain the inner product by summing
over the degrees of freedom of the wavefunction | which in this case

the boundaries. In other words, we have

ZTV)((M[ M9 = Zry (M YjZry (M)i
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where in the second line the edge variables in the rst term are invered
because the surface ol ° has the opposite orientation from the surface
of M. Going from the second to third line is an easy exercise (See
exercisd Z1.11). The nal result is easily see to be the correct expssion
for the Turaev-Viro invariant for the full manifold M[M © l.e., it now
sums over all the quantum numbers in both bulks and on the common
boundary.

As in section[7.2 on can generalize the idea of a TQFT to include
particle world lines (labeled links) as a well as the space-time manifold
M . As mentioned there we can roughly think of these world lines as
internal boundaries, and we just x the quantum number of edgesalong
these hollow tubes to describe di erent world-line types. (See refeences
at the end of the chapter)

21.3 Connections to Quantum Gravity
Revisited

The Turaev-Viro invariant is a natural descendant of one of the vey
earliest approaches to quantum gravity pioneered by Penrose [19T and
Ponzano and Reggel [1968]. Indeed much of the continued interest in
Turaev-Viro and similar state-sum invariants is due to this relationship.
An interesting approach to macroscopic general relativity, used dr
example, in numerical simulation, is to discretize space-time into sim-
plices | tetrahedra in three dimensions or four dimensional simplices
(sometimes known as pentachora) in four dimensiorl$. The curvature it is also possible to discretize space
of the space-time manifold (the metric) is then determined by the lergths ~ and leave time co_r::]intxous.t This leaves
assigned to the edge. | some concer i Lorert e
If one then turns to quantum gravity, one wants to follow the Feynman giscretization approaches also exist, see
prescription and perform a sum over all possible metrics as we discaed [Regge and Williams|[2000].
previously in section[6.1. We can write a quantum partition function as 14 5y of general relativity can be refor-

Z mulated in this discrete language. This
7 = Dg dSeinsein  [9]=~ (21.7) is known as Regge calculus. See|Regge
[1961].

We can imaging performing such as sum for a discretized system by

integrating over all possible lengths of all possible edges. Howevenpt

all triangle edge length should be allowed | in Euclidean space one

must obey the crucial constraint of the triangle inequality*® 15These inequalities must hold even

with a curved spatial metric.
%
| D) o men) (21.8)
1

The key observation is that the triangle inequality is precisely the sane
as the required inequality for regular angular momentum addition

j1 2= del by ded*l iiijatja (21.9)

Thus it is natural to label each edge of with a quantum mechanical s,
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16BuiIding a diagrammatic algebra
based on a Lie group (SU(2) in this
case) is mentioned in section PO.2.3]
above.

17AIthough the idea of spin networks
as a toy model for quantum gravity
goes back to |Penrose [1971], and was
pursued further by Ronzano and Regge
[1968], it was only much later that
Hasslacher and Perry! [1981] showed a
more precise equivalence of the model
to gravity.

1Bas we will see in section
below, the Turaev-Viro model built
from the SU(2)x diagrammatic rules
is equivalent to the so-called quantum-
double Chern-Simons theory SU(2)k
SU(2) k. As we mentioned in section
above, such a Chern-Simons the-
ory is equivalent to 2+1D gravity with

a cosmological constant = (4 =k )2.
Taking the limit of large k then gives
the classical limit of simple SU(2) an-
gular momentum addition correspond-
ing to a universe with no cosmological
constant.

19Robbert Dijkgraaf is a very promi-
nent theoretical physicist and string
theorist. His surname is likely to be dif-
cult to properly pronounce for those
who are not from the Netherlands be-
cause the \g" is a gutteral sound that
only exists in Dutch. However, those
from the south of the Netherlands don't
use the gutteral \g" and instead pro-
nunce it as Dike-Hra, which is prob-
ably about the closest most English
speakers will get to the right result.
The word \Dijkgraaf" refers to an oc-
cupation: A Dijkgraaf is the person in
charge of making sure that water stays
in the ocean and does not ood the
cities and the rest of the Netherlands.

2OFor the case of an abelian group
Dijkgraaf-Witten is a special case of
Turaev-Viro. However Turaev-Viro
does not consider fusion rules where
g h=h g so for nonabelian groups
Dijkgraaf-Witten is not just a special
case of Turaev-Viro. The group need
not be abelian since we only need to
have an algebra that is consistent on a
plane (or sphere) in order to defne its
value on a tetrahedron (see the com-
ments in section PO.1.3).

and sum over all possible spins. Such an approach is known asspin
network. We thus imagine building a Turaev-Viro model (Eq. [Z11) with
a planar diagrammatic algebra built from angular momentum addition
rules: quantum numbers are the angular momentsgj, the fusion rules
are as given in Eq.L2ZL.D, and theF -matrices are given by the regular
6j symbols of angular momenta additiort®. Such a model turns out to
be very precisely’ the quantum gravity partition function Eq. 2.7 {up
to the fact that one still needs an additional sum over topologies othe
space-time manifold if one wants a full sum over all possible histories)
As we expect from the discussion in chaptefl6, the resulting descrijn
of quantum gravity in 2+1D is a TQFT.

There is, unfortunately, one clear problem with this approach. Be-
cause there are an in nite number of di erent representations ofSU(2)|
i.e., an in nite number of di erent values for the angular momentum
guantum numberj | the partition function sum formally diverges. This
divergence becomes regularized if we nd a way to consistently cut o
the sum over angular momenta at some maximum value&k. Using the
diagrammatic rules of SU(2)x (the same diagrammatic rules we built up
in chapter [I9, see in particular margin note[6) implements this cuto
and yields a divergence-free resutf.

21.4 Dijkgraaf-Witten Model

Another state sum model of some interest is the so-called Dijkgraa
Witten model!® (Dijkgraaf and Witten [[1990]). As with Turaev-Viro
this model discretizes space into simplices and sums over possible l&be
of all the edges.

In the Dijkgraaf-Witten model we choose a group G and we label
the edges of the simplices with elements from that group. The genaf
idea is very similar to that of Turaev-Viro just using the multiplication
properties of the group to give us a set of fusion rules as in sectidd2l
and we use a 3-cocycle in place of th&-matrix?°. These fusion rules
require that multiplication of the group elements around every triangle
must result in the identity as shown in Fig. Z1.8. This is the analog of
Eq. 21.3 where three quantum numbers around a triangle must fuséo
the identity. This condition is known as a \ atness" condition, with th e
name coming from lattice gauge theory, which we will see in more detalil
in chapter ***,

ﬂ; ) cba= identity
a

Fig. 21.6  Multiplying group elements around a triangle in Dijkgraaf-
results in the identity. This is known as the \ atness" condi tion

Witten theory
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As mentioned in section[20.1 when we use group multiplication for
fusion rules, the quantum dimensiond! of all the particles are alldy =  ?in chapter ZTJwe considered also the
1. This means that in Eq.[ZL2 both the d, factor and the ~factor  possibily of da = 1 butthisis a gauge
are trivial. We are thus left with only the tetrahedron factor and th e  cN0ice: We are always entitled to chose
.. . " . . . . : +1 instead at the cost of possibly losing
Dijkgraaf-Witten partition function looks like a simpli ed version of th € isotopy invariance.

Turaev-Viro case in Eqs.[ZL1 and 212 given ki 22\\ith apologies for using G and G in

s~ Ny X Y the same equation to mean completely
Zpw (M) = Gj G(tetrahedron) (21.10) i erent things!

labelings tetrahedra

where N, is the number of vertices, jGj is the number of elements in
the group G, and the sum is only over labellings that satisfy the atness
condition (Fig. Z1.6).

The tetrahedral symbol G is a bit more complicated than in the case
of the Turaev-Viro invariant. We do not generally have full tetrahe dral
symmetry so it could matter which way we orient the tetrahedron when
we evaluate G. In order to de ne the tetrahedral symbol G properly
we do the following: First we label each vertex in the system with a
unigue integer (it will not matter which vertex gets which label!). Given
a tetrahedron with vertices iy;i»;i3;i4 We sort these vertices in ascending
order so that

[1;i2;i3jal =sort[i1;iz;iz;ia] suchthat j1<j,<j3<ja

we then de ne

0 i) 1
i4
G% A = 1 (%21 sz s gg4§g3)5(jl;j2;j3;j4) (21.11)
2 i

Here g« is the group element on the edge directed from verteX to

vertex |, and ! is the chosen 3-cocycle. The exponerd(j1;j2;j3;j4) is

either +1 or 1 depending on whether the orientation of the tetrahe-

dron de ned by the ordered set of vertices [1;]2;]3;j4] has the same or

opposite orientation as the manifold we are decomposirf§. This pre- 23To nd the orientation of a tetrahe-

scription gives a manifold invariant (The Dijkgraaf-Witten invariant) for dron, place ji closest to you and see if

any choice of 3-cocycle even if the corresponding diagrammatic algen 1€ iangle [jz:ia:jal is oriented clock-
. . . wise or counterclockwise.

does not have isotopy invariance.

21.4.1 Other Dimensions

An interesting feature of Dijkgraaf-Witten theory is that essentially the
same recipe builds a Dijkgraaf-Witten TQFT in any number of dimen-
sions. One discretizes theD -dimensional manifold into D -dimensional
simplices (segments in 1D, triangles in 2D, tetrahedra in 3D, penta-
chora in 4D) and labels each edge with a group elemeny 2 G and
each vertex is assigned an integer label. The atness condition is al-
ways the same as that shown in FiglZZ1]1 | multiplying the group ele-
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24| won't give the most general de ni-
tion of cocycle as this takes us too far
a eld into group cohomology. However,
as with the 3-cocycle it is simply a func-
tion satisfying a particular cocycle con-
dition. See Eq. E0.Ilfor the 3D case and
Eqg. 113 for the 2D case.

25The 2-cocycle condition is equiva-
lent to the consistency condition for a

so-called \projective representation" of
the group. For projective representa-

tions we have the multiplication rule

(g9) (h) = !2(g;h) (gh) whereas for
regular group representations we have
I 2 = 1. See section B3.24.

ments around a closed loop must give the identity. InD -dimensions we
build the partition function by multiplying a weight for each D -simplex,
where the weight is given now by a so-called -cocycleg* which we call

' 5(91;092;:::;0p) which is now a function of D arguments. Finally, one
builds a partition function by summing over all possible labelings
N X Y P .
ZDW (MD):JGJ ' !D(gjz;jl;:::;ng+1 ;J'D)S(J1 ’’’’ Jow)
labelings D-simplices
(21.12)

As with the 3D case, the arguments of the cocycley. are the group
elements along the edges of the simplex from vertek to vertex | and
we always write them ordered such thatj; <j, <::: <j p. Finally

the exponent s is always 1 depending on whether the orientation of

underlying manifold or not.
As a quick example, let us consider the 2D case. The de nition of a
2-cocycle! , is any function that satis es the condition 2°

2(g9;h)! 2(gh; k) = a(hi k)1 2(g; hk)

In the partition function, Eq. Z1.12] each triangle gets a weight given by
the cocycle. It is then easy to see that the cocycle condition is présely
the condition necessary to make the partition function invariant under
the 2-2 Pachner move, as shown in Fid_2117. It is not a hard exercige
demonstrate invariance under the 3-1 Pachner move as well (Seeercise

[21.3).

(21.13)

h (ghk =— h g(hk)

1 g 0 1 o] 0

Fig. 21.7 Each triangle satisfy the atness condition Eq. 21L6 meanin g multiplying
all three edges in order gives the identity. In the partition function each triangle
gets a weight given by the corresponding cocycle !, as written in black text. All
of the triangles in the gure are oriented positively s = +1. The cocycle condition
Eq. guarantees that the product of the cocycles on the | eft equals the product
of the cocycle on the right.

21.4.2 Further Comments

One particularly interesting special case of Dijkgraaf-Witten theary is
the case of the trivial 3-cocycle where is always unity. In this case,
the argument of the sum in Eq.[2ZL.I0 (or more generally Eq.21.12) is
just unity so the partition function just counts the number of at eld
con gurations (See Fig.[Z1.6) and then divides byjGjNv. This partition
function is exactly that of lattice gauge theory, as we will see in chager
*** helow, and the resulting topological quantum eld theory is know n
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as the quantum double of the groupG. The more general case, with
a nontrivial cocycle is correspondingly sometimes known as \twisteti

gauge theory, where the cocycle is thought of as some sort of twiso

the otherwise simple theory.

A further interesting relatioship is that Dijgraaf-Witten theory ca n
be thought of as result of symmetry breaking an appropriately che
sen Chern-Simons theory (See for example Dijkgraaf and Witten [190],
de Wild Propitius|[1995]). One might imagine, for example, breaking a
compact U(1) Chern-Simons gauge theory into a discreteZ, group |
like breaking the symmetry of a circle into an n-sided regular polygon.
The particular cocycle one gets in the resulting Dijkgraaf-Witten theory
depends on the choice of the coe cient (the \level") of the Chern-Simons
term.

Dijkgraaf-Witten theory has had extensive recent applications within
quantum condensed matter physics where it turns out that a classca-
tion of so-called symmetry protected topological (SPT) phases isigen in
terms of Dijkgraaf-Witten theories. We will brie y discuss SPT phases
in section *** below.

Further Reading

" The Turaev-Viro invariant was introduced in Turaev and Viro
[1992]. Rather interestingly Turaev and Viro were apparently un-
aware of the earlier work by Penrose, Ponzano, Regge and others
when they rst discussed these state sums! The work was exteredl
to include all spherical fusion categories by Barrett and Westbury
[1996]. A recent rather complete discussion, including looking at
the possible world-lines and boundaries is given by in the book
Turaev and Virelizier [2017]. Unfortunately, these references and
many other works in the eld are written in rather mathematical
language that is not particularly transparent for most physicists!

It is worth commenting that the state-sum approach to quantum
gravity has been extended in a multitude of ways, and continues
to be an active area of research. Among the key directions are
extension to 3+1 dimensions (Ooaquri [1992] and Crane and Yet-
ter [1993] for example), and extensions to Lorentzian signature
(Barrett and Cranel [2000]). A nice general dicussion of discrete
approaches gravity is given by Regge and Williams [2000].

One very popular extension of the spin-network modes, known as
a spin-foam, is to discretize space but allow the discretization to

change as a function of time. A nice review of this direction is

given by|Lorente [2006].
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Exercises

Exercise 21.1 Some More Facts about Turaev-Viro
Consider a manifold M with boundary which has been discretized into
tetrahedra on in the bulk and triangles on the surface. Let th e edges on

And as a result show that for a closed manifold Z(M ) is real.

Exercise 21.2 Details of Turaev-Viro
Work carefully through the details of the proof that the Tura ev-Viro parti-
tion function is invariant under Pachner moves.

Exercise 21.3 2D Dijkgraaf-Witten

The invariance of the two dimensional Dijkgraaf-Witten par tition function
under the 2-2 Pachner move is established in section[ZLZ1l. Show that the
partition function is also invariant under the 3-1 Pachner m ove.



Formal Construction of TQFTs

from Diagrams: Surgery and 22
More Complicated 3-Manifolds 1

Medium Hard Material

. . . . . . 1AIthough this chapter is super inter-
Having constructed diagrammatic algebras in 2+1 dimensioR, we have esting and fun, physicists can probably

almost all we need to de ne a TQFT based on these diagrams. As dis- skip it on a rst reading.
cussed in sectiorl 1413 our diagrammatic algebra which gave us a way?| e including braiding again, which
to evaluate a partition function Z (labeled link in S%)=Z(S?), or equiva- we did not need to de ne the TQFTs
lently Z (labeled link in S2 S1) with the caveat that no link goes around  in chapter 1]
the handle of S'. However, a TQFT should be able to evaluate a parti-
tion function in any arbitrary manifold M . Indeed, in the simplest case
we might dispense with the labeled link and want to nd a partition
function of the manifold M alone.
In this chapter we develop a prescription for handling more compli-
cated manifolds. One important thing this will achieve will be to give a
formal de nition to Chern-Simons theory, which we like to think of as
being de ned as some sort of functional integral, but as pointed otiin
section[5.3.4 is not really well de ned in that language as such integrals
do not actually converge.
The way we will handle more complicated manifolds is by sewing
pieces of manifolds together with a procedure known as surgery.

22.1 Surgery

In chapter [7] we saw two examples of assembling manifolds by gluing
together pieces. We found that we could assemble together two Ed
tori (D? S!) into either S® or S? S! depending on how we glue
together the S' S surfaces. (In fact, one can consider gluing together
the surfaces in yet other ways to get even more interesting resu, but  3See for example the discussion in sec-
we will not need that for the moment). We would like to use this sort tion L4las well as Rolfson|[1976] for ex-
of trick to study much more complicated three dimensional manifolds ~ 2™P'®:
The understanding of three dimensional manifolds is a very rich and
beautiful problerrﬂ In order to describe complicated manifolds it is
useful to think in terms of so-called surgery. Similar to what we were

4Many important results on three dimensional manifolds have  been discovered recently. Perelman'sB proof of the Poincae
Conjecture, along with the methods he used are apparently ex tremely revolutionary and powerful. But thisis  way outside the
scope of our book!

5Grigori Perelman is a brilliant, but startlingly puzzling ¢ haracter. He famously declined the million dollar Milleniu  m Prize
o ered to him for proving the Poincae conjecture in three d  imensions. He turned down the Fields Medal as well.
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| ’ | ’[[510 [ =)

6prehensile toes could be useful | sup-

pose!

we will only be concerned with ori-
entable manifolds

= [s* (D?[ D?)] (D?[ D?)
1[

Fig. 22.1 Writing a sphere M = S2 as the union of two manifolds glued along their
boundaries. M 7 is the union of two disks D2[ D2. M1 = S2 (D2[ D?2)is the
remainder. The two manifolds are glued along their common bo undary S'[ S?.

discussing in sectioi_ZB | assembling a manifold by gluing pieces to-
gether | the idea of surgery is that we remove a part of a manifold and
we glue back in something di erent. Imagine replacing someone's foot
with a hand!® By using successive surgeries we will be able to construct
any three-dimensional manifold .

The general scheme of surgery is to rst write a manifold as the unia
of two manifolds-with-boundary sewed along their common boundaies.
If we have a closed manifoldV that we would like to alter, we rst split
it into two pieces M ; and M ; such that they are sewed together along
their common boundary @ 1 = @M ,. So we have

M :Ml[@41M2

We then nd another manifold with boundary M 9 whose boundary
matchesM », i.e,

@1,= @3
We can then replaceM , with M 9, to construct a new closed manifold
M %as
M°=M 1l e, M 2

We say that we have performed surgery orM to obtain M % In other
words, we have simply thrown out the M , part of the manifold and
replaced it with M 9.

22.1.1 Simple Example of Surgery on a 2-manifold

To give an example of surgery consider the sphert! = S? as shown
in Fig. BZ1. Here we write the sphere as the union of two disk# , =
D?[ D? and the remainder of the sphereM ; = S? (D?[ D?). These
are glued along their common boundaryS* [ S?.

Now we ask the question of what other 2-manifolds have the same
boundary S [ S. There is a very obvious one, the cylinder surface!
Let us choose the cylinder surfaceM 9 = S | wherel is the interval
(or DY). It also has boundary @1 9 = S'[ S! as shown in Fig.[2Z.2.



@ =@ [9= o[

@s! 1) = @D?[ D?) = S'[ st

Fig. 22.2  The boundaries of the cylinder surface is the same as the boun dary of
the two disks. Both boundaries are two circles. This means th at we can remove two
disks from a manifold and sew in the cylinder.

Thus we can sew the cylinder surface in place where we removed
M, = D?[ D2, as shown in Fig.[2Z.B. The resulting manifoldM ©
is the torus T2

Oul

[s> (D2[ D) [ =
S S1
Fig. 22.3  Gluing the cylinder surface M 3 = S* | to the manifold M 1 = S2

(D2 [ D?2) along their common boundary S![ S! gives the torus T2. Note that the
object on the right is topologically a torus.

Thus we have surgered a sphere and turned it into a torus. Note
that there is another way to think of this procedure. If M = @\ then
surgery onM is the same as attaching a handle td\ . In the case we
just considered we would takeN = B3 the 3-ball (sometimes denoted
D3), and we attach a handleD? 1, the solid cylinder. We obtain the
new manifold N © which is the solid torus, whose boundary isT? the
torus surface. This is written out in the diagram Fig.

N = B3 @ =M =8?
# Add Handle # Surgery
Solid Torus @Solid Torus) = T2

Fig. 22.4 Handle attaching on the manifold N is the same as surgery on a manifold

M = @\N.

22.1 Surgery 275
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8This is the part that is guaranteed to
make your head explode.

9Stop here, think about what we have

done. Collect the pieces of your ex-

ploded head.

101 witten's groundbreaking paper on
the Jones polynomial (Witten [1989]).
he states the theorem without citation
and just says \It is a not too deep re-
sult...". Ha!

22.1.2 Surgery on 3-manifolds

We can also perform surgery on three-dimensional manifolds Start
with a simple closed 3-manifoldM , such asS3 (or, even simpler to
think about, consider M = R® and let us not worry about the point at
in nity). Now consider a solid torus

M,=D? &!

embedded in this manifold. The surface@ , = S* S! = T?is a torus
surface. Now, there is another solid torus with exactly the same stiace:

M9=s' D2

These two solid tori dier in that they have opposite circles lled in.
Both have the sameS' S! surface, butM , has the rst S; lled in
whereasM 9 has the secondS; lled in.

The idea of surgery is to removeM » and replace it with M 9 to gener-
ate a new manifold M ° with no boundary®. The reason this is di cult
to visualize is because if we start with a very simple space likM = R3
the new structure M ° is not embeddable within the original manifold
M .

This procedure, torus surgery on a 3-manifold,is called Dehn surggr
Another way to describe what we have done is that we have removed
a solid torus, switched the meridian and longitude (switched the lled-
contractable and the un lled-uncontractable) and then glued it back in.
In fact, one can make more complicated transformations on the tos
before gluing it back in (and it is still called Dehn surgery, see section
[Z4) but we will not need this.

It is worth noting that the solid torus we removed could be embedded
in a very complicated way within the original manifold | i.e, it could
follow a complicated, even knotted, path, as in the gure on the right
of Fig. [ZI0. As long as we have a closed loo! (possibly following a
complicated path) and it is thickened to D? in the direction transverse
to the S? path, it is still a solid-torus topologically.

22.2 Representing Manifolds with Knots

22.2.1 Lickorish-Wallace Theorem

An important theorem ° of topology is due tol|Lickorish [1962] and Wal-
lace [1960].

Theorem: Starting with S® one can obtain any closed connected
orientable 3-manifold by performing successive torus surgeries, hvere
these tori may be nontrivially embedded in the manifold (i.e., they may
folllow some knotted path).

One has the following procedure. We start with a link (some knot
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possibly of several strands), embedded ir§3. Thicken each line to a

solid torus. Excise each of these solid tori, and replace them by tori 1lgee ais0 section73.

with longitude and meridian switched''. Any possible 3-manifold can

be obtained in this way by surgering an appropriately chosen link. We 12if one does not start with the knot

summarize with the mapping embedded in S8, one may need a third
move known as \circumcision”. This

L 3 surger 3 says that if any string loops only once
Link in S llj SomeM (22-1) around another string (without twist-

. . . . . ing around itself and without loop-
We can thus represent any three dimensional manifold as a link in ;0 5:0und anything else), both strings

S3. If we think of a topological quantum eld theory as being a way to  may be removed. l.e., in Fig. ZZ5]both
assign a complex number to a three dimensional manifold, i.eZ (M ) we strings may be removed (independent
realize that what we are now looking for is essentially a knot invariant ?ofr:g""a:)‘/ekrs]gt')”g going o to the left

| a way to assign a number to a knot. We exploit this connection '

further when we discuss the Witten-Reshitikhin-Turaev invariant b elow

in section[ZZ.3.

22.2.2 Kirby Calculus

It turns out that not all topologically di erent links, when surgered , give

topologically di erent manifolds. Fortunately, the rules for which kn ots \

give the same manifolds have been worked out by Kirby [1978]. These Q
rules, known as Kirby calculus, are stated as a set of transformabn /

moves on a link which change the link, but leave the resulting manifold .-~

unchanged. There are several di erent sets of moves that cand taken

as \eI(_amentary" moves WhiCh can be compined together to make M& g 225 A circumcision.  Both

complicated transformations. Perhaps the simplest set of two elemntary  strings can be removed. This is a third

basic moves are known as Kirby moves which we will present heté. We  Kirby move which is implied by the rst

will not rigorously prove that these moves leave the manifold unchaged, Wo_If you start with a link embedded
S . in S° but is more generally an indepen-

but we will give rough arguments instead. dent move that is required. See for ex-

ample [Roberts| [1997].

Kirby Move 1: Blow Up/ Blow Down: 13
) _ ) o 3The nomenclature is obscure when
One can add or remove a loop with a single twist, as shown in Fig.22.6, discussing 3-manifolds, but makes sense

to a link and the manifold resulting after surgery remains unchanged  When one discusses 4-manifolds. ~See
any of the books on 4-manifold topol-

ogy listed at the end of the chapter.

Addition or Removal of

or

Fig. 22.6  Blow up/ Blow down. Addition or removal of an unlinked loop wi th a
single twist leaves the 3-manifold represented by surgery o n the knot unchanged.

Argument:  First let us be a bit more precise about the surgery
prescription. Given a link, we think of this link as being a ribbon (usually
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Fig. 22.7 A line that wraps both the
longitude and meridian of the torus. If
we thicken the knot shown in Fig. 2261
to a torus and draw a line around
the longitude of the torus, then try to
straighten the torus out to remove the
twist, the straight line ends up looking
like this.

14The nomenclature \handle slide"

comes from an interpretation of this

move as sliding handles around on a
manifold. Consider the example used
in section PZL.T] where we attached a
handle to a ball and obtained a solid

torus. We could also attach two han-

dles and get a two-handled solid torus.

Here it doesn't matter where the han-

dles are attached to the sphere { they
can be slid around. Indeed, they can
even be slid over each other (where one
handle attaches to some point on the
other handle). It is the sliding of a han-

dle over another handle which gives this
move its name.

we draw it with blackboard framing, see sectiori 16). Thicken each sand

into a solid torus, and draw a line around the surface of this torus that

follows one of the edges of the ribbon. Remove this solid torus, buthe

torus surface that remains still has the line drawn around it. Reattach

a new solid torus where the new meridian (the circle surrounding the
contractable direction) follows precisely this line.

Now consider a twisted loop as in Figl2Zb embedded i6°. As shown
in Fig. E.7] a string with a small twist loop as in Fig. can be thought
of as a ribbon with a twist (but no loop) in it. Let us use this description
instead. Thicken the loop to a torus, and then the ribbon traces ot a
line as shown in Fig[22.¥ on the torus surface. We remove the solid tas
and insert a new torus where the meridian follows the twisted line on tke
surface of the hole that is left behind. This is exactly the constructon
of L(1;1) = S® described in[Z.4 above (it is (1 1) since the blue line goes
around each handle once), thus showing an example of how surgeon
the twisted loops in Fig. does nothing to the manifold.

Kirby Move 2: Handle-Slide: 4

A string can be broken open and pulled along the full path of another
string, and then reconnected, and the resulting manifold remains o-
changed. See Fig 2218 dr 22.9.

Fig. 22.8 A handle-slide move. (See Fig. EZ9]for another example.) Bo th left and
right sides of this picture represent the same 3-manifold af ter surgery. Note that we
should always view both strings as ribbons, and we need to kee p track of how many
self-twists the ribbon accumulates when it is slid over anot her string.

Argument: Consider the simple handle-slide shown in Fig_22]9. Let
us think about what happens when we surger the horizontal loop. kst
we thicken the horizontal loop into a torus (as shown), then we exbange
the contractable and non-contractable directions. In this procelure, the
longitudinal direction (The long direction) of the torus is made into
something contractable. This means (after surgery) we can pull e far
left vertical line through this torus without touching the three ver tical
blue lines. Thus the right and left pictures must describe the same ma-
ifold. While it is a bit harder to argue generally, this principle remains
true even if the torus is embedded in the manifold in a complicated way,
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Fig. 22.9 An example of a simple handle-slide move.

as in Fig.[22.8.

Two links in S® describe the same 3-manifold if and only if one link
can be turned into the other by a sequence of these Kirby moves asell
as any smooth deformation of links (i.e., regular isotopy). Note that
if we have two disconnected linksL; and L, which surgered give two
manifolds M ; and M , respectively,

I s VI
L, 1%,

then if we consider a link L, [ L, which is the disconnected union of
the two links (i..e, the two links totally seperated from each other) it is
fairly easy to see that we obtain the so-called connected suth of the 7o form a connected sum of two d-

two manifolds which we write as follows: dimensional manifolds, one deletes a
small d-dimensional ball in each of the
manifolds and sews together the two
boundry spheres. For example in two
dimensions the connected sum of two
two-dimensional torus surfaces is a two-

22.3 Witten-Reshitikhin-Turaev Invariant handled torus surface:

T2# T2 = two handle torus

Lif L, 9 #wm,

By using the ideas of surgery, we are now in a position to use our dia-
grammatic algebra to handle complicated manifolds. Recall that one b
the de nitions of a TQFT is a mapping from a manifold M to a complex
number Z(M ) in a way that depends only on the topology of the mani-
fold (for example, Eq.[5.16 or Fig.[71 but without the embedded link).
By using surgery (Eqg.[2Z2.1) we can describe our manifolds as links in
S3. If we can then nd a link invariant that is unchanged under Kirby
moves, we will e ectively have something we can use as a manifold in-
variant. Thus we are now looking to construct a link invariant, and our
diagrammatic algebra will provide exactly what we need!

We want to have a link invariant which is fully isotopy invariant (since
Kirby calculus is isotopy invariant). In the simplest case let us assume
we have no negative Frobenius-Schur indicatoP so we can take all
d, = d, positive and we have a fully isotopy invariant diagram algebra
for links (as discussed in sectioli 1413).

The key to this construction is to consider a link of the (Kirby)
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17Note that to calculate a linking ma-
trix, we must orient all of the strands
(i.e., put arrows on them). It does not
matter which way these arrows point.

18The killing property of Fig. 1T.7also
makes Eq. invariant under the
third Kirby move, Fig. 2251

19We mention in section §.3 41 that
the Chern-Simons partition function,

among other reasons for being ill-
de ned, actually depends on a so-

called 2-framing of the manifold.
The Reshitikhin-Turaev invariant cor-

responds to choosing so-called canoni-

cal framing. This is discussed in depth
by Ativah [[1990b]; Kirby and Melvin
[1999].

re Complicated Manifolds

strands discussed above in sectiop_14.5.

This link made of is represents the link to be surgered, and thus rep
resents our manifold. Let us now consider a manifold invariant de nel
as

7 (M) = 1 hez ic= gi Evaluate link made of -strands where
WRT D surgery on link in S® givesM
(22.2)

where is the so-called signature of the link, de ned to be the number
of positive eigenvalues minus the number of negative eigenvalues diid
matrix of linking numbers link j; between the (possibly multiple) strands
of the link (The diagonal elementlink j is just the self-linking or writhe
of strand i. See sectio Z.6]2 for de nition of linking numbet7).

It is not so obvious that the de nition in Eq. 2Z.Z1should provide a
manifold invariant. What we would need to show is that Zywgrr (M)
gives the same output forany link that describes the sameM . In ther
words we have to show that the expression on the right hand side of
Eq. is unchanged when we make Kirby moves on the link.

Let us consider the rst Kirby move, the addition of a twisted loop
as in Fig.[2Z8. Using Fig.[IZ.®, the adding such a twisted loop mul-
tiplies the value of the link (the nal term in Eq. 2Z2) by e 2/ 8 (
depending on which way the loop is twisted). However, the addition of
the twisted loop also changes the signature of the link by 1 thus pre-
cisely canceling this factor. Thus the expression in Eq._22]2 is certain
unchanged under the rst Kirby move '8, the Blow-Up/Blow-Down.

We now turn to the second Kirby move. Here we show a rather re-
markable property of the -strand | it is invariant under handle slide s!
(up to phases which are properly corrected by the prefactor of §.[22.2).
The derivation of this result is given in Fig. 22.10. One must be a bit cau-
tious in applying this handleslide law, as the strand being slid (say the
left strand in Fig. 22.10) can develop self-twists if it slides over a strad
(say the right, -strand in Fig. 22.10) which itself has twists. Howev er,
the phase prefactor of Eq[22.P is designed to precisely accountrfthis.
Thus Eq. is unchanged under Kirby moves and therefore givesna
invariant of the manifold.

The manifold invariant Eq. EZ.2lis known as the Witten-Reshetikhin-
Turaev invariant, and was invented by [Reshetikhin and Turaev [199].
The reason it also gets named after Witten is that it gives a rigorous e-
de nition of the Chern-Simons manifold invariants (Eq. 5.16) discussed
by Witten [1989]. This is a rather important result being that the Cher n-
Simons functional integral is not well de ned as an integral! (See tke
comments in section 5.3.4°.

161n the more general case where we have negative Frobenius-Schur indicators, we can use the scheme of section [Z5]to insur e
isotopy invarience. It is also possible to work work with neg ative da's as discussed in section 1421 and not apply rule O.

In many discussions of Reshitikhin-Turaev invariant, this

is essentially what is done. Note that in this case the Kirby ¢ olor

Fig. [Z8lis then de ned with da=D rather than da=D. The identities of Fig. 7.7 &nd 79 &till hold.
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Ty > <
)

Fig. 22.10  Proof that the strand satis es the handle-slide. Here we sh  ow that any strand a can freely slide over
the strand in the sense of Fig. 2E.81The strand on the right is meant to be connected up to itself in some way
in a big (potentially knotted or linked) loop which we don't d raw. In going from the rst to the second line, and also
in going from the second to the third line we have used the comp letness relation Eq. [6.8] The equality in the second
line is just sliding the vertex from the top (where a and b split from c) all the way around the b strand on the right
until it almost reaches the bottom a;b;c vertex. Note that if there are fusion multiplicites NS > 1 then there are
additional sums over the vertex variables as in Eq. However, this does not alter the result.

Note the multipication law for connected sums of manifolds

Zwrt (M 1)Zwrt (M 2)
D

This multiplication law is from the fact that surgery on disjoint union of

links gives a connect sum of manifolds (Eqg. 22.2) and the evaluation of

the disjoint union of links gives the product of the individual evaluation

of the two links?°. 2ONote that some references rede ne
Further one can extend these manifold invariants to give a topologial Zwrr  without the factor of 1 =D

invariant partition function of a labeled link within a manifold as in ;“(thrlc;nzt(:A“Z? i:;?éad.Z(M 1#M2) =

Fig. [ZT (this was one of our general de nitions of what we expected

Zwrt (M 1# M ) =

(22.3)
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from a TQFT). To make this extension we simply de ne

Evaluate link made of
-strands where
surgery on link in S givesM E
[ labeled link

h i
Zwrt (M ;labeled link) = % g2ic= 8 %

In other words, we simply include the labeled link into the diagram to
be evaluated.

Without ever saying the words \path integral" or \Chern-Simons ac -
tion" we think of an anyon theory as simply a way to turn a link of
labeled world lines into a number (like evaluating a knot invariant, but
with rules for labeled links), and surgery on strands allows us to rep-
resent complicated manifolds.

22.3.1 Some examples

It is worth working through a few examples of calculating the Witten-
Reshitikhin-Turaev Invariant for a few simple manifolds.

For M = S2, we don't need to surger the manifold at all, so don't
need any link at all. The value of the (empty) link is normalized to
unity and including the prefactor in Eq. (with signature zero) we
obtain

Zwrr (8% =1=D

which matches our expectations given Eqd.17.11 arld 4.7.
For M = S? S! we need to surger a single loop irS® to obtain
S?2  S! (See exercis€2211). Thus we need to evaluate a single loop of
string. It is an easy calculation to evaluate a loop of

Xda ng
O (he-" 850 wo
a a

Thus including the prefactor in Eq. (the signature of the link is
zero) we obtain
Zwrr (S ShH=1

\[— which is in agreement with Eq.[7.8.
Finally let us consider the three-torus manifoldM = S* S! S!=

T2 sl = T3, First, we note that surgery on the Borromean ring&J
(Fig. PZ11) yields the three torus (See exercis€ 22.3). To evaluate
the link we use the corroloary of the killing property of the strand,

Fig. 22.11 ~ Borromean Rings. Cutting  211hg rings are named for the crest of the royal Borromeo family  of Italy, who rose
any one strand disconnects ”;e other {5 fame in the fourteenth century. However the knot (in the fo  rm of three linking
two. Surgery on t?'s I|n|l< n lS creates  yiangles) was popular among Scandinavian runestones ve h undred years earlier and
the three-torus S©  S*  S™. were known as \Walknot" or \Valknut", or \the knot of the slai n."
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Fig. 7.8 to show (See exercide 22.4.)

Zwerr (T3) = number of particle species (22.5)

which matches the prediction from Eq.[Z.3 along with Eq.[75.

22.3.2 Turaev-Viro Revisited: Chain-Mail and the
Turaev-Walker-Roberts Theorem

Using the ideas of surgery Roberis [1995] produced a beautiful genetric
proof of the Turaev-Walker theorem (Turaev [1992) 1994]; Walke]1991])
which relates the Turaev-Viro invariant to the Chern-Simons (Witte n-
Reshitikhin-Turaev) invariant of a manifold. The result is, given a mod-
ular tensor category (a modular anyon theory) we have

Zrv (M) = jZwgrr (M)j? (22.6)

We will not give the full proof here, only the general idea.
First we will require one more minor collorary. Similar to Fig. [7.8
we have the identity shown in Fig.[22.12 (See exercide 22.6).

abc abc
U T (ab9
| 1| dpt

Fig. 22.12 The strand fuses three lines due to the killing property. He re we
have assumed an isotopy invarient theory as discussed in cha pter [E] so we can draw
vertices with all three lines pointing in the same direction  so a; b; ¢ fuse together to
the identity.

We now want to construct a link of strands which evaluates to
the same value as the Turaev-Viro invariant discussed in chaptef~21
Recall that to de ne the Turaev-Viro invariant, we rst make a simp licial
decomposition of the manifold, breaking it up into tetrahedra, we label
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22\When | have given talks on this

subject | have been surprised to dis-
cover that many people don't know that

each edge, and we sum a certain weight over all possible labelings aghainmail is a medieval type of armor

given in Eq.[2Z11.

Given our simplicial decomposition here we will instead construct a
link of strands via the following procedure: Put one loop of following
the edges of each triangular face (colored gold in Fig. 22.13), and en
loop of around the waist of each edge (colored purple in Fig. 22.13) in
such a way that the two types of strands link with each other. Sucha
link is known as chain-mail?2. We then de ne the so-called chain-mail
invariant of the manifold M as

CH(M)= D Nv N Evaluat.e Chgln-Man Link of strands
for simplicial decomposition of M

(22.7)

where N, is the number of vertices in the simplicial decomposition and

Nt is the number of tetrahedras.

made of linked metal loops. Of course
those who had misspent youth play-
ing Dungeon's and Dragons, or reading
the Lord of the Rings are very familiar

with the concept and can tell you why

Mithril is the best type of chainmail.

28More generally the chain-mail link
can be dened for any handlebody de-
composition of the manifold where
loops are put around 1-handles and 2-
handles and Ny is then the 0-cells and
Ntet is the 3-cells.
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First, it is extremely easy to prove that the chain-mail invariant is
independent of the particular simplicial decomposition (and hence is a
manifold invariant as claimed). We need only show that it is unchanged
under the Pachner moves (FigC2Z1¥ an@2115). This can be done engly
geometrically using only the killing property (Fig. [Z7.8) and the handle-
slide property (Fig. 22.13) of the strand (this is exercise P2.1).

Moreover, it is not hard to show that the chain-mail invariant is actu -
ally equal to the Turaev-Viro invariant. To do this we directly evaluat e
the chain-mail link. We start by using idenity 22.12]on each strand
attached to each face (those drawn as gold in Fig. 22.13). This genates
a factor of D=( a;b; g for each face. The remaining strands (purple
in Fig. 22.13) are decomposed into sums of all quantum numbers as pe
the de nition of in Fig. 17.6_éach weighted by d,=D. This leaves
one tetrahedron of particle strings per simplex as shown on the righ
of Fig. 22.13. (Note that the remaining tetrahedron of strings to be
evaluated is a tetrahedral diagramdual to the original tetrahedron, in
agreement with the discussion below Eq[C2114).

e S
a

N
Y b Y Xg

( face) edges da D
a %;c

Fig. 22.13  The chain-mail invariant is equivalent to Turaev-Viro. We s tart with a simplicial decomposition on the
left. To form the chain-mail link we put one -loop around eac  h triangular face (gold in the gure) and one loop

around each edge (purple in the gure) such that the gold and p urple are linked. Let the gold loops \kill* the three
purple strands that go through them using Fig. 22121d leave  only tetrahedra (blue on the right) dual to the original

tetrahedra.

faces

Putting together the factors we have obtained leaves us with the bain-
mail invariant (including the prefactor in the de nition) being given by
Q Q
CH(M) = . DN X tetrahedra., G(tetrahedron ) edges Jedge

DNv+Ne+ N Q :
edge labels triangles -(- triangle )

with Ny;Ne; Nt ; Nt being the number of vertices, edges, faces (trian-
gles), and tetrahedra respectively. Finally using the well-known toplog-
ical fact that in three dimensions, the Euler characteristic Nyt  N¢ +
Ne Ny is zero, the factors ofD are reassembeled to give exactly the
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de nition of the Turaev-Viro invariant Eq. 2L.T3hus deriving
CH(M) = Zrv (M)

Finally we turn to brie y discuss the derivation of the Turaev-Walker
theorem Eq.[2ZZ®. The key to this derivation is the fact* that if one  2*This key fact is not too hard to
uses a particularly simple decomposition of the manifold, surgery ontte Pprove | it requires only about two

o I . paragraphs in the original workRoberts |
chain-mail link generates the connected sum of the original manifoldvi ], However, it requires some

and its mirror image M knowledge of handlebody theory, so we
will not discuss it here.
syrger

Chain-mail link for M M #M (22.8)
Evaluating the chain-mail link is therefore essentially equivalent to ewl-
uating Zwrr (M # M)

Using the equivalence between chain-mail and the Turaev-Viro invair
ant we thus have (Eq.[22.3)

Zrv(M)  Zwrr (M # M) Zwrr (M)Zwrr M) j Zwrr (M)j?

We have written this equation with  rather than an equality because
we have dropped factors oD. To get these right we have to know more
details about the particular decomposition of the manifold for which

Eq. holds so that we can keep track of the factors oD in the

de nition of the chain-mail invariant (Eq. 2Z.7)] Keeping track of th ese
factors carefully one obtains the desired Eq—2Z]6.

Further Reading
Reshetikhin and Turaev [1991]; Lickorish [1993]; Witten [1989].

For more detailed discussion of Surgery and Kirby Calculus, as well
as a nice discussion of manifold invariants, sele Prasolov and Sossigsk
[1996]

Roberts/Blanchet re nement.

Mention Crane-Yetter

The following references are standards for Surgery and Kirby Caldus,
although they emphasize four dimensional topolog ipi
(19991 Kirby! [1989]; Akbulut [2016].
T —

Exercises

Exercise 22.1 Surgery on a Loop

Beginning with the three-sphere S2, consider the so-called \unknot" (a sim-
ple unknotted circle S* with no twists) embedded in this S*. Thicken the circle
into a solid torus (S* D?) which has boundary S S*. Now perform surgery
on this torus by excising the solid torus from the manifold S* and replacing
it with another solid torus that has the longitude and meridi an switched. l.e.,
replace S! D? with D? S!. Note that both of the two solid tori have the
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Fig. 22.14 A Hopf Link

Fig. 22.15 The product of these two

oppositely twisted
identity.

loops gives the

same boundary S' S so that the new torus can be smoothly sewed back in
where the old one was removed. What is the new manifold you obtain? (This
should be easy because it is in the book!).

Exercise 22.2 Surgery on the Hopf Link [Not hard if you think about it
right!]

Consider two linked rings, known as the Hopf link (See Fig. EZ.14)). Consider
starting with S® and embedding the Hopf link within the S® with \blackboard
framing" (i.e., don't introduce any additional twists when you embed it).
Thicken both strands into solid tori and perform surgery on e ach of the two
links exactly as we did above. Argue that the resulting manif old is S°.

Exercise 22.3 Surgery on the Borromean Rings [Hard]

Consider the link shown in Fig. 22 II1known as the Borromean rings. Con-
sider starting with S® and embedding the Borromean rings within the S* with
\blackboard framing". Thicken all three strands into solid tori and perform
surgery on each of the three links exactly as we did in the previous two prob-
lems. Show that one gets the three torus as a resul. Hint 1: Think about
the group of topologically dierent loops through the manif old starting and
ending at the same point, the so-called \fundamental group” or rst homotopy
group. (See section’33.B). Hint 2: If we say a path around the meridian of one
of the three Borromean rings (i.e., threading though the loo p) is called a and
the path around the meridian of the second ring is called b, then notice that
the third ring is topologiclly equivalent to aba b ®. Hint 3: In some cases
the fundamental group completely de nes the manifold! (Don 't try to prove
this, just accept this as true in this particular case.)

Exercise 22.4 Evaluation of Borromean Ring -Link
Use Fig.[I7.8 to evaluate the -link of Borromean rings shown in Fig. P2.11]
Use this to establish Eq.[2Z5. Note that the signature of the link is zero.

Exercise 22.5 Product of Blow Up and Blow Down

Use the handle-slide and the killing property of to prove th at the diagram
made of two oppositely twisted loops, as shown in Fig. J2I5] gives the
identity.

Exercise 22.6 Killing Three Strands with
Prove the relationship shown in Fig. 22121

Exercise 22.7 Pachner Moves and the Chain-Mail Invariant

Using killing moves (Fig. [7.8) and handle-slides (Fig. 22.15) show that the
chain mail invariant Eq. ZZ.7Js unchanged under Pacher moves (Fig. ZL.4 and
[Z1.35). The answer is given bylRoberts [1995], but it is a fun exercise. Looking
up the answer spoils the fun!



Anyon Condensation

A physical mechanism that is very commonly discussed (in one languagy

or another) is the idea of anyon condensation. The idea is modeled on

the notion of conventional Bose-Einstein condensation. Under again
conditions one can imagine anyons forming a super uid state, akin toa
Bose-Einstein condensate. One can imagine making a condensaterfo
either by continuously reducing the temperature with a xed Hamilto -
nian, or by continuously changing the Hamiltonian at xed (perhaps
zero) temperature'. If one begins with a consistent anyon theory before
the condensation, the system after the condensation will also be aon-
sistent anyon theory, which we call thecondensedheory?. It is believed
that all continuous phase transitions that can occur between di erent
anyon theories can be described in terms of anyon condensatidin

There is a very detailed theory of anyon condensation, worked ouby
Bais and Slingerland [2009] and others (see references at end ofglter).
Here we will give an abbreviated discussion, along with a few explicit
examples.

Let us review some aspects of Bose condensation (See Leggettdap
orlAnnettel [2004] for much more information about the physics of sper-
uids and condensates). Recall that in a Bose condensate a macsgopic
number of the particles reside in one special lowest-energy singleagicle
eigenstate which we call the condensate wavefunction. For a unifen sys-
tem (say with periodic boundary conditions) the wavefunction for this
single particle eigenstate is just a constant

(= ps (23.0)
Y

with V the volume of the system. It is crucial that bosons accumulate

no phase or sign when they are braided around each other or exchged

with each other. If they were to accumulate any phase or sign, this

would prevent them from remaining in the eigenstate Eq[231L which is

everywhere real and positive. This gives us:

Principle 1: Bosons must experience no net phase or sign
when they move around then comes back to the same con-
guration | i.e., when bosons exchange or braid with other
particles in the condensate.

Indeed, accumulating no sign when exchanging with other identical
particles is the very de nition of a boson®.

With interacting bosons, one does not strictly have Bose condengin
(not all of the bosons occupy the same single particle eigenstatejnee

Medium Easy Material

Ia phase transition that occurs at zero
temperature as some parameter of the
Hamiltonian is changed is often known
as a \quantum phase transition".

2|t is sometimes possible that the con-
densed theory is a ftrivial theory |
having only the vacuum particle type,
and zero central charge. We should
think of that as just being an uninter-
esting insulator. Strictly speaking this
is a TQFT, just a very trivial one.

SFirst order, or discontinuous, phase
transitions can always occur between
any two phases of matter.

4t is possible that the condensate
wavefunction has a spatial structure

such as € ("), which happens when
there is, say, a vortex within the con-

densate. What is crucial is that when

bosons move around within the conden-
sate, when they get back to the same
many-particle con guration the phase

is the same as when they started.
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SFor systems with strictly xed to-
tal number of particles this expecta-
tion would be zero and one instead
looks at h™(r) “(r%i in the limit of
r very far from r% This is known as
\O -Diagonal Long Ranged Order" or
ODLRO.

5in the language of of conformal eld
theory, condensation of a simple cur-
rent is known as \extension of the chiral
algebra."

"This condition is also equivalent to
either of the following also equivalent
statements:

@ J J=1.
() dy=1

interactions kick the particles out of this eigenstate). Nonetheles, in-
teracting bosons can condense to form super uids which share nmgy of
the properties of Bose condensates. In particular, one still hashe idea
of a condensate wavefunction (oorder parameter), and in order to form
a condensate, no phase or sigh must be accumulated when the pafes
exchange and braid.

To describe a condensate wavefunction (or order parameter) mio-
scopically, one write$

(r) = h™()i

where A(r) is the (second quantized) operator which annihilates a parti-
cle at position r. For noninteracting bosons, where many bosons are in
the single particle wavefunction Eq [23.1, we obtainj j> = No=V where
N is the number of bosons in the single eigenstate.

The fact that this order parameter is (at least locally) number noncon-
serving (it destroys a particle) gives us the second important pringle

Principle 2: Bosons can be freely absorbed by, or emitted
from, the condensate.

23.1 Condensing Simple Current Bosons

We now would like to generalize the idea of Bose condensation to anyon
theories. For simplicity we are going to restrict our attention to bosons
that are also simple currents® To remind the reader, a particle, let us
call it J, is a simple current if N§, =0 or 1 for all particle types a and
c. This condition is equivalent’ to the statement that JN = | for some
integer N where| is the identity (where JN here meansN factors of J
fused together).

For a particle J to condense, it must be a boson. This means that it
must have trivial braiding with itself.

Ry, =1
or equivalently a trivial spin factor (See Eq.[15.1)
=1

which is what we expect for a boson. This condition implements the
above Principle 1 : the boson must not experience a nontrivial phase
as it exchanges with another particle as this would prevent a condesate

wavefunction from forming.

Within the condensate, bosons may fuse with each other to form pa
ticles JP for any value of p. It is not hard to show that all such resulting
particle types must also be bosons ;e = 1 and further, they all must
braid trivially with each other (See exercise[23.1).

While one can condense bosons that are not simple currents (See ref-
erences at the end of the chapter), the rules for doing so are a binore
complicated and we will not discuss it here, as most of the important
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physics is elucidated just for this special case.

We will start with an initial anyon theory which we call A. Within
this anyon theory, we assume there is a bosonic simple currer® which
we intend to condense to form a new anyon theory. The nal anyon
theory that comes out at the end of the condensation proceduravill be
called U.

We can think of anyon condensation as proceeding in two conceptlia
steps as shown in FiglZ23]1. In between the initial theoryA and the nal
theory U there is another theory T which is not a full anyon theory, but
rather a fusion algebra (or planar diagram algebra), as we will discus
further in a moment.

Uncondensed anyon theory A
-+ identify (and split)
Fusion algebra T (edge theory)

+ conne

Condensed anyon theory U

Fig. 23.1 Condensing one anyon theory to another can be described as ha ving two
\steps". The original anyon theory is labeled A and the nal anyon theory is labeled

U. In between we have the intermediate theory T which is not generally a full- edged

anyon theory, but rather a fusion algebra (planar diagram al gebra). The rst step

from A to T involves identi cation and possibly splitting. The second step from T
to U involves con nement.

23.2 Identi cation Step

The rst step in the condensation process is the identi cation step. In
this step we group the particle types from the uncondensed thegr A
into so-called orbits.

De nition: ~ The orbit of a particle type a under the action of J is
the set of all particle typesb2 A such that b= JP a for some integer
p. We denote the orbit as p]’, or when it not ambiguous we just write

[al].
One should be cautioned that the orbit [ a] is the same as orbit b] if  8This can sometimes cause some nota-
b=J9 aforanyaq. tional confu;ion. It is often_useful to
Further, we note that if N is the smallest integer such thatJ™ = | g?;‘t)ss‘; ;};‘Eihrifgﬁﬁznﬁtig’je&f dee"‘fCh
then there are at most N particle types in any given orbit, although noted as a particular [ a] and one never
there may be fewer particles in an orbit, as we will discuss in detail in writes [b] if b= J% a.
section[23.4.
The physical point here is that all of the particles types in the same
orbit of the original theory A areidentied as being the same particle
type inthe T theory. The physical reason for this isPrinciple 2 : bosons
can be freely emitted from or absorbed into the condensate. A pdicular
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particle a can absorb a boson from the condensate and becorde a or

it can absorb two bosons from the condensate to becom&’ a and so
forth. The quantum number a is no longer a conserved quantum number
(and therefore is not a valid particle type), but the orbit [ a] remains
conserved and can play the role of a particle type in the condensed
theory. The orbits in the condensed theory will inherit fusion rules
from the fusion rules of the uncondensed theory (with some potetal
complications we will address in sectiori 2314).

23.2.1 Orbits of maxmum size

Here we will consider the case where all of the orbits are of maximum
size. l.e., all orbits have exactlyN particle types in them (where N is the
smallest positive integer so thatJN = 1). We will return to the more
complicated case where not all orbits are of maximum size in section
233.

We start with the original theory A, and each particlea can be mapped
to an orbit [a] in the T theory. The fusion rules of the T theory are
inherited from the fusion rules of the orginal anyon theory in a natual
way which we can write in terms of the fusion multiplicity matrices as

N[[:]];[b] = Nap
Note in particular that the identity particle | of the A theory maps to
the orbit [ ] which becomes the identity particle of the T theory.

Example: z§* =2

Let us consider the anyon theoryzg’+1 =2 discussed in sectior 20.412
which is equivalent to the Chern-Simons theorySU(8);. There are 8

p p’=(p+ pY) mods8 (23.2)

and p = 0 is the identity. The corresponding twist factors are
2i 7,
= —_— 23.
p=€Xp — P (23.3)

We notice that p = 4 has trivial twist factor 4 = 1 and is therefore a
boson. Let us call this bosonic particlel, and we notice that J% = | so
the maximum orbit size is 2.

In this model we have four di erent orbits under the action of fusing
with the boson J, and each of these orbits is of maximum size 2. Let us
write down these orbits (Recalling that [a] means the orbit of a)

[0] which is also equal to [4]
[1] which is also equal to [5]
[2] which is also equal to [6]
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[3] which is also equal to [7]

The meaning here should be obvious. Remembering that the bosaod,
which is particle p = 4 can be absorbed or emitted for free, we then for
example, must identify particles 1 and 5 into a single orbit since fusing
1 with 4 gives 5 and fusing 5 with 4 gives 1.

These four di erent orbits comprise the particle types of the interme-
diate T theory. Let us denote these four orbits asf] with p=10;:::3.
The fusion rules are inherited from the original uncondensed anyoffiu-
sion rules (Eq.[Z3.2) in an obvious way giving

Pl [PA=[(p+ p%) mod 4] (23.4)

with [0] playing the role of the identity in the T theory. To see how
these fusion rules come from those of Eq4._23.2, consider, for exais,
[1] [2] = [3]: Here either 1 or 5 (the two particle types in the orbit
[1]) fused with either 2 or 6 (the two particle types in the orbit [2]) will

always give us 3 or 7 (the two particle types in the orbit [3]).

23.3 Con nement Step

The particle types in the intermediate theory T form a consistent fu-
sion algebra (and indeed a consistent planar diagrammatic algebra)ut
they do not generally form a consistent anyon theory, as they do at
have generally have a consistent braiding (or solution to the hexago
equations). The reason for this is that some of the particles inT are
not valid particles of the nal condensed anyon theory U and must be
thrown out.

The reason some particles ol are not valid anyons in the condensed
phase is that they braid nontrivially with the condensed boson. Trying
to put a particle within the condensate that braids nontrivially with
the condensed boson would violatéPrinciple 1 : when a boson in the
condensate moves around, the phase must be the same when it s
back at the same point. We thus have the rule that any particlesa (or its
orbit [a];) allowed in the nal condensed theory U must braid trivially
with the condensate, meaning that

R Ry, = 2 2=1 (23.5)

where we have used EJ._T53 and the fact that; = 1. SinceJ aand
a are in the same orbit [a] the condition Eq. Z3.3 can be rephrased by
saying that an orbit (a particle type of the T theory) is allowed into the
nal anyon theory U if all of the particles in the orbit have the same
spin factor . Such particles that are allowed inU we say aredecon ned,
meaning that they can travel freely within the condensate. The paticle
types from T that braid nontrivially with the condesate are not allowed
within the condensate and we say they arecon ned.

Although the con ned particles of the T theory are not part of the
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nal condensed anyon theory, they still have physical meaning. The
full T theory can be physically realized as a 1+1 dimensional theory
living on the edge of a droplet of the U anyon theory living inside a
larger region of the A uncondensed theory. The reason for this is that
if we restrict motion of particles to a one-dimensional edge, there iso
possibility of braiding one particle around each other and there is this
no problem with any of the particles of the full T theory | both the
con ned and decon ned particles can live there. TheT theory, since it
describes a 1+1 dimensional edge is not a braided anyon theory, bus
rather a fusion algebra (or a planar diagram algebra).

If we try to drag one of the con ned particles of the T theory into the
condensedJ droplet, its nontrivial braiding with the condensate creates
a \branch-cut" in the condensate along its path into the condensde and
destroys the condensate along this path. This costs an energy ppor-
tional to the distance the particle has been dragged into theU region.
Thus there is a force pushing these con ned particle back to the ede of
the droplet. The particles are con ned to the edge.

z81 =2 Again

Let us return to our example of Zg’” =2 and determine which of our
orbits (particle types of T) are con ned or decon ned. Recall the rule
that an orbit is decon ned if all of hte constituent particles in the or bit
have the same twist factor . From Eq. 23.3 we have

o = 4=1
1 8 5

2 = 6= |
3 6 7

Thus, the only two particle types allowed in the nal condensedU theory
are the orbits [0] (which is the identity) and [2] with corresponding spin
factors g =1and [5 = i. The only nontrivial fusion we obtain from
Eq.234 is

[2] [21=[0]:

We thus recognize this condensed anyon theory as the (left-haradl)
semion theory! Further we establish that if we condense a semion dplet
within a Z§&** =2 background there will be two additional particle types
([1] and [3]) that remain con ned at the edge of the droplet.

23.4 Splitting: Orbits not of maximum size

Above in section[23.2.1 we assumed all of the orbits were of maximum
size. That is, if N is the smallest positive integer so thatJN = |, then
all orbits are of sizeN.

If we have a situation where some orbits are not of maximum size,
then we have a new physical phenomenon, known asplitting. This
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phenomenon is a re ection of the fact that assigning each orbit§] from
the uncondensed theoryA to be a particle type of the intermediate
theory T will not give an acceptable fusion algebra. Let us see how this
happens.

Let us suppose we have some particla such that JP a = a with
0<p<N (Infact, p must divide N). We start by recalling

a a=|+:::
On the other hand, we can also write
a a=(J° a) a=JP (a a=JP (I+::)=JFP+::

We thus conclude that we must havé 9n fact we can generalize this argu-

ment to give

a a=1+JP+::: (23.6)

Now we claim that this feature will result in the orbits in A not producing
an acceptable fusion algebra inT. Let us see how this happen. As in
the previous example, let us divide all of the particles inA into their
orbits under the aciton of J, which we write as [a]. The fusion equation
Eq. 238 then would imply the fusion for the orbits

(al [a]

[11+[JIP]+ :::
[IT+[1]+ ::: (23.7)

where here we have used thatJP] is in the J orbit of the identity (i.e.,
[3P1=1[1]). Eq. B34 now presents an inconsistency as one of our rules of
fusion algebras (Eq[8.5) is thatN!, = 1, i.e., the identity eld should
occur only once on the right hand side. We conclude that this is not
acceptable as a fusion algebra for .

To resolve this problem the orbit [a] must split into multiple particle
types in T which we will write as [a]; with i = 1;2;:::;q, for some
number g,. Let us

Most generally we can write the mapping between the originalA and
T as

W
al n? [a];
i=1
where now RJ; are particle types of the T theory.

If the orbit of [ a] is maximal, then [a] does not need to split, meaning
(n =1 and g =1, and we don't need to write a subscript on [a]).
However, if the orbit is not maximal, then [a] must split into multiple
di erent particles [ ali;[a]z;::: such that the twist factors all agree

[a = a - (23.8)

As in the simple case with no splitting, the fusion rules of theT theory

a=1+JP+J2P 4

p
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10,ust 1o give an example, consider
[1] [1]. Each factor of [1] could ei-
ther represent the particle 1 or the par-

ticle 3 =1 4. So the result of this
fusion [1] [1] couldbel 1=0+2
orl 3=2+40r3 1=2+4o0r
3 3 =0+2. In all cases the result
contains one particle from the [0] orbit

and one from the [2] orbit. Thus giving

[1 []=[01+I[2].

must be consistent with those of the uncondensed theory. In particular

X
a b= NS c
Cc
in the A theory implies
I I I
Ka ' Ko ) ' X Ke '
n;' [al; n[bi = ab ny [cli
i=1 i=1 c i=1

within the T theory. This consistency implies the relationship
Y

n{ d[a]i
i=1

(23.9)

between the quantum dimensions in theA theory (left) and the quantum
dimensions in the T theory (right). Once the particles have split, it is
then possible to have a consistent set of fusion rules in th@ theory.
Once these fusion rules have been established, one can determinbieh
elds are con ned in order to determine the nal condensed anyontheory
u.

While the phenomenon of identi cation (section 2Z3.2) has a fairly
obvious physical interpretation, it is often not as obvious how to interpret
the phenomenon of splitting | except to say that it is required for
consistency. However, a physical understanding is given by realizqn
the presence of a condensate can cause certain physical quaigi to be
locally conserved where they are inde nite in the uncondensed phas
It is the presence of these new locally conserved quantities which allo
us to form [a]; where i can take g, dierent values | corresponding
to the g, dierent values that the conserved quantity may take. This
picture of emergent conserved quantities is elucitated by Burnell eal.
[2011,2012].

Example: SU(2)4

Let us consider the example of the Chern-Simons theonsU(2),. We
list the elds, their quantum dimensions, and their fusion rules in table

231.

We notice that particle 4 is a simple current with orbit of length 2
(4 4=0). Let us now list the orbits in this theory

[0] = [4]

1] = [3]

[2] Not a maximum size orbit. This orbit must split

Maximum size orbit (also the identity)
Maximum size orbit

These orbits are just read o from the bottom line of the table P31
under fusion with the eld 4, we have 0 mapping to 4 and vice versa; we
have 1 mapping to 3 and vice versa, but 2 just maps to itself.

The fusion rules for the orbits, which we read o of table[231, aré®
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pargcle d - 1 5 3 7
1 E’§ Q2= 8 1]0+2 1+3 2+4 3
5 Q23 2 |1+3 0+2+4 1+3 2
3 Bé Q2158 3 |2+4 1+3 0+2 1
1 111 4 |3 2 1 0

Table 23.1 Data for SU(2)4. Left: quantum dimensions and twist factors for the
di erent particles. Note that O is the identity. Right: Nont rivial fusion rules. Note
that the fusion rules arg given by Eq. 1810 Jand the quantum d imensions are given
by Eq. [9Zlgiven d = = 3. You can check the consistency of da with the fusion rules
by using Eq. BE9](i.e, da should be the largest eigenvalue of the fusion matrix [ Nalf).
Particle 4 is a simple currrent boson which we will attempt to  consdense.

(1] [ = [0]1+[2]
1] [2 = [1+[]
(21 21 = [0]+[2]+[0]

where [0] is the identity orbit. It is the last line here which demonstrates
explicitly the problem noted in Eq. P3.7] | we should not have the
identity twice on the right hand side. To x this problem we split the
particle [2] into two pieces [2] and [2].

1] [a] = [01+[2]1+[2]2 (23.10)

1] (2L +[22) = [1]+[1] (23.11)

(2l +[2]2) (lh+[2]2) = [01+([2] 1 +[2]2) +[0] (23.12)

While this is not E%ite the full fusion rules of the T theory, one can

nonetheless extradt] a unique set of fusion rules for theT theory con-
sistent with Eq. P3.10{23.12, which are shown in tablé23]2.

particle | d

o 1 1 [1] 2h (2
m |P3|e-e [ [0+ +[2] [ [
oL |1 | e [2L [1] 2L [0]
oL |1 | e [2L, [1] [0] [2}

Table 23.2  Data for the intermediate T theory obtained from condensing the 4
particle in SU(2)4. This is the fusion theory describing the edge of a condensed
droplet.

11Eq. PZI0is already written as a proper fusion rule. Eq. 281 _Tlimplies [1] [2]1 = [1]
and [1] [2]2 = [1]. Next we note that the left hand side of Eq. 2312 chn be
rewritten as ([2] 1 [2]1)+([2] 2 [2]2)+2([2] 1 [2]2) which, comparing to Eq. 28121
immediately implies that [2] 1 [2]2 =[0] : To pin down the remaining fusion rule we
use associativity [2]2 =([2] 1 [2]2) [2]2 =1[2]1( [2]2 [2]2) which implies the only
consistent set of fusion rules to be [2] 2 [2]2 =[2]1 and [2]1 [2]1 =[2] 2.
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Several things are worth noting on this table. First, note that dy, +
diz), is the same agl, from the original SU(2), as is required by Eq[Z3.D.
Secondly note that the twist factors are unchanged (even if a paicle
type splits) as stated in Eq.[23.38.

We can obtain the nal U anyon theory, with a proper braiding, by
throwing out the particles that are con ned. Looking back at table [2Z31
we see that the orbit [1] is made up of particles 1 and 3 which have
di erent spin factors. This implies that particle [1] must be con ned
(it braids nontrivially with the condensate, see Eq.[23.3). However,the
orbit [2] is made of a single particle type and therefore is decon ned
(even if it splits). Thus our nal anyon theory after con nement is given
by table [23.3. We recognize the resulting anyon theory assU(3); or
equivalently Z1. See section 20.4]1.

particle | d
oL |1 e 21 | [21 (0]
oL | 1|3 [2L | [0 [2h

Table 23.3 Data for the nal U anyon theory obtained from condensing the 4
particle from SU(2)4. We recognize this theory as SU(3)1 or equivalently Z3.

23.5 Other Features of Condensation

A few other features of condensation are worth mentioning. First if we
start with a modular anyon theory, A, then the condensed theoryU is
also modular. Further for modular theories, the central charge (nodulo
8) remains unchanged

c, = ¢, mod8 (23.13)

Secondly, there is a beautiful relationship between the total quatum
dimensions of the uncondensed theor, the fusion algebraT and the
nal theory U. Recalling that total quantum dimension is de ned by

S y——
D=+ d2
a
We then have
Da Dt
A= 23.14
D - Dy ( )

Let us check these relations for theSU(2)4 condnensation example.
From tables[23.1[23.2, and 2313 we obtain

p— p— p—
Da-=sup), = 12 Dr= 6 Dy=su@, = 3

in agreement with Eq.[2Z3.14. Also (From Eq.[IZI#) we can calculate
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that
Csu@), = Csu@), =2 (mod 8)

in agreement with Eq.[23.13.

23.6 Cosets

In Chern-Simons theory, one of the most common ways to constrt
new TQFTs is the idea of a coset theory rst discussed in the contekof
conformal eld theory (SeelDi Francesco et al.|[1997]; Moore and&berg
[1989];LGoddard et al. [1985]). Given Lie groupss and H such that H
is a subgroup ofG, we may consider theoriesGx (Chern-Simons theory
G at level k) and correspondingly Hxo. There is then a well de ned
way to make a so-calledcoset theory which we write as Gx=Hyo. One
rough physical interpretation of this construction is that we are gauging
the subgroupH , essentially making these degrees of freedom redundant.
One can have more complicated cosets where we embkdinto a product
of Lie groupsG  GY to construct coset theories likeGy ~ Ggo=Hyoo.
While cosets of this type can seem quite complicated, they actually
have an extremely simple interpretation in terms of boson condeng&n.
To construct Gx=Hyo we rst construct Gy  Hyo where the overbar
means we should switch the chirality of the theory?2. Then if we con- 12In Chern-Simons theory, G | = Gy.
dense all possible simple current bosons in the product theor, Hyo  Switching chirality in the diagrammatic
we obtain the coset theoryGy=Hyo. (This is much simpler than the con- fh|gebr.a can be achieved by evaluating
. ? X X . R e mirror image of the diagram.
ventional coset construction!) This technique can be generalized imn
obvious way. For example, to constructGx  Gyo=Hgo we rst construct
Gk Gko Hgwo and then condense all of the simple current bosons.
Note that given Eq. Z3.13 and Eq.[17.ZB the central charge of a cesis
equal to the sum of central charges in the numerator minus the so of
central charges in the denominator.

Example: SU(2),=U(1),

To construct the cosetSU(2),=U(1), we want to rst construct SU(2),
U(1), and then condense all simple current bosons. Let us recall the dat
for SU(2), (See sectioi 18.3]1) andl (1), (See sectioi 20.4]2) which are
shown in Table[23.3.

The product theory SU(2), U(1), has particles types of the form
(a; b where a is from the SU(2), theory and b is from the U(1),. The
twist factor of such a product particle is (ap) = a b

One can see from the table that product particle (; 2) is a boson
simple current (twist factor = 1), so we can condense it. (In fact,
not including the identity particle ( I; 0), this is the only boson simple
current). The there are 12 particles in the product theory which divide
into 6 orbits which all are of maximum size (so there is no splitting).
These orbits (under the action of fusion with the (; 2) boson) are

(;o1=[;2 ; [ol=[;2] ; [;0]=[2]
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particle | d

I 1
SU(2)2 E’z Q21 3=16 |
1 1 | +

particle | d

0 111
u(), 1 1|e?i7=8 i j=(i+j)mod4

2 1 1
3 [a1]epi

Table 23.4 Data for SU(2), (top) and U(1)2 (bottom). The overline indicates we
take the mirror image theory, meaning all of the twist factor s are complex conjugated
compared to the de nition given in section 242

a=r;31 5 =031 5 [;1=[3

These are the six particle types of theT theory. Finally, examin-
ing the twist factors we can see that only the three orbits [; 0] and
[; 1] and [; 0] are decon ned. The nal condensed anyon theoryU =
SU(2),=U(1), is given in table[2Z3.5. We recognize this result as being
simply the Ising TQFT (See section[18.3.1).

particle | d

o] |1 |1 [; 1] [; 0]

[ 1] pz Q21 1=16 [; 1|01 [ 1]
Golr | 1 0| [: 2] [:0]+[: 0]

Table 23.5 The nal anyon theory data for the coset SU(2)2=U(1)> is just the Ising
TQFT.

Further Reading

Bais and Slingerland [2009] is the original discussion of anyon conden-
sation. Full disclosure, | was the referee for this paper. | spent dot
of time reading it in great detail and | ended up deciding it was pretty
brilliant.

A nice review of the physics of anyon condensation is given by Burnell
[2018].

Eliens et al. [2014] gives methods of extracting detailed data, sutas
F-matrices of a condensed theory from the data for the uncondesed
theories.

Neupert et al. [2016] is also a good refernce on the mathematics of
condensation.
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Much of the structure of anyon condensation (at least for condasation
of simple currents) was worked out originally in the context of so-c#ied
\ xed point resolutions" of conformal eld theories. See for example,
Schellekenis/[1999]

Chapter[32 shows how to use the computer prograniKac to work out
the results of certain condensations.

Exercises

Exercise 23.1 Fusion of Bosonic Simple Currents

Given an anyon theory with a bosonic simple current J, such that Rj;g =1
and JN = |, show that all of the particle types JP with 0 <p <N are also
bosonsé, and further that the braiding any two of these partic le types is trivial

stf; = 1. Hint: This is fairly trivial given some results of chapte r QO

Exercise 23.2 Splitting

Consider SU(2), SU(2).. There is a single simple current boson that can
be consdensed. Find theT theory (there is a splitting!) and the nal U theory
after condensation.

Exercise 23.3 Cosets
(a) Calculate the properties of the coset SU(16)1=SU(2).
(b) Calculate the properties of the coset SU(2); SU(2)1=SU(2)-.
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Introducing Quantum Error
Correction 24

Easy Material

Before we look at the toric code, it is worth introducing some ideas of
guantum error correction. While initially the ideas of error correction
may seem somewhat di erent from what we have been discussing, weill
see that (at least some quantum error correcting codes) are esemely
closely related to the topological ideas we have been discussing in prio
chapters. Some of this material may be well known to most readersut
we reiterate it for completeness and to orient the discussion.

24.1 Classical Versus Quantum Information

24.1.1 Memories All alone in the moonlight!
Classical Memory

The unit of classical information is a bit? | a classical two state system  ?You almost certainly know this al-
which can take the values 0 or 1. A memory withN bits can be in any ready!

one of 2 states | each state corresponding to a particular bit-string,

such as 011100111.

Quantum Memory

The unit of quantum information is the quantum bit or qubit '“ which is
a quantum two state system | i.e. a two-dimensional complex Hilbert
space spanned by vectors which we usually cajdi and jli. A qubit can
be in any state
ji= joi+ jli

with arbitary complex prefactor ;  (where we normalize wavefunctions
soj 2+ ] j?=1).

A quantum memory with N qubits is a vector within a 2\ dimensional
complex Hilbert space. So for example, with 2 qubits the general ste
of a system is speci ed by four complex parameters

ji= jo0i+ jOli+ j10i+ j1di (24.1)

with the normalization condition j j2+ j j2+j j?+jj> =1. Soto
specify the state of a quantum memory with 2 bits, you have to speify
four complex parameters, rather than, in the classical case jusstating
which of the four states the system is in.
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3If two bit ips happen at the same

time, then an uncorrectable logical er-
ror occurs. It is thus imperitaive that

we check the state of our physical bits
very frequently so that we catch errors
and correct them before multiple errors
can occur.

24.2 Errors

An error is some process which accidentally changes the state of ¢h
memory away from the intended state. Often we take as an error radel
the case where only one bit or one qubit is e ected at a time (a \minimal"
error) although more complicated errors can occur in practice.

24.2.1 Classical Error Correction

There is a simple way to protect the information stored in a classical
memory from errors. Instead of storing a single bit 0 or 1, we will
store multiple copies of the bit. For example in Table[Z4.1 we use three
\physical" bits to store one \logical" bit of information.

logical bit | physical bits
0 000
1 111

Table 24.1  Three bit repetition code. Stores a single logical bit of inf ormation
using three physical bits.

Our memory should always either be in the state 000 or 111 | we
call these two possibilities thecode space If we detect the system being
in any other state of the three bits (i.e., not in the code space) we kow
an error has occured. If an error does occurs on one of the phigal bits
(i.e., if one of the bits is accidentally iped) we can easily nd it, because
it would leave our memory with not all of the physical bits being the
same. For example, if our system starts as 000, an error introdwed on
the second bit would leave it in the form 010. Then, by just using a
majority-rule correction system, it is easy to gure out what happ ened
and ip the mistaken bit back. So our error correction protocol would
be to continuously compare all three bits, if they don't all match, ip the
one which would bring them back to matching. Assuming errors are ree
enough (and only occur on one bit at a timé) this scheme is an e ective
way to prevent errors. For added protection one can use more rkindant
physical bits, such as ve physical bits or seven physical bits for asingle
logical bit. Such larger codes could withstand several bit- ip errors at
a time and would still allow successful correction. For example, the ve
bit code could withstand two bit- ip errors at a time and correction v ia
majority rule would still be successful.

One might think the same sort of approach would work in the quantum
world: make several copies of the qubit you want to protect, and hen
compare them to see if one has changed. Unfortunately, there artwo
big problems with this. The rst is the so-called no-cloning theorem |
it is not possible to make a perfect clone of a qubit. The second probta
is that measuring a state inevitably changes it.
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24.3 Quantum No Cloning Theorem

Because the quantum no-cloning theorem is such an integral partfahe
discussion surrounding quantum error correction (and becausehe proof
is easy) it is worth going through the proof.

The result (usually credited to Wootters and Zurek [1982] and Dieks
[1982]) is such a straightforward result of quantum mechanics thasome
people have argued whether it deserves to be called a theorem. Nethe-
less, the statement of the \theorem" is as follows:

Theorem: Given a qubit in an arbitrary unknown state j ;i and
another qubit in a known initial state j i, there does not exist any
unitary operator U (i.e., any quantum mecahnical evolution) such
that

1 (24.2)

UG aij 20)=¢€ (Df i

for all possible inputj 1i.

The point of the theorem is that there is no way to copyj ii into the
auxiliary qubit j »i. The reason we are looking for a unitary operatotJ
is that all time evolutions in quantum mechanics correspond to unitaty
operators'. The phasee allows some arbitrary phase to occur during
the cloning process which we can allow to be a function of the cloned
statej ii.

Proof of Theorem:  Suppose such a unitary operator as specied
in Eq. did exist. This means we can properly copy two orthogonal
statesjOi and jli, meaning

e @joi j oi
e Dij1ij 1

U(joi j
U(jli j

2i)
2i)
Quantum mechanical operators must be linear so we can try applying
this operator to the linear superposition jOi + jli and we must get

U(f joi+ jligj 2i)= e' @joi j oi+ e Mj1i j 1i:

But this is not what a putative cloning device must give. Instead a clone

of the bit should have given the outcome
e (0 01 oi + jai] [ joi + jli]

which is not generally the same result. Thus no cloning device is con-

sistent with the linearity inherent in quantum mechanical evolution.

40ne can object that one can make
a measurement that has the eect of
projecting, rather than a unitary op-

eration. However, there a philsophy
known sometimes as \The Church of
the Larger Hilbert Space" which says
that we should simply treat our mea-
surement apparatus as part of the
guantum mechanical system, in which
case all time evolutions become uni-
tary again. The reason it is called a
\church" is because it is almost a re-
ligious view of how one should think
about quantum measurements.
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5This does not violate the no-cloning
theorem, since we are entangling two
qubits with the initial qubit, rather
than cloning the initial qubit. This pro-
cedure can be achieved with a quantum
circuit as shown in Fig. 24111

Jjoai l ®
ji st
o T

Fig. 24.1 The output of this quantum
circuit, on the right, is the wavefunction
j si asin Eq. The notation in-
dicates a controlled not gate (CNOT)
where the lower bit is controlled by the
bit j i1 such that the output of the
lower bits is j1i if and only if the input
bit in j 1i is jli. See the discussion in

section [[T.Z.11

SWhen we use Pauli matrices we are

thinking of jOi as being spin up and j1i

as being spin down. So j0i = jOi and
zjli = j 1i.

"We can also de ne O13, but this is re-

dundant information since

013 = 012 023

24.4 Quantum Error Correction

Perhaps the most surprising thing about quantum error correctin is
that it is possible at alll This was discovered in 1995 by Shor| [1995],
and shortly thereafter by ISteane [19964, |b].

In the next chapter we will introduce the toric code (Kitaev![1997]),
which is a quantum error correcting code closely related to anyonsHow-
ever, here, we will brie y introduce a very simple error correcting code
introduced in the original work by Shor [1995] to try to explain how such
codes typically work.

Let us consider the following simpli ed problem. Suppose we know
that the only error that can ever occur on our physical system is he
application of a Pauli , operator. i.e, a so-called bit- ip error. We can
protect our qubit from such an error in the following way:

Given a qubit

j 2= jOi+ jli (24.3)
let us encode this physical qubit into three logical qubit$
j si = jooa + j11% (24.4)

where by j00G we meanjOi j Oi j Oi and similarly for j111i.

We must not measure any of the three physical bits since this will
collapse the entire wavefunction to eitherj00G or j111i. However, we
can measure the product of two bits, such a8’

On= 12 On= %

The wavefunctionj i3 isin a +1 eigenstate of the operatorélg SO we can
measure this operator without collapsing the wavefunction. The pupose
of this operator is to check that bits 1 and 2 are the same. Similarly
8,3 checks that bits 2 and 3 are the same. These operators are known
as syndrome operators since they are meant to diagnose whether the
wavefunction has developed any \sickness", i.e, whether an errohas
occurred

If we nd that both operators O15: 0,3 are in the +1 eigensate, then
we conclude that all three bits are the same, so the wavefunction is
properly in the code space (l.e., is of the form of Eq[2414). However
if one (or both) of these operators are measured in the 1 eigenstate,
then we know that an error has occurred. Assuming no more than e

x error has occurred (i.e., we start with a wavefunction of the form d

Eq. and only one physical bit is ipped over) we can easily identify
the problematic bit. For example, if 4 has been applied to bit 1, then
we would nd Oy, in the 1 eigenstate but O3 remains in the +1
eigenstate. We can then correct the problematic bit by ipping it over
again with . The error detection and correction rules are given in
table 24.2.

Note that these stabilizer operators do not collapse superpositios of
the form of Eq. since they do not actually measure the value ofray

(24.5)
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error stabilizers with X by
created by 1 eigenvalue | applying

X Or X

f 012 : 023 f

X Oz ?

Table 24.2  Error Detection and Correction Rules for Eq. 2441f an erro  r is created
by the operator in the rst column, the stabilizer(s) in the m iddle column will be
measured to have a 1 eigenvalue, indicating an error. The error is corrected wi th
the operator in the right column.

of the bits, they only check to see if two bits are the same as each loér.

One might think that Eq. 24.4](along with the error correction rules of
table 24.2) would constitute a quantum error correcting code. Unbrtu-
nately, this is not the case. While we have constructed a code whichan
correct errors created by 4 (i.e., bit ip errors) one can also have errors
created by , (Errors created by  can be thought of as the product of

. and ). Applying a , operator to any of the three bits in Eq.[24.4
results in
j 3i = jooa j111

and this cannot be detected by our stabilizersO1, and Oa3.

Shor [1995] found that it is indeed possible to protect a qubit from
both 4 and . errors by using 9 physical qubits. His encoding of the
qubit in Eq. is as follows

i oi = [(jO0G + j111)
+  [(jo00 j 111)

(jO00 + j111)
(jO0G | 111)

(jooa + j111)]
(jO0G | 111)]
(24.6)

The bits have been grouped in threes, and each set of three actsee-
tively like the above code Eq[24.4. The stabilizers of this code are the

as follows:
612 = % 3 023 = 3 ? (247)
645 = % 3 655 = 3 ? (248)
Op= 1?2 Opo= 23 (24.9)
Or6=(x 200452 (24.10)
Opo=( {34 3%% (24.11)

The rst three lines are analogous to the stabilizers in Eq.[24.5 and ae
meant to repair bit ips ( x errors). For example, if O, is measured in
eigenvalue 1 but all other Oij have eigenvalue +1 then we know that
the rst bit has been ipped over and needs to be repaired by applying
L again.
The more interesting stabilizers are the nal two lines. In fact, these
are again quite similar to the simple stabilizers we considered in Eq.24..5,
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8The statement that it is the most
practical is based on the fact that the

so-called surface codes (which is es-

sentially the toric code) has the high-
est known error threshold | meaning
you can successfully correct even highly
faulty qubits with this technique com-
pared to other technigues which require
your qubits to be much closer to perfect
to begin with. To evaluate the quality

of a code one must make reasonable as-

sumptions about how likely a physical
qubit is to fail and compare this to how
quickly one can test for errors and cor-
rect them. NEED CITATION HERE?

but in a di erent basis.
To see this, rst note the following two identities on three qubits
( 12 3)yooa j 111)= (jooqa j 111i) (24.12)
and '
1 (jOOG j 111i)=(jo00 j 111) (24.13)

for j = 1;2 or 3. Let us now think of (jOOO + j111i) as being some
e ecive spin up and (jO0OG j 111i) as being some e ective spin down.
Then J inEq. plays the role of an e ective spin ip operator (lets
call it X13) and ( L 2 2)in Eq. measures the state of the spin
(lets call this operator Z103). The stabilizers in Eq. and24.11l can
then be rewritten as operators on three of these e ective qubits

O1 6= Z123Zsss  Ous o= ZaseZ7se
entirely analogous to the stabilizers Eq[24.b.

To be more explicit, given Eq.2412 we have that (} 2 3)or( 5§ 2 ¢
or ( / & ?)tothe wavefunction in Eq. 4.8 will multiply the second line
of Eq. by 1. However, the stabilizers®; ¢ and O, o consist of
two of these groups of three operators, so this minus sign will be ayied
twice. This means that Eq.[24.6 is a +1 eigenstate of these stabilizers

Let us again consider three qubits and ask what happens if we apply

;2 to superpositions of the type that occur in Eq.[2Z4.6. We have

(it does not matter which of the three 's is applied, the result is the
same) which then changes the sign of the eigenvalue undert 2 3. It
is precisely this

Thus we are able to conclude the following table

error stabilizers with X by
created by 1 eigenvalue | applying
1 2 3 1
z or zor ; Ol 6 z
? or ? or (ZS 61 6 » 04 9 ?
7 8 9 7
, or zor J 64 9 z

24.5 Introducing the Toric Code

Perhaps the most surprising thing about quantum error correctim is
that it is possible at all! This was discovered by Peter Shor in 1995 (and
shortly thereafter by Andrew Steane). We will describe the Toric mde
approach to error correction which is potentially the conceptually most
simple error correction scheme, as well as being very possibly the rsio
practical to implement in real systems’!

As with so many great ideas in this eld, the Toric code was invented
by Kitaev (Kitaev 1997).
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24.5.1 Toric Code Hilbert Space

We imagine anNy by Ny square lattice with spins on each edge, where
the edges of the lattice are made periodic hence forming a torus (hee
the name \toric"). The total number of spins is N = 2N,Ny and corre-
spondingly the dimension of the Hilbert space is ¥ .

Fig. 24.2  The Hilbert space of the toric code | an Ny by Ny square lattice with
spins (dots) on each edge wrapped up to make it periodic in bot h directions | i.e.,

a torus. Hence the name. There are 32 spins in this picture sot he Hilbert space has
dimension 232,

We will work with a basis in our Hilbert space of up and down sping.  °caution: In the literature about half

A convenient notation is then to color in the edges containing down sms ~ ©of the world Usesb the Up_%ownnorf .z
. . . EIgenStates as a basis, an alf of the
but leave uncolored the edges with up spins. See Fig.24.3. world uses the x eigenstates as a basis.

= = spin down =|1)

— =spinup =10)

Fig. 24.3 A particular basis state of the Hilbert space, working in the up-dpwn
basis (z-eigenstates). Here we denote down spins by thick (r ed) lines. And up spins
are denoted by not coloring in the edges.

Note that it is not crucial that we are working with a square lattice,
or that we are even working on a torus (although it is crucial that the
surface has noncontractable loops). We could work with other tyes
of lattices | the honeycomb will be useful later. In fact even irregu lar
lattices (which are not really lattices, since they are irregular, and $iould
be called “graphs') can be used. However it is a lot easier to continue
the discussion on this simple square-lattice-torus geometry.
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24.5.2 Vertex and Plaquette Operators

Let us now de ne some simple operators on this Hilbert space.
First, given a vertex  which consists of four incident edges 2 , we
de ne the vertex operator
Y
V = z

i2 vertex

This operator simply counts the parity of the number of down spins
(number of colored edges) incident on the vertex. It returns +1 if there
are an even number of incident down spins at that vertex and retuns 1
if there are an odd number. (And in either case, as is obviousy? = 1).

This is depicted graphically in Fig. 2Z44. Note that there are a total of
NxNy vertex operators.

/ + = Vertex operator

+1 v;x = H Ur;;z

i€verter o

=+1 if an even # of down spins
= -1 if an odd # of down spins

Fig. 24.4  The vertex operator returns +1 if there are an even number of i ncident
down spins at that vertex and returns 1 if there are an odd number.

Note that it is possible (and useful) to de ne a corresponding proje-
tion operator

v = %(1 V) (24.14)

which has eigenvalues 0 for an even number of incident down spins or 1
for an odd number. This is a projection operator becaus&’ = V2.

We now de ne a slightly more complicated operator known as the
plaquette operator. Given a plaquette which contains four edges in a
squarei 2 we de ne

Y

i 2 plaquette

which ips the state of the spins on all of the edges of the plaquetteas
depicted in Fig.[Z4.3. There are a total ofN, Ny plaquette operators.
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—

= Plaguette operator

= ] o

i€plaquette 3

= flip spins around a plaguette

Fig. 24.5 The plaquette operator ips the state of the spin on the four e dges of a
plaquette.

As with the vertex operator, P? = 1 meaning P has eigenvalues +1
and 1. We can similarly de ne a projector

P o= %(1 P) (24.15)

which satises P? = P .

It is a bit more di cult to describe what the eigenstates of the pla-
guette operators are. In the basis we are using, the spin-up/spitown
basis corresponding to uncolored and colored edges, tHe operator is
o -diagonal | it ips spins around a plquette. As such, the 0 eigenst ate
of P operator (i.e, the 1 eigenstate ofP ) is obtained by adding the
state of a plaquette to the ipped state of the plaquette as shownin Fig.
[24.8. The orthogonal superposition (adding the two states with a sign)
will give the other eigenstate.

Operators Commute i

I claim all of the plaquette operators and all of the vertex operatas

commute with each other. It is obvious that ! . »
Fig. 24.6 A linear superposition of

a ipped and unipped plaquette is a
[V Y °] =0 +1 eigenstate of P or equivalently a 0
eigenstate of P . The -1 eigenstate is
sinceV 's are only made of , operators and all of these commute with given by the orthogonal superposition,

each other. Similarly L./.Ve, th(ihsutp\)l\(’arpiosition with a - sign be-
P :Po=0 een the two terms.

sinceP 's are made only of 4 operators and all of these commute with
each other.
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The nontrivial statement is that
[V;P1=0

forall and . The obvious case is wher’V and P do not share any
edges | then the two operators obviously commute. When they do
share edges, geometrically they must share exactly two edges, inhich
case the commutation between each shared* and ? accumulates a
minus sign, and there are exactly two shared edges so that the nesign
accumulated is +1 meaning that the two operators commute.

Is the set of operators complete?

We have Ny Ny vertex operators andNy Ny plaquette operators | all of
these operators commute, and each of these operators has 2 &igalues.
This appears to match the fact that there are 2Ny Ny spins in the system.
So is our set ofV and P operators a complete set of operators on this
Hilbert space? (l.e., is it true that describing the eigenvalue of each b
these operators must determine a unique state of the Hilbert spaz?)

It turns out that the V and P operators do not quite form a complete
set of operators on the Hilbert space. The reason for this is that lhere
are two constraints on these operators

Y
v =1

Y
P =1

To see that these are true, note that each edge occurs in exactlywo
operatorsV . Thus when we multiply all the V 's together, each ?
occurs exactly twice, and ( 2)2 = 1. Thus the product of all the V 's is
the identity. The argument is precisely the same for multiplying together
all of the P 's.

Thus we can freely specify the eigenvalues oNxNy 1) operatorsV ,
but then the value of the one remainingV is then xed by the values
chosen for the other NxyNy 1) of them. Similarly with the P 's. So
specifying the eigenvalues of these commuting operators speci eanly
2(NxNy 1) degrees of freedom, and since we started withN& Ny spins,
we still have 2 degrees of freedom remaining. These two degrees of
freedom are going to be two error protected qubits in this schemeok
building a quantum error correcting code.

Note that this result, of having two degrees of freedom that reman
unspeci ed by the plaquette and vertex opertaors, is not unique b hav-
ing used a square lattice (we can use triangular lattice, honeycombor
even irregular grids), but depends only on having used a torus. If & use
a g-handled torus we will have 2j degrees of freedom (i.e., @ qubits)
remaining. To see this we use the famous Euler characteristic. For
any decompositon of an orientable 2-manifold into a grid, we have the
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formula
2 2g=(Number of Vertices) (Number of Edges)+(Number of Faces)

where g is the number of handles on the manifold. Since there is one
spin on each edge we have

Number of Vertex Ops + Number of Plaquette Ops 2 +2g
= Number of Spins

We can read this as follows. The right hand side is the total number of
degrees of freedom. On the left we can specify all the eigenvaluektbe

vertex and plaquette operators, then there are 2 constraintsso subtract

two, and this leaves us with 4y unspeci ed degrees of freedom.

24.5.3 Building the Code Space

We are going to state two rules for constructing our code. We are irag-
ining here that we have a great deal of control over the spins (themi-
croscopic qubits) making up our system and we can impose these rde
by at.

Rule 1: Specify that V =1 for every vertex (or equivalently Vv =
0.).

This assures that there are an even number of down spins (red lings
incident on every vertex. It is easy to see that this can be interpréed
as a constraint that one must consider only loop con gurations of hese
red lines. There can be no ends of lines, and no branching of lines. See
for example, g.

The idea of an error correcting code is that once we construct our
code, we will have some way to check that this Rule 1 is satis ed and if
it is not satis ed we should have some way to x it without destroying
our encoded quantum information.

. ; - ; Fig. 24.7 A loop con guration consis-
PR—UIS)Z Specify that P 1 for every plaquette (or equivalently tent with the constraint that V. = 1 on

every vertex. There must be an even
) ) ) ) ~ number of red lines incident on every
As mentioned above in Fig.[2Z4.6 this assures that every plaquette is vertex.

in an equal superpositon of ipped and un ipped states with a plus sign
between the two pieces. Note in particular that, because thé® and V
operators commute, the action of ipping a plaquette will not ruin th e
fact that Rule 1 is satis ed (that is, that we are in a loop con guratio n).

The quantities V and P are known as thestabiizers of the code |
they are meant to stay constant and are checked for any errorsvhich
are indicated by the fact that their value has changed.

We thus have the following prescription for constructing a wavefua-
tion that satis es both Rule 1 and Rule 2: First start in any state of
spins up and spins down which satis es rule 1, i.e., is a loop con gura-
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Fig. 24.8 Making a cut around one of
the handles of torus, one can see that
ipping a plaqutte, such as the blue
one, does not change the parity of the
number of red bonds cutting the green
line. Further, it does not matter where
(at which y-coordinate) the green cut is
made, the number of red bonds it cuts
is always even.

tion. Then add to this in a superposition every con guration that can
be obtained by ipping plaquettes. We thus have
X
ji= jloop con gi (24.16)

all loop congs that can

be obtained by ipping pla-

quettes from a reference

loop cong

By adding up all such con gurations, we assure that every plaquete is
in the correct superpositon of ipped and up ipped and we satisfy Rule
2.

The key queston is whether one can obtain all loop con gurations
by starting in a referecnce con guratation and ipping plaquettes. The
answer is that you cannot: Flipping plaquettes never changes tharity
of the number of loops running around the handle. To see this, try
making a cut around a handle of the torus, as shown in Figi”2418. If oa
ips a plaguette (blue in the g) along this cut (green inn the @), it
does not change the parity of the number of red bonds that the ctigoes
through. Thus there are four independent wavefunctions of theform
of Eq.[24.16, which are di erent in whether the reference con guation
has an even or an odd number of red bonds going around each handle
All of these states satisfy the constraints rules that allV =1 and all
P =1 . We will call these states

j eei ] eoi J oei J OOi
where e and o stand for an even or an odd number of red lines going
around a given handle. So for example, we have
X
| eel = jloop con gi
all loop congs that have

an even number of red
bonds around both handles

Or graphically, we have Fig.[24.9
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|wee> =

[Yeo)

Fig. 24.9 Graphical depiction of | eei which has an even number of strings running
around each handle, and j eoi which is even around the rst handle odd around the
second.

The most general wavefunction we can write that satis es the two
above rules, that allV =1 and all P =1 is thus of the form

J 1= Ace] eel + Aco] eol + Ace] oel + Aoo] ool (24.17)

for arbitrary coe cients Ace; Aco; Ace; Aoo- It is these coe cients which
are the two qubits of quantum information that we are trying to pro tect
with this coding scheme (exactly like Eq.[241). We will refer to wave-
functions of the form of Eq.[24.1T as the \code-space". We refeto these
two bits as being the "logical" qubits { the information we are trying to
protect. The underlying spins on the lattice that make up the code ae
sometimes called the "physical" qubits.

Note that in order to turn the j i wavefunction into the j ¢i we
need to insert a single loop around a handle | this involves ipping
an entire row of spins at once. If one were to try to ip only some
of these spins, we would have an incomplete loop | or an endpoint {
which violates the rule that V =1 for all vertex sites | i.e, not in the
code-space. It is this fact that allows us to test for errors and coect
them e ciently, as we shall see.

24.6 Errors and Error Correction

Let us now turn to study possible errors in more detail. What does arer-
ror look like in this system? Imagine a demon arrives and, unbeknowrns
to us, applies an operator to one of the spins in the system.

24.6.1 , Errors

Let us rst consider the case where that operator happens to bea
on bond i. This operator commutes with all the plaquette operators
P but anticommutes with the vertex operators V which intersect that

X

315
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bond. This means, if we start in the code space (alv = +1), and
apply this error operator , we then end up in a situation where the
the two vertices attached to the bondi are now in the wrong eigenstate
V = 1. To see this more clearly starting in the original statej i we
have

Viji=ji

meaning we start in the +1 eigenstate, now apply the error operato {*
to both sides

= aVii= Vo

or

VITi= [l
showing we end up in the 1 eigenstate of the vertex operator.

Fig. 24.10 A * operator applied to To show these errors graphically we will no longer draw the up and

the bond creates two vertices in the . . .

V = 1 eigenstate. down spins (the red bonds) but instead we just draw the y operator as
a blue line, and the vertices which are in the 1 eigenstate as a red X
as shown in Fig.[2Z4.10.

So it is clear what our error correction protocol must do. It must
frequently measure the state of theV operators, and if it nds a pair
inthe V = 1 state, we know that a * has been applied on the inter-
vening bond. Once we have identi ed the error it is easy to correct ithy
applying « on the same bond, thus returning the system to its original
state and to the code space.

Now suppose that the demon is very fast and manages to make seaé
such errors very quickly. If these errors are well separated fro each
other, we will easily nd multiple pairs of vertices in the V = 1 state,
with the pair separated from each other by one bond distance. Thee
can similarly be caught by our correction scheme and repaired, retting
us to the code space again.

However, it could be the case that two errors are on bonds that shre
a vertex , as shown on the left of Fig[24.1l, the vertex that is shagd
gets hit by * twice and is thus in the V = +1 state. Only the two
vertices at the end of the "string"” are in the V = 1 state and are then
detectable as errors.
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Fig. 24.11 Left: Whentwo * errors are made on bonds that share a vertex, the
shared vertex is hit with X twice, and thus becomes V = +1 again. Only the two

vertices at the end of the "string" are inthe vV = 1 state. Middle: A longer string
of errors. Note that we can only measure the endpoints of the s tring, not where the
errors were made, so we cannot tell if the error string goes do wn two steps then two
steps to the right, or if goes two steps to the right then down t wo steps. Right
If we detect the errors as in the middle panel and we try to corr ect it by dragging
the errors back together, but we choose the incorrect path fo r the string, we end up
making a closed loop of x operators { which acts as the identity on the code space,
so we still successfully correct the error!

Nonetheless, the error correction scheme is still fairly straightfovard.
One frequently checks the state of all the vertices and whert/ = 1
is found, one tries to nd the closest other error to pair it with { and
then apply x operators to correct these errors (you can think of this
as dragging the errors back together and annihilating them with eahb
other again).

It is important to realize that we cannot see the error operators (vhich
we have drawn as a blue string) themselves by making measuremerns
the system { we can only detect the endpoints of string, the verties
whereV = 1. For example, in the middle panel of gure[Z4.11 we
cannot tell if the error string goes down two step and then to the iight,
or if it goes to the right one step and then down two steps. We only
know where the endpoints of the string are.

Now if we detect the two errors in the middle panel of Fig.[24.11,
we may try to correct these errors by guessing where the blue strg is
and applying 4 along this path to bring the endpoints back together
and reannihilate them. However, it is possible we guess incorrectly as
shown in the right panel of Fig.[2Z4.11. In this case we will have ended
up producing a closed loop of x operators applied to the original state.
However, a product of * operators around a closed loop is precisely
equal to the product of the plaquette operatorsP enclosed in the loop.
Since the code space is de ned such that all of hte plaquettes opators
are in the +1 eigenstate, this loop of * acts as the identity on the code
space, and we still successfully correct the error.

On the other hand, if a loop of errors occurs which extends around
a handle , and theV = 1 errors annihilate again (think of this as
dragging the error all the way around the handle and re-annihilatingit
again) then, although we return to the code-space (there are n¢ = 1
vertices) we have changed the parity of the number of down spinsraund
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a handle thus scrambling the quantum information and make an error
in the logical bits. In fact what we get in this case is the transform that
switches the even and odd sectors around one handle :

Aeej eei + Aer eoi + Aoej oei + AOOj OOi I
Aoej eei + AOOj eoi + Aeej oei + Aer OOi

However, the general idea of the toric code is that by having a very
large torus, it requires a very large number of errors to make this lop
around the handle and actually scramble the quantum information (the
logical qubits). If we are continuously checking forV = 1 errors we
can presumably correct these errors before a logical error carriae.

24.6.2 , Errors

We can also consider what happens if the error is not a * operator
applied to the system, but rather a * operator. Much of the argument
in this case is similar to that above.

Since the Z operator on an edge anticommutes with the two neigh-
boring plaquettesP which share that edge, the resulting state will have
P = 1 for these two plaquettes as shown on the left of Fid.24.12. Re-
call that this eigenstate of the plaquette operator is a superposibn of
the ipped and unipped plquettes similar to that shown in Fig. 246
but with a minus sign between the two terms.

Fig. 24.12 Left: Whena Z erroris applied to a bond, the plaguettes on either side
end up inthe P = 1 state Middle: A string of several 2 errors. Right A closed
loop of 2 errors. This is equal to the product of all of the enclosed V operators.
In the code space, this is equal to +1.

Analogous to the above discussion, our * error correction proto-
col should frequently check for pairs of neighboring plaguettes wére
P = 1 and if these are found the protocol should correct the error by
applying Z to the intervening edge. As above, if several * errors are
created, they can form a string, as shown as blue bonds in the middlef
Fig. Z4.12. As above, one is not able to actually detect the string, bt
can only see the endpoints as plaquettes where = 1. Analogous to
the above case, if from errors, or from an attempt to correct erors, the

Z error string forms a closed loop as in the right of Fig[ 241, this loop
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of Z operators is equal to the product of the enclosedV/ operators.
Since within the code spaceV = 1, a closed loop returns the system
its original state. Another way of seeing this is to think in terms of the
red loops of down spins discussed above. The, operators register 1
each time they intersect a red loop. On the other hand the red loops
must be closed so the number of intersections between a red loop dm
dlow3e loop of the blue * error string in the gure must be even (since
a red loop going into the region surrounded by the string must also cme
out), thus forcing the product of the blue Z# operators to have a value

of 1.

On the other hand, if the loop of * operators goes all the way around I
the handle, it then scrambles the logical qubits. In particular, one @n
see that if there is a string of , going all the way around a handle as
shown as the blue bonds in Fig[24.113, this operator then counts the
parity of the number of red bonds going around the dual handle, as
shown in the gure. Thus, applying the string of * operators around
the handle makes the transformation

Ace] eel + Aecoj eol + Ace] oel + Aoo] ool ! Fig. 24.13 If a string of # goes

Aeej cal + Aeoj col Aoej oel Aooj ool around a handle, it measures the par-
ity of the number of red strings going
around the dual handle.

24.6.3 Y Errors

A basis for a complete set of operators applied to a single spin is given
by *, Y, and Z (as well as the identity). We have discussed errors
created by * and Z, but what about Y. Here we simply use the fact

that

Yy=j x z

So if we have an error correction protocol that removes both * and *
errors, being that the two procedures don't interfere with each dher, we
will automatically correct Y errors in the process!

24.6.4 More Comments on Errors

(1) A key point to take away here is that the only process which can
cause logical erorrs is if an error string goes all the way around onef the
handles. Further (and this is a related statement) the only operabr that
can distinguish the di erent elements of the code space from eachtber
are string operators that go all the way around the handles. The l&er
(related) statement is qutie necessary, since being able to distingsh the
di erent wavefunctions from each other is equivalent to causing anerror
since it amounts to a measurement of the logical bits.

(2) As mentioned above, the toric code as a method of storing quaom
information is considered the \best" quantum error correcting code. We
de ne the quality of a code as follows: We de ne a time unit as the
amount of time it takes us to make a measurement of a quantity suctas
V or P . Then we assume there is some rate of errors being introduced
to the underlying physical bits (the spins) per time unit. Given these
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parameters, the toric code is able to reliably correct the largest pssible
error rate per time unit of any known quantum error correcting code.
(CITE)

(3) While we have introduced the toric code on a torus (hence the nane)
so that it stores 2 logical qubits of information, as mentioned above if
we go to a higher genus surface (either a closed manifold with handlgs
or a surface with holes cut in it) we can store @ qubits where g is the
genus of the surface.

24.7 Toric Code as Topological Matter

We have introduced the toric code as a way to store quantum infor-
mation | being stabilized by an error correction protocol that activ ely
checks the value of the vertex and plaguette operators. Howeveit is
guite easy to convert this story to a a realization oftopologically or-
dered quantum matter | a physical system that is described at low
temperature and long wavelength by a topological quantum eld theory.
In this case the physical system will be stabilized by the existence cdn
energy gap to excitations and the fact that our system will be keptat
low temperature.

To recast the toric code as topologically ordered matter, we simply
write a Hamiltonian which is a sum of commuting operators

X X
H = Y P (24.18)

vertices plaquettes

Here we have set the energy unit to unity. The Hamiltonian is made
of a sum of commuting projectors with eigenvalues 1 so the ground
state space is described by simply setting all of the/ =1 and P =1.
l.e., the ground state space is exactly the code space. There will be
four-fold degenerate ground state corresponding to the four thogonal
wavefunctions in the code space. I¥ = 1orP = 1this corresponds
to a particle excited out of the ground state.
It is sometimes more convenient to work with the projectorsV and
P de ned by Egs. andZZ.1b. Writing
X X
H = v o+ P (24.19)

vertices plaquettes

which di ers from Eq. 2418 only be a factor of 2 and an overall con-
stant. The advantage of H is that it is a sum of commuting projection

operators. This is often convenient because it means that the grund

state has energy 0 and each excitatation has unit energy.

24.7.1 Excitations

The types of particle-excitations we can have are given as follows:
(1) We can have a vertex whereV = 1linstead ofV =+1. We call
this an \electric particle" which we write as e.
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(2) We can have a plaquette whereP = 1 instead of P =+1. We
call this a \magnetic particle" which we write as m.

The nomenclature for these particles due to a relationship with lattice
gauge theories which we will discuss below.

Since vertex defectse's are produced in pairs, and can be brought
back together and annihilted in pairs, we know we must have

e e=|

Similarly since plaquette defectsm are produced in pairs, and can be
brought back together and annihilated in pairs we must also have

m m=|

We might then wonder what happens if we bring together a vertex anl a
plaguette defect. They certainly do not annihilate, so we de ne andher
particle type, called f , which is the fusion of the two

e m=f

We then have
f f=1

which we can see by associativity and commutativity
f f=(e m) (¢ m=(e & (m m=1 1=]I

These are the only particle types there are. Note that they form aclosed
set under the fusion rules. There are no non-abelian fusions her® sve
assume we have an abelian model of some sort.

Note that there are exactly four particle types (including the identity), |1 e m f
and there are exactly four ground states! l I e m f
The full fusion relations are given by the table in Fig. ??. ne1 ne1 f' If re"

f f m e |

24.7.2 Braiding Properties

321

Fig. 24.14  Fusion Table for the Toric

e is a boson Code

Let us rst consider the e particles. These are both created and moved
around by applying x operators. All of the « operators commute with
each other, so there should be no dierence in what order we creat
move, and annihilate the e particles. This necessarily implies that the
e particles are bosons. There are several "experiments" we can do
sow this fact. For example, we can create a pair oé's move one around
in a circle and reannihilate, then compare this to what happens if we
put another e inside the loop before the experiment. We see that the
presence of anothee inside the loop does not alter the phase of moving
the e around in a circlé.

10The experiment just described, while quite clear only tells us that e is either a
boson or a fermion (since a fermion taken in a loop all the way a round another



322 Introducing Quantum Error Correction

m is a boson

Entirely analogously we can argue thatm is also a boson.m is both
created and moved by the ? operator and all of these operators com-
mute with each other. The exact same argument (here without deil)
shows us thatm must be a boson.

Braiding eand m

Here is where it gets interesting. Suppose we create am particle and
move it around in a circle then reannihilate. This is exactly the process
shown in the right panel of Fig. and is the product of a string of

X operators. Recall that the reason this process does not accuraie a
phase is because the string of* operators around the loop is equivalent
to the product of the P plaquette operators enclosed | and in the
ground state, the P operators are in the +1 state. However, if there is
one m particle inside the loop, this means that one of theP operators
is actually in the 1 state. In this case the phase of taking thee particle
around in a loop is actually 1. So there is a phase of -1 for takinge
around m.

We can check that it is precisely equivalent if we take anm particle
around an e. Taking an m around in a loop is the process shown on the
right of Fig. and is the product of a string of * operators. Recall

fermion also accumulates no phase since it is equivalent to t wo exchanges).
To determine the phase of an exchange, we are going to attempt to do a twist in a
world line as in Fig. Z&br 15.2.] Considering Fig. 2151

N
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e e
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S i §
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Fig. 24.15 Vertices are labeled with letters and bonds are labeled with numbers.

Now suppose there is initially an e particle at position a. One experiment we can
do is to apply (reading right to left) I3 %8 % % 3% 35 %. This just moves the
particle starting at a around in a loop (reading right to left abgfedcba) and brings
it back to the original position. We can compare this to the fo llowing operations

I 3% % § & 4 3. Thisinstead creates a pair of e particles at positons ¢ and d,
moves the particle at d in a loop (bgfe) around c and anihilates it with the particle
at a, then nally moves the particle from e to replace the particle initially at  a. This
process is precisely the twist factor process from Fig. Z6 9 r [5.2] However, since the

x operators all commute, it must also be equal to the previousl y described process
which just moves one particle around in a loop without introd  ucing any twist. Hence
we conclude that the e particle is a boson.
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that the reason this process does not accumulate a phase is becsauthe
string of Z operators around the loop is equivalent to the product of
the V vertex operators enclosed | and in the ground state, the V
operators are in the +1 state. However, if there is onee particle inside
the loop, this means that one of theV operators is actually in the 1
state. In this case the phase of taking them particle around in a loop
is actually 1. So there is a phase of -1 for takingn around e.

Properties of f, the fermion

Sincef is made up of anm bound to an e, it is easy to see that taking
e around f accumulates a phase of -1 and takingn around f also accu-
mulates a phsae of -1. More interesting is the properties of a single.
We claim that f is a fermion. The easiest way to see this is to check its
phase under a twist as shown in Fig[24.16

Y N
o A A

Fig. 24.16 The f = e m particle is a fermion, since e braiding around m gives a
-1 sign.

Note that taking f all the way around f will result in a net + sign.

24.7.3 Modular S-matrix

We can summarize these ndings with a modularS; matrix, which lists
the braiding result obtained by taking particle i around particle j as
shown in Fig[Z13. Listing the particles in the orderl;e;m;f we can

write S as in 0 1
1 1 1 1

Szi%l 1 1 1§
D 1 1 1 1
1 1 1 1

where unitarity xes the total quantum dimension D = 2.

24.7.4 Flux Binding Description

We can describe the physics of the toric code phase in a ux binding
description somewhat analogous to Chern-Simons theory. Here latis
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de ne
electric particle = e = particle bound to 1 unit of electric charge
magnetic particle = m = particle bound to  units of magnetic ux

fermion = f = particle bound to 1 unit of electric charge and units
of magnetic ux

It is easy to see that this charge and ux will correctly give the +1
and -1 phases accumulated from braiding particles.

24.8 Robustness of the Toric Code Phase of
Matter { Example of Topologically
Ordered Matter

The excitation gap in of the toric code \protects" it from small pert ur-

bations and changes in the Hamiltonian. Indeed, the phase is \robu$

against any small variations in the details of the Hamiltonian. To see
this, let us suppose we have

H = Horiccode + H

where H is the toric code Hamiltonian de ned above, and H is some
arbitrary Hamiltonian (with local terms only) and is some small pa-
rameter. The claim is that for small enough , the topological properties
of the phase of matter (such as the 4-fold degenerate ground ate, and
the exitations with their braiding statistics) will remain unchanged.

The easiest fact that we can test is that the four ground states emain
robust and unmixed by the perturbation. To see this, let us pick sone
particular form for the H such as a sum of * on all edges

(we will realize that the actual form we choose won't matter for the
argument we make here). Now let us treat H in perturbation the-
ory. In the absence of the perturbation, we have four ground sites
J eel;] eol;] oel;] ool. Then if we add the perturbation order by or-

This is a Brillouin-Wigner perturba- der to one of these ground states, qualitatively we obtaih!
tion theory, where successive terms are
rigorously = smaller. jGi=ji+(GH) i+(GH )Zj i+

and the energy modi ed by the perturbing Hamiltonian is then
E= h-]Htoric + H J T

where hereG is the greens function, which includes an energy denomi-
nator at least as big as the excitation gap , so that successive tems in
the expansion are smaller by order= . The point here is that at Mt
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order in perturbation theory, we can only generate wavefunctiors that
di er from the original ground state by M applications of H . Now re-
call that one cannot even distinguish the ground state sectors fsm each
other unless one has a string operator that wraps all the way arond the
torus. Thus, the result of this calculation is identical for the four ground
states out to very high order of perturbation theory, and any splitting
of the four ground state sectors (or any mixing of the sectors) Wi be
suppressed exponentially as € ) - which can be made arbitrarily small
for a big system. It is clear that this general argument is not specic to
the particular form of H we have chosen.

One can go further and ask what happens to the excited particles
when a perturbation is applied to the system. Similarly, we can per-
form a perturbation series. Here what happens is that the particle |
which started as point defects | develop a nonzero length scale. As
one moves a distance further away from the particle, the in uence of
the presence of that particle decays as € ) *. Again, if is small,
then from a su ciently far distance away, the particle again looks like a
point. In particular, if one particle is braided around another at a suf-
cient distance away, it accumulates the expected phase that thepure
toric code would have predicted. There are several strong arguemts for
this. First, we can explicitly write an expression for the braiding phase
and show that the corrections do indeed drop exponentially by exaity
the same arguments. Secondly, we recall the idea of rigidity presésd
in section ?? | it is not possible that the braiding phases in a theory
change an arbitrarily small amount.

24.9 The Notion of Topological Order

The type of protection from small perturbations that we have just dis-
covered is the basis for a very useful de nition of topological orde A
topologically ordered system will have multiple degenerate ground sttes
when put on a surface with nonzero genus (i.e., a a torus, or a syste
with a hole cut in it) which we call j i. To have topological order we
should expect

h jjany local operatoj ji = C j

whereC depends on the particular operator and there may be corrections
that are only exponentially small in the size of the system. In other
words, the multiple ground states locally look just like each other, bu
are mutually orthogonal.
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Kitaev's Generalized Toric Code:

The Quantum Double of a 2
Group | Lattice Gauge Theory 5

Medium Material

Kitaev constructed an ingenious way to build a topological model fran  1; present this model on the \dual”
an arbitrary group G on a lattice. This is very much the generalization graph compared to Kitaev's presenta-
of the toric code, except that instead of using simple spins on edges tion-
we give the edges values of elements of the group. The constructias e
based on lattice gauge theory, and will include the toric code as a sing
example, where the group isZ,, the group with two elements!.
We begin by de ning a graph (which could be a regular lattice, or
could be disordered). We de ne an orientation to each edge as an eow
as given in Fig.[25.1
We choose a groupG with group elementsg 2 G. The Hilbert space
is de ned by labeling edges with the group elementsy. Inverting the
arrow on an edge has the e ect of inverting the group elemeng! g ?!
as shown in Fig.[25.2. Fig. 25.1 Part of a directed graph.
We now de ne a vertex operator V for a vertex with all arrows
pointed in as a projector which enforces that the product of groyp el-
ements around the vertex to be the identity e, as shown in Fig.[25.3.
This is the string-net vertex fusion rule.? g = dq

43
\\,?3 */ Fig. 25.2  Inverting the direction on
\/ /\ > = % c /\ an edge inverts the group element.
4 }3;;3 ’ g, 9 2Note that if we have three edges com-
3 Je ing into a vertex labeled g1;02;03 the
condition g10293 = e is equivalent to

020301 = e and 030102 = e.

Fig. 25.3 Denition of V when all arrows are directed into the vertex (if a vertex
is directed out, one can invert the arrow and invert the group  element). The vertex
operator gives zero unless the product of group elements aro und the plaquette gives
the identity element e

We can then de ne a plaquette operator P (h) to premultiply the
(clockwise orientied) group elements around a plaquette by the group
elementh, as shown in Fig.[25.4.
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3Two elements g and h of a group are
called conjugate if g= uhu ! for some
u in the group. A conjugacy class is
a set of elements of a group that are
all conjugate to each other. A group is
naturally partitioned into nonintersect-
ing conjugacy classes. A centralizer of
an element g is the set of all elements
of the group u that commute with it
ug = gu.

s "t
It 1. = "9t 7.

P (h)

g Js Lijff "

Fig. 25.4 The plaquette operator P (h) premultiplies all of the clockwise oriented
bonds by the element h.

The total plaquette operator (the one that will enter the Hamilton ian)
is then de ned to be X

P = P (9
926G

It is easy to see that the plaquette operator and the vertex opeator
commute.

Relation to toric code

How does this related to the toric code? Consider the groufZ, of two
elements where we write the two elements agl; 1g. We can think of
these as being spin up and spin down on the lattice. Sincg = g * for
every element we don't need to put arrows on the lattice.

P @)
P(D

identity operator
multiply all edges by -1. (i.e. ip all edges)

and we have
P=P@Q+P (1

whereas the vertex operator is given by

_ 1if an even number of edges are spin down
V = .
0 if an odd number
we see that (up to the constants being added which are not intergmg)
these are simply the toric code vertex and plaquette operators.
Working with abelian groups, this new toric code is a fairly straightfor-
ward generalization of the toric code we have already studied. Howeer,
the generalization to nonabelian groups is more nontrivial, and requies
some amount of group theory to understand. The resulting TQFT is
known as the quantum double (or Drinfeld double) of the group. The
particles types of the TQFT are given by (C; ) where C is a conju-
gacy class and is an irreducible representation of the centralizer of the
conjugacy clas. Generically one will have nonabelian anyons. | will
not go through this argument in detail. See Kitaev for more. (Also cite
Propitius)
This model by Kitaev is essentially a lattice gauge theory. Essen-
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tially the wavefunction is given by a unique state plus everything that
is \gauge equivalent" (meaning can be obtained by plaquette ips). Let
us think in terms of the dual lattice for a moment (so plaguettes beome
dual-vertices and vertices become dual-plaquettes). The sum ovgroup
elements of P (h) enforces gauge invariance of the theory at the dual
vertices. The vertex operatorV then assures there is no magnetic ux
penetrating the dual plaquette.

25.0.1 Zy toric code

The generalization of the toric code to theories built on the groupZy
(group of integers under addition modulo n) is rather straightforward,
and also results in an abelian TQFT. The electric and magentic particles
then have Zy fusion rules instead ofZ, as in the toric code. We can
think of this still as being a string net | with the new string net fusion
rules at the vertex being now given by the structure of the groupG.

Merge these

Perhaps the most simple generalization of the toric code is th&y
toric code. Here each edge of the lattice is labeled with an element of
the group Zy, i.e., an integer modulo N with the group operation of
addition. It is easy to work out that one obtains a correpsondingZy
electric charge at the vertices andZy magnetic charge on the plaquettes.
Let us call the elementary electric chargee, and the elmentary magnetic
chargem. These have the property thateN = mN = |. We then have
N 2 particle types that we can label as

(j)=€¢ m

with i and j being chosen from Q:::(N 1), with the fusion rules
corresponding to just addition of the i and j indices moduloN. The e
and m particles again are bosons (they braid trivially with themselves).
However, as in theZ, case braiding ane around an m is nontrivial *:  “One might wonder where we have bro-

here it gives a phase o2 =N | ken time reversal to get a complex
phase. In fact we have not broken time

reversal | however, we did have to
make a choice as to which particle we

25.1 Ground State Degeneracy in the General would call e. If we had chosen the par-

ticle eN 1 = e 1 instead to be the el-

Nonabelian Case ementary particle, the phase would be

reversed.

While the full particle spectrum for the Quantum Double of a nonabelian
group is tricky to calculate, it is not too di cult to calculate the groun d
state degeneracy on a torus (and hence determine the number ahyons
in the theory). Here we use to our advantage that we can use any tce
we like to cover the torus, so we might as well choose a simple one like
that shown in Fig. E5.5. In that lattice covering of the torus, there are
two vertices, and the vertex operator then requires thatabc= 1 and

a b 'c = 1. This then implies that

ab=ba=c !
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Fig. 25.5 The simplest possible decomposition of a torus into a single plaquette with
three edges and two trivalent vertices. Here the dotted line s are periodic boundary
conditions on the torus. The edges are labeled with particle types. The vertex
conditions require abc= 1 anda b 1c 1=1.

Fig. 25.6 The simplest possible decomposition of a torus into a single plaquette with
three edges and two trivalent vertices. Here the dotted line s are periodic boundary
conditions on the torus. The edges are labeled with particle types. The vertex
conditions require abc= 1 anda b c 1=1.

and in particlular a and b must commute.

Now let us think about the plaquette operator. In this lattice three is
only a single

Use Burnsides lemma (otherwsie known as the lemma not by Burn-
sides)



More Generalizing The Toric
Code: Loop Gases and String
Nets 26

Medium Material

The general ideas presented with the toric code can be further ger-
alized topologically ordered phases of matter. They key generalizains
were made by Levin and Wen. Also we will discuss in some of the lan-
guage of the work of Freedman et al. And for the doubled Fibonacci
model, Fidkowski et al.

A key idea is that the underlying lattice is not very crucial to the
details of the toric code. Indeed, we can write the toric code on any
lattice structure and even on an irregular lattice, so it is often usefl to
dispense with the lattice altogether. This simpli es a lot of the thinking
and allows us to generalize the model fairly simply. In fact it will allow us
to manipulate our loop gas using the same sort of diagrammatic algelar
we have been using all along! If we want to put the model back on a
lattice at the end of the day, we can do this (we show an example in the
double semion model) although it can start to look a bit more ugly.

26.1 Toric Code Loop Gas

We start by abstracting the toric code to simply a gas of uctuating
non-intersecting loops | no longer paying attention to a lattice. An
example of a loop gas con guration is shown in Fig[26l1 Note, since
this is in 2d, there are no over and under crossings | we can think abaut

this picture as being some sort of world-lines for particles in 1+1d. ?
We can write the toric code wavefunction in the form of O
X
ji= jloop con gi (26.1)
all loop con gs that can be
obtained from a reference
loop cong

Where the types of \moves" one can make are similar to the diagram-
matic moves we have been discussing for world lines in 2+1 d previously. Fig. 261 A loop gas in 2d. We can

think of this as particle world-lines in
1+1 d.
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Move 1: "Isotopy" = smooth deformation of a loop. As shown in
Fig. 26.2. We have always allowed smooth deformations in our diagram-
mmatic algebras.

& |

Fig. 26.2 Isotopy  (Top) O the lattice this is just deformation of a line. (Bott om)
on the lattice, this is implemented by ipping over the blue p  laquettes.

Move 2: "Adding or removing a loop". As shown in Fig.

—

Fig. 26.3 Adding or Removing a loop (Top) O the lattice (Bottom) On the
lattice we ip the shown plaquettes.



Move 3: "Surgery" or reconnection of loops. As shown in FiglL 264

=)

Fig. 26.4 Loop Surgery (Top) O lattice surgery (Bottom) On lattice, ip the
shown plaquettes

We can summarize these rules with simple skein-like relations as shown
in Fig.

:_/L-

==

Fig. 26.5 "Skein" relations for the toric-code loop gas. The unityont he right of the
top line means that the amplitude in the superposition that f  orms the wavefunciton
is unchanged (multiplied by unity) under removal or additio  n of a loop.

The ground state obviously decomposes into four sectors on a tas
depending on the parity of the number of loops going around the hadles
of the torus.

26.1 Toric Code Loop Gas 333
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26.1.1 Excitations of the Loop Gas

An end of a string in a loop gas corresponds to some sort of excitatio
(like a vertex excitation on the lattice). However, on the lattice, the
vertex excitation could be either e or f, so how do we distinguish these
o the lattice?

First we note that the string can end in many ways as shown in

Fig. 26.8.
G b c A e

Fig. 26.6  Ends of strings can be wrapped either way, and multiple times . a and b
are dierent, cis equivalent to bby surgery. Similarly d and e are both the equivalent
to a.

However, it turns out, due to the surgery rule, that there are adually
only two inequivalent endings, a, and b from this list. To see this

X
s
/]

—s¢

&

® @

= =

Fig. 26.7 Loop equivalences. Surgery is done inside the light green ci rcles. The
nal equality on the lower right is just pulling the string ti ght.

We now attempt to gure out the nature of these excitations by ap-
plying the twist operator " which rotates the excitation by 2 . This



rotation wraps an untwisted particle's string into a loop as shown in
Fig.

O>

@S>

X @
Fig. 26.8 Rotation

From these relations we can determine that the eigenvalues of the
rotation operator are +1, correpsonding to the e particle and 1 corre-
sponing to the f particle, as shown in Fig.[2Z6.9.

Fig. 26.9 The eigenvectors of the rotation operator

Thus, the electric particle is the superposition of a straight line and a
twisted line. This may seem surprising, because on the lattice it seems
that we can make a pair ofe particles ipping a single bond, which might
seem like just a straight line between the two endpoints. However, &
must also consider the possibility that the endpoint is surrounded bya
loop when the defect line is created!

The magnetic particle m can be constructed by fusing togethere f.
The result should be the same as our prior de nition of the magnetic @r-
ticle. Recall that the ground state should be a superposition of ndeop
and loop (with a positive sign). This is what we learned from considering
a plaquette operator to be a minimal loop. If we take a superposition
with a minus sign, we get something orthogonal to the ground state
which should be the magnetic particle, as shown in Figi”26.10.

26.1 Toric Code Loop Gas 335
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Fig. 26.10 The black disk is some region of our model. Forming a superpos ition
of this region, and this region with a loop around it, with a mi  nus sign between the
two pieces, must be orthogonal to the ground state | it puts a m agnetic excitation
m in the region.

26.2 The Double Semion Loop Gas

A rather minor modi cation of the skein rules for the loop gas results
in a somewhat di erent topological phase of matter. Consider chaging
the rules so that each loop removal/addition, and each surgery, inars
a minus sign. Note that these two minus signs are consistent with edc
other because each surgery changes the parity of the number tfops in

the system.

) (= ==

Fig. 26.11 "Skein" relations for the double-semion loop gas. Each loop re-
moval/addition and each surgery incurs a minus sign. Note th at these are the same
as the Kau man rules when we considered semions.

Note that these rules were precisely the skein rules we used for the
Kau man invariant when we considered semions!
From these rules we expect wavefunctions of the form
ji= X ( 1)Number of LoopsﬂOOIO con gi
all loop con gs that can be
obtained from a reference

loop con g (26.2)

We can think of the prefactor ( 1) to the number of loops, as being the
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wavefunction written in the basis of loop con gurations.
As with the toric code, there should be four ground states on the orus
corresponding to the di erent possible parities around the two hardles.

26.2.1 Microscopic Model of Doubled Semions

We now turn to try to build a microscopic hamiltonian for the doubled
semion loop gas. First, however, we realize that there is a problem wiit
constructing this on a square lattice. When four red lines touch at a
corner we cannot tell if we have a single loop or two loops (See right of
Fig26.13). To avoid this problem we switch to using a trivalent network
(the word "lattice" is not really appropriate, despite the fact that most
people in condensd matter would call it a trivalent lattice). The simplest
trivalent network is the honeycomb.

Honeycomb's Good

A rather trivial generalization is to change the lattice to a honeyconb
as shown in Fig. [26.1P. The advantage of this structure is that loops
cannot intersect as they can (at the 4-fold corner) on the the sgare
lattice.

Fig. 26.12 Left: Toric code on a honeycomb, loops are nonintersecting. Right: On
the square lattice loops can intersect at corners and one can not tell if this picture
represents one loop or two.

As in the previous square case, the vertex operator must assurthat
an even number of red bonds intersect at each vertex, and the ptpette
operator now ips all six spins around a plaquette.

In fact, any trivalent network will be suitable. In all cases the vertex
operator enforces that we are considering only loop gases { now it
no self-intersections allowed. The plaquette operators will ip all of the
bonds around a plaquette, as in the toric code, but will now assign sigs
such that creating or destroying a loop incurs a minus sign.

To see how this can be achieved consider Fig.26]13. Depending on the
initial state, when the plaquette is ipped, one may or may not obtain
a minus sign.
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@@3@ -

Fig. 26.14  Surgery incurs a minus
sign. Compare to g. 6.7

{O>
-
I

Fig. 26.15  Surgery incurs a minus
sign. Compare to g. 2671

Fig. 26.13 Some plaquette ips for the double semion model on the hexago n. The
top line obviously adds a loop, so should get a minus sign. The second line just
stretches a loop over a plaquette, so does not get a minus sign . The third line is a
surgery so gets a minus sign. The fourth line is a double surge ry, so gets no minus
sign.

One way of determining if one should or should not get a minus sign
is to count the number of red bonds touching the outside of the heagon
(sometimes called the outside "legs"). Because red bonds form cled
loops, the number of red legs of a hexagon must be even. If the nlrer
of red legs is a multiple of four, then one gets a minus sign in the ip.

One can thus write a plaquette operator for the hexagon as

0 1

Y 1 P z
P0= @ IXA ( 1)4_ j 2 legs of ( j+l)
i2 plaquette

The overall Hamiltonian for this model is then
X X
H = Y PO

vertices plaquettes

This Hamiltonian was rst written down by Levin and Wen.

26.2.2 Double Semion Excitations

The addition of the sign in the surgery rule changes the e ect of ro-
tations. We now have the added sign in Fig[26.I4 Resulting in the
e ect of rotation being Fig. Again we can use these to give us th
eigenstates of the rotation operator as shown in Figi_26.16

Thus we have two particle types with twist factors i and i. These
are right and left-handed semions. It is interesting that we used tke



skein rules for a model of semions to build our loop gas, and we got out
two types of particles | Both right and left handed semions. This is
perhaps to be expected, since nowhere in our input rules did we ever
break \time-reversal" or say whether the original theory was right or
left handed | it comes out to be both!

Fig. 26.16 Eigenstates of the rotation operator for the doubles semion model.

As with the toric code, there is also a magnetic particle which can be
thought of as a fusion between the left and right handed particle | o r
could just be considered as a superposition analagous to Fig_26]16x-
cept now with a plus sign (since the ground state now is a superpositio
with a minus sign, being that a loop addition now incurs a minus sign).
Thus the duouble semion model has four particled; ; ;m where
and are the right and lefthanded semions. The full fusion rules are
given in Fig. Z6.11.

Quantum Doubling: We emphasize again that we started with a
theory having the kau man rules of a model of semions (but we did na
need to put in the braiding by hand) and we got out a theory that has
both right and left handed semions. This priniciple is very general. If
we start with any theory of anyons and build a quantum loop gas fromit
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(not putting in any of the braiding relations) we will get out the doubled Fig. 26.17  Fusion Table for Double
theory, meaning it has both right and left handed versions of the treory. Semion Model

As mentioned above the ground state should be thought of a the
positive eigenstate of the operator shown in Fig[26.10 (including the
minus sign). Note that this c?,nlbination of identity minus the string

with a prefactor of 1=D = 1= 2 is precisely the strand (or Kirby
color) of the original semion theory (which has only two particles, the

identity or vacuum, and the semion or single string) If we think inthree  1To check that this is indeed the
dimensions, the ground state is de ned as having no ux through ary Kirby color, show that a loop of this

loops.

Kirby string will annihilate a ux go-
ing through the loop as in Section ??,

and gives D on the vacuum.

26.3 General String Net

Given our success with the loop gases, we would like to generalize the
idea to more general so-called "string-nets". In the case of the auble
semion model as discussed above, we can really think of the loops as
being particle world-lines living in the plane (but with no crossings al-
lowed). We would like to upgrade this idea to a set of world-lines, still
living in a plane, but where di erent types of particles are allowed, and
they can fuse and split (but again, we allow no braiding). This type
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o

T

Fig. 26.18 A general string net, that
allows branching, here with two colors.

of multi-valued loop gas should look familiar from Kitaev's generalized
toric code, although the construction here is more general still sine the
edge labels need not form a group.

Thus in these string net models, we allow branching of loops, and we
allow strings of di erent colors as shown in Fig.[2Z6.18. We can think of
this as being similar to the fusion diagrams we have encountered beafe
{ the allowed branchings being given by the allowed fusions of the strig
types. (We do not allow strings to go over or under each other thogh!).

We would like to similarly de ne a wavefunction to be of the form
X
ji= (net cong) jnet congi
string
nets

where the prefactors (net con g) satisfy some graphical rules as shown
in Fig. 26.19.

(B8 - rico ()

Fig. 26.19 Rules for a string net. The grey regions are meant to be the sam e on
both the left and the right of the diagram. Figure stolen from Levin and Wen.

The meaning of these rules are as follows: The rst rule is simply
saying that we can deform one of the strings without chaning the véue
of the prefactor . The second rule says that removal of a loop mdtiplies
the prefactor by a constant which we call the quantum dimension of
the loop d,. The third rule is just our "locality” principle | if a quantum
number i enters a region, that quantum number must also come out of
the region. This rule is irrelevant in the case of teh the toric code and
the double semion theory, because loops are not allowed to brancflhe
nal rule is a more complicated one which allows for the possibility of
making an \F-move" on a diagram { relating the prefector on the left to
a sum of prefactors of diagrams on the right. The analogué move in
the toric code and double semion model are the second lines of FIg_26
and Fig. 2Z6.11.



26.4

It is important to note that the F-matrix used to de ne de ne the
string net (last line of Fig. £6.19) must satisfy the pentagon equatims
for consistency. It is crucial to note that one need not have de re any
R matrices, since the string net model is de ned entirely in 2d without
having any crossings of strings | so the F matrices do not have to
correspond to an actual anyon theory. The theory that resultsis known
as a Drinfeld double or quantum double.

Note however, certain F -matrices do have correspondingR matrices
which solve the hexagon equations. In this case, it is possible to thinkf
the string net model as being built from an underlying anyon theory |
the resuling topological theory is the simple "double" of the underlying
anyon theory (i.e, just a right handed and a left handed copy of the
theory). The ground state will then be the D eigenstate of the Kirby
color loop { which makes it fairly easy to write a Hamiltonian on a lattice
for this string net model.

26.4 Doubled Fibonacci Model

As an example, let us try to build a string net model from from the Fi-
bonacci anyon theory. Again we will not put in the braiding informatio n,
we only put in the fusion algebra.

We will write the identity (or vacuum) particle as no-line and the
Fibonacci particle as a red line, Since can fuse to we expect
that this loop gas will allow our (red) loops to branch. We thus call this
version of a loop gas a \string net" (or a branching loop gas) as in Fig.
26.20.

Starting with Eq. 9.Z] we consider the following F -moves as shown in
Fig.

) (=X -8 T
H =6 T
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Fig. 26.20 A branching string net for
the doubled Fibonacci model.

O =d

Fig. 26.22 Rules for building the dou-
bled Fibonacci model.

Fig. 26.21  Rules for building the doubled Fibonacci model.

p_ .
Where here = (1+ 5)=2 and (the values of these coe cients come 2In fact we can prove that the tadpole
from the values of the F -matrix in Eq. 8.2] rule must be zero. This is a homework

We also expect to have rules of the form of Figl”26.22 The rst an
second rule$ are results of locality. The nal rule is the usual rule that a

d problem!
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loop can be removed and replaced by a number. This nal rule also tells
us that the ground state should be aD eigenstate of the Kirby string
operator | since the Kirby string is a sum of 1 =D times the identity
operator and d=D times a loop of , whose value is nowd, adding a
Kirby string give 1=D + d?=D = D

We can then pin down the values ofd and X in these equations. To do
this, we connect the strings on the right of Fig. 26.21 to give Fig. 26.3.

Fig. 26.23  Starting with Fig. 26.21 and closing strings to the right han  d. The black
strings should be imagined to be red | they are drawn black so 0  ne can see what is
added compared to Fig. 26.21

Using the laws above we these equations are translated to

d = 1y 122y
0 = 1=2 1y

which we solve to obtain

X - 1=2
d = 1i1=
The fact that d = is not surprising being that this is the expected

guantum dimension for a Fibonacci particle.

With the values we obtain for X and d, we now have a full set of rules
in Fig. 26.21 and 26.22. We can then write a ground state wavefunctio
of the form

X
ji= (net cong) jnetcongi
all string net con gs that
can be obtained from a ref-
erence con g

This looks quite similar to our above toric code loop gas, except now
we allow branching string nets instead of just loops, and also the kest
have a prefactor . These prefactors are chosen such that thealgebraic
rules described above are satis ed. l.e., removing a loop increasesby
a factor of d. Removing a bubble (as in the upper left of 26.22) increases
by a factor of X . Then F tell us the relationship between three values
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of where changes in the diagram are made as shown in Fig. 26.21.

26.4.1 Excitations

As with the double-semion model we should be able to determine the
quasiparticle eigenstates by looking at how a single line can end in a
defect. We claim that all possible line endings can be reduced, bi -

moves, to one of the three possible endings shown in Fig. 26.24 Just
as an example, consider the ending shown on the left of Fig. 26.25. By

using an F-move, it is reduced to a combination of the three presented
above. Fig. 26.24  Possible string endings in
the doubled Fibonacci string net model.

Fig. 26.25 An example of reducing a more complicated string ending into  one fo
the three endings shown in Fig. 26.24.

As in the case of the toric code and the double semion model, we
can gure out the twist factors by rotating these diagrams as shavn in
Fig. 26.26 and then usingF -matrices to reduce the result back to linear
combinations of the same three possible endings.
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Fig. 26.26 The rotation operator "“applied to the possible string endings. Then
using F matrices we reduce the results to linear combinations of the same endings.

We can write these diagrammatic equations more algebraically by

0 1 0 .10 1
a 0 1 1=2 a
b@pA=@1 0 0 A@pA
c 0 1= 1 c

The eigenvectors of this matrix are the particle types with de nite t wist
factrors given by their eigenvalues under rotation.

With a bit of algebra it can be shown that the eigenvalues of this
matrix are given by

=g 45, g i 45 1

The rst two correspond to the expected spin factors for a right-handed
Fibonacci anyon or left-handed Fibonacci anyon  (recall that we
worked out the spin factor using the hexagon equation earlier. Se&3.3.).
The nal possibility represents the fusion of these two objects . In-
deed, these are all of the possible particle types in the doubled-Fib@acci
theory. Since the theory was based on a full anyon theory with brading
fully de ned, we expected to get both a right- and left-handed copy of
the Fibonacci model and indeed we did. (We never broke time rever-
sal in the de nition of the model so we should get both hands of the
theory!).

26.4.2 Ground State Degeneracy

It is a bit tricky to gure out the ground state degeneracy here. Using
the above skein rules, any con guration can be reduced to a linearam-
bination of four simple con guation { corresponding to the possibilitie s
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of having a loop, or not having a loop, around each handle. An example
of reducing two loops around a handle to a linear combination of zero
and one loop is given in Fig. 26.27

Fig. 26.27 Reducing two loops around a handle to a linear combination of

one loops
and zero loops.

26.5 Add details of Levin Wen Model on the
Lattice?

26.6 Appendix: S-matrix for Fibonacci Anyons

Without doing much work, we can gure out the S-matrix for Fibonacci

anyons. There are only 2 particles in the theoryl %1(1 . Further we
know that the quantum dimension of is = (1+ 5)=2. Thus, the
total quantum dimension is D2 =1+ 2=2+ andthe S matrix must
be of the form
1 1
D y
where the constraint of unitarity immediately xes y= 1.

We can check this by usingF and R matrices to determine the value
of two linked rings explicitly as shown in Fig. 26.28

S=
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Fig. 26.28 Calculating the nontrivial element of the Fibonacci anyon ~ S-matrix.

Fig. 26.29
code

Loop gas rules for the toric

Exercises

Exercise 26.1 Quasiparticles in Toric Code Loop Gas

As discussed in lecture, the toric code ground state can be casidered to be
a loop gas with the rules given in Fig. 26.29

Certain quasiparticle excitations can be indicated as ends of strings in the
loop gas.

(a) Show that the linear combinations of string ends shown in the gure
26.30 are eigenstates of the rotation operator { with the boson accumulating
no phase under rotation and the fermion accumulating a minus sign. (We did
this in lecture so it should be easy).

Fig. 26.30 Boson and Fermion quasiparticles as string ends in the toric code loop
gas

(b) Consider exchanging two such quasiparticles. To get a general idea of
how the calculation goes, you will have to evaluate diagrams of the form of



Fig. 26.31. Show that one obtains bosonic or fermionic exchange statistics
respectively for the two linear combinations shown above.

(c) [Harder] Consider fusing the boson (the electric partic le €) and the
fermion together. Show that this creates a magnetic defect which does not
have a trailing string. You will have to recall that the opera tor that creates a
magnetic particle is sum of the identity operator and minus a n operator that
draws a loop all the way around the region. (This operator is a projector that
forces a magnetic defect into a region; the orthogonal projector assures that
there is no magnetic defect within the region).

Exercise 26.2 Quasiparticles in Double Semion Loop Gas

As discussed in lecture, the doubled semion model ground stae can be
considered to be a loop gas with the rules given in Fig. 26.32. Note that these
rules are the same as the semion rules from the problem \Abelian Kau man
Anyons" which we considered earlier (although in that model there is only one
chirality of semion particle!)

Again certain quasiparticle excitaitons can be indicated a s ends of strings
in the loop gas.

(a) Show that the linear combinations of string ends shown in the gure
26.33 are eigenstates of the rotation operator { with the two particles accu-
mulating a factor of i or i under rotation (We also did this in lecture so it
should be easy).

Fig. 26.33 Semion and anti-semion string ends in the doubled semion loo p gas

(b) Consider exchanging two such quasiparticles. Show that under exchange

one obtains factor of i or i as expected for semions and anti-semions. Note:

The anti-semion is not the antiparticle of the semion (I know it is bad nomen-
clature!) { The antisemion is the opposite handed particle. The semion is its
own antiparticle.

(c) [Harder] Consider fusing the semion and anti-semion together. Show
that this creates a \magnetic defect.” What is the projector that produces a
magnetic defect in a region?

Exercise 26.3 Double Fibonacci String Net

(a) As discussed in lecture, the double Fibonacci model ground state can
be viewed as a branching string net with graphical rules given by Fig. %55.34
(Compare to the problem on Fibonacci pentagon relation) where 1=( 5
1)=2. In the ground state no endpoints of strings are allowed, but branching
is allowed.

To complete the graphical rules we must also use the rules shavn in Fig. 26.35
for some values of the variables,d, X and T.

Fig. 26.31

Fig. 26.32

Exercises 347

Braiding defects

Loop gas rules for the dou-

bled semion model
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Fig. 26.34  String net rules for the doubled Fibonacci model

Fig. 26.35 Additionnal string net rules for the doubled Fibonacci mode |

(a) Show that the consistent solutions is d = with X = ™2 and T = 0.
We did much of this in lecture. What was left out is proving tha tany T 6 0
solution is not self-consistent. Hint: Try evaluating a cir cle with three legs
coming out of it. That should enable you to derive a useful ide ntity. Then see
if you can use this identity to derive a contradiction when T 6 0.

(b) Consider quasiparticles which are the ends of strings. The general form
of a quasiparticle is as shown in Fig 26.36 with coe cients a;b;c that need
to be determined. Find the eigenvalues/eigenvectors of the rotation operator
to determine the quasiparticle types and their spins. (We di d most of this in
lecture except the explicit evaluation of the eigenvalue problem!) Compare
your result to the result of the problem \Fibonacci Hexagon E quation”.
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Fig. 26.36 Combination of defect types for the doubled Fibonacci model






Introduction to Quantum Hall
| The Integer E ect

Medium Material

The fractional quantum Hall e ect is the best studied of all topologically

ordered states of matter. In fact it is the only system which is extremely

convincingly observed to be topologically ordered in experimerit We There are a good number of other

will thus spend quite a bit of time discussing quantum Hall e ects in  contenders ”EW- Probably the thSt

detail. Before we can discuss fractional quantum Hall e ect we neg to 53" """ A(TtthSLg(f:]asvir)lls fe\;{eeAX pirise

discuss the basics, i.e., the integer quantum Hall e ect. ments have actually been done on this.
Other strong contenders include Majo-
rana wires, certain exotic superconduc-

27 1 CIaSSicaI Ha” E eCt tors, and a few frustrated quantum spin

systems.

In 1879 Edwin Hall discovered that when a current is run perpendiclar
to a magenetic eld, a voltage is generated perpendicular to both dd
and current, and proportional to both (See Fig. 27.1). This voltage is
now known as the Hall voltage. Drude theory, treating a metal as agas
of electrons, explains the Hall voltage as being a simple result of the
Lorentz force on electrons.

Fig. 27.1  Hall voltage Vy perpendicular to both magnetic eld and current, and
proportional to both. Also one measures a longitudinal volt age in the same direction
as the current, roughly independent of magnetic eld.

27.2 Two-Dimensional Electrons

In the late 1960s and early 70s semiconductor technology made it |ggi-
ble to do experiments with electrons that live in two dimensions. First
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2Metal Oxide Semiconductor Field Ef-
fect Transistors

SMore recently people have been able
to produce materials like graphene
which are literally one atom thick!

MOSFETs? and later quantum wells were used to provide a con ning
potential for electrons in one directior?, leaving motion only in the two
remaining dimensions. As an example we will consider a quantum well
structure, which is layered in the 2 direction as shown in Fig. 27.2.

Fig. 27.2 Top A quantum well structure is a quasi-two-dimensional layer o f one
semiconductor sandwiched between two other semiconductor s. Bottom The po-
tential felt by an electron is like a particle in a box. If the e nergy is low enough,
the electron is stuck in the lowest particle-in-box wavefun ction ' o(z) giving a total

wavefunction = ' o(z) (X;y) and having strictly two dimensional motion.

The electron moving in the z-direction experiences a strong con ne-
ment, such as the particle-in-box con nement shown in Fig. 27.2. Tte
wavefunction of the electron then takes the form' (z) in the z-direction.

If the energy (i.e. the temperature and coulomb interaction) is very
low compared to the gap between the particle-in-box states, therthe
electron is frozen in the lowest particle-in-box state' ¢(z) and the total
wavefunction of the electronis ( X;y;z) = ' o(z) (X;y) leaving only the
x and y degrees of freedom. Thus we have a strictly two dimensional
electron.

More recently two dimensional electronic systems have also been ob
served in single-layer atomic systems such as graphene. (Althougéven
then, the same argument needs to be used | that the motion of the
electron is \frozen" in the z-direction and only has freedom to movein
x andy).
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27.3 Phenomenology of Integer Quantum Hall
E ect

In 1980 Klaus von Klitzing, having just left a postdoctoral position at
Oxford, went to a new job at Grenoble carrying some new high mobility
two dimensional electron samples grown by (now Sir) Michael Peppeat
Cambridge. He put them in high magnetic eld and cooled them down
to a few degrees Kelvin temperature where he discovered sometlgjvery
di erent from what Hall had seen a hundred years earlier. An exampe
of this type of experiment is shown in Fig. 27.3.

Fig. 27.3  An example of an Integer Quantum Hall experiment. The platea us in
Vy are such that Vy = (1 =i)(h=e?)l with i the integer displayed over the plateau
| where h is Planck's constant and e is the electron charge. At the same magnetic
eld where a plateau occurs in Vy the longitudinal voltage drops to zero. Note
that at very low eld, the Hall voltage is linear in B and the longitudinal voltage is
independent of B, as would be predicted by Drude theory.

At low magnetic eld, the longitudinal voltage is relatively constant
whereas the Hall voltage is linear in magnetic eld | both of these are
precisely what would be predicted by Drude theory. However, at hid
magnetic eld, plateaus form in the Hall voltage with concomitant zeros
of the longitudinal voltages. The plateaus have precisely the value

1h
Wy = i ezI

4Meaning very clean

353
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5These are 2 by 2 matrices because they
relate the vector electric eld E to the
vector current |

6The referee mentioned that at the
time they already had resistance stan-
dards which were better than his ini-
tial measurement of one part in 10 6,
but proposed would be a uniquely good
measurement of the ratio h=e2. The pa-
per was resubmitted proposing to use
the e ect as a precise measurement of
the ne structure constant. The paper
was accepted and the Nobel Prize for
von Klitzing followed in 1985.

"The guantum Hall e ect is used as a
metrological resistance standard, and it
is proposed that the Ohm will soon be
de ned in terms of the result of quan-
tum Hall experiments.

wherel is the current, h is Planck's constant andeis the electron charge.
Herei is an integer as shown in the gure. Or equivalently we have
1lh

- = 1=G
i €2 H
with Ry the Hall resistance whereGy the Hall conductance. Where
we have plateaus in the Hall voltage, we have zeros in the longitudinal
voltage and resitstance

Ry = (27.1)

RL:0

which implies we have a dissipationless state | similar to a super uid.
These statements become increasingly precise as the temperatuis low-
ered.

We should remember that conductivity and resistivities are both 2
by 2 matrices and are inverses of each othér In this quantum Hall
state, these matrices are both purely o -diagonal. Thus we have he
interesting situation that both the diagonal part of the conductiv ity (the
longtidinal conductivity) is zero, and the diagonal part of the resistivity
(the longitudinal resistivity) is also zero.

The plateau Ry = (1 =i)(h=¢€?) occurs near the magnetic eld such
that the so-called lling fraction ratio

is roughly the integeri. Heren is the 2d electron density and ¢ is the
guantum of magnetic ux
o = h=e

When von Kilitzing discovered this e ect he noticed mainly that the
plateaus in the Hall resistance are extremely precisely given by Eq.221
and the plateaus are extremely at. He submitted his manuscript to
PRL claiming that this would be a useful way to make a new resis-
tance standarcP:”. In fact the result has been shown to be precise and
reproducible to better than a part in 101°. This is like measuring the
distance from London to Los Angeles to within a fraction of a millimeter.
This accuracy should be extremely surprising. The samples are dirty
the electrical contacts are soldered on with big blobs of metal, andhe
shape of the sample is not very precisely de ned.

27.4 Transport in Zero Disorder

In strictly zero disorder it is easy to show that the longitudinal resistance
is zero and the Hall resistance is precisely linear in the magnetic eld.
This is a simple result of Galilean/Lorentz invariance. Suppose we have
a two dimensional disorder-free system of electrons in th&; y plane and
a magnetic eld B = B2 in the 2-direction perpendicular to the plane.



The Lorentz force on an electron will be
F= e(E+v B)

If we then boost into a moving frame where

E 2
iB]

in this new frame we obtainF = 0, so the ground state must be station-
ary in this frame.
Then we boost back into the lab frame, and we obtain a current

= env= enE 2
iBj
thus giving us
R =0
Ry = =

which is exactly the prediction that Drude would have made for a dis-
order free system.

While this calculation is rigorous even with the e ects of quantum
mechanics and interactions, it relies on having strictly zero disorder

27.5 The Landau Problem

In order to understand quantum Hall e ect, we should start by under-
standing the physics of a charge particle in a Magnetic eld | a prob-
lem rst studied by Landau. For simplicity we assume our electrons ae
spinless (indeed, the spins tend to be polarized by the magnetic eld
anyway.) We will consider an electron in thex;y plane, with a magnetic
eld of magnitude B in the z direction. We will assume the system is
periodic in the y direction with length Ly, but opern in the x direction,
with length Ly (i.e., we are working on a cylinder actually). We will
eventually consider a small amount of disorder (as we showed abovkis
is crucial!), but for now let us assume the system has no disorder.
The Hamiltonian is
_ (p+epr)?
T 2m
wheree and m are the electron charge and mass, ané is the vector po-
tential. We then have to choose a particular gauge to work in. Lateron
we will want to work in symmetric gauge (there is a homework problem
on this!) For now we will work in the so-called \Landau" gauge

Ho

A = Bxy

27.5 The Landau Problem
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which does indeed satisfy
B=r A=B2
as desired. The Hamiltonian is thus
1
Ho = m (5 +(py + eBx)?
wherep, = i~@.

The Hamiltonian is then translationally invarient in the 7y direction,
so we can write the wavefunction as

y)= K ()R

and due to the periodicity in the y-direction, we have

2n
ky = —
y Ly
for some integern. Plugging in this form gives a familiar Schroedinger
equation
Py L2002 %7 (0= E ) (27.2)
oam 2 oYY ATk '

where " is the so-called magentic length

= P ~=(eB)

and! . is the cyclotron frequency

We recognize this Schroedinger equation as being just a harmonic d&
lator where the center of the harmonic potential is shifted tox = k2.
Thus the eigenenergies are of the usual harmonic oscillator form

wherep is an integer. These quantized energy states are known as Lan-
dau levels. The form of the wavefunction will be harmonic oscillator on
the x direction and plane-wave in they-direction as shown in Fig. 27.4.
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Fig. 27.4  The shape of the wavefunction of an electron in a magnetic el d using
Landau gauge. The form of the wavefunction will be harmonic o scillator on the x
direction and plane-wave in the y-direction

Fixing the energy by xing pin Eq. 27.3, the value ofky is quantized
in units of 2 =L y. Further, the position x ranges overL y, meaning that
ky ranges overL,="2. Thus the total number of possible values ofky is

LxLy Area B

Number of states in a Landau level = >~ 2 =
0

where
0= h=e

is the magnetic ux quantum. Thus, the number of states in a Landau
level is equal to the number of magnetic ux quanta of magnetic eld
incident on the plane.

We can plot the density of states for electrons in a magnetic eld, as
shown in Fig. 27.5

When there are multiple electrons present, we de ne thelling frac-
tion to be the number of these Landau levels which are completely lled

with electrons.
nNo

B

where n is the density of electrons. Or equivalently we can write a
relationship between the number of electrons in the systemN, and the
number of magnetic ux N

Ne= N
Fig. 27.5 The density of states for
spin-polarized (or spinless) electrons in
Incompressility of Integer Number of Filled Landau Levels: a magnetic eld. At energies equal
to half-odd integer multiples of the
When some integer number of Landau levels is lled, the chemical pote- cyclotron frequency, there is a spike

tial lies in the middle of the gap between the lled and un lled states | %edaegeBnerate states, with degeneracy
analogous to a band insulator. In this case the the system i;xcompress- 0

ible. This means there is a nite energy gap to creating any excitations
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Fig. 27.6  The density of states for
spin-polarized (or spinless) electrons in
a magnetic eld with disoder. The

Landau bands are spread out, with lo-
calized eigenstates in the tails and ex-
tended eigenstates near the middle.

| i.e., all excitations must involve removing an electron from a lled
Landau level, promoting it above the energy gap to place it in an empty
state. In particular excitations which change the density (compressions)
are gapped. Further, at this precise integer lling fraction, the longi-
tudinal conductivity is zero, and the Hall conductivity is precisely th e
quantized value Ry = ne=B = (1 =i)(h=¢€).

If we were to control the chemical potential in the experiment, we
would have our answer as to why the Hall conductivity shows plateas
| for any value of the chemical potential, except for the special values

= (~!)(p + 1=2) with integer p, the electron number is pinned to
N = N =i wherei is an integer, preciselyi Landau levels are lled,
there is a gap to excitations, and the Hall conductivity would be predsely
guantized. However, in real experiments, it is actually the density hat
is xed | which means that generically the chemical potential does
sit in the degenerate band = (~! J)(p + 1=2) for some integerp and
generically the lling fraction is tuned continuously and is not quantized.

Thus the incompressible state is very ne tuned. It occurs only fora
very precise (integer) value of the lling fraction [for all other valu es
of the lling fraction, some Landau level is partially lled and (at least
neglecting interactions) the system would be extremely compresslb, as
there are many zero energy excitations corresponding to rearrajements
of the electrons (which orbitals are lled and which are empty) within
the partially lled Landau level.

While the system does have a gap under ne tuning, we will need
something that will preserve the special properties of the ne tured state
even when we move away from the lling fraction which is precisely an
integer. What does this is actually disorder | it will provide a reservoir
for excess electrons (or holes) added (or subtracted) from thénteger
lled state. With disorder, the special properties of the quantized state
are made robust.

What Does Disorder Do?

As mentioned above, we will need to add disorder to the system in orer
to achieved quantized Hall e ect. What is the e ect of this disorder?
Disorder will spread out the energies in the band by having some regits
where the potential is higher than average and some regions whetbe
potential is lower than average. This spreads the sharp peak in the
density of states into a broader band, as shown in Fig. 27.6.

Since current tends to ow perpendicular to potential gradients (i.e., it
is hall current), eigenstates tend to follow contours of constantpotential.
Thus many of the eigenstates at high and low energy will be trapped in
local minima or maxima | isolated in a hill or valley and circling the
peak or bottom. The result is that the eigenstates in the edge of tle
band experience localization, whereas (at least some) eigenstategar
the center of the band as shown in Fig. 27.6.

When the chemical potential is anywhere in the localized states, the
at low enough temperature, the electrons cannot move at all. Althaigh
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there are states at this energy, they are all localized and electracannot
jump between them. Hence we expect in this case that the DC dissipi-
tave conductance goes to zero. (For dissipitive conductance toazur, an
electron has to be excited up to the next delocalized band.) The sta
remains incompressible for lling fractions even away from the precis
integer value of .

What is not obvious is (a) that the Hall conductance should be pre-
cisely quantized, and (b) that we should have Hall conductance at k&

27.6 Laughlin's Quantization Argument

In 1981, shortly after von Klitzing's discovery of quantum Hall e ect,
Bob Laughlin® presented an argument as to why the Hall conductance 8Laughlin would later go on to win a
must be precisely quantized. The argument relies on gauge invariamc Nobel Prize for his explanation of frac-

: - tional quantum Hall e ect, which we
We rst need to present a key theorem which comes from gauge invi will start discussing in chapter .
ance.

27.6.1 Byers and Yang Theorem

Consider any system (made of electrons and protons and neutra) with

a hole cut init, as in Fig. 27.7. Now put some magnetic ux through
the hole in such a way that the ux does not touch any piece of the
system, but just goes through the hole. By the Aharanov-Bohm eect,
the charged particles in the system cannot detect the ux if it is an
integer multiple of the ux quantum (. In fact the statement can be
made stronger: The eigenspectrum of the system is precisely these
when an integer number of ux is inserted through the hole. This reslt

is known as the Byer$-Yang'® theorem (1961).

To prove this theorem we use gauge invariance. One is always free to

make a gauge transformation Fig. 27.7  The Byers-Yang theorem

states that threading any integer num-
ber of ux quanta through a hole in

0, — —
AAr) = 6\ (r)+( “—@r (r) a system leaves the eigenspectrum un-
changed.
O(rl;iiirN) = 4 g ()5 (raioirn) 9Nina Byers was just starting as an
j=1 assistant professor at UCLA when she

proved this theorem. In the late 60s
which leave the physical electromagentic eld completely unchangeénd and early 70s she oscillated between
hanges the gauge of the wavefunction. The meaning of gauge imiance _xo'd (Somenville college) and UCLA,
f: 9 i gaug ] . g g . gaug but eventually converged to UCLA. She
is that if we have a solution to the Schroedinger equation for and A  told me personally that she regretted
at energy E, then we also have a solution at the same energg for © leaving Oxford. She passed away in
and A°, 2014.
. . . . 10 :
When the physical geometry we are concerned with is non-simply ~ Yang is C.N.Yang, who won a No-

connected, we can make gauge transforms which are non-singlatved, P¢ Prize in 1957 along with T. D.
Lee for his prediction of parity non-

such as conservation of the weak interaction.

(r)=m(r)

wnere is the angle around the center. Making this gauge transform
leaves the eigenspectrum of the system unchanged. However,ethux
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Uror studying current ow in mag-
netic elds, the annulus is knowni
as "Corbino" geometry, after O. M.
Corbino, who studied this in 1911.

Fig. 27.8 Insertion of Flux ( 1)
through the center of an annulus of
two-dimensional electrons in a uniform
magnetic eld. Adiabatically increas-
ing the ux creates an electric eld in
the annular direction which then, by
the Hall conductivity, creates current in
the radial direction.

LThereis a subtlely here. With disor-
der, there are actually low energy ex-
citations, but they require very long
range hops of localized electrons which
cannot be made. So the system is \lo-
cally" gapped.

enclosed
| |

°= A%di= A di+2m-~=e= + my,
has changed by an integer number of ux quanta.

27.6.2 Quantization of Hall Conductance

Laughlin's argument applys the Byers-Yang theorem to the Quantum
Hall case. Consider a two dimensional electron system cut in an annu
lust? as shown in Fig. 27.8. Here we put the entire system in a uniform
magnetic eld (so that we have Landau levels) and we arrange suchhat
the chemical potential is in the localized part of the band so that at low
enough temperature the longitudinal (dissipitive) conductivity is zero.

We then adiabatically insert an additional ux ( t) through the center
of the annulus and turn it on slowly from zero to one ux quantum. Due
to the Faraday's law, an EMF is generated around the annulus

|
d
E= a - d E

If there is a Hall conductance,Gy then this generates a radial current

J=GxE

As we slowly increase the ux by an amount we have a total

charge Q moved from the inside to the outside of the annulus given by
Z Z z d(
Q = dtJd (t) = GH dt E(t) = GH dtT = GH

Now the key to the argument is the Byers-Yang theorem. If we chose

= o a single ux quantum, then the nal eigenstates of the sys-
tem must be precisely the same as the initial eigenstates of the syamn.
Since we have changed the system adiabatically (and there is a gap to
excitations when the states at the chemical potential are localizeddue
to disorder) the system must stay in the ground staté® and the inser-
tion of the ux quantum must take us from the ground state back to
the very same ground state. The only thing that might have changel
during this process is that aninteger number p of electrons may have
been transferred from the inside of the annulus to the outside. Ths we
have

pe= Q = Gy =

Thus we obtain the quantized Hall conductance

Gn o= Gn(h=¢

Gu = p(e’=h)

with p an integer!
Thus we see that the Hall conductance experiment is really some sbr
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of "spectroscopy" to measure the charge on the electron! (heare the
precision of the e ect).

Although we have shown the the Hall conductance must be quantize,
what we have not shown is that it must be nonzero! Afterall, since tre
chemical potential is in a localized band, it looks like electrons simply
can't move at all. We will return to this issue in section 27.8 below.

27.7 Edge States

The bulk of a quantum Hall system is gapped, but on a nite system

there are always low energy modes on the edges. (This is always true

for any chiral topological system. Although achiral systems can have

fully gapped edges). Even though the bulk is incompressible, the slpe

of the edge can be deformed as suggested in Fig. 27.9. Now let us

think about the dynamics of a bump on the edge. On the edge of the

system we always have an electric eld (this is the potential that holds

the electrons in the system | otherwise they would just leak out!). Since

we haveE B, we expect a drift velocity for all the electrons on the Fig. 27.9 A deformation of the edge
edge. Thus we expect edge dynamics to be basically just movement o is a low energy edge excitation which
charge along the edge. moves along the edge due to E B drift.

27.7.1 Landau Gauge Edge Picture for Integer
Quantum Hall

Recall in Landau gauge (See section 27.5) the wavefunctions are jpla
waves in the y direction, but are harmonic oscillator states in the x
direction. We now impose an additional con ning potential in the x
direction near the edges of the system as shown in Fig. 27.10.

Fig. 27.10 Low energy edge excitations

The addition of the con ning potential V (x) simply adds this poten-
tial to the 1-d schroedinger equation 27.2. If the con ning potential
is fairly smooth, it simply increases the energy of the eigenstates wdn
the position x = k"2 gets near the edge of the system as shown in
Fig. 27.10.

In the case of the integer quantum Hall e ect, all of the eigenstaes of



362 Introduction to Quantum Hall | The Integer E ect

some particular Landau level (the lowest Landau level in the gure)are
lled within the bulk. At some point near the edge, the Landau level
crosses through the chemical potential and this de nes the posion of
the edge. Since the eigenstates are labeled by the quantum numbéy
it is possible to create a low energy excitation by moving an electron
from a lled state near the edge just below the chemical potential ©
an emtpy state near the edge just above the chemical potential. Te
excitation will have momentum ~ ky. 13 We thus have a 1-d system
of fermions lled up to a chemical potential and they ow only in one
direction along each edge | i.e., they are chiral fermions.

27.8 The Halperin Re nement of Laughlin's
Argument

A more careful version of Laughlin's argument was made by Halperin
immediately after Laughlin's initial work. The key here is to think of a
geometry where much of the system is free of disoder. In particutawe
consider the geometry shown in Fig. 27.11.

13 he Change in energy will be
@V @V.
E=— x= —"

ky
@x @x
Thus the edge velocity is given by
_1@E_ 1@V,
T~ @k -~ @x
If the chemical potential along the one edge is raised by , a range of k-states
k= 2 @V
@x

will be lled. Since the spacing between adjacent k states is 2 =L y this corresponds
to an increase in electrons per unit length along the edge of

_ 2
Nd = S @v
@x
These then carry a net 1d electron current density
. 1@V.,, 2
= evoinyg= e-—"9) = (e=h
~ 2 @V
@x "2

which is precisely the expected quantized Hall current owi  ng along the edge. ( =
e V).
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Fig. 27.11  The Halperin geometry. The same as the Laughlin annulus geom etry,
except here we add disorder only in part of the annulus. We hav e also shown (dark
blue) a single particle eigenstate in the clean region, whic h forms a circle (with a
small gaussian cross-section).

Here, the disorder is con ned to only part of the annulus, the inner
most and outer-most regions of the annulus being disorder-freewithin
the clean regions we can solve for the eigenstates using symmetriauge
(this is a homework problem, but we will also discuss further in the nex
chapter). The eigenstates are indexed by their angular momentunm,
and in the Lowest Landau level, for example, they are given by

H 22
! m ZmeJ zj°=(4"")

wherez = x + iy is the complex representation of the position. A radial
cyt of one of these eigenstates gives a gaussian wavepackeat radius
*" 2m| very similar to what we had in Landau gauge, but now these

eigenstates are indexed by angular momenta instead of linear momemn
and they go around in circle instead of going straight.

Let us imagine the chemical potential above the middle of a Landau
level (say above the middle of the lowest Landau level) until it sits in a
localized piece (at least within the disordered region the wavefunctins
are localized). Since this is above the middle of the Landau level, the
Landau level is completely lled in the clean region. The only low energy
excitations are the edge states!

Now, let us track what happens to the eigenstates as we change ¢h
ux through the hole. If the ux through the hole is an integer (in
units of the ux quantum o), then the angular momentum is also an
integer. However, if the ux through the hole is an integer plus some
fraction , then the angular momentum quantum number must also be
an integer plus . Thus, as we adiabatically increase the ux by one
ux quantum, we adiabatically turn each m eigenstate tom + 1. Thus

143ust nd the maximum of

363
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we are continuously pushing out electrons to the next further outradial
wavefunction.

Now when we are in the disordered region of the annulus, we do not
know any details of the shape of the eigenstates. All we know is that
after insertion of a full ux quantum we must get back to the same many
body eigenstate that we started with. However, we also know thatan
additional electron is being pushed into the disordered region from tie
clean region on the inside, whereas an electron is also being extradte
into the clean region on the outside. Thus the disordered region mus
also convey exactly one electron (per Landau level) when a ux quatum
is inserted adiabatically. An electron state is moved from one edge ate
on the inside to an edge state on the outside.

This argument pins down that the Hall conductance is not zero, but
is h=¢? times the number of Landau levels that are lled (in the clean
regions).

T —

Exercises

Exercise 27.1 Quantum Hall Conductivity vs Conductance

Fig. 27.12 A 2D electron gas of arbitrary shape with contacts 1,2,3,4 at tached on
its perimeter in clockwise order

Consider a two dimensional electron gas (2DEG) of arbitrary shape in the
plane with four contacts (1,2,3,4) attached at its perimete r in a clockwise order
as shown in Fig. 27.12. The conductivity tensor  relates the electric eld
to the current via

ji = i Ej (27.4)
where indicesi and j take values X and ¥ (and sum over j is implied). Assume
that this is a quantized hall system with quantized hall cond uctance s. In
other words, assume that

_ 0 s
= s o (27.5)
Show that the following two statements are true independent of the shape of

the sample.

(a) Suppose current | is run from contact 1 to contact 2, show that the
voltage measured between contact 3 and 4 is zero.

(b) Suppose current | is run from contact 1 to contact 3, show that the



voltage measured between contact 2 and 4 isV = I=s.
Note: The physical measurements proposed here measure theeonductance
of the sample, the microscopic quantity is the conductivity .

Exercise 27.2 About the Lowest Landau Level

If you have never before actually solved the problem of an electron in two
dimensions in a magnetic eld, it is worth doing. Even if you h ave done it
before, it is worth doing again.

Consider a two dimensional plane with a perpendicular magnetic eld B.
Work in symmetric gauge A = %1‘- B.

(a) (This is the hard part, see below for hints if you need them .) Show that
the single electron Hamiltonian can be rewritten as

H=~c(aa + %) (27.6)
where! . = eB=m and
P~ 1
a= 2 @+ ﬁz (277)
with z = x+ iy and @= @=@with ﬁhe overbar meaning complex conjugation.
Here * is the magnetic length * = = ~=eB.
(b) Con rm that
[a;a]=1 (27.8)

and therefore that the energy spectrum is that of the harmoni ¢ oscillator
En=~c(n+ %) (27.9)
(c) Once you obtain Eq. 27.6, show that any wavefunction

= f(z)e! 947 (27.10)
with f any analytic function is an eigenstate with energy Eo = %~! ¢. Show
that an orthogonal basis of wavefunctions in the lowest Land au level (i.e., with
eigenenergyEy) is given by

m = Npz"el 2747 (27.11)

where Ny, is a normalization constant. Show th% the maximum amplitud e
of the wavefunction , is a ring of radius jzj = ©= 2m and calculate roughly
how the amplitude of the wavefunction decays as the radius is changed away
from this value.

(d) De ning further
b= P @+ rlzz (27.12)

with @= @=@ Ehow that the operator b also has canonical commutations
[b;B]1=1 (27.13)

but both b and b commute with a and a’. Conclude that applying bor b’ to
a wavefunction does not change the energy of the wavefunctio.

(e) show that the 2 component of angular momentum (angular momentum
perpendicular to the plane) is given by

L=%2 (* p=~bb aa) (27.14)

Exercises 365
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Conclude that applying b or b’ to a wavefunction changes its angular momen-
tum, but not its energy.

(f) [Harder] Let us write an arbitrary wavefunction (not nec essarily lowest
Landau level) as a polynomial in z and z, times the usual gaussian factor.
Show that projection of this wavefunction to the lowest Land au level can be
performed by moving all of the z factors all the way to the left and replacing
eachz with 2°2@.

Hints to part a: First, de ne the antisymmetric tensor  j , so that the vector
potential may be written as A; = %B i . We have variables p; and r; that

have canonical commutations (four scalar variables total) . It is useful to work
with a new basis of variables. Consider the coordinates

o= et s (27.15)
= ;2 i (27.16)
dened for = 1. Here = +1 gives the canonical momentum. Show that

h (). )I = i ~
SN = iy 5 (27.17)

The Hamiltonian
H = %(pi + eAi)(pi + eA) (27.18)
can then be rewritten as

H = % i(+1) i(+1) (27.19)

with a sum on i = %; ¢ implied. Finally use
a = (47 i )es (27.20)
b = ({Y+i 1)){9? (27.21)

to conrm that a and b are given by Egs. 27.7 and 27.12 respectively. Finally
con rm Eq. 27.6 by rewriting Eq. 27.19 using Egs. 27.20 and 27.21.
A typical Place to get confused is the de nition of @ Note that

@z = @=1 (27.22)
@z = @=0 (27.23)

Hints to part f: Rewrite the operators a;a’;b; ' such that they operate on
polynomials, but not on the Gaussian factor. Construct z in terms of these
operators. Then project.



Aside: A Rapid Introduction to
Topological Insulators

Medium Material

The integer quantum Hall e ect is one of the simplest examples of wha
is now called a \topological insulator". To explain what this is, and why
it is interesting, let us review some basic facts about band structue and

non-interacting electrons? Lin this chapter we are thinking about
non-interacting electrons in periodic
potentials!

28.1 Topological Phases of Matter

We will consider systems of electrons in some periodic environment |
which is what an electron would experience in a real material crysta&l. ?Some of the ideas discussed here do
We can thus describe our system as some single electron kinetic eggr not depend too much on the system be-
and some periodic potential | or equivalently as some tight-binding ™9 Precisely periodic.
model. Bloch's theorem tells us that the eigenstates of such a periac
Hamiltonian can be written in the form

joki= e ugd
where is the band index, andu, (x) is a function periodic in the unit
cell.

The eigen-spectrum breaks up into bands of electron states. If &a-
lence) band is completely lled and there is a gap to next (conduction)
band which is empty, we generally call the system a band insulator. Tk
conventional wisdom in most solid state physics books is that such bad
insulators carry no current. This wisdom, however, is not correct A
prime example of this is the integer quantum hall e ect! As we have
just seen for the integer quantum Hall e ect we have a lled band and
a gap in the single electron spectrum. And while such a system carries
no longitudinal current (and correspondingly has ,x = 0) it does carry
Hall current with  «, = ne?=h.

One might object that the integer quantum Hall e ect is not really a
valid example, because it does not have a periodic potential. However
it is certainly possible to add a very weak periodic potential to the
quantum Hall system and maintain the gap.

It turns out that there is a topological distinction in the wavefunct ions
for the quantum Hall e ect versus what we think of as a traditional band
insulator. One way to describe this is to think of the band structure as
being a mapping from the Brillouin zone (inequivalent values ofk) to
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the space of possible wavefunctions
k! u(x): (28.1)

Once we have such a mapping we can ask about whether there arepto-
logically di erent mappings, or whether one mapping can be continu-
ously deformed to another.

An analogy is to consider a mapping from a circleS?* to a circle S?,

e 1 g0

Here, one can topologically classify the mapping by its winding number.
One such mapping cannot be continuously deformed into another iftie
two mappings have di erent winding numbers.

Similarly we can de ne a \winding number" (known as a \Chern"
number) of the band structure map Eq. 28.1 for two dimensional sgtems.
This integer topological quantity turns out to be precisely the quantized
Hall conductance in units of #=h. We give an explicit expression for
this quantity in section *** below. Similar topological de nitions of
\winding numbers" of the map Eg. 28.1 can be given in any dimension.

If we imagine continously changing the physical Hamiltonian, this
Chern number, which must be an integer, cannot change continoug.
It can only change by making it impossible to de ne a Chern number.
This happens when if the system becomes a metal | i.e, if the gap be-
tween the lled and empty state closes. Thus we cannot deform beteen
di erent topological classes without closing the gap.

Indeed, this general picture gives us a simple rule for topological cta
si cation:

De nition of Topological Phase: Two gapped states of matter
are in the same topological phase of matter if and only if youan
continuously deform the Hamiltonian to get from one state tothe
other without closing the excitation gap.

Although in this chapter we are concerned with non-interacting eletrons
only, this sort of de nition can obviously be used much more generally
to distinguish di erent phases of matter. Further this de nition t s with
our intuition about topology

Two objects are topologically equivalent if and only if you &n con-
tinuously deform one to the other.

In the context of noninteracting electron band structure, one @an de-
ne topologically \trivial" phases of matter to be those that can be
continuously deformed without closing the gap into individual atomic
sites with electrons that do not hop between sites. (A "trivial" band
structure). Phases of matter that cannot be continuously defemed to
this trivial band structure without closing a gap are known as topologi-
cally nontrivial.



28.2 Curvature and Chern Number

28.1.1 Gapless Edges

The existence of gapless edge states on the edge of integer quamt Hall
samples is one of the fundamental properties of topologically nontvial
phases of matter (at least when one is considering topological pragties
of noninteracting electron band structure). We can give a rough agu-
ment about why edge states always come with topologically nontrivial
phases.

Suppose we have a Hamiltonian that is almost periodic, but the poten-
tial is a very function of position, say in the x-direction. In other words
if we move very far in the x-direction the Hamiltonian changes smoothly
from H (x1) to H (x2), but locally both of these look like simple periodic
Hamiltonians. If H (x;) and H (x3) are not in the same topological phase
of matter, than for some x betweenx; and x,, we haveH (x) describing
some gapless system | i.e., an edge state between the two phases.

For example, in the case of the integer quantum Hall e ect, we can
think of H (x1) as being the Hamiltonian of the system in the bulk which
has nonzero Chern number, andH (x;) as being the Hamiltonian outside
of the system, or the vacuum, which is topologically trivial and has zeo
Chern number. Somewhere between the two, the gap must close ive
a metal where the Chern number changes. This is the edge state.

28.2 Curvature and Chern Number

The Gauss-Bonnet theorem give an beautiful connection exists l@een
topology and geometry. The statement of the theorem is that forany
closed two dimensional orientable surface the integral of the Gawsan
curvature K over the surface gives 2(2 2g) where g is the number of
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handles of the surface. Or mathematically 3The de nition of Gaussian curvature
7 K at a point is 1=K = I'max I'min
_ where rmax and rpin are the maximum

2 (2 29-= KdS and minimum radii of curvatures of the

M surface at that point. The sign of

One can check, for example, with a sphere of radiuR we haveK = 1=R?
and g = 0, so that both sides give 4 independent ofR. The interesting  gome-like.
point here is that if you dent the sphere, you increase the curvatue at
some points, but you decrease it at other points such that the intgral
of the curvature over the surface remains the same. The only wayo
change this quantity is to rip the surface and add a handle!

It turns out that we can de ne a similar curvature that describes t he
topological index (the Chern-number) of the band structure. Let us
de ne what is known as the Berry curvature of the ™ band

F (k)= '"h@ uj@, ui

The topological Chern-number of the ™ lled band is then given by

K

is taken to be negative if the surface
is saddle-like at that point rather than



370 Aside: A Rapid Introduction to Topological Insulators

4The realization that the Hall conduc-  the integral of the Berry curvature over the Brillouin zone,

tance is the topological Chern number 4

in 1982 was made in a famous paper C = i dk F (k)
known as TKNN. This is one of key 2 gz

contributions that earned a Nobel Prize

for David Thouless in 2016. which is analogously quantized to be an integer.

In appendix *** we use the Kubo formula to calculate the Hall con-

ductivity and we nd that it is related to the Chern number by 4

2 X

Xy = 5 C
h
filled bands

Considering Laughlin's proof that the Hall conductance is quantized
this might be considered a su cient proof that the Chern number mu st

be quantized as well. To see how this occurs mathematically, see ap-
pendix ***.

28.3 Symmetry Protection

Symmetry is one of the most fundamental ideas in modern physics. &
often think about how physics changes when a symmetry is forcedroa
system. Considering the above de nition of topological phases of mitter
in section 28.1, one may generalize this idea to systems with symmetry

De nition of Symmetry Protected Topological Phase: Two
gapped states of matter are in the same symmetry protected fio-
logical phase of matter if and only if you can continuously dierm
the Hamiltonian to get from one state to the other without clging
the excitation gap or breaking the given symmetry.

The most interesting example of this is time reversal symmetry. Sys
tems without magnetism and without magnetic impurities are time-
reversal symmetric. In three dimensions, it turns out that there are no
band structures that satisfy the above de nition of a nontrivial t opolog-
ical phase of matter. In other words, all gapped periodic single-etdron
Hamiltonians can be deformd to a trivial Hamiltonian without closing
the gap. However, if we enforce time reversal invariance, it turnsout
that there are band structures that cannot be deformed into the trivial
band structure without closing the gap or breaking symmetry. These are
known as \topological insulators" and are formally symmetry protected
topological phases, where the symmetry is time reversal.

28.4 Appendix: Chern Number is Hall
Conductivity
Here we calculate the Hall conductivity by simple time dependent per-

turbation theory and demonstrate that it is the same as the Chernnum-
ber.



28.4 Appendix: Chern Number is Hall Conductivity

The general rule of time dependent perturbation theory is that if a
system is exposed to a perturbationH (t) the expectation of an operator
O at some later time is given by

'z
ho(t)i = - " dtHO): H (Y]
1

If we consider an electric eld at frequency! we write this in terms of
the vector potential. Applying a perturbing vector potential we have
z

H = dxA(x;t) j(x;t)

From perturbation theory we then have
2 z
Ha(x;t)i = — dt®  dx%ja(x;t);j (X% tJAL(X% Y
T o1
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Introduction to Fractional
Quantum Hall E ect

charge- ux

Having determined that the quantum Hall e ect is some sort of spece
troscopy on the charge of the electron, it was particularly surprisng
in 1982 when Dan Tsui and Horst Stormet discovered quantum Hall
plateaus at fractional values of the lling fraction

= p=q

with Hall resistance

with p and g small integers. This e ect is appropriately called the Frac-
tional quantum Hall e ect.

The rst plateau observed was the = 1=3 plateal? , but soon there-
after many more plateaus were discovered The Nobel Prize for this
discovery was awarded in 1998.

Given our prior gauge invariance argument that quantum Hall e ect is
measuring the charge of the electron | and that this is enforced by the
principle of gauge invariance, it is hard to understand how the fractonal
e ect can get around our prior calculation.

Two things must be true in order to have quantized Hall e ect

(a) Charge must fractionalize into quasiparticles with
chargee = e=q for example in the case of =1=q

(b) The ground state on an annulus must be degenerate,
with g dierent ground states (in the case of = 1=q
which cycle into each other by ux insertion through the
annulus.

We should not lose sight of the fact that these things are surprising
| even though the idea of degenerate ground states, and possiblyeven
fractionalized charges, is something we have perhaps gotten uséd in
our studies of topological systems.

Given the Laughlin argument that inserting a ux though the annulus
pumps an integer number of electrons from one side to the other, its
perhaps not surprising that fractional quantization of the Hall conduc-
tance must imply that a fractional charge has been pumped from one
side of the annulus to the other (hence point (a) above). The way &
get around the gauge invariance argument that implies the charge mst

Medium Material

Istormer had recently invented the
idea of \modulation doping" semicon-
ductors, which is a technique to obtain
extremely clean two dimensional elec-
tron systems | a prerequisite for ob-
serving fractional quantum Hall e ect.

2The legend is that Tsui very pre-
sciently looked at the data the moment
it was taken and said \quarks!" realiz-
ing that the fractional plateau implied
charge fractionalization!

30ver 60 dierent fractional guantum
Hall plateaus have been discovered!
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4For example, if our system of size 1
square cm has a typically 10 11 electrons
in it, the number of degenerate states at
=1=3 is roughly 10 to the 100 billion
power! Way way way more than the
number of atoms in the universe.

be an integer is by having multiple degenerate ground states. In our
argument for the Integer quantum hall e ect we used adiabaticity, and
the existence of a gap, to argue that we must stay in the ground stte.
However when there are multiple ground states (point (b) above) ve
can only argue that we must always be insomeground state. Thus, for
example, in the case of = 1=3 where there are three ground states, the
cycle of inserting ux is

ins]ert ins!ert ins]ert

ins1ert inslert 0

 GSii i GSii / GSsi i GSii
where GS here means ground state. Each insertion of ux pumps
e = e=3 charge from one side to the other. After three fractionally
charged particles move from one side to the other, this amounts ta

single electron being moved from one side to the other, and we retar
to exactly the same ground state as we started with.

So now we need only gure out how it is that this unusual situation of
fractionalized charges, and multiple ground states (indeed, this sitation

of a topological quantum eld theory!) comes about.

Want an incompressible state: Ignore disorder for now

We need to understand how we have an incompressible state when a
Landau level is partially lled. As with the integer case, disorder will
be important in allowing us to have plateaus of nite width, but the
fundamental physics of the fracitonal quantum Hall e ect comesfrom the
fact that we have a gapped incompressible systems at a particularlling
fraction. We can thus choose to consider a system free from disder
with the understanding that localization of excitations will be crucial to
actually observe a plateau.

Why This is a Hard Problem: Massive Degeneracy

We restrict our attention to a clean system with a partially lled (say,
1/3 lled) Landau level. If there are N, electrons in the system, there
3N, available single electron orbitals in which to place these electrons.
Thus in the absence of disorder, and in the absence of interactiorihere

are
3Ne

Ne

multiparticle states to choose from | and all of these states have the
same energy! In the thermodynamic limit this is an insanely enormous
degeneracy. This enormous degeneracy is broken by the interaction
between the electrons, which will pick out a very small ground state
manifold (in this case being just 3 degenerate ground states), andill
leave the rest of this enormous Hilbert space with higher energy.

(27=4)N.



29.1 Landau Level Wavefunctions in Symmetric Gauge 375

29.0.1 Our Model Hamiltonian

Since we are to neglect disorder, we can write the Hamiltonian for our
system of interacting electrons as

_ X (piteAr)? | X
- 2m

i i<j

H V(I'i I‘j)

where the rst term is just the kinetic energy of the electrons in the
magnetic eld, as discussed in Section 27.5, and the second term is
the interaction beween the electrons, which we might take to be of 4r
Coulomb form, or perhaps a modi ed Coulomb form depending on the
physical situation we are concerned witf. 5For example, we could have a screened
Now we have already analyzed the rst term in this Hamiltonian back Coulomb potential if there are polariz-
in Eq. 27.5, resulting in the structure of Landau levels. If we furtheg 2P!€ electrons nearby. The nite width
of the quantum well also alters the ef-
assume that the cyclotron energy~! . (the energy gap between Landau fective Coulomb interaction.
levels) is very large compared to the interacton energy scal&, then
we can assume that there is very little e ect of higher Landau levels
| the interaction simply breaks the massive degeneracy of the par-
tially lled Landau level without mixing in the higher Landau levels (or
putting holes in any completely lled Landau levels below the chemical
potential). Another way to say this is that we are pursuing degeneate
perturbation theory. The kinetic energy is completely determined (we
just Il up Landau levels from the bottom up) and interaction only pla ys
a role to break the degeneracy of the partially lled level.
The e ective Hamiltonian is then just
X
H = V(ri I‘j) (29.1)

i<j

where the Hilbert state is now restricted to a single partially lled Lan-

dau level. But here it might look like we are completely stuck. We

have an enormously degenerate Hilbert space | and we have no small ®Decades of experience doing compli-

parameter for any sort of expansion. cated perturbation theory led many
Laughlin's insight was to simply guess the correct wavefunction for Eg&%ﬁc‘;tgg t:hzjcvlzlrgggnpsalthv\lﬁ‘é‘r']"i[]‘g

the systemf. In order to describe this wavefunction we need to have snhouid have been looking for something

a bit more elementary information about wavefunctions in a magnetic simple!

eld (some of this is a homework problem!).

29.1 Landau Level Wavefunctions in
Symmetric Gauge

We will now work in the symmetric gauge where the vector potential is
written as

1
A= B
2[‘

where the magnetic eld is perpendicular to the plane of the sample.
(We can check that this givesr A = B.
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“we will ignore the spin degree of free-
dom as before.

8The polynomial can also be chosen so
as to have all real coecients. This
is becuase the Hamiltonian, once pro-
jected to a single Landau level, i.e.,
Eq. 29.1, is time reversal symmetric.

In this gauge, lowest Landau level wavefunctions (as mentioned lere
in section 27.8) take the forn?

" m(2) = CpzMel 7%= (29.2)

where _
z= X+ iy = re'

is the complex representation of the particle coordinate,” = P ~=eB is
the magnetic length, C, is a normaliztion constant and herem 0 is
an integer. The most general lowest Landau level wavefunction foa
single particle would bef (z) times the gaussian factor for any analytic
function f .

Note that the higher Landau level wavefunctions can all be obtaind
by application of a raising operator (which involve some prefactors 6z )
to the lowest Landau level wavefunctions. This algebra is discusseith a
homework problem, so we will not belabor it here. A key point is that
all Landau levels are e ectively equivalent and any patrtially lled higher
Landau level is equivalent to a partially lled lowest Landau level with
an appropriately modi ed interaction. As such, we will focus exclusively
on the lowest Landau level from here on.

Let us take a close look at the structure of the wavefunctions in
Eq. 29.2. First we note that ' 1 is an eigenstate of the angular mo-
mentum operator [* (centered around the pointz = 0)

C m=~M"n
Secondly we should examine the spatial structure of , . Writing j mj?
rem exp( r2=(2'2)) and di erentiating with respect to r we nd that the
maximum of this function is at radius

r="2m

Thus the function roughly forms a gaussian ring at this radius. The
area enclosed by this ring isr 2 =2 m" 2 = m =B, which contains
preciselym quanta of magentic ux.

29.1.1 What We Want in a Trial Wavefunction

In building a trial wavefunction for fractional quantum Hall e ect, sev-
eral rules will be important to follow

(1) Analytic Wavefunction: The wavefunction in the lowest Lan-
dau level should be comprised of single particle wavefunctions , |
that is, it must be a polynomial in z (with no z 's) times the gaussian
factors. In other words we should havé

( ri::::irn) = (Polynomialin zi::::izy) el @i%=4)
i=1



(2) Homogeneous in Degree:  Since the Hamiltonian is rotationally
invariant, we can expect that the eigenstates will be angular mometum
eigenstates. Since the operator counts powers ofz, this means that
the (Polynomial in z3;:::zy) part of the wavefunction must be homo-
geneous of degree.

(3) Maximum Power of z is N = Ne=: Since the radius of
the wavefunction is set by the exponent ofz™, the full radius of the
quantum Hall droplet is given by the largest power of anyz that occurs
in the wavefunction. Since the area enclosed by the wavefunctiorhsuld
correspond toN  uxes, this should be the maximum power.

(4) Symmetry: The wavefunction should be fully antisymmetric due
to Fermi statistics, assuming we are considering fractional quantm Hall
e ect of electrons. It is actually very useful theoretically (and does
not seem out of the question experimentally?) to consider fractional
quantum Hall e ect of bosons as well | in which case the wavefunction
should be fully symmetric.

29.2 Laughlin's Ansatz 377

9While no one has yet produced frac-
tional quantum Hall e ect of bosons in
the laboratory, proposals for how to do
this with cold atoms or interacting pho-
tons are plentiful, and it seems very

Even given these conditions we still have an enormous freedom injikely that this will be achieved in the

what wavefunction we might write down. In principle this wavefunc-
tion should depend on the particular interaction V(r) that we put in
our Hamiltonian. The miracle here is that, in fact, the details of the
interaction often do not matter that much!

29.2 Laughlin's Ansatz

Laughlin simply guessed that a good wavefunction would be of the
form?10 v W
(m) - j 2ij7=(4"2
Laughlin  ~ (zi Zi)m el 2=
i<j i=1
The proposed wavefunction is properly analytic and homogeneous in
degree. The maximum power of the wavefunction is

N =m(N 1)
thus corresponding to a lling fraction
=N=N ! 1=m inlarge N limit

And the wavefunction is properly antisymmetric for m odd, and is sym-
metric for m even.

It is worth noting that for m = 1 the Laughlin wavefunction corre-
sponds to a lled Landau level | that is, a single slater determinant
lling all of the orbitals from m=0to m= N =N 1. (Thisis a
homework problem!)

next few years.

10Npote that this wavefunction is not
normalized in any sense. The issue of

normalization becomes important later
|n ***.
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121his was discovered by Haldane in
1983, then again by Trugman and
Kivelson and also Pokrovski and Ta-
lapov in 1985.

13Actually this is a very realistic inter-

action for cold atom bosonic quantum
Hall e ect, should it be produced in the
future.

14AIthough with some thought this fact
seems obvious, proving it rigorously is
tricky.

It is also worth noting that the density of the Laughlin wavefunction
is completely constant in a disk up to its radius (and then the density
falls quickly to zero). This constancy of density is proven by plasma
analogy (which is another homework problemj?*.

Why should we think this wavefunction is particularly good? As two
particles approach each other, the wavefunction vanishes as powers.
This means that the particles have low probability of coming close to
each other | thus keeping the interaction energy low.

Being that the polynomial in each variable is of xed degreeN , the
polynomial has a xed number of analytic zeros. For the Laughlin wawe-
function all of these zeros are on the positions of the other particles |
thus the wavefunction arranges that the particles stay as far awy from
each other as possible in some sense.

29.2.1 Exact statements about Laughlin
Wavefunction

It turns out that the Laughlin wavefunciton is actually the exact gr ound
state of a special inter-particle interaction'?.

Bosonsat =1=2

Consider a system of bosons with the interparticle interaction giverby*?
X
V=V (I'i I'j)

i<j

with Vp > 0. This is a non-negative de nite interaction.

It is clear that the = 1=2 Laughlin state of bosons (L';‘uzzh)”n has
zero energy for this interaction, since there is zero amplitude of antwo
particles coming to the same point. Further, however, the Laughlinstate
is the highest density wavefunction (lowest degree polynomial) thathas
this property 1. For example, the Laughlin state times any polynomial
is also a zero energy state of this interaction, but since it has been ok
tiplied by a polynomial, the total degree of the wavefunction is higher,
meaning the wavefunction extends to higher radius, making the syem

component 2d coulomb plasma in a background charge, by writi ng

j j2 - e U (z1:552 N)

with  =2=m and

X
2" gz g+ G ai?
i<j i
where the rst term is the coulomb interaction in 2d, and the s econd term is a
background charge | which happens to be the charge associate d with a uniform
positve background (an easy thing to check using gauss's law ). Assuming this plasma
screens the background charge, it will be of uniform density up to a constant radius.



29.2 Laughlin's Ansatz

less dense. A schematic of the ground state energy as a functiof ding
fraction for this case is shown in Fig. 29.1.

Fig. 29.1 Schematic of the ground state energy as a function of lling f raction for
bosons with delta function interaction.

The key point is that the ground state energy has a cusp, which meas
there is a jump in the chemical potential

_ @E
" en

This is precisely the same \incompressibility" as we have in the case of
noninteracting electrons | where the chemical potential jumps be tween
Landau levels! As in that case we presume that the presence of a sp
in the free energy, in the absence of disorder, will be enough to gives
a plateau when disorder is added back in.

Now while we can easily show that there is a change of behavior at

= 1=2in this plot, it is somewhat more di cult to be convincing that
the slope coming from the right is nite | i.e., that the gap is actually
nite. In order to do that, we would need to think about the element ary
excitations, or resort to numerics.

Fermions at =1=3

The arguments given for bosons at = 1=2 can be easily generalized to
the case of fermions (i..e, electrons) at = 1=3 (and more generally to
any =1=m.) Obviously a -function interaction will no longer do the
job, since for fermions Pauli exclusion prevents any two fermionsrém
coming to the same point already. However, consider an interactiorof
the form X
V=V, r2(i rj)

i<j

379
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15Generally one would expect deriva-
tives of the gaussian part as well when
we integrate by parts. However, be-
cause the polynomial is antisymmetric,
the derivitive must act on the poly-

nomial part to prevent the wavefunc-

tion from vanishing when particle coor-

dinates coincide.

16Note that by antisymmetry the wave-
function must vanish as an odd number
of powers as two particle positions ap-
proach each other.

n higher Landau levels, although the
interaction is Coulomb, when the single
Landau level problem is mapped to a
single partly lled lowest Landau level
(See the comments after Eq. 29.2), the
interaction gets modi ed { this mainly

e ects the short range behavior.

18The full Hilbert space is 45207 di-
mensional!

Given a wavefunction ( ri;:::;rn) the interaction energy will be
x Z
— A P2 2
E = drozizdrn j jore(riory)
i<j
Writing
(driioidry)= (zi::izy) el @i7=64) (29.3)
i=1
with  meaing the analytic polynomial part, for fermionic wavefunctions

(that must vanish when r; = r;) the expression for the energy can be
integrated by parts'® usingr 2=4@@ to give

x £ o, ¥
dro:iidry j@ j© (i 1)

i<j i=1

E =

Thus we have a non-negative de nite interaction. Further, if the
wavefunction vanishes as a single power when two particles come to-
gether, then @ will be nonzero and we will get a postive result (Since
@ (zi z) is nonzero). However, if the wavefunction vanishes as three
powers @ will remain zero (since @ (zi  z)® goes to zero when
zZ = Zj)ls.

Thus, entirely analously to the above case of = 1=2 with the -
function interaction, the Laughlin m =3 (= 1=3) wavefunction is the
exact ground state (unique highest density zero energy wavefuation)
of the r 2 -function interaction. With similar ideas, one can construct
interactions for which any = 1=m Laughlin wavefunction is exact.

29.2.2 Real Interactions

Obviously electrons do not interact via ar ? interaction. They inter-

act via a Coulomb interaction’ What is perhaps surprising is that the
Laughlin wavefunction is an almost perfect representation of the atual
ground state. This statement comes from numerical tests. For xam-
ple, for 9 electrons (on a spherical geometry to remove edge e &) the
dimension of the fully symmetry reduced Hilbert spacé® is 84, and yet
the Laughlin trial wavefunction has an overlap squared of .988 with he
exact ground state of the Coulomb interaction. This is absurdly aca-
rate! The energy of the Laughlin wavefunction di ers from the energy of
the exact Coulomb ground state by less than a part in two thousand®.

29.3 Quasiparticles

The Laughlin quantum hall ground state is a uniform density uid (we
will actually show this as a homework problem). Density perturbations
are made in discrete units of charge known aguasiparticles Positively

191 need to recheck this number*+*,



29.3 Quasiparticles

charged bumps of charge (opposite the charge of the electrony@known
as quasiholesand negatively charged bumps of charge (same charge of
the electron) are quasielectrons.

29.3.1 Quasiholes

For the quasiholes, it is fairly easy to guess their wavefunction (and
indeed this was done by Laughlin). We start by considering adding a
quasihole at postion0. This leaves the system rotationally invariant.
We guess the solution

qh(0) = Zi  Laughlin
i=1

where 0 indicates we have put the quasihole at position0. Here the
degree of the polynomial is increased by one for every variable, s@aeh
lled orbital gets pushed out to the next orbital. This leaves precisly one
empty orbtial open at positon 0. Since our wavefunction has lling frac-
tion , this means that on average a fraction of the orbitals are lled.

Thus leaving the orbital at the center completely empty corresports to
a positive charge of + , and our quasihole has a positive charge

e = e

Another way to think about the same wavefunction is to imagine
adiabatically inserting a quantum of ux ¢ at positon 0. Analogous
to the Laughlin argument for integer quantum Hall e ect, This creates
an azimuthal EMF. Since the system has quantized Hall conductane

xy = e2=h, the total charge created is e = 4, . Then once we
have inserted the ux, the ux quantum can be gauged away leaving
only the quasihole behind.

One can make quasiholes at any locationv analogously,

W #
gh(W) = (zi W) Laughiin
i=1
although this is no longer an angular momentum eigenstate. We can
similarly consider multiple quasiholes the same way

" #
oW

ghs (W11 Wy ) = (z W) Laughiin
=1 i=1

Several interesting comments at this point:

(1) While the z's are physical electron coordinates, thew parameters
are simply parameters of the wavefunction and can be chosen andked
to any value we like. The wavefunction (wy;:::Wy ;2z1;:::2y) is then
the wavefunction of electronsz in the presence of quasiholes at xedw

381
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positions.

(2) Note that the phase of the wavefunction wraps by 2 when any
electron moves around the position of a quasihole.

(3) For the special ultra-short-range wavefunctions for which the Laugh-
lin ground state is an exact zero energy eigenstate, then this Laudin
guasihole is also an exact zero energy eigenstate (albeit one with lowe
density than the ground state since a hole has been inserted). Takfor
example the case of = 1=2. With a -function interaction, the energy is
zero because no two particles come to the same point. Multiplying this
wavefunction by any polynomial (as we have done to insert quasiho®
maintains this property and we still have a zero energy eigenstate As
is the case for the Laughlin ground state, the quasihole is not exacfor
the Coulomb interaction, but is extremely accurate numerically.

(4) At  =1=m, if we insert m quasiholes at the same pointw, then
the wavefunction is just the same as if we were to have an electroe at
the point w (although the electron is not there). Thus we expect that
\fusing" m quasiholes together should precisely make an anti-electron
(or a real hole).

29.3.2 Quasielectrons

The quasi-electron is a bump ofnegativecharge (i.e, same charge as the
electron). Unlike the case of quasiholes, there are no exact wavefctions
that we know of for quasi-electrons (not even for special short ange
interactions).

Whereas the quasi-hole increases the total degree of the polynaah
wavefunction (thereby decreasing the density of the system) tb quasi-
electron should decrease the total degree of the wavefunctionAgain,
Laughlin made a very good guess of what the wavefunction for the upsi-
electron should be. Considering a quasi-electron at the origin, we ca
write " # |

Y @ Yoo,

qe(O) = = el Zl =(4"°)

., @z
where as in Eq. 29.3 we have written the Laughlin wavefunction as the
polynomial part times the gaussian factors. Obviously the derivative
correctly reduces the degree of the polynomial by one in each vaitale z,
thus reducing the net angular momentum of each paricle by one. Edt
particle moves to lower radius by one orbital, thus giving a pile-up of
charge ofe = e at the origin.

In analogy to (but opposite that of) the quasihole, we might have
looked for a quasi-electron where electrons accumulate a phase oP
when an electron moves around the quasiparticle. One might think of
the operator z , but this operator does not live in the lowest Landau
level. However, the projection of this operator to the lowet Landau level

is given by
= 2‘2_@
@z

i=1

P z



29.4 Digression on Berry's Phase

(This is a homework assignment!).

As mentioned above, the Laughlin quasi-electron is not exact for ap
known system. However, it is a fairly good trial wavefunction numei-
cally for the Coulomb interaction. Note however, that other forms for
the quasi-electron wavefunction have been found to be somewhamore
accurate.

One can move the quasielectron to any position in a similar way as
for quasiholes giving a wavefunction of the form

" # 1

¥ @
es = 22—
qes(W) ~ @z

W eJ ZijZ:(4‘2)

i=1

29.3.3 Fractional Charge and Statistics?

The quasiparticles of the Laughlin state thus have fractional chage.
One should not lose sight of how surprising this is | that particles can
emerge that are a fraction of the \elementary" particles of the system.
If we lived at very low energy, we would experience these quasiparties
as the fundamental particles of the system and would not know of lhe
existence of the underlying electron.

Once one accepts fractionalized charge, it is perhaps not surprisin
to discover that they also have fractional statistics. Proving this state-
ment is nontrivial, and we will do it in several ways. Note that since
the quasiparticles are charged, moving them around in a magentic &
incurs phases. We would like thus like to compare the phase of moving
a particle in a loop versus moving a particle in a loop when another
particle might be inside the loop, see g. 29.2

Fig. 29.2 To nd the statistical phase, we compare moving a particle in a loop
versus moving it in the same loop when another particle is ins ide the loop.

We shall perform this comparison next after we introduce Berry's

phase, which is the e ect which produces the statistical phase we re
interested in.

29.4 Digression on Berry's Phase

383

The Berry phase® is one of the most fundamental ideas of modern 2°Berry's work on Berry Phase in 1984
physics. We recall the adiabatic theorem. If you start in an eigensate had a number of precursors, most no-

and change a Hamiltonian su ciently slowly, and there are no level
crossings, then the system will just track the eigenstate as it sloly

1956.

tably the work of Pancharatnam in
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changes | i.e., it remains in the instantaneous eigenstate. However,
during this process it takes a bit of thought to gure out what happ ens
to the phase of the wavefunction.

To see how this correction arises, let us consider a Hamiltoniai (R)
which is a function of some general parameters which we will summaréz
as the vectorR. In our case these parameters are going to represent the
guasiparticle position | we will insert this information into the Hamilto-
nian by having some trapping potential which induces the quasipartide
at the point R and we can then move around the trapping potential in
order to move the particle. Let us write the instantaneous (here ror-
malized!) eigenstate ag (R)i. So we have

H(R)j (R)i = E(R)] (R)i
Now let us write the full, time dependent wavefucntion as
j(ni=¢ Oj (R

so we are allowing for an additional phase out front of the instantaeous
eigenstate. The time dependent Schroedinger equation is

H(R ()] ( )i
E(R()] (R(1))i

. @ .
|~@{( t)i
~ 4 i~@@tj (R(t))i

Projecting this equation onto the bra h (R)j we obtain

_= ER®)= i (R(1) @@t (R(®)

Integrating over some path R (t) from some initial time t; to some nal
time t; gives
1 Z,, Z g,
(tr) ()= — ER())dt i . dR h (R)jr rj (R)i
ti i
The rst term is the expected dynamical phase | just accumulating a
phase with time proportional to the energy. The second term on tte right
is the Berry phase contribution | a line integral along the particular
path that R(t) takes. Note that this term dependsonly on the geometry
of the path and not on how long one takes to move through this path
In this sense is it s ageometric phase.

29.5 Arovas-Schrie er-Wilczek Calculation of
Fractional Statistics

2Lwilczek won a Nobel for his work on  This section follows the approach of Arovas, Schrie er and WilczeK!.
assymptotic freedom. Schrie er won a

Nobel for his work on BCS theory of

superconductivity. Arovas was a grad

student at the time.
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Let us consider a = 1=m wavefunction for a quasihole
" #
W

(w=NGw) @ w T
i=1

and we will imagine moving around the positionw in a circle of con-

stant radius as shown in the right of Fig. 29.2. Here we have inserted

normalization constant out front, which can be shown to be a funcion

of radius only. (This is argued by plasma analogy, which is part of the

homework). We will then parameterize?? the position of the particle by 220 can choose a more general path
the angle and w = jwje' . for the particle but we will then need

The Berry phase from moving the particle in a loop will then be the detailed form of N (w). See the dis-
b cussion below in section ***
2

= io d h( )j@j( )i

where we have writtenj ()i to meanj ( jwje’ )i. We then have
!

X
@ =g gy 10
Thus we have
@WK 1
nCi@i( )= 2 () = ()

Thus from taking w around in a circle we obtain the Berry phasé?®
|

i dh()j@j( )i
X
= i dw (w) 1

(w)

Zj w

Now the integral around the loop of 1=(z w) accumulates 2i if and
only if z is inside the loop. Thus we obtain the phase

= 2 mumber of electrons in loop
2 (1=m) = 0= AB

where is the ux enclosed by the loop and ¢ is the ux quantum (and
here we have used = 1=m). This is precisely the expected Aharonov-
Bohm phase that we should expect for moving a charge=m around a
ux .

Now we consider putting another quasiparticle in the center of the
loop as shown in the left of Fig. 29.2. Using a normalization factor that
is again a function ofjwj only, the same calculation holds, but now the

23The way this is written it is obviously a bit nonsense. Please  x it. | wrote this
footnote, but now | don't see what is wrong with what | have her el ***
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number of electrons enclosed has changed by one quasiparticle cha
e=m. Thus the phase is now

= AB 1 gatistical

where the additional phase for having gone around another quasdie is
given by

statistical = 2 =M

or in other words we have fractional statistics! For example, for he
Laughlin state at = 1=2, we have semionic statistics.

A more detailed version of this calculation (we will do this below)
shows that the path of the particle does not matter |- the total p hase
is always the Aharanov-Bohm phase for taking a particle around ux,
added to the statiscal phase of taking it around another quasipaticle.

Comment on the Fusion/Braiding Rules, and Chern-Simons
theory

For the = 1=m Laughlin state thus we have a situation where the
elementary quasi-holes have statistics = 2 =m . We can assume that
their antiparticles will have the same statistics (both opposite \charge"
and \ ux" in a charge- ux model). We also have that the fusion of m
elementary quasi-electrons or quasi-holes forms an an electron anti-
electron.

In the case wherem is even, the underlying \electron" is a boson, in
which case we can think of this electron as being identical to the vacum
| it has trivial braiding with all particles and it is essentially condensed
into the ground state as some sort of background super uid. This we
have a simple anyon theory withm particle types.

On the other hand, whenm is odd, we have the situation (discussed
in our \charge- ux composite" section ***) where the fusion of m ele-
mentary anyons forms a fermion | and so there are actually 2m par-
ticle types | the fermion full-braids trivially with everything, but has
fermionic statistics with itself. This situtation is \non-modular" | it
does not have as many ground states as it has particle types. Therare
only m ground states, despite Pn particle types.

29.6 Gauge Choice and Monodromy

The Laughlin wavefunction with M quasiholes takes the form

#
oW (m)
N (Wg;iii;wh) (z W) laughin (250075
=1i=1
where N is a normalizing factor.
By using a plasma analogy (this is a homework assignment) we nd
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that the normalization must be of the form

Y — . 2 a2
iN(Wwgww)j=C o jw w jiEm el Wit )

< =1

where C is some constant and
r

eB

is the e ective magnetic length for a particle of chargee = e=m. This
choice of normalization assures that

independent of the position of the quasiholes.

Now, we can choose the phase of the factoN arbitrarily | this
is essentially a gauge choice. In the above Arovas, Schrie er, Wilcke
calculation above, we chose the phase to be real. However, this isgua
convention. An intersting di erent convention is to choose

Y T
N(wg:iiwy)=C  (w  w)¥FEm el wit=t ") (29.5)
< =1

which is known as holomorphic or \fractional statistics" gauge { here
the fractional statistics of the quasiparticles are put explicitly into the
wavefunction! Note here that this function is not single valued in the
w-coordinates. In this gauge, we see that the wavefunction has lnch
cuts and can be thought of as having Riemann sheets. This may look
problematic, but it is not. While a wavefunction must be single-valued
in the physical electron coordinates, thew's are just parameters of the
wavefunction, and we are allowed to choose wavefunctions' phassn-
ventions in any way we like { even in non-single-valued ways as we have
done here.

What we would want to con rm is that the physical phase accumu-
lated in moving one quasihole around another is independent of our
gauge choice. To this end we note that the total phase accumulaté
can be decomposed into two pieces, the so-calledonodromy and the
Berry phase. The monodromy is the phase explicitly accumulated by
the wavefunction when one coordinate is moved around another.

Total Phase = Monodromy + Berry Phase

In the above Arovas-Schrie er-Wilczek calculation, we chose the pase
of the normalization to be everywhere real. So there is no monodroyn
| no explicit phase as we move one particle around another. However
in fractional statistics gauge we see a phase of 2m for each particle
which travels counterclockwise around another. In both gaugesthe total
phase should be the same, so in the holomorphic gauge, the statisdc
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24Strictly speaking the wavefunction is
normalized in this form only if w and
w© are not too close together | keep-
ing them a few magnetic lengths apart
is sucient. This all comes from the
plasma analogy calculation.

25The complex version of Stokes is as
follows. Using w = x + iy
z

(Fdw Gdw )
@A 7z

=2i (@ F + @ G)dxdy
A

part of the phase should be absent. Let us see how this happens.

29.6.1 Fractional Statistics Calculation: Redux

Let us consider the case of two quasi-holes and repeat the argumte
of Arovas-Schrie er-Wilczek but in holomorphic gauge. Putting one
quasihole at postition w and another at position w® the wavefunction is

= 1=m g (jwj*+jw%?)=(4" ?)
(w) Cw y)'™e v v o
z w(z w) (z z) e 27D

i i<j i

with C chosen so that is normalized independent of the quasihole
coordinates?* Let us parameterize the path of a quasiparticle asw( ).
We can write the Berry phase as

I

= i o dh()j@j( )i

e e @_ewa, aw e 296)

@ @aw @ @w '
Now, because we are using holomorphic gauge of the wavefunctiohe
@=@wonly hits the gaussian factor, so we have

h(wi@ i (wWi= Zh(wi(wi=

To evaluate the derivative @=@we integrate by parts so that it acts

on the bra rather than the ket. Now since the bra is completely anti-

holomorphic in w except the gaussian, the derivative acts only on the
gaussian again to give

h( wi@j ( wi @ h(wj(wi] [@h( w)jlj( w)i

(Wi (Wi = 5

Note that the derivative on h j i here is zero because the wavefunction
is assumed normalized to unity for every value ofw.
We then have the Berry phase given by
I I
= i dh()j@j( )i=

irlz (dww  dw w)

where we have used Eq. 29.6. We now use the complex version of Stsk
theoren? to obtain

_ Area
-2

=2 (1=m) = ¢

which is the Aharanov-Bohm phase corresponding to the ux enclosd
in the path { without giving the fractional statistical phase which ha s
now been moved to the monodromy!



29.7 Appendix: Building an E ective (Chern-Simons) Field Theory

The key point here, which we emphasize, is that if we work with nor-
malized holomorphic wavefunctions (i.e., holomorphic gauge), then th
fractional statitics are fully explicit in the monodromy of the wavefu nc-
tion | we can read the statistics o from the wavefunction without
doing any work!

29.7 Appendix: Building an E ective
(Chern-Simons) Field Theory

We can consider writing an e ective eld theory for this = 1=m quan-
tum Hall system. First let us think about how it responds to an exter-
nally applied electromagnetic eld. It should have its density locked to
the magnetic eld, so we should have a change of electron density fl
this section we set~= e =1 for simplicity)

Similarly we should expect a quantized Hall conductance, here with
being the current of electrons

: 1 .
= i
J om j
Both of these can be summarized as the response to a perturbingutor
potential L
j = — A 29.7
j > @ (29.7)

We must, of course have charge conservation as well. This is easy to
enforce by writing the current in the form

j = Zi @a (29.8)
which then automatically satis es
@j =0

In this language, the e ective Lagrangian that produces Eq. 29.7 a an
equation of motion is then

1 .
L= — a @a + — A @a +j,a

4 @a + 3 @a +jq
where j 4 is the quasiparticle current. Note that without the A term,
this is the same Chern-Simons theory we used for describing fractial
statistics particles (now the quasiparticles).

To see the coupling to the external vector potential, note that the
general (Noether) current associcated with the local gauge symetry
will be

@

jza

389
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which matches the expression from Eq. 29.8. By di erentiating the La-
grangian with respecttoa we generate the equations of motion Eq. 29.7.
More here

29.8 Appendix: Quantum Hall Hierarchy

Good reference is https://arxiv.org/abs/1601.01697

Shortly after the discovery of the Laughlin = 1=3 state additional
fractional quantum Hall plateaus were discovered at lling fractions such
as =2=3;2=5;3=7 and so forth. By now over 60 di erent plateaus have
been observed in experiment!

The Laughlin theory only describes lling fractions = 1=m but it
contains in it the right ideas to build possible theories for many of theg
fractions.

There are several approaches to building a hierarchy of quantum Hll
states, however perhaps the most intuition comes from the originbap-
proaches by Haldane and Halperin in 1983.

The general idea is to begin with a Laughlin wavefunction forN elec-
trons with coordinates z; for =1=m then change the magnetic eld to
add a large numberM of quasiparticles (say in the form of 29.4, in the
case of quasiholes) at coordinatess . Thus our wavefunction we write
as

((wg;:iiiwWm;2Za;i0i2Zn)

as written in Eq. 29.4. We then write a pseudowavefunctionto describe
some dynamics of the quasiholes which we write as

An electron wavefunction is generated by integrating out the quaghole
coordinates. Thus we have
z

Tzi:iiizn) = dwq;:iidwy (wegiisswm ) ( Wag it W 21l iiZ)

The general idea of this scheme is that the pseudo-wavefunctioraa itself
be of the form of a Laughlin wavefunction. In the original Laughlin
argument we wrote down wavefunctions for both boson and fermio
particles. Here, the particlesw are anyons, so we need to write a slightly
di erent form of a wavefunction. We expect

Y
(Wy;iii;wy ) = w w)m*P

with p an even integer. The fractional power accounts for the fact
that the anyon wavefunction must be multi-valued as one particle mwes
around another. The factor p is to include a \Laughlin" factor repelling
these anyons from each other without further changing the staistics.
The condensation of these quasi-particles into a Laughlin state gesr-
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ates a wavefunction for the lling fraction

1
m 1=p

with the  corresponding to whether we are condensing quasiparticles
or quasiholes. One can continue the argument starting with these ew
fractions and generating further daughter states and so forth At the
next level for example, we have

By repeating the procedure, any odd denominator fraction = p=qcan
be obtained.

391
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Exercises

Exercise 29.1 Filled Lowest Landau Level
Show that the lled Lowest Landau level of non-interacting e lectrons (a
single slater determinant) can be written as
Y Y Lo
0 _ N @ z) el 7%= (29.9)

10§ N 1i N

with N some normalization constant. l.e, this is the Laughlin wave function
with exponent m = 1.

Exercise 29.2 Laughlin Plasma Analogy
Consider the Laughlin wavefunction for N electrons at positions z;
o Y n Y iage
m =N (z z) el U7 (29.10)
1 i N 10 N
with N a normalization constant. The probability of nding partic les at po-
Consider now N classical particles at temperature = kbLT in a plane
interacting with logarithmic interactions v(# ;) such that

vt f)= 2mlog(jt 1)) (29.11)
in the presence of a background potential u such that
u (jt) = j#°=(2"?) (29.12)

Note that this log interaction is \Coulombic" in 2d (i.e., r 2v(¥)/ (¥)).
(a) Show that the probability that these classical particle s will take po-

complex representation of position . ﬁrgue that the mean particle density
is constant up to a radius of roughly ©~~ Nm. (Hint: Note that u is a neu-
tralizing background. What con guration of charge would fu Illy screen this

background?)
(b) Now consider the same Laughlin wavefunction, but now wit h M quasi-
holes inserted at positions wi;:::;wWwm .
2 3
Y Y
m = N(ws:w )4 (z w)S § (29.13)

1 i N1 M

where N is a normalization constant which may now depend on the positions
of the quasiholes. Using the plasma analogy, show that thew z factor may be
obtained by adding additional logarithmically interactin g charges at positions
w;,with 1 =m of the charge of each of thez particles

(c) Note that in this wavefunction the z's are physical parameters (and the
wavefunction must be single-valued in z's), but the w's are just parameters of
the wavefunction { and so the function N could be arbitrary | and is only
xed by normalization. Argue using the plasma analogy that i n order for the
wavefunction to remain normalized (with respect to integra tion over the z's)
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as the w's are varied, we must have
Y Y ) IPYR
iN(wq;:i;wm)j= K jwow e gl W 1P=em ) (29.14)
1 < M 1 M

with K a constant so long as thew’ are not too close to each other. (Hint: a
plasma will screen a charge).






Fractional Quantum Hall Edges

Medium Material

30.1 Parabolic Con nement

For studying fractional quantum Hall edge states, it is perhaps mat
useful to consider a parabolic con nement potential. Considering he
simple particle Hamiltonian, and adding this con ning potential to the
kinetic energy we have

— 2
Hconfined = HO+ r

whereHj is the single particle Hamiltonian in the asence of the con ne-
ment.

Since the con nement is rotationally symmetric, we can still classify
all eigenstates by their angular momemtum quantum numbers. Using

symmetric gauge we can still write the single particle eigenstates ds INote that the parabolic con nement
modi es the magnetic length.
' Zm eJ ZjZ:(4‘2)
m

wherem is the eigenvalue of the anguﬂ momenturh operator [. Since 2we drop the ~ from the angular mo-
the radius of these states isr " 2m it is not surprising that the  mentum operator so its eigenvalues are
con nement energy r 2 of each eigenstate is proportional tom. We YS! numbers.
thus have

Heconfined = Ho+ £

for some constant .

For integer lling, the edge excitations are very much like the edge
excitations we discussed above in Landau gauge. A round quantumadl
droplet lls m states up to a chemical potential along the edge. One
can add a small amount of angular momentum to the edge by exciting
a lled state from an m just below the chemical potential to an empty
state just above the chemical potential.

30.2 Edges of The Laughlin State

We now consider adding an interaction term so as to produce a fragbnal
quantum Hall state. It is convenient to think about the limit where th e
cyclotron energy is huge (so we are restricted to the lowest Landalevel),
the interaction energy is large, so we have a very well formed quaotn
Hall state, and nally, the edge con nement is weak.

In particular if we choose to consider the special ultra-short rang
interaction potentials (such as function for bosons at = 1=2) we still
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3In fact because the interaction Hamil-
tonian that we are studying is purely
real when written in the ', basis, we
can take the coe cients in the polyno-
mials to be entirely real too. See foot-
note ***

have the ground state given exactly by the Laughlin state

Y
(m) — (z
Laughlin {
i<j i=1

Yoo,
Z])m eJ ZiJ2=(4 2)

such that it has zero interaction energy. The angular momentum ofthe
Laughlin ground state is just the total degree of the polynomial

N(N 1
Lground = m%
with con nement energy
N(N 1
Egrouna = M %

While the Laughlin state has zero interaction energy it is also the case
that any polynomial times the Laughlin state also has zero interactio
energy since multipying by a polynomial does not ruin the fact that the
wavefunction vanishes asm or more powers as two particles approach
each other. Thus we can consider all possible wavefunctions of tHferm

(m)

= (Any Symmetric Polynomial) |4 gnin

where we insist that the polynomial is symmetric such that the symméery
of the wavefunction remains the same (i.e, antisymmetric for fermias
and symmetric for bosons).

If the degree of the symmetric polynomial is L, then we have

L = I-ground + L
E = Eground + L

We can organize the possible excitations by their value of L. We thus
only need to ennumerate all possible symmetric polynomials that we aa
write in N variables of some given degree L.

We thus need some facts from the theory of symmetric polynomials.

called \ring" (this means you can add and multiply them). A set of
generators for this ring is given by the functions

This means that any symmetric function on N variables can be written
as sums of products of these functior’s Thus it is extremely easy to
count symmetric functions. Of degree 1, we have only;. At degree 2,
we havep? and alsop,. Thus the vector space of symmetric polynomials
of degree two (with real coe cients) is two dimensional. We can build
a corresponding table as shown in Table 30.1.

Thus the number of edge excitations at a given angular momentum
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L Lground | dimension basis functions Energy
1 1 P1

2 2 P2;  P1p1 2

3 3 Ps;  P2P1;  P1P1P1 3

4 5 Pa;  P3P1;  P2P1P1; P1P1P1P1 4

5 7 Ps; PaP1; P3P2; P3P1P1; P2P2P1; P2P1P1P1; PiPiPipipr | 5

Table 30.1 Table of Symmetric Polynomials

follows a pattern, 1;2; 3;5; 7; : : : with energy increasing linearly with the
added angular momentum. Note that this result holds also forthe =1
Laughlin state (i.e., for the integer quantum Hall e ect), and match es
the counting for excitations of a chiral fermion (try this exercise!* )

30.2.1 Edge Mode Field Theory: Chiral Boson

An equivalent description of the edge modes is given by the Hamiltonian

X
H= " (m)bby

m> 0

where the Iy, are boson creation operators satisfying the usual commu-
tations

[bm;m]: nm

and we think of these boson creation operatord®¥, as creating an el-
emetary excitation of angular momentum m on the ground state which
we will call jOi for now. We can build a table describing all of the states
in fock space of this Hamiltonian, ordered by their angular momentumas
shown in Table 30.2. We see the fock space is precisely equivalent togh
above table of polynomials. In fact the analogy is extremely preciseln
the thermodynamic limit, up to a known normalization constant, appli-
cation of , is precisely equivalent to multiplication of the wavefunction
by pm-

These operators describe ahiral boson { chiral because they only have

4To get you started, consider lled states in a line lled up to the chemical potential.
We can think of these as dots in a row. For example, let the grou nd state be

where means a lled single particle eigenstate and means empty. Now if we add
one unit of (angular) momentum, we have the unigue state

adding two units can be done in two ways

and

thus starting the series 1 ;2;3;5;7:::.
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L Lground | dimension | basis fock states | Energy
1 1 B}j0i

2 2 Bjoi; bIbljoi 2

3 3 R5jOi;  ByBjoi;  bb/b!jOi 3

4 5 byjoi;  bibjjoi;  Bbbibijoi;  bibibibijoi | 4

Table 30.2 Fock Space for Chiral Bosons

positive angular momentumm > 0 not negative angular momentum?®

30.3 Appendix: Edges and Chern-Simons
theory

The existence of the edge theory could have been predicted fronhé ef-
fective Chern-Simons Lagrangian of the bulk. As mentioned previosly,
the Abelian Chern-Simons action is gauge invariant on aclosed mani-
fold. However, for a manifold with boundary, the action is not gauge
invariant. This is what is known as an anomaly. The solution to this
problem is that the action becomesgauge invariant only once it is added
to an action for the low energy edge theory! We will not go through he
detailed argument for this here.

5An achiral bose eld on a circle requires both positive and negative ang ular mo-
mentum modes).



Conformal Field Theory

Approach to Fractional 3 1
Quantum Hall E ect

Medium Material

In the last chapter we saw that we have an edge theory which is a chél
boson | a 1+1 dimensional dynamical theory. We can think of this
theory as being a 2 dimensional cut out of a 3 dimensional space-time
manifold. Now in a well-behaved topological theory, it should not matter
too much how we cut our 3-dimensional space-time manifold. Thus we
expect that the same chiral bose theory should somehow also be lgito
describe our 2+0 dimensional wavefunction. Since all chiral topolowal
theories have gapless edges, this approach can be quite general.

1+1 dimensional gapless theories can all be described by conformal
eld theories (CFTs) possibly perturbed by irrelevant operators. And
conformal eld theories in 1+1 dimension are particularly powerful in
that they are exactly solvable models, which can be used to describe
either the dynamics of 1+1 dimensional systems or classical statigtal
mechanical models in 2 dimensions.

While we cannot provide a complete introduction to CFT here (see
Ginsparg's lectures, Fendley's notes, or for a much more completeist
cussion, see the Big Yellow Book), it turns out that we need very little of
the machinery to proceed. Furthermore, a large fraction of this nachin-
ery will look extremely familiar from our prior study of TQFTs. Indeed ,
there is an extremely intimite connection between CFTs and TQFTSs |
and much of what we know about TQFTs has grown out of the study
of CFTs.

We will begin by seeing how this works for the chiral boson, which is
perhaps the simplest of all 1+1d CFTs. Below we will show how the
scheme works in more detail in the context of quantum Hall physics.
This approach, rst described by Moore and Read, has been extmaely
in uential in the development of TQFTs and their relationship to the
quantum Hall e ect.

31.1 The Chiral Boson and The Laughlin
State

] ] ) ) ] IThere may be issues with the decom-
An interesting feature of theories in 1+1d is that they can often be position, for example, in the case of

decomposed (mostly) cleanly into right moving and left moving pieces. the boson, there is a complication as-

: . . sociated with the so-called zero-mode,
So for example, if we take the simplest possible 1+1 d system, a free -\~ " ignore for simplicity.
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2We have dropped the zero mode here.

3Perhaps the easiest way to see this is
to calculate directly from Eq. 31.1. See
exercise ***  Another way to obtain
this is to aim for the achiral result

h( z;z )( 2%2%)i = 92y

log(jz z9
To see where this comes from, it is eas-
iest to think about a 2d classical model
where the action isZ

2

S=@ ) ! dxdyjr j

With a partition function
z
Zz= D e SO

Itis then quite easy to calculate the cor-
relator h  oi = . ojkj 2. Fourier
transforming this then gives the result.

4The usual understanding of normal or-
dering is that when we decompose a
eld into creation and annihilation op-
erators, we can normal order by mov-
ing all the annihilation operators to the
right. Another way to understand it
is that when we expand the exponent
¢ @=1+i (2)+(i )2 (2) )+
There will be many terms where

(z) occurs to some high power and
that looks like a divergence because the
correlator of two elds at the same
position looks log divergent. Normal
ordering is the same as throwing out
these divergences.

E ect

boson, we can write an achiral Lagrangian density for a eld (x;t) as

L/ (@) @)

This can be decomposed into right and left moving pieces as

(xt)y= (x vt)+ (x+vt)
where is right-moving and is left-moving and these are two di erent
elds. For simplicity we will set the velocity v =1.
In the previous chapter we deduced that the edge theory of the Augh-
lin state could be described by a chiral boson Hamiltonian
X
H= " (m)ayan

m> 0
Quantizing the boson lagrangian we nd that?
X e
19ﬁe2 mEL @Y +hc

(x) =

m> 0

(31.1)

whereL is the (periodic) length of the system.

We will often work in complex coordinatesx and = it, so we have
we write ( z;z )wherez=x+1i andz = x i correspond to right
(holomorphic) and left-moving (antiholomorphic) coordinates.

As free bose elds, we can use Wick's theorem on the elds and all
we need to know is the single two point correlato?

h (z) (2% =

Note that we think of this correlation function as a correlation in a 1+ 1d
theory even though we are working with complexz.
From this chiral operator we construct the so-called vertex operators

log(z z9

V(z)=: & @

where : : means normal ordering A straightforward exercise (assigned
as homework!) using Wick's theorem then shows that

P
$ i<j i

(z z) '

ih (zi) (z)i

h (z1)V ,(z2) :::V | (zn)i

(31.2)

so long as X
(31.3)

(otherwise the correlator vanishes).
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31.1.1 Writing the Laughlin Wavefunction

We then de ne an \electron operator” to be
e(2)=V (2)

where we will choose D
= m

This then enables us to write the holomorphic part of the Laughlin
wavefunction as

(m)
Laughlin

Y
= he(z1) e(z2):i o()Qi= (2

i<j

Zj)m

The index must be chosen such that 2 is an integer such that the
wavefucntion is single valued in the electron coordinates. Note thahere
although the correlator means a 1+1d theory, we are constructilg a
wavefunction for a 2d system at xed time!

Here, the operator @ can be chosen in two di erent ways. One pos-
sibility is to choose @ = V  , i.e., a neutralizing charge at in nity
such that Eq. 31.3 is satis ed and the correlator does not vanish. his
approach is often used if one is only concerned with keeping track dhe
holomorphic part of the wavefunction (which we often do). A more phys-
ical (but somewhat more complicated) approach is to smear this chaye
uniformly over the system. In this case, the neutralizing charge, amost
magically, reproduces precisely the gaussian factors that we walit

31.1.2 Quasiholes

Let us now look for quasihole operators. We can de ne another veex
operator
ah(w) =V (w)

and now insert this into the correlator as well to obtain

B an(W) e(z1) efz2) it e(zn)Qi
Y

an (W) (31.4)

(m)
Laughlin

p—
(z w "
i
Since we must insist that the wavefunction is single valued in thez
coordinates, we must choose

=p=m
for some positive integerp, where the minimally charged quasiparticle
is then obviously p = 1. (Negative p is not allowed as it would create
poles in the wavefunction).

Further, using this value of the the charge , along with the smeared
out background charge, we correctly obtain the normalizing gausan

570 see how this works, we divide
the background charge into very small
pieces (call them ) to obtain a corre-
lator of the form

P p_—P
m g log(zi o zj) m- . log(zi z)

e
the term with 2 we throw away as we
will take the limit of small . Now here
we realize that we are going to have a
problem with branch cuts around these
small charges | which we can handle
if we work in a funny gauge. Changing
gauge to get rid of the branch cuts we
then get only the real part of the second
term. The second term is then of the

form
4

log(jzi z j)! d’rlog(jz  rj)
i

where we have taken the limit of in-

creasing number of smaller and smaller
charges. We de ne this integral to be

f(z). It is then easy to check that

f(z) j zj% which is most easily done
by taking r 2f (z) and noting that log is

the coulomb potential in 2d so Gauss's

law just gives the total charge enclosed.

Thus we obtain el Zi° as desired. A
more careful calculation gives the con-

stant correctly as well.
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factor for the quasiparticle

S L2
el wit=(4m'7)

This is the correct gaussian factor, with an exponent £m times as big
because the charge/,_P & is 1=m times as big as that of the electron
charge\W .

If we are now to add multiple quasiholes, we obtain the wavefunction

(wgiinswm) = hogn(wi) i gn(w,)  e(za) i e(ZN#? Qi (31.5)
Y Y oW

_ ; 2 a2
= C (w w)Fm elwi=4 (z w) (Lr;u)ghlin
< =1 =1i=1

which is properly normalized
h( wi;:::wwm)j ( wy;ii:wy )i = Constant

and is in holomorphic gauge. As discussed previously in chapter ***
with a normalized holomorphic wavefunction we can simply read o the
fractional statistics as the explicit monodromy.

Note that we can consider fusion of several quasiparticles

Vil ViPm! VP (31.6)

Fusion of m of these elementary quasiholes produces precisely one elec-
tron operator W . Since the electrons are \condensed" into the ground
state, we view them as being essentially the identity operator, at leat in
the case ofm even, which means we are considering a Laughlin state of
bosons. Thus there arem species of particle in this theory. In the case
of m odd, we run into the situation mentioned in chapter *** where the
electron is a fermion, so really there are &1 species of particles in the
theory.

The idea is that by using conformal eld theory vertex operators we
automatically obtain normalized holomorphic wavefunctions and we ca
determine the statistics of quasiparticles straightforwarldy. This is a key
feature of the Moore-Read approach. While there is no general pof
that this will always be true (that the resulting wavefunctions will be
properly normalized) it appears to hold up in many important cases.

We hope now to generalize this construction by using more com-
plicated conformal eld theories. This then generates more compli-
cated fractional quantum Hall wavefunctions corresponding to nore
complcated TQFTs.
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31.2 What We Need to Know About
Conformal Field Theory

| can't possibly explain CFT in a few pages. (See the big yellow book.
Ginsparg's lectures are nice for introduction. So are Fendley's not),
but given what we already know about TQFTs many of the rules are Swe will restrict our attention to uni-
going to seem very natural. Indeed, much of the math of TQFTs arge tary CFTs so that these are well be-
via CFTs. hayed 1+_1 d theories. Although certain
. . . . . 2 dimensional stat mech models can be
CFTs are quantum theories in 1+1 dimensiorf. They are generically related to non-unitary CFTs, these do
highly interacting theories, and most often it is impossible to write an not correspond to well behaved TQFTs.
explicit Lagrangian for the theory, but due to the special properties
of being in 1+1 and having conformal invariance (guaranteed by beig
gapless in 1+1 d) these models are exactly solvable.
A particular CFT is de ned by certain information known as con-
formal data, which basically mimics the de ning features of a TQFT:

(1) There will be a nite set” of so-calledprimary elds , which we 7A nonrational CFT may have an in -
might call ;(z) (or we may use other notation). These are analogous nite number of particle types, but these
to the particle types in a TQFT. Every CFT has an identity eld often ?g?rzgggnze:;a\éfcia?gg;’sr_mt appear to
called | (which isn't really a function of position). Correlators of these
elds

h jl(zl)::: in (ZN)i
are always holomorphic functions of thez arguments, although there
may be branch cuts.

(2) Each primary eld has a scaling dimension 2 or conformal

weight or conformal spin , which we call h;. The scaling dimension of

| ish; =0. We have see these quantities before when we discussed twists
in world lines. Often we will only be interested in h modulo 1, since the
twist factor is €2’ . Each primary eld has descendant elds which are
like derivatives of the primary and they have scaling dimensiongh; plus
an integer (we will typically not need these, but for example, @ ; has
scaling dimensionh; + 1).

(3) Fusion relations exist for these elds, which are associative and
commutative
i = Nijk k
k
where fusion with the identity is trivial

b=
8In CFT we have the powerful relation that if we make a coordina te transform w(z)

then any correlator of primary elds transforms as

@w M1 o @w M
@1 T ew

However, we will not need this relationship anywhere for our  discussion!

#

hip(wa)iorgy (wn)i = hi(za):r iy (Zn)i
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As with TQFTSs, each particle type has a unique antiparticle. We will
give a clearer meaning to these fusion relations in a moment when we
discuss operator product expansion.

The expectation of any correlator in the theory is zero unless all tie
elds inside the correlator fuse to the identity. For example, if we have a
Z3 theory where it requires three particles fuse to the identity, then we
would haveh (z) (w)i = 0. We saw this law previously in the neutrality
condition for the chiral boson. The expectation of the identity | is unity.

The fundamental theorem we need, which is beyond the simple anal-
ogy with TQFT is the idea of an operator product expansion . The
idea is that if you take two eld operators in a conformal eld theory
and you put them close together, the product of the two elds canbe
expanded as sum of resulting elds

X
lim iw) j@ = Ciw M NN @)+
' Kk

Here the Ciﬁ-( are coe cients which crucially are zero when Ni}‘ is zero.
In other words, when two elds are taken close together, the reglt looks
like a sum of all the possible fusion products of these eld. On the righ
hand side note that by looking at the scaling dimensions of the elds,
we obtain explicit factors of (w z). The ::: terms are terms that are
smaller (less singular) than the terms shown and are made of descdant
elds and higher powers of (v z). Crucially, no new types of branch
cuts are introduced except those that di er by integers powers fom (and
are less singlar than) those we write explicitly.

The convenient thing about the operator product expansion (or \OPE")
is that it can be used inside expectation values of a correlator. So for
example

\,!,i!mz ?(a(W) b(Z) (Y1) da(y2)::: n(ym)i =
CX(w z)Mc Pa Mop(z)  o(y1) a(y2)::: n(Ym)i

31.2.1 Example: Chiral Boson

The free boson vertexV has scaling dimension
2
h = —
2

The fusion rules are
VV =V,

corresponding to the simple addition of \charges". The resulting oper-
ator product expansion is then

VWV(E W 20 Vi (2



31.2 What We Need to Know About Conformal Field Theory

where we have used the notation to mean in the limit where w goes
to z, and where the exponent is here given as

N

2 2 2

Note that this fusion law for the chiral boson gives more precise magng
to the fusion law we wrote in Eq. 31.6. ***(clean this up)**

h . h

31.2.2 Example: Ising CFT

The Ising CFT is actually the CFT corresponding to a 1+1 d free
fermion, so it is particularly simple. The theory has three elds, I; ;
with scaling dimensions

h| =0
= 1=16
= 1=2

The fact that h = 1=2 is an indication that it is a fermion. The
nontrivial fusion rules are (exactly as in the Ising TQFT *** previous ly)

As in the case of TQFTS, it is the multiple terms on the right hand side
that make a theory nonabelian.
We can write the operator product expansion

(w) (2) w )M M
|
Wz

+

The antisymmetry on the right hand side is precisely the behavior one
should expect from fermions. It is crucial to note that within the ::: all
terms are similarly antisymmetric (and are less singular). Similarly, we
have

(w) (2) w 2" " @)+
w 2z) ¥2 (2)+ :::
where again the::: indicates terms which have the same branch cut

structure but are less singular . In other words, wrappingw around z
should incur a minus sign for all terms on the right.

405

Finally we have the most interesing OPE® 9Remember these exponents of 1/8 and
3/8 from the Ising anyon homework

Ww) (20 C' w 2 ¥r+c w 2% (2)+::: (31.7) Problems? =

where all terms in the ::: must have branch cuts that match one of the
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10|nsert footnote or appendix that de-
rives this. See Yellow Book for now!

11Add footnote on wick's theorem?*+*

two leading terms.
Let us consider calculating a correlator,

limh ) (@)

Since from rule (4) above, the two elds must fuse to the identity, we
must choose the identity fusion channel only from the OPE. We then
obtain

Imhw) @i W 2) 1=8 (31.8)

On the other hand, calculating
limh (w) (2) (y)i
w! z

in order to fuse to the identity, we must choose the fusion of the two
elds such that this  can fuse with (y) to give the identity. We thus
have

lmh W) (2) (Vi (w 7)%8 (31.9)

Similarly one can see that fusion of two 's in the presence of any even
number of  elds will be similar to Eq. 31.8, whereas in the presence
of any odd number of elds it will be like Eq. 31.9.

Since the Ising CFT is actually a free fermion theory, we can use
Wick's (fermionic) theorem for correlators of the fermi elds with the
added information that0:11

1
h(z) Wi=——
(2) Wi=
which is exactly true, not only in the OPE sense. However, we cannot
use Wick's theorem on correlators of the elds which are sometimes
known as \twist" elds | we can think of these as altering the bounda ry
conditions

31.3 Quantum Hall Wavefunction Based on
Ising CFT: The Moore-Read State

Let us try to build a quantum Hall wavefunction based on the Ising CFT.
We must rst choose a eld which will represent our electron. One might
guess that we should use the fermion eld. However, when two elds
come together the correlator (and hence our wavefunction) diveges, so
this cannot be acceptable. Instead, let us construct an electroneld
which is a combination of the Ising eld and a chiral bose vertex V

()= @V (9

These two elds are from completely di erent 1+1d theories and are
simply multiplied together.
We then look at the operator product expansion to see what happes
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when two electrons approach each other

h [

e(2) (W) z WV

z

where the rst bracket is from the Ising part of the theory and th e second
bracket is from the bose part of the theory. In order for this to not be
singular, we must have 2 be a positive integer. If we choose

2-m
with m odd we have an overall bosonic operator (¢(z) (W) = (W) «(2))
whereas if we choosen even we have an overall fermionic operator. How-
ever, we cannot choosen = 0 since that leaves a singularity. Thus we
have the electron operator of the form

e(2)= (VW n(2)

with m 1. Using this proposed electron operator we build the multi-
particle wavefunction

= he(z1) e(z2)::: e(zn)Qi

whereQ is the background charge for the bose eld. Since the Ising and
bose elds are completely seperate theories we can take the expgation
for the bose eld to give

Y Yoo,
= h(z) (@) @) @ z)™ e 7=
i<j i=1
where the correlator is now in the Ising theory alone.

Now the Ising correlator must be zero unless there are an even numer
of  elds (since we need them to fuse to the identity). If the number

of fermi elds is indeed even, then we can use the fact that is a free
fermi eld and we can invoke Wick's theorem to obtain
1 1 1
h (z ) (zn)i = A D
(22) (z2) (2v) Z1 2y I3 24 ZIN 1 2N
1
Pf (31.10)
Zj Z;

Here A means antisymmetrize over all reordering of thez's. Here we
have written the usual notation for this antisymmetrized sum Pf which

stands for \Pfa an" 2. Thus we obtain the trial wavefunction based on
the Ising CFT

1 Y

Zj Zj

= Pf el zij?=(4"2)

(z z)"
i<j i=1

which is known as the Moore-Read wavefunction. Form odd this is a

2geveral interesting facts about the
Pfaan: A BCS wavefunction for a
spinless superconductor can be written
as Pf[g(ri rj)] where g is the wave-
function for a pair of particles. Any
antisymmetric matrix Mjj has a Pfaf-
an

PfIM]= A[M12M3a::2]:

Also it is useful to know that

(PF[M])2=detM.
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1370 see this, note that taking the rst
two particles to the same point gives

ZzIi!mZl e(z1) e(z2) 1Va(z1)

Then fusing the third particle

Jim - e(za)Va(z1) (23 21)? V 3(z21)

4ere we have used a mapping be-
tween Landau levels, that any par-
tially lled higher Landau level can be
mapped to a partially lled lowest Lan-
dau level at the price of modifying the
inter-electron interaction. This map-
ping is exact to the extent that there is
no Landau level mixing. l.e., that the
spacing between Landau levels is very
large.

15There is one slight glitch here. It
turns out that with a half- lled Landau
level, the wavefunction and its charge-
conjugate (replace electrons by holes in
the Landau level) are inequivalent! The
breaking of the particle-hole symmetry
is very weak and involves Landau-level
mixing. From numerics it appears that
the = 5=2 state is actually in the
phase of matter de ned by the conju-
gate of the Moore-Read state. *** add
refs

E ect

wavefunction for bosons and form even it is a wavefunction for fermions.

To gure out the lling fraction, we note that the Pfa an prefacto r

only removes a single power in each variable. Thus the lling fraction

is determined entirely by the powerm, and is given (like Laughlin) by
=1=m.

31.3.1 Some Exact Statements About the
Moore-Read Wavefunction

For simplicity, let us consider the m = 1 case = 1 for bosons, which
is the easiest to think about analytically. The wavefunction does not
vanish when two particles come to the same point, since the zero of
the (zz z2) can be canceled by the pole of the Pfa an. However, it
is easy to see that the wavefunction must vanish (quadratically) wten
three particles come to the same point (three factors from ¢ z)? but
then one factor in the denominator of the Pfa an).

Note that, even were we to not have an explicit expression for the
Moore-Read wavefunction we would still be able to use the operator
product expansion to demonstrate that the wavefunction (form = 1)
must vanish quadratically when three particles come to the same poirt3.

Analogous to the case of the Laughlin wavefunction, it turns out that
the Moore-Read wavefunction (form = 1) is the exact (highest density)
zero energy ground state of ahree-bodydelta function interacton

X
V=V (riry) (ri

i<j<k

ry)

Similarly one can construct a potential for fermions such that the
= 1=2 Moore-Read state (n = 2) is the highest density zero energy
state. This is quite analogous to what we did for the Laughlin state:
X
V=Vo  [r? (i 1)l (r

i<j<k

rg)

Non-Exact Statements

Although the Coulomb interaction looks nothing like the three body
interaction for which the Moore-Read Pfa an is exact, it turns out that

= 1=2 Moore-Read Pfaan m = 2 is an extremely good trial state'*
for electrons at = 5=2 interacting with the usual Coulomb interaction.
This is very suggestive that the = 5=2 is topologically equivalent to
the Moore-Read Pfa an wavefunction (i.e., they are in the same phase
of matter) 1 Further, the most natural interaction for bosons, the simple
two-body delta function interaction has a ground state at = 1 which
is extremely close to the Moore-Readn = 2 Pfa an.
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31.4 Quasiholes of the Moore-Read state

We now try to construct quasiholes for the Moore-Read Pfa an wave-
function. As we did in Eqg. 31.4, we want to write

gh(W) = h gn(W) e(z1) e(z2)::: e(zn )Q'

but we need to gure out what the proper quasihole operator ¢ is.

Laughlin Quasihole

One obvious thing to try would be to write a simple vertex operator
gh(W) = V (W)

Looking at the OPE we have (***include elds on the right? ***)

L P
(W) e(2) (W 2) (2)

In order to have the corlgelator be single valued inz (i.e., no branch cuts)
we must choose = p= m for some integerp (the smallest quasihole of
this type corresponding top = 1 then). This generates the wavefunction

(W) = h gh(w) e(zé) e(z2) 111 o(zn)Qi (31.11)
W

(z w)
i=1

(m)

Moore Read

which is just a regular Laughlin quasihole factor. By the same argu-
ments, the charge of this quasihole i® = e .

Minimal quasihole

However, the Laughlin quasihole is not the minimal quasihole that can
be made. Let us try using an operator from the Ising theory as pair of
the quasihole operator. Suppose

ah(W) = (W)V (w)

We then have the operator product expansion

(W) (@) [ (W) @ VWWx@E2) W 2) (w2 "

In order for the wavefunction not to have any branch cutsgor the physical
electron z coordinates, we must choose = (p+1=2)= m forp 0,
with the minimal quasihole corresponding top = 0. Thus we have the
minimal quasihole operator of the form

(W)= WV (W)
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16| ike the Sith, they come in pairs.

Note that when we consider correlators, by the general rule (4) rbm
section 31.2, the operators must fuse to the identity in order to gie a
nonzero result. Thus, we must always have an even number of elds 6.
We thus consider the wavefunction of the form

ah(W;WO) = h gr(W) gn(W) (1) e(z2):11 e(zn)Qi (31.12)

L2 02y g 2 W
= (w w9am g (Wit+iwi®)=4 w  z)P?2w° z)¥? (31.13)
i=1
Y Yo
h W) W) (z1) ()i ()i (@ z)" e 2D
i< i=1

Several comments are in order here. First of all, from the rst line
of Eg. 31.13 it looks like there are branch cuts with respect to thez
coordinates. However, these fractional powers are precisely seeled by
branch cuts in the correlator on the second line. Secondly the chae of
the quasihole is determined entirely by the power of the £ w) factor,
since it tells us how much the electrons are pushed away from the hale
(The correlator does not give an extensive number of zeros, similap the
Pfa an of Eq. 31.10). If the exponent of (z w) were one, this would
be a regular Laughlin quasihole with chargee , thus here we have a
guasihole charge of

e =e=2

l.e., the Laughlin quasihole has fractionalized into wp pieces! This
charge is re ected in the e ective magnetic length™ = ~=e B.

Note that this wavefunction is still an exact zero energy state of he
special interaction discussed above for which the Moore-Read wafunc-
tion is the exact highest density zero energy state (the wavefurton here
is higher degree and thus less dense, as we would expect given thag¢ w
have added quasiholes). We can demonstrate the current waveffigtion
is still zero energy by bringing together three electrons to the sara point
and examining how the wavefunction vanishes. Since this can be fully
determined by the operator product expansion, it does not matte if we
add quasiholes to the wavefunction, the vanishing property of thewave-
function remains the same, and thus this is an exact zero energy ate
of the special interaction.

A Crucial Assumption

The wavefunction here is single valued in all electron coorrdinates @&
it should be) and is holomorphic in all coordinates (allz's and w's) ex-
cept for the gaussian exponential factors. In this holomorphic gage, as
discussed above, we can read o the fractional statistics of the gasipar-
ticles given the assumption that the wavefunction is properly noralized
This is a crucial assumption and it is not a simple result of CFT, but
always requires an assumption about some sort of plasma being in a
screening phase | and often the mapping to a plasma is highly non-
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trivial 1. Nonetheless, from extensive numerical work, it appears that 17see work by Bonderson et al ***.
physics is kind to us and that these wavefunctions do indeed come ou
to be properly normalized!

Fusion and Braiding of Two Quasiholes in Identity Channel
(even number of electrons)

Let us assume that the number of electrons is even. In this case ¢h
two 's of the quasiholes fuse to the identity as in Eq. 31.8. As the

two quasiholes approach each other we then havé (** insert also h-h-h  8strictly speaking on the right hand
derivation of R? **) side we should also write the identity
operator | for the Ising theory and

11 V,-P = for the boson sector.
(W) (W) (W wOhm @ =

where the ﬁ is written expliclty in the rst line of Eg. 31.13 and the

% is from the operator product expansion Eq. 31.8. Invoking now the
crucial assumption that the wavefunctions are normalized, since hiey
are obviously holomorphic, we simply read o the statistical phase (the
monodromy) we get for wrapping one quasihole around another!

One might object that the operator product expansion only tells us
the behavior of the correlator asw and w® come close to each other.
However, we are guaranteed that there are no other branch cstin the
system | the only branch cut in the wavefunction for w is when it
approachesw® Thus, no matter how far w is from w° when w circles
w? it must always accumulate the same monodromy! In the notation
we de ned in earlier chapters we have ***(move | downstairs here b t
with our conventions?, change notation "I" to 2gh-1?)***

[Ryp gnl? = €' Gam )
Recall that if a b! cwe should have RS J? = €' (he ha o) Here,
the total scaling dimension of the quasihole ishgh = 1=16 + 1=(8m)
with the second piece from the bose vertex operato¥;_,P . The fusion
product \ I " = V,_P & has quantum dimensionh,,- = 1=2m.

Fusion and Braiding of Two Quasiholes in Channel (odd

number of electrons) 19
Strictly speaking on the right hand

Let us now assume that the number of electrons is odd. In this casthe Sidfe Wi Sfl‘o_u'd 5;1'50 Wr“edthev O%emt?f
two s of the quasiholes fuse to as in Eq. 31.9. As the two quasiholes 0 T 'S9 theory and. ¥a-Fay for
approach each other we then hav¥

3
ts

(W) (WS (W wOam

where the ﬁ is written expliclty in the rst line of Eg. 31.13 and the
g is from the operator product expansion Eqg. 31.9. Again we just red
o the monodromy from this OPE. Thus, one obtains a di erent phas e

depending on the fusion channel of the two quasiholes. In the notan
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2O fact due to conformal invariance,
knowing the correlator for any xed
three points and one point z free, we
can determine the correlator for any
other four points, but this is beyond the
scope of the current discussion!

we de ned in earlier chapters we have

Ry ol = 10D

31.5 Multiple Fusion Channels and Conformal
Blocks

We will next address the issue of what happens when we have more
than two quasiholes. It is clear what will happen here, we will obtain
a correlator (like that in Eq. 31.13) but now it will have more  elds.
We will thus have to gure out how to make sense of correlators with
many (nonabelian) elds. As an example to show how this works, let
us get rid of the  elds for a moment and consider a correlator

G(w1; Wo;Wa;Wyg) = h (wr) (W2) (W) (Wa)i (31.14)

Let us imagine that we will bring w; close tow, and ws close tow,.
Now in order for the correlator to give a nonzero value, the four dds
have to fuse to unity (rule (4) from section 31.2). There are two di erent
ways in which this can happen

(W) (w2) !
(w3) (wg) ! |

OR we could have

(w1) (w) !
(w3) (wag) !

and the two  elds could then fuse to the identity.

So which one is right? In fact both happen at the same time! To
understand this we should think back to what we know about a 2d
systems with nonabelian quasiparticles in them | they are described
by a vector space. In order to know which particular wavefunctionwe
have in a vector space we need some sort of initial condition or space
time history. Nowhere in the correlator have we specied any space
time history, so we should be getting a vector space rather than aisgle
wavefunction. The multiple wavefunctions in the vector space arisérom
choosing di erent roots of the branch cuts of the holomorphic furctions.
To see a detailed example of this let us write out the explict form of
the correlator in Eq. 31.14. We note that the calculation that leads to
this requires some substantial knowledge of conformal eld theoy and
will not be presented here. However many of these sorts of resglthave
simply been tabulated in books and can be looked up when necessary.
For simplicity we take the four coordinates of the z variables to be at
convenient points so that the correlator looks as simple as possiti.
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Jm b (0) (2) 1) Wi=aG:(2)+a G (2) (31.15)
where q
G =(wz(1 2) ¥®* 1 "1 z (31.16)

are known asconformal blocks and herea. anda arearbitrary com-
plex coe cients (usually with some normalization condition implied).
l.e, the correlator itself represents not a function, but a vector space
(with basis vectors being conformal blocks) with arbitrary coe cie nts
yet to be determined by the history of the system!

Let us analyze some limits to see which fusion channels we have here.
Taking the limit of z! 0 we nd that

lm G z 1=8 (0 @' 1)
lm G AR (0 (@! )

Thus (comparing to Egs. 31.8 and 31.9) we see thaG. has (0) and

(z) fusing to | whereasG has them fusing to . Since the four 's
must fuse to the identity, this tells us also the fusion channel for (1)
and (w).

The most general wavefunction is some linear combinationg, and
a ) of the two possible fusion channels. This is what we expect, the
state of a system can be any superposition within this degeneratepace.

Now consider what happens as we adiabatically take the coordinate
z in a circle around the coordinate 1. Looking at Eq. 31.16 we see that
we accumulate a phase oé 2= 8 from thefactor of (1 z) 78 outside
the square-root. In addition, however, the” 1  z inside the square root
comes back to minus itself wherz wraps around 1, thus turning G, to
G and vice versa! The e ect of monodromy (takingz around 1) is then

ay | e2i:8 0 1 a+
a ' 10 a

(This result should be somewhat familiar from the homework exercise
on Ising anyons!)

We thus see that in this language, the multiple fusion channels are
just di erent choices of which Riemann sheet we are considering, ath
the fact that braiding (monodromy) changes the fusion channel issimply
the fact that moving coordinates around on a Riemann surface, yo can
move from one Riemann sheet to another!

So long as we carassumethat the conformal blocks are orthonormal
(see comment above on \crucial assumption” about normalization &

413

wavefunctions. Orthonormality, is now adding a further assumption?')  ?'As with the discussion above, this
then we can continue to read o the result of physically braiding the assumption appears to be true, but

particles around each other by simply looking at the branch cuts in the

\proofs" of it always boil down to some
statement about some exotic plasma

wavefunction. being in a screening phase, which is
hard to prove. ** myabe move bon-

derson ref here?
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F-matrix

We have seen how to describe the fusion of (0) and (z). What if
now we instead takez close to 1 such that we can perform an operator
product expansion of (z) (1). Taking this limit of Eq 31.16 it naively
looks like both

lim G, @ z) 8
z! 1
lim G @ z) 8
z! 1

But examining this a bit more closely we realize we can construct the
linear combinations

G, = pl—i(e++e)
G = 191—5(6+ G)

where here we have inserted the prefactor of=f 2 such that the new
basisG is orthonormal given that the old basisG was. With this new
basis we now have the limits

lim G, P z) -8
z! 1

19—
lim G Q@ 2 1+ 1 z 1 1 z
z!

a1 2 ¥8a 2¥2 @ 2)%®

Thus we see that in this twiddle basis G ) we have in this limit that
G. is the fusion of (z) and (1) to identity and G is the fusion to

The transformation between the two basesG and G is precisely
the F-matrix transformation.

G+_111 G+
c P35 1 1 @

which should look familiar to anyone who did the homework! (We
also got the same result from writing the ising theory in terms of ca-
bled Kau man strings). Diagrammatically this transform is shown in
Fig. 31.1



31.6 More Comments on Moore-Read State with Many Quasiholes 415

Fig. 31.1 The F-matrix transforms between the two fusion channels depicte d here.

31.6 More Comments on Moore-Read State
with Many Quasiholes

Although we have presented this discussion about multiple fusion cha-
nels and braiding in terms of operators, the situation is extremely
similar once we use quasihole operators (z)V (z)) and we put them
in a wavefunction as in Eq. 31.13 but possibly with more quasihole op-
erators. As we might expect just from looking at the fusion rules, he
number of fusion channels (the number of Riemann sheets!) isM?? !
where M is the number of quasiholes, and the -1 arises because the
overall fusion channel must be the identity. Further, the F-matrices and
braiding properties all follow very much in a similar manner. The only
slightly problematic piece is that we must continue to assume that the
conformal blocks form an orthonormal basis | which is hard to prov e,
but appears to be true.

31.7 Generalizing to Other CFTs

The principles we used for buidling a quantum Hall state from the Ising
CFT can be generalized to build quantum Hall states from other CFTs
as well. The general principles are as follows:

(1) Construct an electron eld which gives a ground state which is
single valued in the electron coordinates. This is done bystarting with
an abelian eld from the CFT (one that does not have multiple fusion
channels) and combining it with a chiral bose vertex operator. The lling
fraction is determined entirely by the charge on the vertex operaor.

(2) Identify all of the possible quasiholes by looking at all the elds in
the CFT and fusing them with a chiral bose vertex operator and enbrc-
ing the condition that the electron coordinates must not have brarch
cuts. The charge of the quasihole is determined by the charge on ¢h
vertex operator (and the charge on the electron vertex operatr).

(3) Some of the braiding properties can be determined immediately
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22Note that the scaling dimensions h
also work out modulo 1. The eld has
h =2=5If you add thisto h =2=3 for
the eld you get h =2=5+2=3 =
1+1=15.

from the operator product expansion while others require more dmiled
information about the form of the CFT.

31.7.1 Z; Parafermions (briey)

As an example, let us consider theZ; Parafermion CFT. Its primary
elds and fusion rules are given by

L Lh P [ e 2] o | 2 | [
1 || 2=3 1 2
2 || 2=3 2 || | 1
1 || 1=15 1 2 2t 1
2 1=15 2 | + 1+ 2
2/5 2 1 1+ 2| 2+ 1|1+

These fusion rules might look very complicated, but in fact they can
be thought of as an abelianZs theory (with elds I; 1; 2= ;) fused
with a Fibonacci theory (with elds | and ). We then have

1 - 2
2 = 1
and using the Fibonacci fusions =1+ andtheZsfusions ; ;=

(i+j)mod3 With o being the identity, we recover the full fusion table??.
Let us propose an electron eld

e(2)= 1(2)W mrz(2)

wherem is a nonnegative integer (even for bosons, odd for fermions). It
is easy to check from the OPE that

e(2) eW) (z W 22V, 2 (2)
The resulting wavefunction is then
= he(z1) e(z2)::1 e(zn) Qi

which is known as the Read-RezayiZ3; parafermion wavefunction.
The lling fraction of the wavefunction is determined by the vertex
operator and is given by

1
2
m+ 2

For the m = 0 case thisis = 3=2 bosons, while for them =1 case this
is = 3=5 fermions.

For the case ofm = 0 it is easy to check that the wavefunction does
not vanish when two particles come to the same point, nor does it vaish
when three particles come to the same point, but it does vanish when
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four particles come to the same point. Thus the wavefunction is an xact
(densest) zero energy ground state of our particle delta function.

While there are 4-particle interactions for these systems for which
wavefunctions are the exact ground state, it turns out that there are
physically relevant cases where the Read-Rezayi; parafermion wave-
function is an extremely good trial wavefunction. For bosons inteacting
with a simple two body -function potential potential at lling fraction

= 3=2,the Z3 parafermion wavefunction is extremely good. For elec-
trons interacting with simple coulomb interaction (in realistic quantum
well samples), it turns out that the wavefunction is extremely good for

= 2+2 =5, which we need to particle-hole conjugate in the partly lled
Landau level to get a = 3=5 wavefunction. (** add cites **)

To construct a quasihole we can try building a quasihole from any of
the primary eld operators. It turns out the one with the lowest ch arge
is constructed from 4

a(2)= 1(2)V (2)
Using the OPE we have
1w) 1(2) (2 w) ()

We thus choose D
= g—
3 m+ 3

with the smallest charge quasihole then beingy = 1. With this choice,
for a quasihole at positionw we generate a factor of

Y
(z w3

meaning the charge of the quasihole is

e = e=3

417
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Exercises

Exercise 31.1 Bose Vertex Operators
In lecture we needed the following identity

Y
W, (z1)V ,(z2) 2V  (zn)i = (z z)'! (31.17)
i<j
where X
i=0 (31.18)
i
where the vertex operators are de ned by
V(z)= € @ (31.19)

with  a chiral bose eld and colons meaning normal ordering.
(a) To get to this result, let us rst show that for a bose opera tor a, such
that [a;a’] = 1, we have

e?e?’ =e?’e? e (31.20)
(b) Thus derive
P .
BVa,Va, :::Va, i = e ® MiAl (31.21)
where

Ai = ua +via (31.22)

and ,
Va, = i = it ghi® (31.23)

with the colons meaning normal ordering (all daggers moved to the left).
(c) Show that Eq. 31.21 remains true for any operators A; that are sums of
di erent bose modes ay, i.e., if

X
A = [ui (K)a) + vi(k)ax] (31.24)
k
SetAi =i i (z)suchthat Va, = V (z). If is a free massless chiral bose
eld which can be written as the sum of fourier modes of bose operators such
that
h(z) (wi= In(z w) (31.25)

conclude that Eq. 31.17 holds.

Note: This result is not quite correct, as it fails to nd the ¢ onstraint
Eq. 31.18 properly. The reason it fails is a subtlety which in volves how one
separates a bose eld into two chiral components. (More detailed calculations
that get this part right are given in the Big Yellow CFT book (P . Di Francesco,
P. Mathieu, and D. Senechal) and in a di erent language in A. T svelik's book.)

There is, however, a quick way to see that the constraint must be true.
Note that the lagrangian of a massless chiral bose eld is

L= ;@ (@+ V@) (31.26)
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which clearly must be invariant under the global transforma tion ! + b

(d)Show that the correlator Eq. 31.17 (with Eq. 31.19) canno t be invariant
under this transformation unless Eq. 31.18 is satis ed, or u nless the value of
the correlator is zero.

Exercise 31.2 Z, Quantum Hall State

In this problem we intend to construct a quantum hall state fr om the the
Z,4 parafermion conformal eld theory (Details of the CFT can be found in A.
B. Zamolodchikov and V. A. Fateev, Soviet Physics JETP 62, 21 6 (1985), but
we will not need too many of the details here).

The wavefunction we construct is known as the Z, Read-Rezayi wavefunc-
tion (N. Read and E. Rezayi, Phys. Rev. B 59, 8084 (1999) ).

The Z,4 parafermion conformal eld theory has 10 elds with corresp onding
conformal weights (scaling dimension)

eld 1 1 2 3 + +
H 3 3 1 1 1 1 9 9
weight h 0 7 1 I i i 3| 13 6 6

and the fusion table is given by

1 1 1 2 3 + +
1 1 2 3 1 + +
2 2 3 1 1 + +
3 3 1 1 2 + +
N N N 1+ 1+ L+ . ¥ 3+ s +
+ + 1+ 3+ + + + + 2+ 1+
R + 1+ .+ 1+ 3+ R +
+ R 1+ 3+ 1+ ,+ + .+ .
. . . 3+ o+ L+ . + 1+ 1+
+ + 2+ 1t + + 4 1+ 3t

If I have not made any mistake in typing this table, the fusion rules should
be associative

(a b (31.27)

Note of interest: These fusion rules may look mysterious, but in fact they
are very closely related to the fusion rules of SU(2) appropriately truncated
(i.e., this is the SU(2)4 WZW model). We can write each eld as a young
tableau with no more than 2 (for SU(2)) columns and no morethan4 1=3

c=a (b o

rows
eld 1 1 2 3 + +
tableau empty | [T BE‘ @ [l E E:‘ H Bj EE‘

The fusion rules are just a slight modi cation of the usual young tableau
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manipulations for SU(2) where columns are removed if they have 4 boxes.
(See the big yellow book for details).

Using the techniques discussed in lecture:

(a) Use the operator product expansion (dimension counting) to nd the
singularity as two 1 elds come close together. l.e, nd the exponent in

the relation
lim 12 120 (° 2) 22) (31.28)

(b) Construct all possible \electron" elds by making a prod uct of the 1
eld and a chiral bose vertex operator of the form

e(z2)= 1(2)¢ @ (31.29)

that give a single-valued and nonsingular wavefunction for the electron. (See
Eq. 31.17, but ignore the sum condition Eq. 31.18) l.e.,, nd a Il acceptable
values of . Consider both the case where the \electron" is a boson or a
fermion. What lling fractions do these correspond to? (The re are multi-
ple allowable solutions for both bosons and fermions). Condder among the
bosonic solution, the one solution of the highest density. The ground state
wavefunction in this case is the highest density zero energy state of a 5-point
delta function interaction. Show that the wavefunction doe s not vanish when
4 particles come to the same point, but does indeed vanish as Sparticles come
to the same point.

(c) Given a choice of the electron eld, construct all possib le quasihole
operators from all elds ' in the above table

(W) =" (w)e ™ (31.30)

For each case, x the values of by insisting that the wavefunction remain
single-valued in the electron coordinates. Determine the quasihole with the
lowest possible (nonzero) electric charge. What is this charge?

(d) Two such quasiholes can fuse together in two possible fuson channels.
What is the monodromy in each of these channels. l.e, what phase is accumu-
lated when the two quasiholes are transported around each other (assuming
the Berry matrix is zero { which is a statement about wavefunc tions being
properly orthonormal { which we usually assume is true).

(e) Draw a Bratteli diagram (a tree) describing the possible fusion channels
for many of these elementary particles. Label the number of paths in the
diagram for up to 10 quasiholes. If there are 8 quasiparticles and the number
of electrons is divisible by 4, what is the degeneracy of the gound state? If
there are 4 quasiparticles and the number of electrons is 4n + 2 what is the
degeneracy of the ground state?

(f) Construct a 5 by 5 transfer matrix and show how to calculat e the ground
state degeneracy in the presence of any number of quasiholes Finding the
largest eigenvalue of this matrix allows you to calculate th e \quantum dimen-
sion" d which is the scaling

Degeneracy d[Number of Quasiholeg (31.31)
in the limit of large number of quasiholes. While diagonaliz ing a 5 by 5 matrix

seems horrid, this one can be solved in several easy ways (Idofor a trick or
a nice factorization of the characteristic polynomial).



(g) Consider instead constructing a wavefunction from the , eld
()= 2(2)e @ (31.32)

What lling fraction does this correspond to (for bosons or f ermions). In the
highest density case, what are the properties of this wavefunction (how does
it vanish as how many many electrons come to the same point).
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Medium Material

Working out the details of a TQFT is an often tedious task and except
in the simplest cases, one does not want to go through the pain of ding
this. At the end of this chapter we list a number of resources for nding
details of many TQFTSs.

Perhaps the most useful single resource | have found for obtaing
data about TQFTs is a computer program called Kac written by A.
N. Schellekens. The complicated part of the algorithm is described by
Fuchs et al. [1996]. More details are given on the project webpage.

The progam can be downloaded from the webpage

https://www.nikhef.nl/~t58/Site/Kac.html

While the program has many capabilities (and | encourage you to
RTFM 1), it is probably useful to give here an annotated example of how !Read the Frikkin Manual
it works. Note that the program uses Dynkin diagram (Cartan) notation
for describing Lie algebras. The correspondence is given by

A, = su(r+1)

B, = so2r+1)

C. = spr)

D, = so(2r) (32.2)

One can also use theE6; E7; E8; F4 and G2 Lie algebras.
Here we present some annotated sessions with Kac.

MYLINUXB®Kac

Kac (on MYLINUXBOX), version 8.05468, compiled on Sep 1 2016 at 16:27:29
Started Sun 30 Aug 05:19:53 BST 2020

Non-interactive mode; Assuming default answer: OK

> tensor

The tensor command tells the program that we might be tensoring
together multiple theories.

>gal?2

This inputs the group (g for group) with the Cartan notation a 1, or
A; which is su(2) as given by the correspondence Eg. 32.1 above, and
the 2 indicates level 2. So we are asking it to compute information about
SU(2)s.
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> display
CFT {Al:2}; 3 primaries (2 simple currents)
Lbl Comb. Weights Wts. F.I. F.m.

0 {0}  0.0000000 O - 1
1 {1}  0.5000000 1/2 - 1
2 {2} 01875000 3/16 - 1

The elds are numbered 0,1,2, and we see their corresponding weight
h = 0;1=2;3=16. The simple currents are always listed rst. Recall that
twist factors are given by = €™ . Note also that the weights are only
correct modulo one. We can then ask for quantities like the fusion ries,
or the S-matrix, the Frobenius-Schur indicator, or the central charge

> fusion

©0) x (0) = (0)

0 x (1) = (1)

0 x (2=

1) x (@) = (0)

W x @ = @
@x@= 0 +(@

> S
S(0,0) = 0.50000000
S(0,1) = 0.50000000
S(0,2) = 0.70710678
S(1,1) = 0.50000000
S(1,2) = -0.70710678
S(2,2) = 0.00000000

> Get Schur 2
-1

> Browse Central
Central charge 1.500000000000000

If we had wanted to look at the opposite chirality theory, we useh
rather than g. To wipe the memory of the program and return to tensor
mode we usereset tensor . So for example, we have
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> reset tensor

>hal?2

> display

CFT {A1:2}; 3 primaries (2 simple currents)

Lbl Comb. Weights Wits. F.l F.m.
0 {0} 0.0000000 (mod 1) O - 1
1 {1} 0.5000000 (mod 1) 1/2 (mod 1) - 1
2 {2} 0.8125000 (mod 1) 13/16 (mod 1) - 1

Note that the weight of the 2 eld is 13=16 = 3=16 mod 1 so this is
the opposite chirality version of SU(2), which we write as SU(2)5.

The program can also handleU(1) Chern-Simons theory, and accepts
a parameter for so-called \radius" of the boson (which substitutes for
the level of the Chern-Simons theory). Since there is some disaggment
in the literature as to how you label the level of aU(1) Chern-Simons
theory, and as to how you label the radius, it is worth stating expliclty
that in the convention used by this program, the theory with radius R
has R dierent elds. In the convention we use in section 20.4.2 we
have U(1)n=» corresponding to radiusN for N even. We produce these
theories using the codeg u followed by the radius as follows.

> reset tensor

>gui4

> display

CFT {U4:0}; 4 primaries (4 simple currents)
Lbl Comb. Weights Wts. F.I. F.m.

0 {0}  0.0000000 O - 1
1 {1}  0.1250000 1/8 - 1
2 {2} 0.5000000 1/2 - 1
3 {3} 0.1250000 1/8 - 1

The program can handle condensation, as well as splitting. Let us
consider the example used in section 23.4 8U(2)4. We rst produce
the SU(2)4 theory

> reset tensor

>gali4

> display

CFT {Al:4};, 5 primaries (2 simple currents)
Lbl Comb. Weights Wts. F.I. F.m.

0 {0}  0.0000000 O - 1
1 {1}  1.0000000 1 - 1
2 {2} 0.1250000 1/8 - 1
3 {3} 0.6250000 5/8 - 1
4 {4} 03333333 1/3 - 1

Note that one of the simple currents is a boson (integer weight). To
condense it we issue the commandurrent and the name of the eld
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we want to condense.

> current 1

> display

CFT {Al:4}; 3 primaries

Lbl Comb. Weights Wts. F.I. F.m.
0 {0} 0.0000000 O - 1
1 {4} 0.3333333 1/3 O 1
2 {4} 0.3333333 1/3 1 1

> fusion

0) x (0) = (0)
O x@= @
0 x@=
Wx@®= @
1 x@ = (0
@ x@= (@

Which correctly splits the 4-particle as we discussed in section 23.4.
To generate product theories, we just input several theories in aow.
For example, to look at a product theory, SU(2), SU(2); SU(2):

we write
> reset tensor
>gal?2
>hall
>hall
> display
CFT {A1l:2_Al:1_Al1:1}; 12 primaries (8 simple currents)
Lbl Comb. Weights Wits. F.l F.m.
0 {0,0,0} 0.0000000 (mod 1) O - 1
1 {0,0,1} 0.7500000 (mod 1) 3/4 (mod 1) - 1
2 {0,1,0} 0.7500000 (mod 1) 3/4 (mod 1) - 1
3 {0,1,1} 0.5000000 (mod 1) 1/2 (mod 1) - 1
4 {1,0,0} 0.5000000 (mod 1) 1/2 (mod 1) - 1
5 {1,0,1} 0.2500000 (mod 1) 1/4 (mod 1) - 1
6 {1,1,0} 0.2500000 (mod 1) 1/4 (mod 1) - 1
7 {1,1,1} 0.0000000 (mod 1) O (mod 1) - 1
8 {2,0,0} 0.1875000 (mod 1) 3/16 (mod 1) - 1
9 {2,0,1} 0.9375000 (mod 1) 15/16 (mod 1) - 1
10 {2,1,0} 0.9375000 (mod 1) 15/16 (mod 1) - 1
11 {2,1,1} 0.6875000 (mod 1) 11/16 (mod 1) - 1

SinceSU(2), has 3 elds, and eachSU(2); has 2 elds, the product
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of these three theories has 12 elds. The second column of the ocomit
shows how each eld is constructed from the constituent factors For
example, the output eld labeled 9 in the far left column comes from
the 2 eld of SU(2), the O eld from the rst SU(2); and the 1 eld
from the secondSU(2);.

Let us now construct the cosetSU(2),=(SU(2);1 SU(2)1): Recall
from section 23.6 that one can construct this coset by starting wih
SU((2), SU(2)1 SU(2); and condensing all possible simple current
bosons. Notice in the above output that there are 8 simple currerd, and
the one labeled7 or f1,1,1 gis a boson. We thus issue the command

>current 1 11

> display

CFT {Al:2_A1:1_Al:1}; 3 primaries (2 simple currents)

Lbl Comb. Weights Wits. F.l. F.m.
0 {0,0,0} 0.0000000 (mod 1) O - 1
1 {0,1,1} 0.5000000 (mod 1) 1/2 (mod 1) - 1
2 {2,0,1} 0.9375000 (mod 1) 15/16 (mod 1) - 1

Giving us the result that this coset is actually Ising.

Further Reading

Note that many of the following references give only the so-called \rodu-

lar data" for TQFTs | meaning the S-matrices (which imply the fusion

rules via the Verlinde formula, Eq. 17.12) and the twist factors 5. How-

ever, it has recently been established that there can be cases wigemore

than one modular TQFT can share the same modular data (Mignard

and Schauenburg [2017). However the simplest such case known where ?See also Bonderson et al. [2019] and
the modular data does not uniquely de ne the TQFT has 49 dierent Delaney and Tran [2018] for discussion
particle types and for all simple TQFTs the modular data is, at least in fg V%gfeaﬁit?gﬂfﬁﬁqﬂfm be added
principle, full information.

" A useful reference on conformal eld theory, including WZW the-
ories (which give you the content of the corresponding Chern-
Simons theory) is given by Di Francesco et al. [1997].

Many details of the simplest few modular tensor categories on the
periodic table are given by Rowell et al. [2009]; A correspond-
ing discussion for fermionic models is given by Bruillard et al.
[2017, 2020].

Some nice data for some simple categories is given by Bonderson
[2007]. This includes, for example, theF -matrices for SU(2)x and

a number of other simple theories.

F -matrices for many more complicated theories are given by Ar-
donne and Slingerland [2010].

An online database of vertex algebras and modular categories is
given at

https://www.math.ksu.edu/~gerald/voas/






Some Mathematical Basics

Many undergraduates (and even many graduates) do not get anproper
education in advanced mathematics. As such | am including a very shi

exposition of most of what you need to know in order to read this bo&.

For much of the book, you won't even need to know this much! If you
have even a little background in mathematics you will probably know
most of this already.

33.1 Manifolds

We sometimes write R to denote the real line, i.e., it is a space where
a point is indexed by a real numberx. We can write R" to denote n-
dimensional (real) space | a space where a point is indexed byn-real

space.

De nition 33.1 A Manifold is a space that locally looks like a Eu-
clidean space.

If a manifold is bounded, contains all its limit points, and has no
boundary we call it closed.

33.1.1 Some Simple Examples: Euclidean Spaces
and Spheres

" R" is obviously a manifold (it is not bounded, so therefore not
closed).

The circle S?, also known as a 1-sphere (hence the notation, the
index 1 meaning it is a 1-dimensional object) is de ned as as all
points in a plane equidistant from a central point. Locally this
looks like a line since position is indexed by a single variable (the
\curvature" of the circle is not important locally). Globally, one
discovers that the circle is not the same as a real line, as position
is periodic (if you walk far enough in one direction you come back
to where you start). We sometimes de ne a circle as a real number
from 0 to 2 which speci es the angle around the circle.

The 2-sphereS? is what we usually call (the surface of) a sphere
in our regular life. We can de ne this similarly as all points in R3
equidistant from a central point.

One can generally de ne then-sphere, S", as points equidistant
from a central point in R"*!.

Medium Material
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Fig. 33.1 This object is topologically
a circle, St.

Fig. 33.2 A Mabius strip is a nonori-
entable manifold (with boundary). If
we move the coordinate axes around
the strip, when they come back to the
same position, the normal vector will
be pointing downwards instead of up-
wards.

Fig. 33.3 A two handled torus is
an orientable two-dimensional manifold

without boundary. Because it has two

holes we say it has genus two. Two di-
mensional manifolds without boundary

are classi ed by their genus.

Often when we discuss a manifold, we will be interested in its topolog-
ical properties only. In other words, we will not care if a circle is dened
as shown in Fig. 33.1, it is still topologically S*. Mathematicians say
that two objects that can be smoothly deformed into each other ae
homeomorphig although we will not use this language often.

It is sometimes convenient to view the circleS! as being just the real
line R! with a single point added \at in nity" | think about joining
up+1 with 1 to make a circle. We can do the same thing with the
sphereS? and R? | this is like taking a big at sheet and pulling the
boundary together to a point to make it into a bag and closing up the
top (which gives a sphereS?). Obviously the idea generalizes:S® is the
same asR?® \compacti ed" with a point at in nity, and so forth.

Orientability

We say a manifold is orientable if we can consistently de ne a vector np
mal to the manifold at all points. Another way of de ning orientability
(that does not rely on embedding the manifold in a higher dimension)
is that we should be able to consistently de ne an orientation of the
coordinate axes at all points on the manifold. Throughout this bookwe
will almost always assume that all manifolds are orientable.

An example of a nonorientable manifold is the Mabius strip shown
in Fig. 33.2. If we smoothy move the coordinate axes around the sip,
when we come back to the same point, the upward pointing normal will
have transformed into a downward facing normal.

There is a very simple classi cation of orientable closed (bounded and
without boundary) two dimensional manifolds by the number of "holes”
which is known as its \genus". A sphere has no holes, a torus has one
hole, a two handled torus has two holes, and so forth. See Fig. 33.3.

33.1.2 Unions of Manifolds M ;[M »

We can take a \disjoint" union of manifolds, using the notation [ . For

example, S [ St is two circles (not connected in any way). If we think
of this as being a single manifold, it is a manifold made of two disjoint
pieces (or adisconnected manifold. Locally it still looks like a Euclidean

space.

33.1.3 Products of Manifolds: Mz=M{ M >

One can take the product of two manifolds, or \cross" them togeter,
using the notation . We write M 3= M ; M ,. This means that a
point in M 3 is given by one point in M 1 and one point in M ,. This
multiplication is often called the direct or Cartesian product.

" R? = R! R Here, a point in R! is specied by a single real
number. Crossing two of these together, a point inR? is speci ed
by two real numbers (one in the rst R' and one in the second
RY).



" T2 =38! Sl The 2-torus T2, or surface of a doughnut is the
product of two circles. To see this note that a point on a torus is
speci ed by two angles, and the torus is periodic in both directions.
Similarly we can build higher dimensional tori (tori is the plural
of torus) by crossing S''s together any number of times.

33.1.4 Manifolds with Boundary:

One can also have manifolds with boundary. A boundary of a manifold
locally looks like an n-dimensional half-Euclidean space. The interior
of a manifold with boundary looks like a Euclidean space, and near
the boundary it looks like a half-space, or space with boundary . For
example, a half-plane is a 2-manifold with boundary. An example is
useful:

The n-dimensional ball, denotedB" is de ned as the set of points
in n dimensional space such that the distance to a central point
is less than or equal to some xed radiusr. Note: Often the
ball is called a disk and is denoted byD" (so D" = B"). The
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lAlternatively spelled \donut" if you
are from the states and you like co ee.

nomenclature makes good sense in two dimensions, where what

we usually call a disc isD?. The one-dimensional ball is just an

interval (one-dimensional segment) which is sometimes denoted

| =D!=B

Note that a boundary of a manifold may have disconnected parts. Br
example, the boundary of an interval (segment) in 1-dimensionl = B!
is two disconnected points at its two ends.

One can take cartesian products of manifolds with boundaries tooFor
example, consider the interval (or 1-ball)| = B* which we can think of
as all the points on a line with jxj 1. The cartesian productl | is
described by two coordinates k;y) wherejxj 1 andjyj 1. Thisis
a square including its interior. However, in topology we are only ever
concerned with topological properties, and a square-with-interio can
be continuously deformed into a circle-with-interior, or a 2-ball (2-disc),
B2.

" The same reasoning gives us the general topological IaB" B™ =
Bn+tm,

The cylinder (hollow tube) is expressed asS' | (two coordinates,
one periodic, one bounded on both sides).

" The solid donut is expressed adD? S (= B2 S?), a 2-disc
crossed with a circle.

33.1.5 Boundaries of Manifolds: M ;= @ ».

The notation for boundary is @ so if M ; is the boundary of M , we
write M 1 = @ ;. The boundary @Mhas dimension one less than that
of M .

2In the notation of Section 33.1.5 be-
low, @I = pt [ pt where pt means a
point and here [ means the union of
the two objects as described above in
33.1.2.
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" The boundary of D?, the 2-dimensional disc is the one dimensional
circle S.

" More generally, the boundary ofB" (also written as D") is S" 1.

It is an interesting topological principle that the boundary of a mani-
fold is always a manifold without boundary. Or equivalently, the bound-
ary of a boundary is the empty set. We sometimes write@ = 0 or
@@ ) = ; where; means the empty set.

" The boundary of the 3-dimensional ballB? is the sphereS?. The
sphereS? is a 2-manifold without boundary.

The operation of taking a boundary obeys the Leibnitz rule analogos
to taking derivatives

@M1 M )=(@M1) M 2 [ M1 (@)

Lets see some examples of this:

Consider the cylinder S' |. Using the above formula with nd
its boundary

@' n=(@% 1 [ st @=s's'

To see how we get the nal result here, start by examining the
rst term, ( @$) 1. Here, S has no boundary so@$ = ; and
therefore everything before the[ symbol is just the empty set. In
the second term the boundary of the interval is just two points
@I=pt [ pt. Thus the second term gives the nal result S*[ S?,
the union of two circles.

Consider writing the disc (topologically) as the product of two
intervals B2 =1 |. Itis best to think of this cartesian product
as forming a lled-in square. Using the above formula we get

@B @ =@t [py I [ I (pt[ pt)
(rf D[ af[1)=top [ bottom[ left[ right
square (edges only) =S?t

The formula gives the union of four segments denoting the edges
of the square.

33.2 Groups

A group G is a set of elementgy 2 G along with an operation that we
think of as multiplication. The set must be closed under this multipli-
cation. So if g1; 92 2 G then gz 2 G where

O3 = 0102



where by writing 919, we mean multiply g; by g.. Note: g;0; is not
necessarily the same ag)0;. If the group is always commutative (i.e.,
if 102 = 9201 for all g1;g 2 G), then we call the group abelian 3. If
there are at least some elements in the group wherg,g; 6 g0 then
the group is callednonabelian “.

A group must always be associative

Within the group there must exist an identity element which is some-

01(0203) = (9192)93 = 010203

times® callede or | or 0 or 1. The identity element satisi es

for all elementsg 2 G. Each element of the group must also have an

ge=eg=g

inverse which we write asg ! with the property that

1

gg ‘=g 'g=e

33.2.1 Some Examples of Groups

The group of integersZ with the operation being addition. The
identity element is 0. This group is abelian.

The group f1; 1g with the operation being the usual multiplica-
tion. This is also called the groupZ,. The identity element is 1.
We could have also written this group asf 0; 1g with the operation

being the usual addition modulo 2, where here the identity is O.

This group is abelian.

The group Zy Wwhich is the set of complex numberse? PN with
p an integer (which can be chosen between 1 and inclusive) and
the operation being multiplication. This is equivalent to the set of
integers moduloN with the operation being addition. This group
is abelian.

The group of permutations of N elements, which we write asSy
(known as the permutation group , or symmetric group ). This
group is nonabelian. There areN! elements in the group. Think

of the elements of the group as being a one-to-one mapping from

the set of the rst N integers into itself.

The simplest nonabelian group isSs. In Sz, one of the elements is

8
< 1! 2
X = 2 | 1
3 ! 3
Another element is 8
< 1 ! 2
R= 2! 3
31 1

where X stands for exchange (exchanges 1 and 2) and stands
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SNamed after Abel, the Norwegian
mathematician who studied such
groups in the early 1800s despite living
in poverty and perishing at the young

age of 26 from tuberculosis. The word
\abelian" is usually not capitalized due

to its ubiquitous use. There are a few
similar words in English which are not
capitalized despite being named after
people, such as \galvanic".

4Apparently named after someone
named Nonabel.

51t may seem inconvenient that the
identity has several names. However,
it is sometimes convenient. If we are
thinking of the group of integers and
the operation of addition, we want to
use 0 as the identity. If we are think-
ing about the group f1; 1g with the
operation of usual multiplication, then
it is convenient to write the identity as
1. For more abstract groups, eor | is
often most natural.
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for rotate. The multiplication operation XR is meant to mean,
do R rst, then do X (you should be careful to make sure your
convention of ordering is correct. Here we choose a convention &t
we do the operation written furthest right rst. You can choose
either convention, but then you must stick to it! You will see both
orderings in the literature!) So, if we start with the element 1,
when we doR the element 1 gets moved to 2. Then when we do
X the element 2 gets moved to 1. So in the producXR we have
1 getting moved back to position 1. In the end we have

8
<1 1! 1

XR=_ 21 3
201

Note that if we multiply the elements in the opposite order we get
a di erent result (hence this group is nonabelian)

8
< 1! 3
RX=_ 2 2
1! 2
It is easy to check that
X2=R3=¢e (33.1)
and further we have
XR = R?X (33.2)

There are a total of 6=3! elements in the group which we can list
ase;R;R?; X; XR; XR 2. All other products can be reduced to one
of these 6 posibilities using Egs. 33.1 and 33.2.

33.2.2 More Features of Groups

A subgroup is a subset of elements of a group which themselves form a
group. For example, the integers under addition form a group. Theeven
integers under addition are a subgroup of the integers under addibn.
The centralizer of an elementg 2 G often written as Z(g) is the set
of all elements of the groupG that commute with g. l.e., h 2 Z(g) i
hg = gh. Note that this set forms a subgroup (proof is easy!). For an
abelian group G the centralizer of any element is the entire groupG.
A conjugacy class of an elementg 2 G is de ned as the set of
elementsg®2 G such that g°= hgh * for some elementh 2 G.

Example: Sz Above we listed some of the properties of the group
Ss3. S3 has several subgroups:

" The group containing the identity element e alone

The group containing fe; Xg
" The group containing f e; R; R%g



The group Ss itself (which is not a so-called \proper" subgroup)

The centralizer is just the identity element Z(S3) = e, since it is the
only element of the group S; that commutes with all elements of the
group. The group has three conjugacy classes

" The identity element e
" The rotations fR; R%g
" The re ections fX;XR;XR 2g

We can check that conjugating any element in any class gives anothe
element within the same class. For example, consider the elemerX
and conjugate it with the element R. We have RXR ! = XR which is
in the same conjugacy class aX .

33.2.3 Lie Groups and Lie Algebras

A Lie group ©is a group which is also a manifold. Roughly, a group with
a continuous (rather than discrete) set of elements. Examples ifade:

" The group of invertible n  n complex matrices. We call this group
GL (n; C). Here GL stands for \general linear". The identity is the
usual identity matrix. By de nition all elements of the group are
invertable.

The group of invertible n  n real matrices. We call this group
GL(n; R).

The group, SU(2), the set of 2 by 2 unitary matrices with unit

determinant. In this case the fact that this is also a manifold can
be made particularly obvious. We can write all SU(2) matrices as

X1+ iX2 X3+ X4
X3+ X4 X1 X2

with all x; any real numbers with the constraint that x3 + x3 +
X3 + xZ = 1. Obviously the set of four coordinates (X1;X2;X3; X4)
with the unit magnitude constraint describes the manifold S3.

SU(N), the group of unitary N by N matrices of determinant one
is a Lie group

SO(N), the group of real rotation matrices in N dimensions is a
Lie group.

The vector spaceR" with the operation being addition of vectors,
is a Lie group.

Note that certain Lie groups are known as \simple" because as man-

ifolds they have no boundaries and no nontrivial limit points (For ex-
ample, GL(n) is not simple because there is a nontrivial limit | you

can continuously approach matrices which have determinant zero dr
are not invertable) and are therefore not part of the group. The set of
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6pronounced \Lee", named after So-
phus Lie, also a Norwegian Mathemati-
cian of the 1800s. Like Ski-Jumping,
Norway seems to punch above its
weight in the theory of groups.
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A slightly more rigorous de nition is
that a Lie algebra is an algebra of el-
ements u;v;w:: which can be added
with coecients a;b;c to give X =
au+ bv+ cw+ ::: where we have a com-
mutator [ ; ] which satises [ X;X ]1=0
for all X as well as bilinearity [ au +
bv;X] = a[u;X]+ bv;X] and simi-
larly [ X;au + bv] = a[X;u]+ bX;v]
for all X;a;b;u;v, and nally we must
have the Jacobi identity [[ X;Y ];Z] +
[Y:ZLEX1+[[Z;X ;Y] =0.

simple Lie groups (including, SU(N) and SO(N ) and just a few others)
is extremely highly studied.

A Lie Algebra is the algebra generated by elements in nitesimally
close to the identity in a Lie group’. For matrix valued Lie groups G,
we can write any elementg 2 G as

g= e =1+ X +(X)%=2+:::

where X is an element of the corresponding Lie algebra (make it have
small amplitude such that g is in nitesimally close to the identity). Con-
ventionally if a Lie group is denoted asG the corresponding Lie algebra
is denotedg.

For the Lie group SU(2), we know that a general element can be
written as g = exp(in ) where n is a real three-dimensional
vector and  are the Pauli matrices. In this casei x,i y andi ,
are the three generators of the Lie algebrau(2) (in the, so-called,
fundamental representation).

For the Lie group GL (n; R) the corresponding Lie algebragl(n; R)
is just the algebra ofn  n real matrices.

Add something about Lie Algebra?

33.2.4 Representations of Groups:

A representation is a group homomorphism. This means it is a map-
ping from one group to another which preserves multiplication. We will

be concerned with the most common type of representation, whichs

a homomorphism into the general linear group, ie, the group of ma-
trices. Almost always we will work with complex matrices. Thus an

n-dimensional representation is a mapping to n-dimensional complex
matrices

:G! GL(n;C)

preserving multiplication. l.e.,

(01) (@)= (91%)

forall g1;0. 2 G.

Typically in quantum mechanics we are concerned with representa-
tions which are unitary, i.e., (g) is a complex unitary matrix of some
dimension. (In case you don't remember, a unitary matrix U has the
property that UUY = UYU = 1).

A representation is reducible if the representing matrices decompses
into block diagonal form. l.e., s reducible if = 1 > for two
representations ; and ,. An irreducible representation is one that
cannot be reduced.

An amazing fact from representation theory of discrete groups ighat
the number of irreducible representations of a group is equal to th
number of distinct conjugacy classes.
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Irrenducible representations matrices satisfy a beautiful orth@onal-
ity relationship known as the grand orthogonality theorem (or Schur
orthogonality)

1 X 0
e [ R(@Im [ ® (@lpg = np mg rrRo=d (33.3)
151 406
where the superscriptR indicates a particular representation, the sub-
script are the matrix elements of the matrix, d is the dimension of the

representationR, and jGj is the total number of elements in the group.
A character is the trace of a representation matrix.

r(Q) =T R(9)]

where the superscriptR indicates we are consisdering a particular repre-
sentation R. Because of the cyclic property of the trace Trb] = Tr[ bd
the character is the same for all elements of a conjugacy class. ®rcan
nd tables of characters for di erent groups in any book on group theory
or on the web.

Representation theory of groups is a huge subject, but we won't -
cuss it further here!

33.3 Fundamental Group (M)

A powerful tool of topology is the idea of the fundamental group d a
manifold M which is often called the rst homotopy group, or (M ).
This is essentially the group of topologically di erent paths through t he
manifold starting and ending at the same point.

First, we choose a point in the manifold. Then we consider a path
through the manifold that starts and ends at the same point. Any other
path that can be continuously deformed into this path (without cha nging
the starting point or ending point) is deemed to be topologically equiva
lent (or homeomorphic, or in the same equivalence class). We only wan
to keep one representative of each class of topologically distinct plas.

These topologically distinct paths form a group. As one might expect
the inverse of a path (always starting and ending at the same point)is
given by following the same path in a backward direction. Multiplication
of two paths is achieved by following one path and then following the
other to make a longer path.

33.3.1 Examples of Fundamental Groups

If the manifold is a circle S* the topologically distinct paths (start-
ing and ending at the same point) can be described by the number
n of clockwise wrappings the path makes around the circle before
coming back to its starting point (note n can be 0 or negative as
well). Thus the elements of the fundamental group are indexed by
a single integer. We write ((S!) = Z.

(M) 437
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If the manifold is a torus S* the topologically distinct paths can
be described by two integers indicating the number of times the
path winds around each handle. We write 1(S* SY)=2z Z.

It is in fact, easy to prove that (M1 M )= 1(Mj) 1(M 2).

" A fact known to most physicists is that the the group of rotations
of three dimensional spacesO(3) is not simply connected | a 2

rotation (which seems trivial) cannot be continuously deformed

to the trivial rotation, whereas a 4 rotation can be continuously

8This is the origin of half-odd integer deformed to the trivial rotation. 8 Correspondingly the fundama-
angular momenta. mental group is the group with two elements ;(SO(3)) = Z,.

Chapter summary

Some mathematical ideas introduced in this chapter:

Manifolds are locally like Euclidean space: Examples includ
sphere S?, circle St, torus surfaceT? = S'  S!, etc. Manifolds
can also have boundaries, like a two dimensional disB? (or D?)
bounded by a circle.

D

Groups are mathematical sets with an operation, and identity
and an inverse: Important examples include,Z the integers under
addition, Zy the integers mod N under addition, the symmetric
(or permutation group) on N elementsSy , and Lie groups such as
SU(2) which are also manifolds at the same time as being group

The Fundamental Group  of a manifold is the group of topolog-

ically di erent paths through the manifold starting and ending at
the same point.

1°2)

Isotopy is the topological equivalence of knot diagrams (what can
be deformed to what without cutting).

Writhe and Linking Number characterize pictures of oriented
knots and links.

Further Reading

For background on more advanced mathematics used by physicistsn-
cluding some topological ideas, see:

M. Nakahara, Geometry, Topology, and Physics, 2ed(2003), Tay-
lor and Francis.

M. Stone and P. Goldbart, Mathematics for Physics Cambridge
(2009). Free pdf prepublication version available online.

For further information on mathematics of knots, isotopy, and Rie-
dermeister moves, writhe, and linking, see
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~ Louis Kau man, Knots and Physics World Scienti ¢, (2001), 3ed.
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(6)
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(8)

Medium Material

A general reference which should be useful for much of the lmi
is the review article by Nayak, Simon, et alNayak et al. [2008].

A wonderful little book which is really fun to read that introduces
the Kau man invariant and many other ideas of knot theory is
the book Knots and Physics by Kau manKau man [2001], now
in its 3rd edition. This book really inspired me when | was a
grad student. It appears to be available online in several places
(not certain which, if any, are legal). Although the whole book is
fun; and much of it is written at a very introductory level, mainly
the end of part 1 is the most relevant part where he explains the
connection of Kau man invariant to Chern-Simons theory (and
pieces get to be well beyond introductory). There is a lot in here
, the deep parts are easy to gloss over.

A very nice introduction to non abelian anyons and topological
guantum computation is given in John Preskill's lecture notes,
available online (Preskill [2004]).

Frank Wilczek has two books which both discuss Berry phase and
abelian anyon®Wilczek [1990]. Both have mainly reprints in them
with some commentary by Wilczek. Often it is enough to read the
commentary!

If you need a refresher on path integrals, consider the rst b pages
of Fabian Essler's note®. Also consider the nice article by Richard
MacKenzie?. MacKenzie includes some useful applications such as
Aharanov-Bohm e ect. Look mainly at the rst 22 pages.

The classic paper by Ed Witten which launched the eld is Witten
[1989]. This is a tremendously deep paper which introduces a lot
of brilliant ideas. 1 nd something new every time | read it. 1 nd

it to be tough reading in some places and easy in others.

From a more mathematial viewpoint several articles by Sir Michaé
Atiya are very usefulAtiyah [1988, 1997]. These are both introduc-
tions to topological quantum eld theories. There is also a more
detailed book by the same authorAtiyah [1990a]. The full book
might be hard to read unless you have a very strong maths back-
ground.

There are several nice references on the structure of topagical

guantum eld theories and diagrammatic calculus,

Parsa Bonderson's thesis: http://thesis.library.caltech.edu/2447/2/thesis.pdf
This is a more detailed version of the long article by Kitaev (\Anyons

in exactly solvable models") which | mention below. Note there is
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some slight change of convention between the two articles.

Also a good reference is the book on Topological Quantum Com-
putation by Zhenghan Wang

\Topological Quantum Computation”, Conference Board of the
Mathematical Sciences, Regional Conference Series in Mathemat-
ics, American Mathematical Society, (Providence, Rhode Island),
Number 112, 2008.

If you are more mathematical, you might like the thesis of Bruce
Bartlett available online here

https://arxiv.org/abs/math/0512103

(9) The monumental work \Anyons in an exactly solved model and

beyond" by Alexei Kitaev, Annals of Physics 321 (2006) 2{111
available online here

https://arxiv.org/abs/cond-mat/0506438

This brings the ideas of topological quantum eld theory into the
condensed matter arena. This is not easy reading, but a ton of
great ideas are buried in this paper.

Another work by Kitaev, \Fault-tolerant quantum computation by
anyons", Annals Phys. 303 (2003) 2-30.

available online here

https://arxiv.org/abs/quant-ph/9707021

introduces the famous toric code, discusses quantum error cac-
tion, and generalizes the toric code model to arbitrary non-abelian
groups.

Kitaev's work on the quantum wire (which we might get to at the
end of the course) is here.
https://arxiv.org/abs/cond-mat/0010440

A brief digest of some of the many ideas introduced in these three
papers is given by notes taken by Laumann of Kitaev's lectures,
available here.

https://arxiv.org/abs/0904.2771

Loop gases are introduced in this paper by Freedman et al. It has
a lot of sections which are hard to parse.
http://stationg.cnsi.ucsb.edu/ freedman/Publications/83.pdf

The double- bonacci string-net is discussed in some detail in this
work by Fidkowski et al,

https://arxiv.org/abs/cond-mat/0610583

The classic paper on string - nets very generally is this by Levin
and Wen.

https://arxiv.org/abs/cond-mat/0404617

The standard reference on introductory quantum hall e ect is the
classic book, "The Quantum Hall E ect", edited by Prange and
Girvin, published by Springer. The rst chapter, and the chapters
by Laughlin and Haldane are probably the best. The experimental
chapters are good for context too.

Another decent reference quantum Hall physics is T. Chakrabory
and P. Piettilainen, "The Quantum Hall E ects: Integral and Frac-
tional," (Springer 1995).
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A short review article by Macdonald is pretty nice and is available
here.

https://arxiv.org/pdf/cond-mat/9410047v1.pdf

The article that introduced the ideas of conformal eld theory into
the eld of quantum Hall e ect is by Moore and Read, available
online here.

http://www.physics.rutgers.edu/ gmoore/MooreReadNonabelions.pdf
A recent review article on Fractional quantum Hall hierarchies
(and also discusses nonabelian quantum Hall and conformal eld
theory) is online here.

https://arxiv.org/abs/1601.01697

A few random digressions:

(10)

(11)

(12)

(13)

If you are interested in 2+1 D quantum gravity, see this article .

| can't vouch for it, but the introduction is interesting;
https://link.springer.com/article/10.12942/Irr-2005-1

This is the article by Witten explaining how 2+1 D gravity is "ex-
actly solvable." More from Witten here. There is reconsideration
many years later, again by Witten, see here .
http://www.sciencedirect.com/science/article/pii/055032138990 5919

I've been told the book by Jiannis Pachos on topological quantm
computation is a good resource.

If you are interested in the topology of manifolds in 3 and 4 di-
mensions, there are several good books. One by Kirby is online
here.

https://math.berkeley.edu/ kirby/papers/Kirby

There is a book by Gompf and Stipcitz "4-manifolds and Kirby
Calculus" which is nice. Note that parts of this book are online
free if you google them.
https://www.amazon.co.uk/4-Manifolds-Calculus-Graduate-Stud ies-
Mathematics/dp/0821809946

For more information on conformal eld theory. The standard
reference is the Big yellow book (Conformal Field Theory Authors:
Philippe Di Francesco, Pierre Mathieu, David Serechal) . The rst
part of this book (up to chapter 12) is excellent, but even that
much is a lot of reading. There is a short set of lectures from les
Houches by Ginsparg .

https://arxiv.org/abs/hep-th/9108028

| also like the short set of notes by Fendley .
http://galileo.phys.virginia.edu/ pf7a/msmCFT.pdf

For even shorter introduction of what you need to apply CFT to
guantum Hall, see the appendix of Ref. 1 above, or the appendix
Of ***.

The book by Kau man and Lins gives more details of constructing
a full anyon theory from the kau man invariant.
http://press.princeton.edu/titles/5528.html

Neilsen and Chuang for quantum computation in general, although
there are plenty of other refs.
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