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1 Motivation

Bosonisation is typically used to describe he low-energy properties of Fermionic systems
in one dimension. We first want to consider free electrons in one dimension. One of the
distinguishing properties of these systems is that we have a filled Fermi sea with two Fermi
points:

(a) Free Fermion dispersion relation and a (b) The continuum for particle-hole excitations
particle-hole excitation on top of the filled in a one-dimensional free Fermion model
ground state

Figure 1: Free Fermions in one dimension

The essence of bosonisation is to recognise that, in one dimension, at low energies, the
particle-hole dispersion relation is essentially linear.

For a free electronic system with linear dispersion, we can easily calculate the dispersion
relation to be

(W (@) (0)T) ~ ~ (1)
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We also know that for a free, massless bosonic system, the correlation function behaves
as

(0()¢(0)) ~ —Inz. (2)

It is therefore plausible, but by no means obvious that an identification of the form
P(x) ~ €@ could give a sensible representation of a Fermionic operator in terms of
bosonic operators.

2 Constructive approach

Prerequisites

In order to establish the discussion, we have Fermionic creation and annihilation operators
of various species {1}, obeying the anti-commutation relations

{chys Chom} = G O (3)

We must also have that k € (—o0,00), where k = 2%(ny, — 36,), where 8, = 0,1
depending on the choice of boundary conditions and n, € Z.

Uy(z) = \/? Z e_ikxckzn (4)

k=—o00

We can see how 6, effects the boundary conditions, as

Uy(x + L/2) = ey (x — L)2) ()

We will use the fact that the Fock space can be decomposed as the direct sum of
N-particle Hilbert spaces i.e.
F =P Hx. (6)
N

We must also define a vacuum state for the theory |0)¢ s.t.
ckn|0)o = 0, k>0 (7)

A l0o=0 k<0 (8)

i.e. a filled Fermi sea up to £ = 0. We can also define a number operator which means
the number of Fermions relative to the filled Fermi sea, i.e.

[ee] o

N, = Z : c,tnckn = Z {CLann - 0<0\Cznckn’0>o} (9)

k=—o00 k=—0c0

The N-particle ground state can therefore be defined as
[N)o = (C1)™ ... (Car) ™[0} (10)
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where
CEVnn“'cL? N, >0
(C)N =141 N, =0 (11)

CN,+1n - - - Cop Nn <0

Bosonic operators

With this set up, we are now in a position to define a bosonic operator. This can be
understood as being related to the Fermionic density operator, creating a superposition of

particle-hole excitations:
[o.¢]

1
b= — o (12)
qan \/n_q k;oo +qn 0
This operator has a well-defined momentum and is normalised such that the operators
obey

[qua b:;',n'] = 57177’51111’ (13)
And we also have, by construction,
by N)o = 0 (14)

Theorem 2.1. Completeness of states in Hy For every |N)g, there exists a function
f({b,b}) such that a general state |[N) can be reached i.e. there is an f satisfying

IN) = F({b,b'})[N)o (15)
The proof can be found in Scholler and von Delft.

The upshot of this is that the individual N-particle Hilbert spaces are now equivalent.
The only part remaining is that the electronic operators connect the separate N-particle
Hilbert spaces and by understanding these we will be able to construct a full correspondence
of the Fock spaces.

The operators that do this are the so-called Klein factors: FJ, F,,. These satisfy

[Dgn, FJ/] = [b:rm, FJ/] =0 (16)
and behave as
FIINY = f(bY)ely, 11N Ny oo, Nag) (17)
and
FIIN) = f(bY)en,n| N1y, Nyy o Nag) (18)
as well as obeying anti-commutation relations
{Fna FJ'} = 20,y (19)
[Nna FJ'] = 5,],,7/F7;f (20)

3



The Fock spaces are therefore in one-to-one correspondence and thus equivalent. Before
exhibiting the operator equivalence, we construct the bosonic fields

1 .
L —iqx —aq/2
pp(z) == — E e by e (21)
>0 V qu

Gu() = pu(@) + @h(2) = =3 = [Ty, + ETH6T,,] €2 (22)

1
>0 V nq

with a a regulator, which can be removed at the end of any calculation. Using the
mode expansion, it is clear that

[pn (), o (2)] = [0} (2), ¢}, (2)] = O (23)

and

s I 00 2 ) .
[on(), 9017, ()] = =6y In |1 — e (ol —ia) | L2 —8y In (%Z(a: -1 - za)) (24)

And utilising the Baker-Campbell-Hausdorff formula, we can see that

(24@) gion(@) _ ileh(@ ten(@) o-leh@en@l/2 _ [ L iby@) (25)
2ma
and
n1 L—00,a—0 . / 1
[fy(x), Opyy (2)] 7 —= 7 2mi [5(:(: —1') — Z} (26)

L—00,a—0 .
[fn(@)s o (a')] TR =6, pime(w — o) (27)
If we look at the commutation relations of the bosonic operators with the Fermionic
operators, we can see that
i 1qx
[y s Y ()] = Onayrg(@)y (), ag(w) = N ‘ (28)

This therefore means, that as we noted earlier b,,/|N)o = 0, that

by (2) N0 = Oy 01 ()30 ()N (29)

That the state 1,(x)|N)¢ is a coherent state of the bosonic operator! Because the
Fermionic operator links sectors of different particle-number, we will also need a Klein
factor, as well as having some undetermined function of z multiplying the state, but this
can be determined:

Uy (@) |N)g = A, (x)eX0 (@i 7N, (30)

The undetermined factor A, (x) can be extracted by considering

27 —i27 —
o(NIEfty () INYp = 2y () = /T i2e/ M=/ (31)
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We have seen how 1, (z) acts on an N-particle ground state, and we are not very
far from establishing how it acts on a general N-particle state. Using the commutation

relations, we can see that A
ewn(m)|N>0 = |N),

Therefore, with a little algebra, one can establish that
()N = F, A\, (z)eh®e=in(@)|N)

And therefore obtain the bosonisation identity

hy(x) = Fn)\n(x)e”""%(r)e’w“f(x)

or, employing BCH ‘
wn(x) — Fnafl/Zefz‘In,(:r)

B(2) = () + eyle) + - (N7 = 5,/2)

3 Field-theoretical approach

We start from the free massless Dirac Fermion, i.e.
H, = ivp/dx [LT(2)0,L(z) — R'(2)0,R(x)]

In this model, we can show that
7

(L (z,t)L(0,0)) = T or(m o)

(R'(x,t)R(0,0)) = m

This can be compared to the free compact massless boson

(Y

Hy =5 /da; [(0,9)% + IT?

with

Mz, ) — %@@(z, B, (@ t), T, 1) = iz — o)

If we compactify the boson to a ring of radius R i.e. impose that

O =P +27R

(32)

(33)

(38)

(39)

(42)

then confining the z-coordinate to a ring of length L, examining the equation of motion

for the fields
(07 —v*02) @(x,t) =0

bt

(43)



suggests a mode expansion of the form

kn—ilvkn
O(x, t)—q+7r0L+7T0 +Z [ Beitn =il |t)+h.c.} (44)

\/ 47T|n
Where the {8,} obey bosonic commutation relations and k,, = Importantly, we have
a zero-mode and ¢ is an angular coordinate due to the compactlﬁcatlon of the boson. 7y
counts the number of times that the field winds around the circle. We ideally want to split
this field into left- and right-moving pieces. This is not so simple due to the presence of
the zero mode. We introduce the operator ¢ conjugate to my such that

27rn

[q,70] =i (45)

We can then write ® = @i + ¢ where

where

q—q ~ q+q 0 — 7o _ o+ T
2 @ 2 2 7 2 (48)
and we can see that o
Q,P]=[Q,P] =i (49)

If we consider the right-moving field and some exponential of this, we can show that P ~
Fermion number. This already hints at the bosonisation relation we want to establish. We
actually proceed here by comparing correlation functions. Consider a correlation function
of the form

@

. . ! - E
<ezoc4pR(z)e—25§0R($ )> — 50575 ( tdo ) (50)

r—a
which can be evaluated by simply using the mode expansion. This suggests that if we pick
a = /4m, that we can reproduce the Fermionic operators by taking

o Ui —ivArpr(x)

R(z) = o ol
(z) \/27ra0€ (51)
L(z) = Le—iv4ﬂ<ﬁL(x) (52)

v/ 2mag

where the 7, n are introduced to reproduce the correct commutation relations i.e.

{nay=0, =7=1 (53)



4 Interacting electrons

If we consider an interacting model

H= Hfree + Hint7 (54)
L L

Hfree = —J/QZC}L'C]‘+1 + h.c. + h’an, (55)
j=1 j=1

Hy = JA Z MM (56)

J

Then, taking the continuum limit and looking at the low-energy theory, we can expand
the Fermionic operators in terms of the right- and left-moving modes

¢; = Vao [R(z)e™* + L(z)e™ "] (57)

Plugging this into the free Hamiltonian, we recover the Dirac Hamiltonian. The deriva-
tive arises from expanding L(x + ag). The free theory is therefore, as established earlier,
equivalent to the free compactified massless boson. We can to add the interaction piece,
now, and we expect this description to be valid for small A. Doing this, we find that we
can throw away rapidly oscillating pieces, in the appropriate filling regime, yielding

JAsin 2kpayg
VT

where © = pr — . This is just a free theory, again! Completing the square and rescaling
® etc., we can write this as

=" /dx {(1 + %sinkpao) (0®)%: + :(00): +

; 0P (58)

H= %F /dx [:(8213)2: + :(6@)2:} (59)

Where we have changed the Fermi velocity
Vg = vp (1 + % sin QkFao) (60)
O =0+ 27R (61)

~ 1 <1+4Asinkzpao)1/2 (62)

R= —_
AT ™

Using the Bethe Ansatz for the XXZ model, we can see exactly in what regime of A
this approximation is reasonable.
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