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The general properties of the factorized S-matrix in two-dimensional space-time are
considered. The relation between the factorization property of the scattering theory and the
infinite number of conservation laws of the underlying field theory is discussed. The fac-
torization of the total S-matrix is shown to impose hard restrictions on two-particle matrix
elements: they should satisfy special identities, the so-called factorization equations. The
general solution of the unitarity, crossing and factorization equations is found for the
S-matrices having isotopic O(N)-symmetry. The solution turns out to have different propert-
ies for the cases N = 2 and N > 3. For N = 2 the general solution depends on one para-
meter (of coupling constant type), whereas the solution for N >> 3 has no parameters but
depends analytically on N. The solution for N = 2 is shown to be an exact soliton S-matrix
of the sine-Gordon model (equivalently the massive Thirring model). The total S-matrix
of the model is constructed. In the case of N >> 3 there are two ‘‘minimum’ solutions,
i.e., those having a minimum set of singularitics. One of them is shown to be an exact
S matrix of the quantum O(N)-symmetric nonlinear os-model, the other is argued to describe
the scattering of elementary particles of the Gross-Neveu model.

1. INTRODUCTION

The general two-dimensional relativistic S-matrix (not to mention higher space-time
dimensionalities) is a very complicated object. In two space-time dimensions, how-
ever, a situation is possible in which the total S-matrix being nontrivial is simplified
drastically. This is the case of factorized scattering. Generally, the factorization
of a two-dimensional S-matrix means a special structure of the multiparticle S-matrix
element: it is factorized into the product of a number of two-particle ones as if an
arbitrary process of multiparticle scattering would be a succession of space-time
separated elastic two-particle collisions, the movement of the particles in between
being free.
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The factorized S-matrix has been first discovered in the nonrelativistic problem of
one-dimensional scattering of particles interacting through the d-function pair
potential [1-3]. Furthermore, the factorization is typical for the scattering of solitons
of the nonlinear classical field equations completely integrable by the inverse scattering
method [4-6]. Note, that all the dynamical systems leading to the factorized S-matrix
possess, as a common feature, an infinite set of “close to free” conservation laws.!
This set of conservation laws is considered to be a necessary and sufficient condition
for the S-matrix factorization [7-11]. Some speculations about this point are presented
in Section 2.

The expressibility of the multiparticle S-matrix in terms of two-particle ones pro-
vides an essential simplification and enables one to construct in many cases the total
S-matrix up to the explicit calculation of the two-particle matrix elements themselves.
In the present paper we construct a certain class of the relativistic factorized S-matrices
being invariant under O(N) isotopic transformations. We use the method first
suggested by Karowski, Thun, Truong and Weisz [12] (in the sine-Gordon context).
The selfconsistency of the factorized structure of the total S-matrix turns out to
impose special cubic equations (the factorization equations in what follows) on the
two-particle S-matrix elements (see Section 2). Therefore, the factorization, unitarity
and crossing symmetry provide a nontrivial system of equations which is basic for
the method mentioned above. The general solution of these equations has an am-
biguity of CDD type: there is a *“minimum solution” (i.e., the solution having mini-
mum set of singularities); one obtains the general one adding an arbitrary number of
auxiliary CDD poles.

Are there any two-dimensional quantum field theory (QFT) models that lead to
these S-matrices ? Most of the nonlinear classical field equations have evident QFT
versions. The problem of factorizing quantum S-matrices of these models (which is
closely connected with that of “surviving™ classical conservation laws under quanti-
zation) is nontrivial and requires special investigation in each case. In this paper we
consider three models, the aim is to show that they lead to O(N)-symmetric factorized
S-matrices.

(1) The quantum sine-Gordon model, i.e., the model of a single scalar field
&(x), which is defined by the Lagrangian density:

My

Lo — 3 @B + T cos(B) (.

where m, is a mass-like parameter and § is a coupling constant.

It is well-known that the classical sine-Gordon equation is completely integrable
[6]. The structure of the quantum theory has been also studied in detail. The mass

1 The meaning of this term is as follows. In the asymptotic states where all particles are far enough
from each other these conservation laws tend to those of the theory of free particles. The latter laws
lead to conservation of the individual momentum of each particle and can be formulated, e.g., as
the conservation of sums of the entire powers of all particle momenta ¥, p,"; n = 1, 2,... [T\
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spectrum of this model has been found by a quasiclassical method [13-15]. It contains
particles carrying the so-called “topological charge™?—quantum solitons and corre-
sponding antisolitons—and a number of neutral particles (quantum doublets) which
can be thought of as the soliton-antisoliton bound states; the ‘“‘elementary particle”
corresponding to field ¢ turns out to be one of these bound states. Some of the quasi-
classical results (the mass formula for the doublets) proved to be exact [15].

The other exact result has been obtained by Coleman [16] (see also Refs. [17, 19]).
The quantum sine-Gordon model is equivalent to the massive Thirring model, i.e.,
the model of charged fermion field, defined by the Lagrangian density

Grarm = iyl — mibh — g2y, b1 (1.2)
provided the coupling constants are connected by
glm = 4mjpt — 1. (1.3)

Fundamental fermions of (1.2) are identical to quantum solitons of (1.1).
There is a considerable amount of results in support of the factorization of the
quantum sine-Gordon S-matrix; these results are mentioned in Section 4.

(2) The quantum chiral field on the sphere S¥-1 (N = 3, 4,...) (O(N) symmetric
nonlinear g-model) defined by the Lagrangian density and the constraint

l N N
Lo = o Y (@)% Y onE =1, (1.4)

S0 j=1 i=1

where g, is a (bare) coupling constant. This model is O(N) symmetric, renormalizable
and asymptotically free [20, 12]. The infrared charge singularity of this model seems
to cause the disintegration of the Goldstone vacuum [22]. True vacuum is O(N)
symmetric and nondegenerate; all particles of the model are massive and form
O(N)-multiplets. This situation is surely the case when N is large enough [23, 24]
and we suppose it is valid for ¥ = 3.

In Section 5 some arguments in favour of S-matrix factorization in the model (1.4)
are presented. The first evidence of this phenomenon is based on the properties of
the 1/N expansion of the model [23, 24]. Namely, the absence of 2 — 4 production
amplitude and the factorization of 3 — 3 amplitude can be shown to the leading order
in 1/N [25]. A more rigorous proof of the o-model S-matrix factorization follows from
the recently discovered infinite set of quantum conservation laws [26, 27]. In Section 5
we review briefly the results of Ref. [26].

2 In model (1.1) the topologic charge g is connected with the asymptotic behaviour of the field
¢(x,t) as x — + o

©

d
g =g | [Tf dx = B2ld(0) — (o).
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(3) The Gross-Neveu model, i.e., the model of N-component self-conjugated
Fermi-field ,(x); i = 1, 2,..., N (N > 3) with four-fermion interaction

ox =3 X o et + S| 3 dub]. )

where ; = iy, . Like the chiral field this model is renormalizable, asymptotically
free and explicitly O(N) symmetric.

Model (1.5) has been studied by Gross and Neveu in the limit of N — oo [28].
They have found a spontaneous breakdown of discrete y,-symmetry (the field
Z?Ll ); acquires a nonzero vacuum expectation value) leading to the dynamical
mass transmutation. Using quasiclassical method Dashen, Hasslacher and Neveu
{29] have studied the model in the same N — oo limit. These authors have found a
rich spectrum of bound states of the fundamental fermions of this model and deter-
minded their masses.

We support the factorization of the Gross-Neveu S-matrix by arguments which
are quite analogous to those for model (1.4).

The paper is arranged as follows. In Section 2 general properties of factorized
scattering are considered, factorization equations are introduced and their meaning
is cleared up. Furthermore, a convenient algebraic representation of the factorized
S-matrix is suggested. Sect. 3 contains the general solution of analyticity, unitarity
and factorization equations for the S-matrix having O(N) isotopic symmetry. The
“minimum’” sclutions of these equations turn out to be essentially different for N = 2
and N = 3. The solution for N = 2 depends on one parameter of coupling constant
type. As it is shown in Section 4 this solution turns out to be the exact S-matrix of
quantum sine-Gordon solitons. In this Section we construct the total sine-Gordon
S-matrix too, which includes all bound states (doublets). For the case N = 3 “mini-
mum” solutions of Section 3 do not depend on any free parameters. They correspond
to asymptotically free field theories with the dynamical mass transmutation. In
Sections 5 and 6 one of these solutions is shown to be the S-matrix of model (1.4)
and the other—to be an exact one of elementary fermions of (1.5).

2. FACTORIZED SCATTERING, GENERAL PROPERTIES, FACTORIZATION EQUATIONS

Consider a two-dimensional scattering theory and suppose that the underlying
dynamical theory is governed by the infinite set of conservation laws, the corre-
sponding conserving charges Q, : n = 1,2,..., o being diagonal in one-particle
states:

0,10 = oPpy . p'. 2.1

In (2.1) p is the particle momentum and (a) letters the kind of particle (if the theory
contains more than one kind). Suppose, furthermore, that the eigenvalues w,(p)
form the set of independent functions. In fact, all the known systems with the infinite
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number of conservation laws permit such a choice of the set Q,, that w,( p), speaking
roughly, should be the entire powers of the momentum p. E.g., for the sine-Gordon
case they are:

o@(p) =P W) = (P mAHYE P 2.2)

where m, is the mass of the particle (a). The laws described above are said to be
“deformation of free laws™. If the theory is governed by laws of this type the corre-
sponding scattering theory satisfies strong selection rules (first noticed by Polyakov).
Namely:

(1) Let {m,} be the mass spectrum of the theory. Then the number of particles
of the same mass m, remains unchanged after collision.

(ii) The final set of the two-momenta of particles is the same as the initial one.?

These two selection rules become evident if one takes into account that:

(@) Q. 1p\™, pi .., pi, in(out)>

= [0 (p) + - + 0™ (p)] | p\™,..., pi - in(out)>. (2.3)

(b) dQyldr =0
and hence

Y o(p) = Y w(p). 2.4
jetn jeout

Note that all the intermediate states where the particles are far enough from each
other should satisfy both selection rules (i) and (ii) too. This note, together with the
special properties of the two-dimensional kinematics, gives an impression that if
the theory is governed by an infinite set of conservation laws the multiparticle S-matrix
elements can be expressed in terms of two-particle ones.

To clarify this point consider the space of configurations of the system of N particles.
There are N! disconnected domains in this space where all the particles are far enough
from each other and one can neglect interaction between them. Let {x} = {x; ,..., Xn}
be the coordinates of the particles and R—the interaction range (we suppose the
latter to be finite). Then each domain can be identified by the succession of inequalities
Xpy << Xpg << - << Xxpy Where | xp;.y — xp; | > R and P is any permutation of the
integers 1, 2,..., N. We denote this domain by Xp .

The free motion of particles in these domains can be described in terms of the wave
function W(x; ,..., xy); {x} € X, Selection rules (i) and (i) mean now that if the incident
particles are of momenta p; > p, > - > py, the wave function in each domain

8 It may appear that (i) and (ii) mean that the S-matrix is diagonal in the momentum representa-
tion. It is not true if the theory contains different particles (having different internal quantum numbers,
e.g., particle and antiparticle) of the same mass. In this case the exchanges of momenta between these
particles and other nondiagonal processes are possible (see Sect. 3).
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should be a superposition of waves, the set of wave vectors being selected by these
rules:

Ye(xy o, xy) = Z C(P, P') explippiXpy + *** + ippnXpn); {xjeXp. (2.5
o

Here summation is carried out over all permutation P’ of p, ,..., py , permitted by
(i) and (ii). Symmetrization (antisymmetrization) in the coordinates of identical
particles is implied in (2.5). The coefficients C(P, P") are functions of the domain
Xp and of the permutation P’. In particular, the coefficient C(P, I) describes the inci-
incident wave in the domain X, ; to obtain the scattering wave function one
puts C(P,I) =0if P # I'and C(I,I) = 1 (here I is identical transposition). The
coefficients C(P,I) (I is the inverse transposition I(1,2,.., N) = (N, N — 1,..., 1))
describe outgoing waves in these domains and thus they are elements of the N-particle
S-matrix. For example, in the case of two particles of the same mass the wave function
becomes

ibyry ipyrs,

lIjaz‘1<4102('xl L] XZ) - eiplrle e SR(pl i p2) efl’;).he >

(2.6)
lPacls» xz(xl y X2) = St(py, p) €177,
In Eq. (2.6) Sk and Sy are two-particle S-matrix elements corresponding to backward
scattering (reflection) and forward scattering (transition).

It is convenient to picture the situation as the scattering of the N-dimensional
plane wave in the system of semipenetrable hypersurfaces x; = x; (for any i and j).
Far enough from these hypersurfaces the wave is described by (2.5); near them the
motion is more complicated because of the interaction between the particles. More-
over, if the relativistic problem is taken into consideration the motion in the inter-
action region cannot be treated in terms of the wave function of a finite number of
variables (because the virtual pair creation is possible). The determination of the coeffi-
cients C(P, P’) in (2.5) requires the extrapolation of the wave function from one
domain of free motion to another through the boundary between them, where the
particles are in interaction. The solution of the problem of interacting particles is,
in general, a very complicated task. Note, however, that the extrapolation of the wave
function can pass through the region of the boundary, where two particles are close
and others are arbitrary far from them and each other (e.g., |x; — x| <R,
I, — x| >R ! x,— x; 1> Rand |x; — x;| > R; i,j = 3,4,..). These regions
describe two-particle collisions and there the extrapolation conditions are the same
as in the two-particle problem. Therefore, in this case the knowledge of the two-
particle S-matrix elements provides one with a sufficient information to determine
all the coefficients C(P, P') and, therefore, to obtain the multiparticle S-matrix.
N-particle S-matrix element turns out to be a product of N(N — 1)/2 two particle
ones. Such a structure is spoken about as the factorized S-matrix. Note that the
possibility of this structure is due to the fact that the wave function in each domain
X, is a superposition of a finite number of waves, the latter being a consequence
of the infinite set of conservation laws.
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Of course, this consideration connecting the factorization and the existance of
infinite number of conservation laws is not a rigorous proof; a complete evidence can
be found in a recent paper [11]. All the considerations presented in the above para-
graph are of exact sense in the case of the one dimensional problem of nonrelativistic
particles interacting via the 8-function potential [1-3].

The factorized S-matrix corresponds to the following simple scattering picture. In
the infinite past particles of momenta p; > p, > -~ > py were spatially arranged
in the opposite order: x; < x, < - < xy . In the interaction region the particles
successively collide in pairs; they move as free real (not virtual) particles in between.
The set of momenta of particles is conserved in each pair collision; if the particles
are of different mass the transition is possible only, the collision of particles of the
same mass may result in the reflection too. After N(N — 1)/2 pair collisions the par-
ticles are arranged along the x axis in the order of momenta increasing. This corre-
sponds to the final state of scattering— outgoing particles.

-0

R IR

Fic. 1. The space-time picture illustrating the multiparticle factorized scattering.

The space-time picture of the multiparticle factorized scattering can be represented
by a spacial diagram; an example is drawn in Fig. 1. Each straight line in the diagram
corresponds to any value of momentum, obviously connected with the slope of
the line (in this diagram time is assumed to flow up). Two-particle collisions are repre-
sented by the vertices where the lines cross each other; the corresponding two particle
amplitude should be attached to each cross. The total multiparticle S-matrix element
of the process drawn in the diagram is given by a sum of products of all the N(¥ — 1)/2
two-particle amplitudes corresponding to each vertex. The summation mentioned
above should be carried out over all possibie kinds of particles flowing through
the internal lines of the diagram and resulting in a given final state.

The following is to be mentioned. The same scattering process can be represented
by a number of different diagrams in which some of the lines are translated in parallel
(e.g., see Figs. 2a and 2b). The amplitudes of these diagrams should not be added in
the multiparticle S-matrix element. In terms of the wave function in sectors Xp
amplitudes drawn in Figs. 2a and 2b correspond to different semifronts of the same
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FiG. 2. Two possible ways of the three-particle scattering.
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outgoing wave. Both should have the same amplitudes and phases (because of (i)
and (ii)), i.e., be coherent. This requirement makes two-particle matrix elements
satisfy special cibic equations, the latter being necessary conditions of the factorization.
In what follows these equations play an essential role and we shail call them the
factorization equations.*

In the present paper the relativistic scattering is mainly considered. The following
notations are convenient in this case. We shall use rapidities 8§, instead of momenta
P, of particles (of mass m,)

pd =m,ché,; pat = myshf, 2.7
Two-particle amplitudes S( p,, p,) become functions of the rapidity difference of
colliding particles 6,, = 0, — 8, , the latter being simply connected with the s-channel
invariant s, = (p.* + pp*)?

Sqp = M* + my? + 2mamy, ch 6, (2.8)

(m, and m, are masses of the particles).

®©

(md-mﬁ)2 right cut
® [ ] 0 T
feft cut (mg+mg)?

Fic. 3. The analytical structure of two-particle amplitudes in the physical sheet of the s-plane.

¢ Factorization equations and their physical sense in the problem of nonrelativistic particles
interacting via the d-function potential have been considered in Ref. [2]; in the case of the sine-
Gordon problem they were obtained in Refs. {30, 31] and used in Ref. [12].
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Two-particle amplitudes S(s) are the analytical functions in the complex s-plane
with two cuts along the real axis s < (m, — my)?and s > (m, -+ m,)? (see Fig. 3). The
points s = (m, — m)* and s = (m, + m,)?, being the two-particle thresholds,
are square root branching point of S(s). In the case of the factorized scattering
there is only the two-particle unitarity and it is natural to suppose functions S(s)
not to exibit other branching points. If it is the case, the functions S(8) should
be meromorphic. Mapping (2.8) transforms physical sheet of the s-plane
into the strip 0 < Im # <« (if it cannot lead to a misunderstanding we shall drop
subindices 6§ = 0,,) in the 0-plane, the edges of the right and the left cuts of the
s-plane physical sheet being mapped on the axes Im § = 0 and Im 8 = =, respectively
(see Fig. 4). The axes Im 8 = In; | = —1, £2.... correspond to the edges of cuts of
the other complex s-plane sheets.

i : Physicaf : [
I 1 Strip {
! U! i 1
| - I
| <! pound | !
o oun I
{ cl ystates ; ! ImB
t }
! { i |
i | i
| { ! |
I | 3 !
f [ fg}{ [
1 1 —1 {

F1G. 4. The structure of the 6-plane.

The functions S(6) are real at the imaginary axis of the #-plane (real analyticity).
In particular, at Im @ = 0 the relation S(—6) = S$*(8) is valid. Crossing symmetry
transformation s — 2m,? + 2m;> — S corresponds in terms of the variable 8 to
substitution 8 — ir — 6.

In the nonrelativitic limit p,* <€ m, rapidities can be replaced by the nonrelativistic
velocities 8, — v, = p,/m, . All the following expressions (except those connected
with the crossing relations) can be applied to the case of nonrelativistic S-matrices
after replacement 8, — v,, 6, > vy, 0,4 — v, — v, .

It is convenient to describe a general structure of the factorized S-matrix by means
of a special algebraic construction [30, 25]. Consider a factorized scattering theory
containing several kinds of particles (4, B, C and so on; particles of the same kind
are supposed to be identical; statistics is not important for our consideration).
These particles are represented in our construction by the special noncommutative
symbols A(8), B(6), C(0),..., the variable § being the rapidity of the correponding
particle. These symbols are frequently called the particles.

The scattering theory is stated as follows. Identify asymptotical states of the
scattering theory with the products of all the particles in the state. The arrangement of
the symbols in the product corresponds to that of particles along the spatial axis x:
in-states should be identified with the products arranged in the order of decreasing
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rapidities of particles while out-states with those arranged in the order of increasing
rapidities. For example, in-state of three particles 4, 4 and B having rapidities 9, ,
8, and 6, , respectively (8, > 0, > 8,), acquires the form A(8,) A(8,) B(9,).

Any product can be rearranged by means of a number of subsequent commutations
of neighbour particles (the associativity of the symbol multiplication is supposed).
Each commutation corresponds to the certain two-particle collision; this leads to
commutation rules for the symbols A(8), B(8),.... For example, if particles 4 and B
are of different mass, one writes

A(Hl) 3(92) - S/;B(glz) 3(02) A(Ol)a (2~9)

where S75(6,,) is the transition amplitude for the reaction AB — AB (remind, that
in the case of different masses, reflection is forbidden by (ii)). If particles of differerent
kinds (say 4 and C) but of the same mass are under consideration the reflection is
permitted and we should write

A(Gl) C(ez) = 5?0(012) C(lgz) A(01) + S;C(gm) A(t92) C(el)' (2-]0)

Reflection and transition are indistinguishable in the case of identical particles,
therefore
A(gl) A(92) - SAA(le) A(ez) A(ﬂl)- (2.1 1)

As it was mentioned above (see footnote 3) if there are different particles of the same
mass one of them is permitted to turn into the other in the process of two-particle
scattering. It means that additional channeis in the two-particle scattering are open
and, hence, corresponding terms should be added into the right hand sides
of Egs. (2.9), (2.10) and (2.11). We shall not discuss this point here, there are some
examples of such situation in the next section.

The consistency of the commutation relations of type (2.9), (2.10), (2.11) in the
calculation of symbols A(f), B(#) and so on and their associativity requires certain
equations for the two-particle amplitudes to be satisfied. The latter are of two kinds.
The identities of the first kind arise when one performs the opposite transposition of
symbols after the direct one, and requires the result to be equal to the initial com-
bination; these identities coincide with the two-particle unitarity relations. The multi-
particle in-states may be rearranged into out-states in many possible successions of
pair commutations but the result should be the same. This leads to the identities of
the second kind. Clearly, it is sufficient to consider three particle states only and
require the same result of permutations in two possible successions. One obtains all
the required identities which coincide, of course, with the conditions ensuring the
equality of triangle diagrams (see Figs. 2a, 2b), and so they are the factorization
equations.

If identities of both kinds are satisfied the commutation relations permit one to
rearrange unambiguously any in-state into a superposition of out-states and then this
construction represents the total factorized S-matrix. Its unitarity is trivial. One
obtains the matrix S after the rearrangement of out-states into in-states: it differs
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from the S-matrix in the signs of the arguments of all two-particle amplitudes
8,, - —0, . This change of signs leads to the complex conjugation of the two-
particle matrix elements. Taking into account the symmetry of the S-matrix one
obtains §— = §-1,

3. RELATIVISTIC S-MATRIX WITH O(N)-ISOSYMMETRY. GENERAL SOLUTION

Following the general consideration of the previous section we treat now the class
of relativistic factorized S-matrices characterized by the isotopic O(N) symmetry.
To introduce the O(N) symmetry we assume the existance of isovector N-plet of
particles 4, ; i = 1, 2,..., N with equal masses m and require the O(N) symmetry
of the two-particle scattering (this ensures O(N) symmetry of the total S-matrix due
to the factorization). Namely, we assume for two-particle S-matrix the form:

aSi = A (p) A)(ps), out | A py) A(py), in>
= 8(p1 — p1) 3(ps — PMB:xdSi(s) + 8,;85185(5) + 8:10;,S5(5)]

where s = ( py* + p,*)? and the +(—) refers to bosons (fermions). The functions
Sy(s) and Sy(s) are the transition and reflection amplitudes, respectively, while S;(s)
describes the “annihilation™ type processes: A4, + 4, — A4; + A; (i #%J).

The S-matrix (3.1) will be cross-symmetric provided the amplitudes S(s) satisfy
equations Sy(s) = S,(4m? — 5) and S;(s) = Sy(4m? — s). After introducing the rapidity
variables (2.7), (2.8) we deal with meromorphic functions S;(6), Si(f) and Sy(6),
where s = 4m? ch®(0/2), and the cross-symmetry relations become

Sy(0) = So(im — 0), (3.2a)
Sy(0) = Sy(im — 0). (3.2b)
To describe now the factorized total S-matrix let us introduce, following the general

method of Section 2, symbols 46); i = 1, 2,...., N. The commutation rules corre-
sponding to (3.1) are
N
Ai(01) Ai(gz) - 81’]'51(912) Z Ak(gz) Ak(ol)
k=1
+ S53(812) 4;(8:) A(8,) + S5(015) 4:6,) A(6)). (3.3)
It is straightforward to obtain the unitarity conditions for two-particle S-matrix (3.1)
Sy(0) So(—0) + Sx(0) Sy(—6) = 1, (3.42)
Sy(0) So(—0) + So(—6) Sy(0) = 0, (3.4b)

NSy (8) S(—0) + 5:(8) Sy(—0) + Sy(6)Sy(—0)
+ 52(0) Sl(_e) + 53(0) Sl(“‘g) = 0. (3.4C)
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Obviously, Egs. (3.2) and (3.4) are not sufficient to determine the functions S(6).
Further restrictions arise from the factorization equations (see Section 2). One
obtains the factorization equations considering all possible three-particle in-products
AJ0) A[0,) A(8,), reordering them to get out-products by means of (3.3) and
requiring the results obtained in two possible successions of two-particle commu-
tations to be equal. The equations arising are evidently different for the cases N = 2
and N > 3 (fewer different three-particle products are possible at N = 2). Therefore
it is convenient to make a notational distinction between these two cases. Dealing
with the case N > 3 we redenote the amplitudes S; , S, and S; by oy, 0, and oy,
respectively, reserving the original notations for the case N = 2.

The factorization equations have the form (the derivation is straightforward but
somewhat cumbersome)

858185 1 S25585 + 83555, = 83825, + S1.8:8; + 515:15; (3.52)
858185 + 855,55 = 538551 + 55555, 1+ 2555,
+ 858585 + 25,5557 + 81858, + 815:5; + S18.8: + Si5:S: (3.5b)
for N = 2 and
030303 | 03030, = 030303 , (3.62)
030101 + 030407 = 0630105 , (3.6b)
Noyo30, + 0640505, + 06,0505 + 0,0,09
+ 64030, -+ 03050, + 070,07 = 040,03 (3.6c)
for N > 3. For each term in (3.5) and (3.6) the argument of the first, the second and
the third S (o in (3.6)) is implied to be 8, § + 0" and &', respectively.
The factorization equations turn out to be rather restrictive. They allow one to
express explicitly all the amplitudes in terms of one function.
General solutions for both systems (3.5) and (3.6) satisfying the real-analyticity

condition (all the amplitudes are real if 6 is purely imaginary) are derived
in Appendix A. For system (3.5) (i.e., for N = 2) this solution is

Sy(0) = i ctg ( 4;’8 ) cth ( 4;9 ) Sy(6) (3.7a)
5(6) = i ctg ( 4;3 ) cth ( 4”(i8y_ % ) 5(6) (3.7b)

with arbitrary real y and 8. The general solution for (3.6) contains only one free
parameter A and have the form:

o(@) = — 2 () (3.82)
ix
o(f) = — N —2)21x — @ oo(6).

(3.8b)
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The restrictions on the amplitudes Sy(f) and o,(f) come from the unitarity condi-
tions (3.4). The equations (3.4b) and (3.4c) are satisfied by (3.7) and (3.8) identically,
while equation (3.4a) gives

s (472) she (472

Sy(0) Se(—0) = 4 3.9
. 478 478 47 40
sm‘-‘( ” )shz( ” )+cosz( " )chz( ” )
for N =2 and
02
O'2(0) 02(_0) = [P (3.10)
for N = 3.

Until now we have deliberately avoided the use of the cross-symmetry relations
(3.2). Although the above consideration concerns the relativistic case, the unitarity
conditions (3.4) and factorization equations (3.5), (3.6) are valid for any non-
relativistic O(N) symmetric factorized S-matrix as well, under the substitution:

, (3.11)

where k, and k, are momenta of the colliding particles. Therefore, the general
solutions (3.7), (3.9) and (3.8), (3.10) are still valid (after the substitution (3.11)) in
a nonrelativistic case. This will be used at the end of Section 4.

Equations (3.2) are especially relativistic. They turn out to give restrictions on
free parameters in (3.7) and (3.8). It is easy to see that (3.2) is satisfied only if

§ = (3.12)

in (3.7), (3.9) and

(3.13)

in (3.8), (3.10). Thus, the formulas for N > 3 do not actually contain any free para-
meter. This circumstance will be important in Section 5.

Equation (3.2a) (which is certainly valid for a,(6) as well as for Sy(6)) together
with (3.9) and (3.10) will be used to determine Sy(8) and o,(6). In both cases N = 2
and N > 3 the solution admits the CDD-ambiguity only [32]: an arbitrary solution
can be obtained multiplying some “minimum” solution by a meromorphic function
of the type

5 sh @+ isina
10 =11 sh § — i sin «

k=1

, 3.14)
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where o, , ay ,..., o, are arbitrary real® numbers. It is the “minimum” solutions, i.e.,
the solutions having a minimum set of singularities in the 8 plane, that will be of most
interest below. For N = 2 such a solution can be represented in the form

52(0):%9;1(4’;2)sh(“’y’@)sh[“”(f"y‘ 2] ve, 3.15)
where
- 87 . 86 T . 860 - (0) R, (im —
U(9)=F(87)T(1+187)F(1“ gy — Sy )gRéj(Sﬁéfaw)e)’
| (3.16)
F(211 8 +i—8§—)l’(1 —;—2/18—;T+i870)
RAB)::I’HZn%—l)jEL—+i 89)4F(1—+(2n ST 80y
T “n i)

In the case N > 3 there are, in general, two different “minimum” solutions (the
exceptional cases are N = 3 and N = 4, when these two solutions coincide). We
denote these solutions oit'(8) and of~(6); they can be written in the form

of(0) = 0O Q¥im — 0), (3.17)

where

S 27 27
25 27 ' 2m T
The difference between these two solutions is of the CDD type (3.14)
(—) B shf +isind
gy (0) = o —Tenn ). (3.19)

In the following Sections we point out the relation between the solutions (3.15)
and (3.17) and certain two-dimensional quantum field theory models. Namely, we
show that (3.15) together with (3.7a, b) is an exact S-matrix of quantum sine-Gordon
solitons, while the solutions ¢{*'(8) and o{~’(8) for N = 3 give the exact S-matrices
for the quantum chiral field (1.4) and for the “fundamental” fermions of Gross—
Neveu model (1.5), respectively.

5 We consider the solutions having singularities on the imaginary ¢ axis only, i.e., the solutions
exhibiting bound and virtual states only. .
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4. ExacT S-MATRIX OF THE QUANTUM SINE-GORDON MODEL

Quantum sine-Gordon model (1.1) is the most known example of relativistic
quantum field theory leading to the factorized scattering. There are various results
ensuring the factorization of the sine-Gordon S-matrix. Complete integrability of the
classical sine-Gordon equation [6] means the existance of an infinite number of
conservation laws in the classical theory which are “deformation of free ones”.
The analogous set of conservation laws is also present in the ‘“‘classical” massive
Thirring model (which corresponds to the “tree” approximation for the Lagrangian
(1.2) [33, 34]). The important problem of the conservation laws in quantum theory
has been treated in Ref. [34] where such conservation laws were shown to survive
after quantization by the perturbation theory approach (in all perturbational orders).
The absence of particle production and factorization of multiparticle quantum
S-matrix which are the consequenses of conservation laws has been previously
demonstrated applying the direct sine-Gordon perturbative calculations by Arefyeva
and Korepin [8].¢ The same result can be obtained in perturbation theory of massive
Thirring model, i.e., for the soliton scattering [35, 36]. The semiclassical arguments
for the soliton S-matrix factorization are also possible [14]. We use here the results
mentioned above and treat the total sine-Gordon S-matrix as a factorized one.

The bound states of quantum solitons (the quantum doublets) and the soliton
scattering have been investigated by a semiclassical approach in Refs. [13-15, 37, 38].
We represent here some semiclassical formulas which will be necessary below.

The two-particle scattering amplitude S(6) for the solitons of the same sign and
the transition amplitude S7(6) for soiton-antisoliton scattering calculated in the main
semiclassical approximation have the form [13, 14, 37]

{ 8
2

z"M

| oo o]

{

SEEM() = SE™(0) exp

“@n
S (Sem)(g) == exp

{(where B is introduced in (1.1)) which is connected in a simple way with parameters
of the classical soliton scattering. Calculation of one-loop correction leads to the
change 82 — y in (4.1) (see Ref. [46]) where?

ool

% Besides the explicit expressions for the factorized sine-Gordon ‘“‘elementary’ particle S-matrix
has been first proposed in [8] (see also [9, 10]).

" The singularity of the sine-Gordon theory at 8 = 8= has been discussed by Coleman [16].
As shown in [16], the Hamiltonian of the theory becomes unbounded from below at £2 > 8=,
provided the standard renormalization technique is used; the phenomenon is of the ultraviolet
nature. This scarcely means the failure of the theory with 82 > 8, but rather indicates a lack of
superrenormalizability property and suggests that another renormalization prescription is necessary
at 82 > 8x. Throughout this paper we restrict our consideration to the case g2 < 8,

595/120/2-2
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The semiclassical soliton-antisoliton reflection amplitude (which takes into account
an imaginary time classical trajectory, see Ref. [38]) is

(sem) e 877'2 o 877 (sem)
589y — i sin (T' )exp( — |9|)ST (0). 4.2)

The derivation of the semiclassical mass spectrum of the quantum doublets was
carried out in papers [13-15]. In the first two semiclassical approximations it is

(sem) .y’ _ 8m
m, = 2m sin (—“]6 ), n=12..< v (4.3)

where m is a soliton mass. The authors of [15] have presented some arguments for
formula (4.3) to be not only semiclassical but exact. Independent supports for this
hypothesis have been given in [10, 39, 40]. The exact solution for the S-matrix which
is derived in this section also confirms the exactness of spectrum (4.3).

We begin constructing the quantum sine-Gordon S-matrix stressing that the model
exhibits an O(2) isotopic symmetry. In terms of the massive Thirring fields ¢ this
symmetry is quite obvious; it corresponds to the phase invariance ¢ — ey of (1.2).
From the view-point of the sine-Gordon Lagrangian O(2) symmetry is of a more
delicate nature; it is the rotational symmetry of the disorder parameter (see Ref. [41]
for the concept of the disorder parameter). The detailed discussion of the last point
is beyond the scope of this paper. For our purpose it is sufficient to note only that
the soliton and antisoliton of model (1.1) can be incorporated into an isovector O(2)
doublet. Following the convention of Section 3 we denote real components of this
doublet by symbols 4,(6); i = 1, 2. Then the soliton and antisoliton themselves will
be the combinations

A(0) = A4,(0) + i40);  A(B) = A,(6) — iA(0). (4.4)
In terms of the particles 4(f) and A(f) commutation rules (3.3) take the form

A(Ol) ;1—(92) = ST(012) 1-‘1—(02) A(01) + SR(012) A(ﬁz) 2(61),
A(el) A(02) = S(912)A(92) A(ol)’ (4-5)
‘Z(el) Z(Gz) = S(012) 2(02) 2(91)-

In (4.5) S7(0) and Sk(6) are transition and reflection amplitudes for the soliton-anti-
soliton scattering while S(0) is the scattering amplitude for identical solitons. They
are connected in a simple way with amplitudes S;(8), Sy(6) and S,(6) from (3.3)

S(8) = Sx(6) + S(0),
ST(G) = SI(B) + 52(9)’ (4-6)
Sr(0) = S,(6) + Sy(0).
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It is seen from (3.2) that

S(0) = Sy(im — 0);  Sx(6) = Sp(im — 6). 4.7

The factorization and O(2) symmetry of the sine-Gordon soliton S-matrix allows
one to apply immediately the results of the previous section. It follows from (3.71, b),
(3.12) and (3.15) that

¢ 8
SH(8) = —iﬂ—ﬂS ) (4.83)
T . { 8m? RS )
an (22
sh (3"— (im — 0))
T ~ S&(), (4.8b)
sin( ;T )

SO) = —i

where (with arbitrariness of the CDD-type (3.14) only)

8m?

S(8) — % sin (_f) (o) (4.9)

Fic. 5. The soliton-antisoliton scattering amplitudes. Location of poles (dots) and zeroes
(crosses) in the 6-plane. (a) Transition amplitude Sg(6). (b) Reflection amplitude S7(8). Some of the
dots and crosses are displaced from imaginary axis for the sake of transparancy; actually all the
singularities are at R,6 = 0.

and U() is given by (3.16). The location of zeroes and poles of functions S;(6)
and Sg(6) (4.8), (4.9) is shown in Fig. 5. Note the equidistant (with separation y/8)
positions of S;(6) poles in the physical strip 0 < Im 6 < #. Such positions are in
accord with the semiclassical mass spectrum (4.3). The correspondence is exact if

y =y (4.10)



270 ZAMOLODCHIKOV AND ZAMOLODCHIKOV

Therefore, the whole bound state spectrum (4.3) is already contained in the
“minimum” solution (4.9), (3.16) and CDD poles need not be added. This solution
automatically stisfies also another necessary requirement for the exact sine-Gordon
S-matrix. If y = 8m(8* = 47) the massive Thirring-model coupling vanished and
the S-matrix should become unity. In fact when y = 87 one has from (4.8), (4.9)
and (3.16)

Sp(0) == S() = 1: Sg(6) = 0.

These two remarkable properties of the “minimum” solution (together with its
obvious aesthetic appeal) may serve as initial arguments to choose it as the exact
S-matrix of quantum sin-Gordon solitons. We present below a number of checks
which confirm such a choice.

If y — 8= the formulas (4.8), (4.9) and (3.16) can be expanded in powers of 2g/m —
8m/y — 1 and the expansion coefficients can be compared with the results of diagram-
matic calculus in massive Thirring model (1.2). Such a comparison has been carried
out in [42] up to g* and the coincidence has been found.

Another check is a comparison with semiclassical formulas (4.1), (4.2). The semi-
classical limit for Lagrangian (1.1) corresponds to 8 — 0. At 0§ fixed and 8% — 0 exact
relation (4.8a) converts into semiclassical one (4.2). Furthermore, it can be easily
verified that asymptotics of the exact amplitudes S(6) and S;() as y — 0 coincide
with (4.1). To do this one represents the exact Sp(6) from (4.8a), (4.9) in the form

/ . [ 1 8
o T Mg = 19 T g7 = 157)
T()"Erllly '9)1‘ 1 =1 ]
(ETT&?_’zw 27 16w ’277)
3 N T 9
VF(21_6}/7;%1277)F(§* 167 'y+1277) @11
: T T “T=1 .90 :
(14 g Vi) D1+ gy iy,

Changing in (4.4) the infinite product by a sum in the exponent and then replacing
at y — 0 the summation by the integration one reproduced (4.1) exactly.

The larger the coupling parameter, the larger the mass of each bound state (4.3)
(in units of the soliton mass). The n-th bound state acquires the soliton-antisoliton
threshold when y = 8x/n, and when y > 8n/n it disappears from the spectrum
converting into the virtual state. At y > 8 all bound states (4.3) including the
“elementary” particle of sine-Gordon Lagrangian (1.1) become unbound (remind
that “‘elementary” particle is one of states (4.3), corresponding to # = 1 [15, 14]).
Thus, at y > 8 the spectrum contains soliton and antisoliton only. The values
v == 8 correspond to g << 0 in (1.2), i.e.. to the repulsion between soliton and anti-
soliton.

Note that at y = 8x=/n the reflection amplitude (4.9) vanishes identically (this
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property appears already in semi-classical formula (4.2)) while transition apmplitude
Sr(6) acquires, as a result of special cancellation of poles and zeroes in Fig. 5, a simple
form:

n—=1 6—i(wk/n) 1
i i e —+
ST(B) = e'nr H e + e—ttmi/n)

k=1

(41.2)

This expression together with the hypothesis of its exact nature at y = 8m/n has
been first presented by Korepin and Faddeev [14]. The general formulas (4.8), (4.9),
(3.16) for arbitrary y were given in [43]8.

Commutation rules (4.5) together with explicit expressions (4.8), (4.9) and (3.16)
for the two-particle amplitudes represent S-matrix for an arbitrary number of solitons
and antisolitions. To obtain the total sine-Gordon S-matrix one should supplement
it with elements describing the scattering of any number of solitons and bound states
(4.3). We denote the latter particles as B, ; n = 1, 2,... < 8m/y.

Particles B, with even (odd) values of » turn out to have positive (negative) C-parity.
This can be seen if one considers the soliton-antisoliton ammplitudes with the definite
s-channel C-parity:

S.(6) = 3[Sr(0) + Sx(O)], (4.14a)
S_(0) = 3[Sr(0) — Sx(B)]. (4.14b)

The amplitude S.() has even subset n = 2, 4,... of bound state poles 6 = ir — in(y/8)
only, while S_(0) exhibits only odd subset n = 1, 3,... (these poles of Si(f) have
positive residues as it should be). In particular, the sine-Gordon “elementary” particle
B, is C-odd.

Since the particles B, appear as poles of soliton-antisoliton amplitudes, an arbitrary
S-matrix element involving these particles can be calculated as a residue of an
appropriate multiparticle soliton amplitude. In terms of the algebraic formalism
described in Section 2 algebra (3.5) of particles A(0) and A(6) should be supplemented
with new symbols B,(f); n = 1, 2,... < 8x/y and commutation rules of B, with A
and A4 and of B, with B, should be specified. The procedure for the residue calcu-
lation mentioned above corresponds to the following definition of symbols B,(6)
in terms of 4 and A

6 Oq . hrd =
B, (%) =, oim o [A©:) AB)) + A(B:) AG))] (4.15a)
for n even, and
0, -+ 6, . - -
B, (1?) — 91421&13(1%) [4(6,) A(8,) — A(8,) A(6))] (4.15b)

for n odd.

8 The derivation presented in [43) is based on certain special assumptions such as exactness of mass
spectrum (4.3) and vanishing of reflection at y = 8x/n. A derivation relying on the factorization
equations and not referring to these assumptions was first given in [12].
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This definition has a formal character and should be used to derive the rules for
commutation of B, with A and of B, with B,, . Considering, for instance, in-product
A(6,) A(6,) A(8,), using (4.5) and taking the limit 6, — 6, — in(y/8) by means of
(4.15) one obtains

A(el) Bn(gz) = S(")(em) Bn(ez) A(‘91)’

A 4 (4.16)
A(8,) B,(8,) = S™(B,,) B,(6,) A(H,),
where
b+ icos §E vt (P y — T4 i)
(n) _
o sh 8 — i cos 2¥ 11 sinz(”-—2/ _l_ig 4.17)
16 35 7 2 3

is the amplitude of two-particle scattering A + B, — A + B, . Analogous consi-
deration leads to commutation rules

Bn(el) Bm(02) = S(n’m)(elz) Bm(ez) B’ﬂ(el) (4-18)

where S"m(f) is the two-particle amplitude for B, + B, — B, + B, scattering.
Its explicit form is

sh@ﬁ—isin(" Tém 'y) sh9+isin(n1_6m )
S(n.m)(e) —
sht‘)—isin(n—]zm y) shB—isin(»n—ljgy)
B e e et }
U Py eIz )

n=m. (4.19)

Amplitudes (4.17) and (4.18) turn out to be 2wi-periodic functions of # (in fact,
this property is dictated by the cross-symmetry and the two-particle unitarity of
S™(@) and S™m™()). The location of poles and zeroes of these amplitudes is shown
in Fig. 6. Note the set of double poles 8, = i(7[2) - [(2l — n)[16] y; I =1,2,...,n — 1
of S")(8) for n > 2; these “redundant” poles do not correspond to any bound states.
Single poles 6 = i(m/2) + in(y/16) and 6 = i(w[2) — in(y/16) are the s-channel and
u-channel soliton poles, respectively: in the s-plane these poles are at s = m?* and
u = m?® (m is the soliton mass).

In amplitude S™m(6) only the poles 6 = i[(n + m)/16]y and 0 = im —
i[(n + m)/16] y correspond to the real particle B, , all other poles are redundant.
The appearance of poles B,,,, in the amplitude S-™ () allows one to interpret
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Fic. 6. Poles and zeroes of the soliton-bound state and the bound state — bound state scattering
amplitudes. (a) $"”(8) amplitude for » = 5. (b) S"™(8) amplitude for n = 4, m = 2.

any particle B, for / >= 2 as a bound state B, + B,, with n + m = /? and, conse-
quently, to interpret B; as a bound state of / “‘elementary” particles B, . A possibility
of such interpretation was mentioned in Ref. [15].

In the case m = n = 1 Eq. (4.19) gives the two-particle amplitude of “elementary”
particles

sh 8 + i sin(y/8)

STV = sh & — i sin(y/8)

(4.20)

This expression can be expanded in powers of 52 and compared with B2-pertur-
bation theory results for Lagrangian (1.1). Formula (4.20) together with its pertur-
bation verification was presented in [8-10] as a solution of analyticity and unitarity
for particles B; .

Formulas (4.16-4.19) solve the bound state problem of the sine-Gordon model.
Together with (4.5), (4.8-4.10) and (3.16) they represent the total quantum sine-
Gordon S-matrix.

To conclude this section let us consider the nonrelativistic version of O(2)-symmetric
S-matrix. After substitution (3.11) the general solution of the factorization equations
becomes, instead of (4.8), (see Appendix A)

? One can verify that definition

LA

2 Bm(02)B,,(01)

lim
6,-8,-i[(n+m[16) ]y

is consistent with (4.14) and completely self-consistent [31].
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h (o)

Sr(k) = _im Sr(k), (4.21a)
sh (i‘mc — 87:;]1( )

St = —i sin(mc)y Sk, (4.215)

where x = 88/y. Since we do not require any crossing-symmetry now, y and «
are independent parameters. The unitarity condition, then, gives the following
equation

sin?(wk)

Sak) Sg(—k) = Sk . (4.22)
2 (277 ) L oing
sh ( o ) F sin?(wk)
The “minimum” solution of (4.22) is
8k 8k
. I'—i— —«) I (—i— +xk+1
Salk) =~ ( rm ) ym ) (4.23)

,—sh(%'j.) p(_i%)r(l_,-_jg_)

Formulas (4.21-4.23) clearly give the nonrelativistic limit of the sine-Gordon
soliton S-matrix. Furthermore, amplitudes (4.23) and (4.21a) are just reflection and
transition ones for the scattering on the potential

m y:G

Vai(x) = — & m (4.29)
5
while amplitude (4.21b) describes the scattering on the potential
_m__ 7
V 4u(x) = & ” ( iy x) (4.25)
8

where G = «® — « + . It is known that a system of N 4+ M nonrelativistic particles
of two different kinds described by the Hamiltonian

& Mo

1 N
dx 2 ~ 9m Zl dy + Z 2V a(x; — x;)

i<i’

]

M N
+ Y 2Valy; — i) + 2
i1

i<’

2Va4(x; — ) (4.26)
1

1l

is completely integrable, i.e., it possesses an infinite number of conservation laws,
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and its S-matrix is factorized [44, 45]. So, system (4.26) describes just the nonrelativistic
dynamics of quantum sine-Gordon solitons. The analogy between the sine-Gordon
soliton scattering and the one on potential ~—1/ch®x was noticed in Ref. [38].

5. O(N)-SYMMETRIC NONLINEAR ¢-MODEL WITH N = 3

Now we consider the problem what type of quantum field theory can serve as a
dynamical background of the O(N)-symmetric factorized S-matrix of Section 3
with N = 3.

First of all, remind the essential difference between a general solution of Section 3
with N > 3 and that with ¥ = 2. For N = 2 the solution depends on a free para-
meter which could be interpreted as a coupling constant (in particular, a “weak
coupling regime” can be achieved by a special choice of this parameter), while for
N = 3 no free parameter enters the solution (the only umbiguity is (3.14)), but it
depends analytically on the symmetry group rank N'° and can be expanded in powers
of 1/N.

The coupling constant independence of all observable properties but the overall
mass scale is the phenomenon characteristic for asymptotically free theories with
dynamical mass transmutation (actually, it is a consequence of renormalizability
[28]). One can believe, therefore, that a theory of this very type describes the dynamics
of factorized scattering of Section 3 with N > 3.

To ensure the fact that a certain quantum field theory really leads to the S-matrix
of Section 3 one should reveal its following properties:

(a) The model is one of the massive particles with O(N)-symmetric spectrum.
The spectrum contains the isovector N-plet.

(b) The total S-matrix of this theory is factorized.

If these properties turn out to be true the problem of CDD-umbiguity (3.14)
should be solved to obtain an exact S-matrix of the theory.

Consider O(N)-symmetric chiral field model (1.4). The usual g-perturbation theory
of (1.4) is based on the Goldstone vacuum and leads in two dimensions to infrared
catastrophe. Therefore, it is unlikely applicable to elucidate observable properties
such as the spectrum and the S-matrix. However, there is another powerful approach
to this model, namely, the 1/N-expansion. This method for the model (1.4) has been
developed in Refs. [23, 24] (see Appendix B). It is based on the exact solution at
N — oo which obviously satisfies the requirement (a): at N — oo the model contains
an isovector N-plet of free massive particles only.!! The interaction of these particles
1s of the order of 1/N and 1/N expansion is just the perturbation theory in this inter-
action. The property (a) is still valid in any order of this perturbation theory. Thus,
it is obviously true as N is sufficiently large. It is not ultimately clear whether the

10 In this case the weak coupling limit is achieved as N — 0.
11 The absence of other particles at large N is shown in [48].
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situation is the same if N becomes not large, say N = 3, 4. However, we shall assume
that the situation characteristic of large N is still valid at all N > 3. The result of this
section confirms this assumption to some extent.

Let us turn to the scattering properties of this model. The existence of an infinite
number of conservation laws for classical model (1.4) has been discovered by
Pohlmeyer [47]. However, since the guantum vacuum of the model appears to be
crucially different from the classical one, the relation between the classical conser-
vation laws and quantum ones cannot be straightforward. In particular, the conformal
invariance of the classical theory which is of essential use in Pohlmeyer’s derivation
is surely broken in a quantum case due to coupling constant renormalization.

The presence of higher conservation laws in quantum model (1.4) has been shown
by Polyakov [26]. Here we present briefly Polyakov’s derivation.

The equations of motion corresponding to Lagrangian (1.4) are:

N
N + wn® = 0; Y 'y =1, (5.1)

where w is a Lagrange field (see Appendix B) and the indices ¢ and = mean derivation
with respect to

o =x%+ x%; 7= x"— xL (5.2)

Equations (5.1) in the classical theory imply

[i ("f}fl = [é (n?})z]a = 0. (5.3)

These equations, which are of essential use in Pohlmeyer’s derivation [47], mean
both the conservation of energy-momentum and the conformal invariance of classical
theory. In the quantum case the conformal symmetry is broken by stress-energy
tensor anomaly and instead of (5.3) one has

N .
[z (nff] ~ b,

i=1

(5.4)
[ Y (nf})z] =bw,,

where b is a constant which can be easily related to the Gell-Mann-Low function.
Of course, relations (5.4) imply the energy-momentum conservation in the quantum
theory since they are just of the divergence-zero type.

To obtain the next conservation law let us consider, following Polyakov, the deriv-
atives [le (n’,.)%], and [Zf;l (n*,,)?], . In a classical theory one has, for instance,

[g (”iw)z]f = [ﬁ @)’ w]o +3 iZNl(nif W, (5.5)

i=1
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In the quantum case this relation is deformed by anomalies. It is easy to see that the
most general quantum variant of (5.5) is

(S 6] =0+ 9L 00+ (o, ()

where the terlrvn proportional to « is the anomaly. Furthermore, one can consider the
derivative [Y,_; (n,)?], and obtain in a quantum case, quite analogously to (5.6),

[S 0] = @8 + 0[5 0] o+ . 57

i=1 i=1

Now it 1s straightforward to construct a new conservation law

ez o] - e 59

+ o

N
; 3
(n.loa)2 -
50
No difficulties arise in constructing a further conservation law, The equation

[f Wl + @, [f (nf‘m)Z][le (nf},)“]

L POCAY IR Do AR | (59)

can be satisfied, in the same manner as (5.8), by an appropriate choice of parameters
a,, a, and a, . Higher conservation laws of the infinite set require more delicate
investigation; they have been constructed in a recent paper [27]. We do not discuss
all the infinite set here. As shown in [26], the first two conservation laws (5.4) and (5.8)
are already sufficient to restrict the S-matrix to the processes satisfying the selection
rules (i) and (ii) pointed in Section 2. According to the general consideration of
Section 2, this implies the S-matrix factorization for model (1.4).

It is instructive to observe the last property of the chiral field S-matrix in the 1/N-
perturbation theory [25]. Let us do this in the order of 1/N? (in the order of I/N
these properties are trivial, being determined by kinematics). In this order we are

2 L

— Kk
. | K
: i

FiG. 7. The 2 — 4 amplitude.
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FiG. 8. The 3 — 3 amplitude.

interested in the amplitudes 2 — 4 (Fig. 7) and in connected amplitudes 3 — 3
(Fig. 8).

Using the diagrammatic technique of 1/ N-expansion (see Appendix B) one can repre-
sent the amplitudes 2 — 4 by a sum of diagrams shown in Fig. 9 (we consider only
the case i 5= j # k 5= i for simplicity; a general case includes more diagrams, but
the result is the same). To demonstrate the total cancellation among the diagrams
in Fig. 9 it is useful to take into account the explicit expression for arbitrary two dimen-
sional one-loop diagram [8]. The extession is shown schemtatically in Fig. 10: an
arbitrary boson loop is the sum of terms, each corresponding to any division of the

R

5
PR L P,
p 3 # Fonp
E ép

R P PZ p 4 %
a b c 5
R

R AR P; P PR

i R R

NO

P .
et N et B
d P‘ e

) —D
A 2

P

P
A

Fic. 9. Diagrams of the order of 1/N? contributing to the amplitude in Fig. 7 in the case i # j #
k#i
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loop through two lines. The contribution of each division is equal to the product of
two “tree” diagrams separated by a dashed line in Fig. 10 by the function

1 d*p
Q2=)? f (P2 — m? - ie)(p + ko + kp)* — m® + ie)

iD(s,,) = (5.10)

Ka

= Z KB{ cp(sﬁ

Fic. 10. The “division rule” for calculation of an arbitrary one-loop diagram.

where 5, = (k, + k)2, the momenta k, and k; of cut lines being determined by the
condition K2 = k2 = m?2 At s, fixed this equation has two solutions connected
by the exchange k, <+ k, , both should be taken into account in Fig. 10.

It is easy to see that all possible divisions of triangle loop in diagram in Fig. 9g
cancel exactly the other diagrams in Fig. 9. Consider, for example, the division shown
in Fig. 11. Two solutions of equation k% == k,2 = m? are k; = p; ; ky = py and
k; = pg i ko = p; . The factor i®D(sy) in this division is just —1/D(ss5), where D
is a w’ field propagator (wavy line). Therefore, the division in Fig. 11 cancels diagrams
in Fig. 9¢ and Fig. 9f, The other divisions of the loop cancel diagrams in Fig. 9a-d.

P1 P3

R P,

Fig. 11. A division of the three o’ vertex in Fig. 9g.

The factorization of connected amplitudes 3 — 3 in the order of 1/N2 can be shown
analogously. Corresponding diagrams are listed in Fig. 12 (we again consider the
the case i # j # k # i only). It is easily seen, that in the kinematical regions, where
the solid-line propagators in diagrams in Fig. 12a-f are nonsingular, all possible
divisions of the loop in Fig. 12g cancel out contributions of other diagrams. Mass-shell
singularities of the solid-line propagators in Fig. 12a—f require special consideration.
For example, if p; — p;, ps — p1, ps — P, the intermediate solid lines of diagrams
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P kB P P
p P Pzgé g P, Pzé % P
p—i-p B g At p
P po A — P'§ A
P o R
p——p it p Bi L p

i i

P P

2 P

FiG. 12. Diagrams of the order of 1/N? contributing to the amplitude in Fig. 8 in the case i = j #
k#i

in Figs. 12¢c, d and f acquire their mass shell poles. These propagators can be written
in the form

1 1 .
o e :Pp2—m2 + im 8(p* — m?) (5.11)

It can be shown that the principal parts of these singularities are cancelled among
three diagrams in Figs. 12¢, d and f, leaving the 8-function terms only, corresponding
to intermediate particles on the mass shell. The diagram 12g cannot cancel these
o-function terms, being nonsingular in the region under consideration (where all
the momenta transferred are space-like). So, only the terms with mass-shell 8-func-
tions remain in the sum of diagrams in Fig. 12. These §-functions ensure the factorized
structure of the amplitude in Fig. 8.

We have shown that quantum model (1.4) satisfies properties (a) and (b). Hence,
one of the solutions (3.8), (3.13), (3.17) specified by a choice of CDD poles (3.14)
can be used to describe the scattering of this model. We do not know any way to
remove the CDD-ambiguity rigorously, but the choice of “minimum” solution,
namely o4(6) = o{"(6) from (3.17), appears to be the most natural. Below we present
some arguments in support of this choice.

At first let us note that CDD-poles (3.14), if added, in general, result in additional
poles in all three channels of two-particle scattering: isoscalar, antisymmetric-tensor
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and symmetric tensor'?. Such a strong isospin degenerasy of states seems to be un-
natural. The “minimum” solution o,(6) = o{"(6) possess no poles in the physical
strip 0 <Im 6 <7 and therefore “elementary” isovector particles A, of (1.4)
produce no bound states.

Furthermore, a calculation of two-particle amplitudes for model (1.4) by 1/N-
expansion technique (see Appendix B) in the order of 1/N leads to the result:

P P 2 2
_ + é /’ 27(1.
G,0)= P P P, NSh8

(5.12)
_ 2]‘1
>ww< N(iT-6)

The signs in (5.12) mean that the interaction between A; is of repulsive type (at least
for large N). Hence, A; is unlikely to form bound states. It is easy to verify that
expressions (5.12) really coincide with the first terms of 1/N-expansion of exact
solution (3.8), (3.13), (3.17) with o,(6) = oi7(8). Thus, the latter choice is in
accordance with 1/N-expansion of (1.4).

It is interesting to compare the solution of Section 3 with the results of the ordinary
g-perturbation theory of model (1.4). Adopting the S-matrix (3.8), (3.17) to correspond
to some renormalizable asymptotically free field theory, one can expand the scattering
amplitudes, which are the functions of variable

Ky glu)
In 21m—ff
m

B(g) (5.13)

in the asymptotic series in powers of g(u). Using the first term of o-model Gell-
Mann-Low function B( g) [20]

Ble) = — Y2 i o (5.14)

one obtains up to g2 (g = g(n))

ous) = 1 — i 5+ 0(g?),

+
Mg=_€+,Nﬂ22m—+0@q (5.15)
o) =i — iV =21 5 Ns_

2
2 - g% In g* + 0(g%.

* The only exceptional case is that of single CDD-pole a; = X added to o!*'(8), where bound
states appear in isoscalar and antisymmetric tensor channels only. This case corresponds to o,(8) =
a57(8) (see (3.19)) and is under consideration in the further Section.
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In (5.15) the asymptotics s — oo is written down and power terms in s are
dropped.

The usual perturbation theory (expansion in g) is based on Goldstone vacuum and
deals with N — 1 plet of Goldstone particles instead of N-plet of massive particles A4; .
In this perturbation theory the loop diagram calculation leads to infrared divergencies.
However, all the infrared divergencies are cancelled among the diagrams contri-
buting to the scattering amplitude of Goldstone particles in the order of g2 Hence,
one can believe that calculation of these diagrams results in the correct ultraviolet
asymptotics of the reeal A4, particle scattering amplitude. This calculation is straight-
forward and does lead to (5.15).

6. S-MATRIX OF THE GROSS-NEVEU “ELEMENTARY”’ FERMIONS

Another example of an asymptotically free field theory exhibiting the properties
(a) and (b) of Section 5 and therefore leading to the factorized S-matrix of Section 3
with N == 3 is Gross-Neveu model (1.5).

An infinite set of nontrivial conservation laws for a classical version of model (1.5)
has been found in a recent paper [49]. These classical conservation laws are quite
analogous in their structure to those of the nonlinear o-model found by Pohlmeyer.
Again the conformal invariance of the classical theory (1.5) (which is broken in a
quantum case) plays the crucial role in the derivation of these conserved currents.
However, it is natural to expect that higher conservation laws are present in quantum
theory (1.5) as well. Dashen, Hasslacher and Neveu [29] have investigated the classical
field equation which determine the stationary phase points of the effective action
(B.5") (see Appendix B). They have been able to find out explicitly a series of time-
dependent solutions. It means almost surely the complete integrability of the system
determined by these equations.

To make sure that quantum theory (1.5) really possesses higher conservation laws
let us derive the first nontrivial law following Polyakov’s method [26]. All the con-
siderations will be quite parallel to those applied in Section 5 to the case of
the s-model.

It is convenient to use the motion equations of (1.5) explicitly in terms of right and
left-handed components of Majorana “bispinors” ,(x) = (,7(x), ¥;(x))

I‘/;lr‘r = wl//il’
i, = —od;  i=1,2,., N,

(6.1)

where @ = g, Zil ;"pt. The momentum-energy conservation and conformal
invariance of equations in classical case imply analogously to (5.3)

(i %'"L/JI.U) = (i %’x/zf,,)’u =0 (6.2)

. T
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which should be, of course, replaced in the quantum theory

(% wevia) = ot

T

(6.3)

(i bipha) = —ba.

Using these quantum equations one can easily verify that the following equations
can be satisfied by an appropriate choice of the parameter C

[i Bl oiloe + C (i ¢i"¢;_0)2] Y

»T

(6.4)
[f YLl C (ﬁ b )J — ()

These equations are just the first nontrivial conservation law of the Gross—Neveu
model.

The existence of higher conservation laws implies that the Gross-Neveu S-matrix
satisfies property (b) of Section 5 [26].

Alternatively one could discover this property of the Gross-Neveu S-matrix
in 1/N-expansion [50]. The 1/N-expansion technique for this model has been developed
in Ref. [28] (it is described briefly in Appendix B). It is similar in the main to that used
in the case of the nonlinear o-model. In particular, the diagrammatic consideration
of previous section can be repeated word for word in the Gross—Neveu case.

There is an important difference, however, between the o-model 1/N technique
and that of the Gross—Neveu model. Note the additional minus sign in (B.9’) against
(B.9) which is connected with the fermion nature of i,-fields (see Appendix B).
This leads to the significant difference between two scattering theories. For instance,
for model (1.5) one has, instead of (5.12),

27 1
MO =1 + =05 + O ()

(6.5)
GN 2i Iy, GN 27
O =g O () O =55y
The signs in Eq. (6.5) correspond to attractive interaction of “‘elementary” fermions
(which we denote again by 4, ; { = 1, 2,..., N). Therefore, bound states of 4; should
exist.

The bound state problem in model (1.5) has been investigated by a semiclassical
large N method in Ref. [29]. The rich spectrum of O(N)-multiplets of bound states
has been found. There are isoscalar, isovector multiplets and a number of higher
rank antisymmetric-tensor ones. The semiclassical spectrum possesses a strong
isospin degenracy: different isospin multiplets are gathered into supermultiplets

+ o)

595/120(2-3
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defined by the “main quantum number” n which corresponds to the number of
bounded “elementary” fermions. Semiclassical masses depend on this number only

sin (—ﬁﬂ" )
N
mf,sem) = m ———; n=12..<

N
sin (—X,—) 2’

(6.6)

where m is the mass of 4;.
There are other particles apart from A;—bound states—“kinks” of the w(x)
field [29]. Their semiclassical masses are

My = 'Z—S;(% (6.7)

and the existence of these “kinks” is just an explanation of the upper bound for n
in Eq. (6.6).

The qualitative structure of semiclassical bound state spectrum (which becomes
exact as N — oo ) makes one choose solution (3.8), (3.13), (3.17) with o(6) = o{~(6)
as an exact S-matrix of “elementary” Gross-Neveu fermions. The 1/N-expansion
of this solution turns out to coincide with (6.5). Furthermore, let us consider two
particle amplitudes of A;-scattering with the definite s-channel isospin

0+ A0 + & _
oo = Noy + 0, + o = — CLIOLID 500, (6.59)
0+ A
Ctastiymm) = 02 — 04 = — 5 o(6), (6.3b)
0—id
Ceymm) = 03 + 05 = —— a{7(6). (6.8¢)

As it is seen from (6.8), bound states exist only in isoscalar and antisymmetric-
tensor channels. We denote these particles B and B;; . Their masses are

-1

mg = Mp,, = My = m sin ( sz 5 )[sin ( i 7_7_ 5 )] . (6.9)

Higher bound states appear as poles in multiparticle amplitudes. The investigation
of these poles (quite parallel to that made in Ref. [10] for the bound states of sine-
Gordon “elementary” particles) leads to the spectrum of multiparticle A;-bound
states which agrees qualitatively with the semiclassical spectrum of Dashen, Hasslacher
and Neveu [29]. Semiclassical isospin degeneracy turns out to be exact while the exact
mass formula is

m, = m sin (N?_z 3 )[sin ( ~ Z 2)]_1; n=12..< Nz_ 2 , (6.10)




FACTORIZED S-MATRICES IN TWO DIMENSIONS 285

which differs from the semiclassical one (6.6) by substitution N — N — 2 only.
It is natural to suppose that all the qualitative picture of semiclassical spectrum
remains unchanged in the exact solution provided the substituion N — N — 2
is made. In particular, there are “’kink” particles at any N and formula (6.10) in terms
of kink mass becomes

N -2

n==12,.< 3

m, = 2Mkink sin ( (61 l)

o\,
wz)

It follows from Eq. (6.11) that the bound states subsequently disappear from the
spectrum with the decrease of NV and no particles but the “kinks” remain in the system
at N < 4. In particular, there are no “fundamental” fermions 4; at N = 3, 4. There-
fore, the exact S-matrix of Gross—Neveu ‘““fundamental” fermions presented above
has a direct physical meaning at N > 4 only being quite fictitious at N = 3, 4.

To construct the total Gross—Neveu S-matrix for any N > 3 one should calculate
the factorized S-matrix for the ‘“kinks”. The essential problem arises in this way:
what representation of internal symmetry group do the “kinks” belong to? There
are some arguments that these particles form O(¥) isospinor multiplets (E.Witten,
Private communication). In any event the problem of obtaining the total Gross—
Neveu S-matrix remains open.

For the further development of the subject reviewed in this paper see Refs. {51-54].

APPENDIX A

In this Appendix we derive solutions of Eqs. (3.5) and (3.6) [12, 25].

(1) Consider system (3.5). It is convenient to introduce the ratios

WO =S5 e = 2D (A1)
Then Egs. (3.52, b) become
h(6) + h(0") — k(0 + 0') = g(0) h(6 + 6')
— h(0) g(0 + 6) + g(6) g(6 + 6') (D), (A2)
[1+ A6 + ) + (8 -+ O)][1 — g(6) g(8)] + A(B) H(®)
= (1 + g(6) + hO)(1 + g(0") -+ (). (A3)

Substituting § = 0 or & = 0 into (A.3) and (A.2) one obtains the following relations
[1 - g¥®)]h©) =0,

[1 4 g@II(1 + g(0) + h(6)) g(0) + h(0)] = O,
[1 + g@][A(O0) — g(0) ()] = O.
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These equations can be satisfied in three possible ways: (a) g(@) = 1; () = —1
(b) g(8) = —1; h(B) is arbitrary, (c) g(0) = h(0) = 0. The first two cases are not

interesting for us since possibility (a) is against unitarity (3.4b) and possibility (b)
cannot satisfy crossing relation (3.2b). Therefore,

2(0) = h(0) = 0. (A.4)
Differentiating (A.2) and (A.3) with respect to 6 and then setting ' = 0 one gets

H(®) = (1 + g@)((« — BR(O)); (A.5)
H(0) + g'(0) = (1 + g(O)x + BA(O) + (1 + g(B))], (A.6)

where o = A'(0) and 8 = g'(0). These equations can be easily turned to the form

s — pi®) 12 o A7)
R(0) = Br¥(0) + «. (A.8)
The solution of (A.8) and (A.7) is
. 4md 470 .
WO) = —i tg( . )th ( . ); (A.9)
470 47
g(0) = th ( . )cth [ o (5 — 0)], (A.10)

where o = —i(4n/y) tg(dndly); B = —i(4n|y) ctg(dnd/y). The real analyticity con-
dition for the scattering amplitudes requires 2(6) and g(d) to be real at Re § = 0.
Hence, y and § are real parameters. Formulas (A.9) and (A.10) are equivalent to
3.7.

(2) Let us turn to the system (3.6). Using the notation h(8) = 04(8)/04(f) one
reduces (3.6a) to the form

() + h(0') = h(8 + 0"). (A.11)
Hence

0,(0) = ——i% o,(0), (A.12)

where A is an arbitrary real parameter. Substitution of (A.12) into (3.6b) leads to the
following equation

p(@ + 0 pl8) = 2 [p(8) — p(0 + 0, (A.13)
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where p(6) = o0,(0)/o,(6). The solution of (A.13) is

iA
p(0) = — pm—E (A.14)
where « is the other real parameter. Now Eq. (3.6¢) leads to the restriction
e —iN=2, (A.15)
2
and we obtain (3.8).
APPENDIX B

This Appendix is intended for the derivation of the diagrammatic technique of
1/N expansion of models (1.4) and (1.5) [23, 24, 28].

All the following calculations will be performed for both models (1.4) and (1.5)
simultaneously. To avoid any confusion, relative variables corresponding to models
(1.4) and (1.5) are marked by subindices CF (chiral field) and GN (Gross—Neveu).
Furthermore, ail the numbers of formulas relating to model (1.5) are primed.

Following [23, 28] introduce the auxiliary Lagrange field and write

Z (@) & () nd] — “’(") (B.1)

on =3 2 [ iyt = o) ) — 520 B.1")

The generating functional for the Green functions of the field n(x)(,(x) in the
case of (1.5)) can be written in the form

ZlJ] = 11J]/110}, (B.2)

where

Teeld] = [ 11 [deo0) T] dni(9)]
X exp 31- [ @ [Lerni, o] + (g i Ti(x) ni(x)]g, (B.3)
Ionts) = [ T] [dwo) [T disi0)]

x exp Ji [ dox [Lonliy, ] + f 7. 409 (B.3)
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The integration over 7n,(x) in expression (B.3) (over (x) in (B.3")) may be carried
out explicitly, and results in (irrelevant factor which is cancelled in (B.2) is dropped):

Icslds f [‘[ deo(x)

% expg S, 4 L j dx d2x’ JA(x) J{x') Gorlx, X' \w)} (B.4)

Ion0] = [ [] deo()

x exp |iSE ] + 5 [ d di T(0) Goal ¥ | 0) XY, (BA)
where

SE0 _ g tr In[8,? — w(x)] — fdzxi"z.(_ﬂ; (B.5)

S(eff) — _2_ tr Infy,&* — w(x)] — fdz (X) (B.5")

and Geg(x, x' | w) and Ggy(x, X' | w) are Green functions of differential operators

0,2 — w(x), (B.6)

Yul* — o(x), (B.6")

respectively.
One obtains the 1/N-series of model (1.4)((1.5)) calculating integral (B.4)((B.4"))
perturbatively. The stationary phase point of this integral at w = &

Bop = mip = A*exp | — ;; ;, (B.7)
o

(I.)GN = MgN — A exp s— 2; $ (B.7,)
[t]

should be taken into account and functionals S&P[w] and Gep(x, x| w)(SEP [w]
and Ggy(x, X' | w)) should be expanded in 0w’ = w — &.13

It is easy to follow from the integrals (B.4) and (B.4') to the simple diagrammatic
technique with elements drawn in Fig. 13a, b, where the sign +(—) in multileg
vertices (Fig. 13b) corresponds to the case of the chiral field (Gross—Neveu) model
Constructing any diagram from these elements one should not draw closed solidline
loops since they are already taken into account by multileg vertices in Fig. 13b.

13 In fact, there are two symmetrical stationary phase points @ = 4-mgy in (B.4°). The system is
settled in one of them by the Higgs effect. This corresponds to spontaneous breakdown of the discrete
ys-symmetry [28].
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( J
L—K—— = G5 G(K)
~ = D(K?)

A:t/& D e
,‘}}{ " ﬁ;n;b...

T
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Fic. 13. Elements of the 1/N-diagrammatic technique for chiral field and Gross-Neveu models.

Functions corresponding to the solid an wavy lines in Fig. 13 are different for the

cases of (1.4) and (1.5):

GCF(k) = k2 :

— m? -+ ie’
. k + m
Gon(k) = i k* — m? -+ ie’
and
1 d*p
2711 — .
[Dep(k®)]™ = 2m)? .[ (p®2 — m? + ie)(p + k)2 — m? + ie) ’
1 d*p
Doyt = — t ;
[Den(] Qme f [(ﬁ —m + ie)p + k —m + ie)
_ __dfp__]
(p—m + iey I

(B.8)

(B.8")

(B.9)

(B.99

In formulas (B.9) and (B.9) and in the general part of the paper indices CF and

GN near the masses of particles are dropped.
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