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Abstract

Multi-particle form factors of local operators in integrable models in two dimensions seem to have the
property that they factorize when one subset of the particles in the external states are boosted by a large
rapidity with respect to the others. This remarkable property, which goes under the name of form factor
clustering, was first observed by Smirnov in the O(3) non-linear o-model and has subsequently found
useful applications in integrable models without internal symmetry structure. In this paper we conjecture
the nature of form factor clustering for the general O(n) o-model and make some tests in leading orders of
the 1/n expansion and for the special cases n = 3, 4.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

In this paper we will investigate certain properties of form factors of integrable models in two
dimensions. This class of models allow a unique field theoretical insight because they admit spe-
cial non-perturbative methods to their solution known as the S-matrix bootstrap approach [1,2].
In particular once the spectrum of stable (massive) states has been identified a well-motivated
S-matrix can be postulated. Going further one can then attempt to solve equations for the form
factors of local operators and finally compute correlation functions of these operators by satu-
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rating with a complete set of intermediate states. There are many examples of such applications.
Of particular interest are the uncovering of structural relations which may have corresponding
validity or inspire similar relations in models in higher dimensions.

We will in this paper consider mainly the non-linear O(n) o -models which have the additional
interesting feature that they are asymptotically free. In particular for the case n = 3 many form
factors are explicitly known and one can compute vacuum 2-point functions up to rather high
energies and compare the results with numerical MC and analytic perturbative results [3].

One of our main motivations for the present paper arose from our recent work on structure
functions in these models [4]. A result that particularly intrigues us concerns the small Feynman
x behavior (Q2 fixed); we found that this was of the form f (x)A(QZ) where the behavior of
f(x) at small x reflects the high energy behavior of the scattering amplitudes and the function
A(Q?) is determined in terms of the vacuum 2-point function. We speculated that this structure
may be universal in asymptotically free field theories, in particular for QCD.! One of the key
properties in the derivation of the result (for the o-model) is the property of clustering of form
factors, and it may be that at least this property has some analogy in QCD.

Roughly, form factor clustering says that if one considers a multi-particle form factor of a
local operator and one boosts a subset of particles A uniformly with respect to the rest B by a
large rapidity A, then to leading order the form factor factorizes into a function of A times a
product of two functions, one depending only on the rapidities of A and the other only on the
rapidities of B. The functions appearing here are again themselves form factors.

To our knowledge the first observation of FF clustering was by Smirnov [1] for the O(3) non-
linear o-model. Thereafter investigations of this structure were mainly pursued for S-matrices
without internal symmetry structure (see e.g. [5—12]). Recently it was used in the construction of
local operators in the sinh-Gordon model by Delfino and Niccoli [13]. FF clustering appears to
be an extra constraint on form factors which can be imposed in addition to the usual axioms. Its
main application so far has been to identify the operator associated with a particular solution of
the FF equations i.e. clustering can be useful in model building.

A systematic study of clustering properties for models with internal symmetry has not ap-
peared in the literature so far. It is the purpose of this paper to make steps to fill this gap for the
case of the O(n) non-linear o -models. In order to be able to make non-trivial tests of the cluster-
ing properties of the form factors we first had to work out some o -model form factors explicitly.
In particular while considering the test in O(4) we had to work out details of the 3-particle spin
form factor and this is presented in Appendix D. While the structure (a tensor product of SU(2)
form factors) was given previously by Smirnov [14], he only considered the case of form factors
with an even number of particles. We also work out a number of form factors in leading orders
of the large n expansion both by applying bootstrap techniques for this case and by the stan-
dard saddle point expansion of the functional integral. A by-product of our investigation is the
verification of the (expected, but non-trivial) equivalence of the two methods.

The organization of the paper is as follows. In the next section we give a brief introduction to
the model, in particular the S-matrix is described and form factors of some familiar operators are
defined. In Section 3 we remind the reader of the FF axioms, give the 2-particle form factors of
operators introduced in Section 2 and consider the specific case of the 3-particle spin form factor.
In Section 4, for comparison, we first briefly review FF clustering for models without internal
symmetry. Thereafter we consider the structure of FF clustering in the O(n) non-linear o -models.

1 1t holds for example in approximations like naive vector meson dominance.
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We motivate an ansatz for the general form for various cases encountered, and conjecture a
relation of the leading FF clustering behavior to the anomalous dimensions of the operators which
is reminiscent to the form of operator product expansions valid at short distances. In Section 5 we
consider solutions for the form factors in leading orders of the 1/n expansion, and in Section 6
we verify that these solutions are indeed identical with results derived from the quantum field
theoretic formalism. Tests of the ansatz in the leading order of the 1/n-expansion are described
in Section 7 and tests in the particular cases n = 3,4 in Section 8. Various technical details are
relegated to appendices.

2. O(n) non-linear o -model S-matrix and operators
2.1. The Zamolodchikov S-matrix

Particles in the O(n) model are characterized by their mass M and the quantum numbers
(a,0),wherea=1,2,...,nisan O(n) vector index and @ is the rapidity of the particle in terms
of which the components of its momentum are p® = M cosh6 and p' = M sinh6. When two
particles scatter there is no particle production and the bootstrap S-matrix proposed by Zamolod-
chikov and Zamolodchikov [15] is of the form

S<4(0) = 01(0)88ap, + 02(0)5588 4 03(6)82 8¢, 2.1)
where
—2miy —2mwiy
01(0) = - 02(0), 03(0) = 02(0) (2.2)
ir—0
and
0)=— 15(0)}, 2.3
020) = 55— explid(©)} (2.3)
where the phase appearing here is given by
o
do . ~
800)=2 | —sin(fw)K,(w) (2.4)
w
0
with kernel
- e T _i_eonxw
Ki(w)=—"—-—. (2.5)

14e 7@
We have used the notation y = ﬁ in the above formulae.
It is useful to introduce the invariant amplitudes corresponding to s-channel “isospin” I =
0,2,1:
So(0) =no1(0) + 02(0) + 03(0),
$2(0) = 02(0) + 03(0) = —exp{is ()},
S1(6) = —02(6) +03(0), (2.6)

which obey unitarity S;(0)S;(—6) = 1.
The particular cases n = 3, 4 are discussed in more detail in Appendix A.
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2.2. Operators and form factors

In this subsection we discuss the form factors of the most important operators in the model,
those of the O(n) spin field, the Noether current and the energy—momentum tensor. We also
define the form factors of a symmetric, traceless scalar operator.

2.2.1. The O(n) field
The conventional normalization of the O(n) field is given by its one-particle matrix elements:

(0]®*(0)|b, 8) = 8°°. 2.7)

The general r-particle matrix elements define its form factors by

012 (0)|b1, 61 ...: by, 6,)" = Anfbul...b, @1,...,6,), 2.8)
where
A3=i, Ap,=1, n>3. 2.9
JT

The physical “in” states correspond to the rapidity ordering 8; > 65 > --- > 6,. The form factors
are originally defined for this ordered set of real rapidities but can be extended to the complete
complex (multi-)rapidity space by analytic continuation. See Section 3. We use the state normal-
ization
a6, al,0lar, 615 ... a6, = (470) 8410y~ 8aya, 307 — 1) -+~ 8(6] = 6,).
(2.10)

2.2.2. The Noether current
The normalization of the Noether current operators J, ﬁb (x) is fixed by the equal time commu-
tation relations

[76°(0, %), (0, )] = i1 8(x — )@ (0, y), 2.11)
where

e = scsd — 595¢. (2.12)
The current form factors are given by

(OlJﬁb(O)|b1 01 .. by, 0, = —iewqo‘f,flb_“br ©1,...,6,), (2.13)
where

¢“=p1+p2+-+p)%  pi=(p) p})=(Mcoshé;, Msinh6;) (2.14)
and €y; = —ej9 = 1. The normalization (2.11) implies® the following result for the one-particle

expectation value:

(. 01752 (0)|d, 0) = —2ip, 127 (2.15)

2 Recall that for particles with rapidity 6 corresponding to ‘bra’ vectors in the expectation value the form factor func-
tions have to be analytically continued to the complex rapidity value 6 4 ix.
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2.2.3. The energy—momentum tensor
The energy—momentum tensor is normalized so that its space integral

H:/deoo(O,x) (2.16)

is the Hamiltonian of the system with one-particle eigenvalues given by H |b, 8) = Mcosh8|b, 6).
The energy—momentum tensor form factors are

(01T, (0)|b1, 015 . . .5 by, 6,)" = (quz = quqv) for..5, 01, ..., 0r), (2.17)
where 7, is the (1 4 1)-dimensional metric characterized by noo = —n11 = 1.

The case n = 3 is discussed in further detail in Appendix B.

2.2.4. Symmetric, traceless tensor operator
Finally we define the form factors of a Lorenz scalar and symmetric, traceless iso-tensor
operator X4

O1ZO) b1, 015 ... br. 0) " = 54, (01 ....6,). (2.18)
2.3. Two-particle form factors

Using O(n) symmetry and Poincaré invariance, the two-particle form factors can be parame-
terized as follows

(O|Jﬁd(0)|a, a; b, B) =i€unqg"Yi(a — ﬂ)téi,
012 (0)a, a; b, B) = —ipa(a — B)i,
(O T,y O)la. @ b B) = 5 (410 = 4 1) Yol = B)éa, (2-19)

where

_ 2
Sep = 0485 + 8485, Taf =05 — ~6“ban. (2.20)

a

It can be shown that the normalization of the operators defined above implies the following
singularity structure for the functions ¥; (6)

—4i

O~ —, O~im,
Yo(0) @ —in)? in
V1(0) ~ —, O=im,
0—im
Y2(0) regularatd =im. (2.21)

3. Form factor axioms

In this section we recall the functional equations [1] satisfied by the scalarized form factors,
which we generically denote by Fg, 4, (61, ...,6;) in this section. It turns out to be convenient
to introduce the Faddeev—Zamolodchikov operators Z} (0) satisfying the exchange relation

ZHO)Z50)=S),0—-0)ZF6)Z] ). (3.1)
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Now we can define the multi-index matrix Sp4,...q,:5,...5,a(B|01, ..., 6;) by the relation

Zy(BYZE 01 - Z3 (6,) = Spay..apiby..byaBIO1, -, ) Z (01) -~ Z) (6)ZF (B). (3.2)

The form factor axioms are the following five functional equations [1]

fal...ar ©1,....0,)= Fal...a, @1 +A,...,0-+2), (3.3)
Froeyer(-+-0,0" ) = 5200 — 0)) Froppen(---0/,60 ), (3.4)
fulag‘..ar (61 +27i,0,,...,0,) = ]:ag...aral (02, ...,6,,01), (3.5

lin})gfabul,“ar(ﬁ +17T +87 189 91’ .. "0}")
£—

=2i {aub]:al.‘.ar (017 ceey Qr) - Sbal...a,;bl...bra (,3|91s ceey er)]:bl.‘.br (917 ceey Qr)}’ (36)
Tul..‘a, ©01,...,0,) = wp]:armal (=0r,...,—061). 3.7
In the last equation w, is the parity of the scalarized form factors. It is equal to unity for all

operators considered above except for the Noether current, for which it is equal to —1.
Next we define a new type of reduced form factors® by

Fal...ar ©01,...,0r)
Cr61,....60)

6 —0;
Cr(61,...,0,) = ]_[ cosh< 5 f). (3.9)

1<i<j<r

Fay..a, 01, ..., 6r) =

) (3.8)

Three of the form factor equations for Fy, 4. (01, ..., 6,) are of the same form as (3.3), (3.4) and
(3.7) and the equation corresponding to (3.5) is only modified by a sign factor (—1)"~!. Finally
the residue axiom (3.6) is rewritten as

Fahﬂl...ar(ﬁ+in7ﬂ5017'-'791‘)

NF T
l .
_ <5> TT 5108 — 0)){Soar.oa 61 BIO1. - 0 Fiy b, O, 6)

Jj=1
_‘SabFal.A.ar(el’~--’9r)}- (3.10)

3.1. Two-particle form factors

Two of the form factor equations, (3.3) and (3.7), are automatically satisfied by the ansatz
(2.19). The residue equation (3.6) does not apply to two-particle form factors, but one has to
satisfy the normalization conditions (2.21) instead. Finally (3.4) and (3.5) become (I =0, 1, 2)

V1(0) = S1(0)1(—0) (3.11)

and

Y10 +27i) = (=) (—0) (3.12)

respectively where the S; are defined in (2.6).

3 Here “new” is w.r.t. those usually defined by factoring out the product of 2-particle scalar form factors e.g as in
Appendix B.
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A useful building block in the construction of form factors is the function

(e¢]

AG) :/ do - cosh[(w +i0)w] — 1.

—Ky(w) - (3.13)
w sinhww
0

Its main properties are
A(im 4+ 0)=A(ir —6), A(ir) =0, AB)=A(—0)+is(0) (3.14)
and its asymptotic behavior for large positive 6 is given by

A +0),ReA(9)%—§I€n(O)— ?k;(owoa). (3.15)

If in (2.4) we substitute K, (o) by the function ko(w) = —e 7 we get
eidul®) _ iomw 46
iomr — 0’

We denote the related building block by Ay (6).
Using the building blocks defined above we find

(3.16)

0 _
V1(0) = tanh 3 exp{A(0) + Mgy (0)} =167,
)
Y () = sinh > exp{A(@)} R BX,
_9;
Yo(8) = ——— Y1 (6) ~ e~ (177, (3.17)
im—0
Here we also indicate the asymptotic behavior of the form factors v; (9) for large positive 6.
3.2. Three-particle form factors

In this section we write down the form factor equations for the three-particle form factors of
the O(n) field operators. We start with the definition

Fo (a,B,y)

foele, Boy) = = — (3.18)
abe cosh(#)cosh(%) cosh(ﬂTy)
The form factor equations (3.3)—(3.7) in this special case become (n > 3)
Fo (a,B,y)=F% (@ +xrB+ry+21), (3.19)
Flola. B.y) = Spe (B — ¥) Fihy (et v B). (3.20)
Fe (a,B,y)=FL (B, y,a —2mi), (3.21)
. i,
Fape(B +im, B,y) = sinh(B — y){ S5 (B — v) — dud? }, (3.22)
Fe (a,B,y)=F% (—=y,—B, —a). (3.23)

(3.19) and (3.21) are satisfied by the following ansatz
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Fipe(et, B y) = Saadpe X (& = Bt = ¥) + 8padac X (B — v, B — @ + 27i)
+8cabap X (y —a +2mi,y — B+ 2mi). (3.24)
We can also rewrite (3.22) and (3.23) in terms of this single function X. We get
X(u,v)=XQmi —v,2wi —u),
X@,in) = % sinhfo3(0),
X0, in+0) = %sinh@[az(e) —1]. (3.23)
Finally (3.20) is equivalent to

X(u,v)= [ncn(v —u)+o(v—u)+o3(v— u)]X(v, u)
+o1(v—w)[Xw—v,27wi —v)+ XQmi —u,2mi +v—u)] (3.26)

and

X(v—u,2xmi—u)=00(v—u)XQmi —u,2wi +v—u)
+o3(v—u)X(u—v,2mi —v). (3.27)

4. Form factor clustering
4.1. Models without internal symmetry

We first briefly review clustering properties of form factors for models without internal sym-
metry for which the majority of detailed investigations have been carried out so far. In [9] Delfino,
Simonetti and Cardy studied models defined as perturbations of conformal invariant theories i.e.
those formally defined by the action

A:ACFT+g/d2x¢(x), 4.1

where the operator ¢ (x) is of dimension 2§ < 2. Further attention is restricted to those perturba-
tions where an infinite number of integrals of motion survive and the resulting massive model is
integrable.

Consider first the case when there is only one species of massive particle of mass m and 2-
particle S-matrix element S(0). The cluster hypothesis proposes that multi-particle form factors
of a scaling operator @ of dimension 2§¢ < 2 in such a theory factorize according to

Ali_)mooF,ﬁl(Ql A, b4+ A O, 0rp)
1 ] ]
=@Fr (9]5"'50r)F'l (9r+17~~79r+1)' (4'2)

Actually, (4.2) is only valid for operators corresponding to primaries in the conformal limit. More
generally, conformal operators can be classified as

Em£ﬁl¢» (43)

where L£,, is a combination (at level m) of the left Virasoro operators and similarly £ is built
from right Virasoro operators. Identifying operators in the massive theory with their conformal



J. Balog, P. Weisz / Nuclear Physics B 778 [FS] (2007) 259-309 267

limit, the generalization of (4.2) for descendant operators reads [16]

Algnooe—’"AFrﬁ";‘m")(el T A, O+ A Oty Brsl)

L Ln® @y, O O, Br). (4.4)
(®)

Ref. [9] made the validity of (4.2) highly plausible by considering the massless limit to the
UV critical point in which the mass m — 0 and rapidities of the particles are simultaneously
taken to co such that momenta are fixed. The basic assumptions* are that (i) limg_, o, S(0) = 1
so that massless left and right movers decouple and (ii) that the operator space of the conformal
point and that of the perturbed theory have the same basic structure. In particular to the scaling
operator @ (x) in the off-critical theory there is an associated conformal operator @ of the same
scaling dimension 284 . The property has been noticed in the past to be fulfilled by various FF
solutions in specific models [5-13], and many examples and tests of FF clustering have been
successfully performed.

Tests of the hypothesis for a given S-matrix, involve solving the general functional equations
together with the cluster constraints and seeing whether the number of independent solutions
equals the number in the corresponding Kac table of the associated CFT. Once this has been
established one can identify the operators corresponding to the solutions by computing the di-
mensions §¢ either by studying the short distance behavior of the 2-point function computed by
saturation by lowest states, or using the DSC [9] sum rule

1
53V — R = ~i / Ex (e ), (4.5)

where © (x) is the trace of the energy—momentum tensor which is related to the perturbing field
by ® =4mg(1 — 8)¢(x). In a massive theory 8§ =0.

4.2. FF clustering in the non-linear sigma model

To our knowledge FF clustering in the O(3) non-linear sigma model was first discussed
by Smirnov [1]. A more detailed exposition of this case was presented by Balog and Nie-
dermaier [3]. In the following we consider the general O(n) case which exhibits a rather rich
structure.

4.3. Clustering (leading term)

Let us divide the particles into two subsets and boost the particles in the first set by a large
(positive) rapidity A. Form factor clustering means that the scalarized, dimensionless form fac-
tors have universal large A asymptotics (which usually behave as a power in A instead of the
constant behavior exhibited by the models considered in the previous subsection):

fll]...akb]...h(al + Av N s Aa ﬂh ~--v.Bl)
= hic1 (D) 8ayoap:by . by 1, -0 By, Br) (4.6)

4 Note that assumption (i) is not always satisfied in specific models.



268 J. Balog, P. Weisz / Nuclear Physics B 778 [FS] (2007) 259-309

where the clustering function
hi;i (A 4+ A) = hi1(A) 4.7

and also the functional form (and the dependence on A) of the sub-leading terms depend on the
type of the operator. These sub-leading terms are often suppressed by some negative power of
A, see Section 4.6.

Using the asymptotic properties of the S-matrix,

.
TiXjacy ..., (4.8)

S (0) = 8285 +
we can show that the expressions

8ayap:by. b @1y oo B, oo, B 4.9

satisfy the form factor axioms (3.3)—(3.6) in the variables corresponding to the first set while the
dependence on the particles belonging to the second set are playing the role of dummy parame-
ters. This is almost trivial for (3.3)—(3.5), and for (3.6) we get

fabay..apby..by (Vv Him €+ Ay + A ar+ A, o+ A B B
= hk+2;l(A)gaba|...ak;b|...b[(y +im + €, VyOly oo, O; ﬁlv ey ﬁl)
20
%:{(Sabfal...akh1...bz(al+A""’ak+A"Bl""’ﬂl)
- Sbal-..akbl‘..bliﬁlnﬁk[;l.‘.Ela(y + Al A+ AL B B

X far aiby @ T A o+ AL B B}

2i
= :hk;l(A){Sabgm...ak;b]...h[ (at,...,ak; B1,--., B
- Sbal...akgél...éka()/ |O[1 PR ak)gﬁl...ﬁk;bl...b] (Oll, ey O :815 cees :81)} (410)
From this we see that, because of the uniqueness of the solution of the set of form factor axioms,
hiy2;1(A) = hy 1 (A) 4.11)
and fork > 1

gabal...ak;bl...b](y +17T +E’ )/7051, e 7ak’ ﬂla cer ﬂl)

U 2i
== :{Sabgal‘..ak;bl‘..b[ (als ey O 1319 ceey IBZ)

— Shay..apsirda V101 o €&y agsby.y @1s - 0ks B - B Y (4.12)

which is nothing but the residue axiom for the first set of particles where the quantum numbers
of the particles belonging to the second set are dummy parameters.
Similarly we find that

hii42(A) = hy1 (D) (4.13)

and the axioms (3.3)—(3.6) are satisfied in the variables corresponding to the second set, for fixed
{ar...ax}, {ay, ..., ox}.

Using the recursion relations (4.11) and (4.13) we see that there are three clustering families,
the cases of odd—odd, even—odd and even—even clustering.
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The function g4, .. 4., ..., 18 essentially a product of two scalarized form factors, corresponding
to the operators B and C. Denoting the original operator by A, the clustering relations can be
symbolically represented as

A~h(A)BeC, (4.14)
or, since in the O(n) model #(A) is always a power, more explicitly as
1
A~—BeC(. (4.15)
AK

The residue axiom is applicable for clustering for k > 3 only but from [4] we see that for O(n)
non-singlets

1
ho(A) = — 4.16
2:1(A) A (4.16)

since
Flpp (A +iT+e, A B, ... ﬂz)——tABFbl b B B, (4.17)

where tf‘% are O(n) generators in the representation under consideration. Similarly

1
hi2(A) = x (4.18)

and

4 x
Soravab (@1 QY FiIT e y) = ==Ll (e, (4.19)

For k odd, using the uniqueness of the solution, we can solve the problem step by step, starting
from the k = 1 case:

8asby..by (0 B1, ..., B) = Gapy..5(B1, ..., Bl). (4.20)
Then

gal...ak;bl...bl(al, L] aks ﬁl’ R 131) = f;?lmak(alv cer ak)Gablmb] (;317 L] ,Bl)’ (421)

where f;]...ak (a1, ..., ar) is the form factor of the basic field ®“.
Similarly for / odd

8ay.ap:by by (1, o0 B, .., B) = Hy, . akb(al,...,Olk)f;f’l,,,bl(ﬁl,.-.,,31), (4.22)

where
8ay..ap:b(@1, -, 0ks B) = Hyy _aup(@1, ..., k). (4.23)

4.4. Odd-odd clustering

The simplest case is the odd—odd clustering. Starting from

8a:p(e; B) = Tup (4.24)

we can build

ga|...ak;b|...b[(alv R ak, ﬁlv L] ﬁl) = Tabf,flmak(otlv cer ak)f[f)lbl (ﬁl’ R ﬂl) (425)
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In the case of the current operator J ¢
h(A)=c AT (4.26)
and
Tap — —152. 4.27)

Similarly for the symmetric tensor X¢¢

h(A) = cr AX (4.28)
and

Tap — —ifcs. (4.29)
Finally for the energy—momentum tensor 7 we have

h(A) = oA~ 10 (4.30)
and

Tap — —%&m 4.31)

We can represent the above clustering relations symbolically as
1
ab ab gc d
J ~ Etcd (b X/l ,
ab . A x7ab gc d
X A*t D o DY,

T ~ D% o @°. (4.32)

AH'X

4.5. 3 — 2+ 1 clustering

This is the simplest case of even—odd clustering. In the odd—odd case we could afford the
luxury of using the exact solution of the 2-particle form factors to obtain the 2 — 1+ 1 clustering
relations. The exact 3-particle form factor is not known for general n (except for n = 3,4 and
in the large n limit), but the form factor equations can be solved in the clustering limit. We start
from the representation

Bty w+...}_ (433)

—K

féxbc(Ay B,y)= (A - T) {Aﬁbc(ﬂ —y)+ A_ ﬁ%
The functional form of the ansatz (4.33) is motivated by the following considerations. First of all,
it is easy to show [8] using the known short distance asymptotics of the 2-point function and the
spectral representation that the spin form factor must not grow faster than any power of the mo-
menta, i.e. it is smaller than e“2 for any €. This observation, the known behavior of the 2-particle
form factors and the fact that the theory is asymptotically free, taken together make plausible that
for large momenta also the 3-particle (and higher) form factors vary logarithmically.

Now we impose the form factor axioms in the large A limit. This gives for the leading coeffi-
cient A7, . the equations

A Qi —0) = A7, (0) (4.34)



J. Balog, P. Weisz / Nuclear Physics B 778 [FS] (2007) 259-309 271

and
(9)—S “O)A7,,(—0), (4.35)

which means that, as expected, A7, . satisfies the 2-particle form factor equations in the last two
variables. The general solution is

abe(©) = koo (0)8,8pc + ki (0)t + ka2 (0)1 (4.36)

where the k; are constants. In the x = 1 case we also have to satisfy the residue axiom

abc

4
AX (i + €)= —Txt;:f, (4.37)
which gives k] = —2m x. 3
At the next order we find that AZ be also satisfies (4.35) but instead of (4.34) we have in this
case
Q2mi —0) — Azcb(é) =—ink A}, 0) +2mixt,; Ay, 0). (4.38)

abc veu

Let us define

he(0) = Zbc(2ni —0)— Agcb(e). (4.39)
Obviously,
K., Qmi—0)+ K,.(0) =0. (4.40)

There is no solution for Ai e unless the right-hand side of (4.38) is also antisymmetric under this
operation. Thus the consistency of the next-to-leading order gives an additional condition on the
leading order:

XL AS A 1P AT, — kAL, =0. (4.41)

vuc vau
This purely algebraic relation restricts the possible solutions (4.36) so that only one of the coef-
ficients k; can be different from zero and fixes the exponent « as follows:

I =0case (ko #0): «=0,

I =1case (k1 #0): k=1,

I =2case (ko #£0): «k=1+42y. 4.42)
Furthermore, the residue conditions give additional restrictions. First of all, since (6) has a
double pole at & = i, this excludes the kg # 0 (k = 0) solution. In the / =1 (x = 1) case the
residue conditions fix k; as given above. Finally, since ¥»(0) is regular, the coefficient k> cannot

be determined by this method.
Putting everything together, we get for the 3 — 2 4 1 clustering the following result:

14+2x
(AL B, )/)———I/fl(ﬁ AL +lXH2< Z) (B = oo (443)

Here we have reparameterized the constant k, (in terms of the new constant H>) for later conve-
nience.
(4.43) can also be written in terms of the full 2-particle form factors as

217 1+2x B
Jabe (D, B, )/)— f By — XHz(K) e (Bsy)+---. (4.44)
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Note that the second piece in the clustering formula (4.44) is always subleading to the first.
Actually, it makes sense only for n > 4, since for n = 3, 4 it is not dominant over the 1/A?
correction corresponding to the first term. On the other hand, the two terms are close for larger n
values and they become degenerate in the large n limit. In Section 7 we check (4.44) in the large
n expansion.

Now we calculate these 1/A? correction terms in the large rapidity expansion. We take « = 1
and get from (4.33)

1 1
e (B BV~ W{ pe () + ALy (©) +} (4.45)
2
where £ = 8 — y. The leading term is:

abe(§) = =27 X Y1 ()t (4.46)

To calculate the next term we first write
A2 (€)= 20 x Y1 (E){M1(8)S3 8be + A2(8)88ac + A3(E)8) 8ap ). (4.47)
We also introduce
A=Ay £ A3, A=nii+Ay. (4.48)
We now rewrite (4.38) and (4.35) for A* “he 10 terms of these variables and get

2wiy — &

Ap(E) = i T E (=), AL Qi — &)+ Ay () =2,
A_(§) = A_(—§), A_Q2wi — &) —A_(§) =0,
AE) = l”ix( £), AQ2mi —£) +ME) =41 + x). (4.49)

From the residue equations we get

Ap(im) =1, r(im) =—2, Aim) =2(1+ x). (4.50)
This results from expanding the residue equation

2i
£ —

for large A using the expansion

St B &)~ ——— {865 = Sji (8 = ) 4.51)

o 2mi 27252
S (A) =855 + Alxt;‘g— AzX R (4.52)

It is easy to find the general solution of (4.49) and (4.50). We get

A_(§) =4{_(cosh§), _(—=1)=-2. (4.53)

Since we know that A_(£) must not grow exponentially for large £ and it should be regular we
conclude that

r_(&) = —2. (4.54)
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We also get
- ¢ (cosh (1 _
fey= 2o UE 0 ey -1 =0 (4.55)
ir—§&
and requiring regularity here gives
- (1
AME) = —’(TJFX)(M +&). (4.56)

Similarly we can find the regular solution of the A4 equations:

re) =i X8

£ _a (
— h = 21 &) 4.57
T =20 w(x)cos 2e ( )

where regularity at infinity requires that w () is constant. (4.57) is only valid for n # 4, because
for n = 4 it becomes singular. For n = 4 the solution of the A equations is

N _2i . 1 1 & 1 1 &
+($)—;(l7‘[—f) g0+ZlI/ §+2_7Tl +Zl1/ 5—2—7_” s (4.58)

where, again, regularity requires that go cannot depend on the relative rapidity &.

() can be calculated for y =1 and x = 0 (corresponding to n = 3 and n = oo respectively)
from the known solutions or for general n # 4 from the consistency of the next-to-next-to-leading
order equations in the large rapidity expansion. Consistency would not fix the value of gg for
n =4, and, as we will see later, it is actually not a constant, but depends (linearly) on log A. In
the light of the 1/(n — 4) singularity in (4.57) the presence of the logarithmic term in (4.58) is
not surprising. For n = 4 (and only in this case) the 1/A? subleading term is accompanied by
a log(A)/A? term. One can see that this is consistent here, because the term containing go is
exactly the same as the one corresponding to the constant H», the coefficient of the k =1 + 2
term in (4.43). The only way to determine g is to solve the full O(4) form factor equations
explicitly. We will consider this problem in Section 8 and Appendix D.

4.6. General clustering

What we can learn from the three-particle example is that it is useful to include in (4.6)
some of the subleading terms as well. Thus we have to allow for the occurrence of several terms
(labeled by an index p) of the form

fal...akbl...bl(al + Av RN s A, ﬂlv ---a,gl)
=3 n A8 b @i L D), (4.59)
P

where, as before, the coefficient functions g(?) have to solve the form factor equations for both
sets of variable.

In the case of odd—odd clustering the sum contains only one term so the results in Section 4.4
do not change. But the general even—odd clustering formula (k odd, / even) consists of two terms:
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fax] .agbq.. h[(a]+A"”7ak+Aaﬂlv~--vﬂ1)

L2y o
: _fa| ak(alv '~~vak)fb1mb[(ﬂ1’ ""ﬂl)

27\ 1H2x
~ XHZ(K) £ @ i) FE (Bl B (4.60)

This can be symbolically represented as

1
¢x~ZQ§L‘oJx”+ DY o XU, 4.61)

Al+2x

4.7. A conjecture
We have seen that clustering relations can be represented in the form

1
A~ BeC (4.62)

or as a sum of similar terms on the right-hand side. We found that the value of the exponent x
depends on the anomalous dimensions of the operators involved. In all cases we studied so far
we have the relation

Kk =dp+dc—dy (modl), (4.63)
where
Yo
do == (4.64)
° 7 28

Here yo is the coefficient of the first term (in perturbation theory) of the anomalous dimension
of the operator O and By is the coefficient of the first term of the perturbative S-function.
Explicitly,

1w 1
d ——=—(1 ,
° =325 2( +x)
dy=dr =0,
Yz
dsy, = =2x. (4.65)
2B
Here we used the results
n—1 n—2 1
Yo= ) Bo= , Yy =—. (4.66)
21 4 T

Using this conjecture, it is possible to write down the formula for even—even clustering without
doing any calculation. For the current operator we get

X

L2 by @A+ AL B B

2 ; x
= Al @B B) = il (@, B)]

2
+(2x<—

1+4x B 5
A) [far @ Fp)! 4, (B) = fart @) f! 4, (B)]- (4.67)
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Here we have used (beyond O(n) symmetry) the fact that isospin 0 form factors cannot occur
here (they would give a double pole in the residue axiom) and that the residue axiom fixes the
coefficient of the 1/A term containing the current form factors. The power 1 4+ 4 is consistent
with the conjecture and is uniquely fixed by the requirement that the two terms should be degen-
erate in the large n limit. The constant £2 is not fixed by these considerations, but by studying
the k = =2 case in the large n limit we can show that

n

1
=1+ O(—). (4.68)
Analogously for the tensor form factor we get

£ b @ AL+ AL )

Jay...aigby.

2

==L ala @B, B) + [l a0 fy)! 4, B)]

27X ¢ : 7 x
. - 1+2x xq 2vq Zvq Fxq
+ 2x <K> |:fa1~.‘ak (a)fbl...bl B) + far...ar (a)fbl“'b’ #)
2 - ~
where

Q =_2+o<%). (4.70)

5. Bootstrap form factors in leading orders 1/n expansion

In this section we consider the solution of the form factor equations in leading order 1/n
expansion. We start with the 1/n expansion of the S-matrix and 2-particle form factors.

5.1. S-matrix and 1/n expansion

The 1/n expansion of the coefficients in (2.1) is of the form

ai(9) bi0) 1 )
01(0) = 82 + +2210(=). i=1.23 (5.1)
n n n
with
©) = 2mi ©) = 2mi ©) = 2mi (5.2)
=T T Thmme BT T '
bi@) = — (iy " by@) = (i (5.3)
=7 Zo\' " sinhe )0 =7\ sinne ) :

and (¥ (2) =T"(2)/ T (2))
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b (6) 4mi 272 +1 ” 1+ 0\ _ (1 _if
2T T5nhe  sinh?g | 2 2 " 2n 2 2n

. i0 AR
v (l—i—E)—i—lP <_Z)} (5.4)

Later we will need the combination

0+im (2mi 2mi
b1(0) +ax(0) +a3(9) = 7 in <7 - sinh9>' (5.5)

5.2. Large n expansion of the two-particle form factors

The large n expansion of the two-particle form factors is given by the expansion of the func-
tions ¢y in (3.17):

20 tanh% 27 1
w0 =222 Z o +po] +0( ) |

imt—0 n n

0 2 1
1//1(6’)=tanh5{1+7[a(9)+b(9)]+o<n—2 }
wZ(e):i{l-f-z—n[a(Q) —b(@)]—}-O(%)}, (5.6)
n n
where
0 — 1 0—im s

WO =t S sinho 5.7

and
b(0) = i ! 4 Al + v Al 2y ! (5.8)
20 4w \27 27 2] ‘
5.3. Large n expansion of the spin 3-particle form factor

We assume that for large n the function X appearing in (3.24) has an expansion of the form:

X(u,v) = f(’;’ v, g(:;v) +o( ! ) (5.9)

n3

The form factor equations (3.25) have to be satisfied order by order in the expansion. On the
other hand, (3.26) and (3.27) mix the expansion coefficients (beyond leading order). At leading
order they lead to
f,v)=[1+a1v—uw)]f(,u), (5.10)
fw,v)=f,2xi +u) (5.11)

and at next-to-leading order we have
glu,v) =[1+a1(v —w)]g(v,u)

+[b1(v —u) + a2 (v — u) + a3(v — w)] f (v, u)
+ai(v— u)[f(u —v,2ni —v)+ fQmui —u,2xi +v — u)] (5.12)
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and
gw—u,2mi —u)=gQRui —u,2xmi+v—u)+ay(v—u)fQnri —u,2mi +v —u)
+a3(v—u)f(u—v,2xi —v). (5.13)

5.3.1. Leading order solution
We here summarize the equations the leading order form factor f(u, v) has to satisfy.

fu,v)=fQ2mri —v,27i —u), 5.14)
] inh 6
£6,in) = %sinh9a3(0) =T Sl; , (5.15)
f@,ir +0)= %sinh@az(e)zn, (5.16)
v—u+im
f,v)=———f(v,u), (5.17)
v—u—Iim
fu,v)= f(v,2mi 4+ u). (5.18)
Defining the function
7 sinh 0
R(0) = - , (5.19)
imr—6
with properties
. 7 sinh 6 . .

R(Gimr —60) = I R(in) =m, RQ2mi —60) = R(6), (5.20)
we now take the ansatz

f(u,v):R(v—u)[s(u,v)+1] (5.21)
and verify that (5.14)—(5.18) require

s(u,v)=s,u) =sQmi +u,v)=s(—u, —v),

s@,im)=s,imr +0)=0. (5.22)

It is easy to see that regularity and boundedness at infinity allows the trivial solution s (u, v) =0
only leading to the unique leading order solution

S, v) =R(v—u). (5.23)

5.3.2. Next-to-leading order solution

Using the leading order solution (5.23) the form factor equations (5.12) and (5.13) can be
simplified a little. We list here the complete set of next-to-leading order (NLO) form factor
equations after this simplification.

g v) = [1+a1w—uw]g,u)

+ [bl(v —u)+ar(v—u)+az(v— u)]R(u —v)

+a1(v—u)[R(u) + R)], (5.24)
gu,v)=gW,2wi +u)+axw)R(w —u) +az(w)R ), (5.25)
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g, v) = g(2i — v, 2mi — u), (5.26)
¢(0,in) = %sinh9b3(9), (5.27)
g0, in +6) = ’5 sinh by (6). (5.28)

We present the NLO solution in several steps in order to make the checking of Egs. (5.24)—
(5.28) easier. We start with

g(u,v):{G(u,v)—l— in __ in . }R(v—u)
v—u sinh(v—u) R@u) R(v)

— R(u) — R(v). (5.29)
It is easy to show that (5.24) is satisfied if G satisfies

G(u,v) =G, u). (5.30)
Next we write
G(u,v)=8u,v)+ L —k(u—v) —k(v—u)
sinh(v — u)
sinh v u—im . .
- - +2k(u) —k(v+im) —k(v—im)
sinh(v —u) |imr —v
sinh u v—im . .
— — - +2k(v) —k(u+in) —k(u—im)yg. (5.31)
sinh(v —u) |imr —u
Here
k@) = 111/ i0 (5.32)
2 21 ) ‘
Egs. (5.24) and (5.25) are satisfied if
Sw,v)=8Sw,u)=Su—+2ri,v). (5.33)
In the next step we write
i sinh v (1 + coshu)
S(u,v) = X (u,v) + ———— Jcoshu — coshv + :
2sinh(v — u) sinh u
3 sinhuq + coshv) } (5.34)
sinh v
In addition to (5.24) and (5.25), (5.26) is also satisfied if
Yu,v)=Xw,u)=2Xw+2nri,v) =X (—u, —v). (5.35)

Finally in the last step we represent X' as

» coshu + coshv Tw 1 536
(o, v) = 1+cosh(u—v)+ + <2)+a(u,v). (5.36)
It now follows that all Egs. (5.24)—(5.28) are satisfied if o (u, v) satisfies the same equations as
s(u,v) in (5.22).

Although the form factors are bounded and regular functions for all n, the large n expansion,
as can be seen from (5.2), introduces some singularities at rapidity differences equal to O or ir.
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Nevertheless, one can show that (5.22) has only trivial solution for s(u, v) even if one allows
(first order) poles at these special rapidity differences. Thus o (¢, v) = 0 and the NLO solution is
unique.

5.4. n = oo form factor equations

In this section we write down the form factor equations in the leading order of the large n
expansion. In this limit the homogeneous equations take the form

Fal...ar(el N Fal...ar O1+A,...,0,+2), (5.37)
1

Frgyo(0,0 )= =a1(0 — 0V F.pps (-+-0/,0 -+ )8y + Fooy (-+-0/,0--2),  (5.38)
n

Falaz...a, 01 + 2mi, 02, ..., 0r) = (_1)"71 Faz,..aral (2, ...,6,,01), (539)

Fal.‘.a, @1,....6,) = pra,.‘.al (=6r,...,—01). (5.40)

In (5.38) the first term on the right-hand side is of O(1) if the contracted indices belong to the
same Kronecker delta. Otherwise it is of order 1/n and can be dropped.
To calculate the residue equation to leading order we first note the recursion relation

Sbal...a,;bl...b,a(ﬂ|elv ey 9r) = Sba1.‘.ar,l;bl...br,lx(ﬂ|91 PI) er—l)S;lab: (,3 - 9,). (5~41)

Starting from the r = 1 case
1
Sba|;b1a(,3|91) = aubaalbl + ;al B - Ql)sablabal

1 1 1
+ ;az(ﬁ — 01)8abdayb, + ;a3(/3 — 61)8aa,0pb, + O(ﬁ) (5.42)
it is easy to show by induction that the residue equation takes the form

nFabal..‘ar(,B +im, B,01,...,0;)

() T o[ { S0 s ...
Jj=1 k=1

,
+Y a1 (B =008 Fyy B 0 01, Ok 0
k=1

,
+ Y a3 (B = 008aa Fy, ) 0 01 Ok 0r)
k=1

+ % > ar(B = 0)a3(B — 0)8ua,8pa Foy DY 0 01,01 Ok 9,)}
I<k
(5.43)
in the leading order of the large n expansion. Again, the last term is of the same order as the other
terms only if the contracted indices belong to the same Kronecker delta and has to be dropped in
all other cases.
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5.5. Solution of the leading order equations for the spin field operator

In this subsection the number of particles, r, is an odd number and we will use the notation
v = (r — 1)/2. For the leading order form factor we take the following ansatz

Flra @1 0 =N Y80 RSy RY 1, Qr By, o), (5.44)
o
where
11 [i\"0D
Ne= oo (5) G4

and o runs over the ! permutations of the particles. Finally we used the shorthand notation (¢ is
the sign function)

R = 8ao<i>ﬂa<j>R[e (0() =) (i) = bo(p)]. (5.46)

which for physical (real, ordered) rapidities reduces to

(Saa(i)aau)R[wG(i) —0s(j) |]- (5.47)
We require that the scalar function Q,(6y,...,6,) is symmetric under the exchanges 2 < 3,
4 < 5,...,r — 1 < r and is totally symmetric under permutation of these pairs of variables.

Further we require that Q, is 27i periodic in all variables and is even under simultaneous sign
change of all variables. Then it is almost obvious that the ansatz (5.44) satisfies the homogeneous
equations (5.37)—(5.40).% It is also possible to write

F(f]...a, (017 ceey Gr)

1 i v(v—1)
= <_> 5213a2a3R(92_03)"'6ar71a,R(9r—1 _Qr)Qr(915~'-10r)+"'7

nv\2
(5.48)
where the final dots stand for all similar terms, corresponding to such permutations of the vari-
ables not leaving the first term invariant. Finally (5.43) will also be satisfied by (5.44) if the set
of scalar functions Q, obeys the following three relations for » > 3

Qr+2(91’ﬂ+i7[7ﬂ»921 ~--19r)

= l_[sinh(,B—Q-) Z; 0,01,...,6,), (5.49)
J sinh(8 — )

j=1 k=1
Orin(B+im, B,01,....0,) = { ]_[ sinh(8 — ej)}Q,(el, Y (5.50)
Qr2(61, B +im, 02, 8,63, .. -,6’:):2
— sinh(6 — 93){ ]L[ sinh(8 — @)}Q,(el, 0. (5.51)
j#2.3

5 Note the relation R(0) = R(=0)[1 + a; (9)].
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Using the results of Section 5.3 we see that

03(01,602,63) = 1. (5.52)

For r =5 we have

05(01, 02,03, 04,05)

1
- [1 + ) " cosh(Bk — ;) + cosh(6s + 03 — 04 — O5) + cosh(6) + 03 — 04 — 65)

2
k<l

+ cosh(6 + 63 — 61 — 0s) + cosh(8 4 63 — 64 — 01) + cosh(6r + 61 — 04 — 95)i|.

(5.53)
It is easy to check that this satisfies (5.49)—(5.51) for r = 3. Because of the 2ri periodicity the
scalar function Q, is really a function of the exponential variables x; = e, k=1,2,...,r.

Using the fact that the form factors are regular functions that are also regular at infinity and
also taking into account the presence of the denominator in (3.8) we can show that Q,, as
function of one of the variables, say x3, is a finite Laurent polynomial consisting of the terms
xé’*l,xé’*z, .. .,lefv. Applying this to the r + 2 case, we see that x} Q,12(01,...,0,42) is a
polynomial of degree r — 1 in x; hence it is determined by its values at r different points. If Q,
is given, these data are provided by (5.49) and (5.51) and we can use them as recursion relations

to determine Q7. The solution is given by the explicit formula

0r 201,602,603, ...,0,12)

s Xk 7 X[+ X2
= E Or4+2(01, 0k +in,93,--~,9r+2)<——> | | . (5.54)
X X] — Xj
=3 1£1,2,k

We have applied (5.54) to determine Q7. We have checked that the function Q7 constructed
this way is also a polynomial in all the other variables and satisfies all symmetry requirements
together with (5.50) (which was not used in the construction (5.54)). It would be interesting to
show analogous results for general r.

5.6. Noether current and symmetric tensor form factors

The leading order form factors of the Noether current and the symmetric, traceless isotensor
operator are given by the ansatz

Fala, @1 ... 00 =M, > TRy RI_|.0rBo(t). - Oo(r): (5.55)
g

where r is even, u = (r —2)/2,
2
i\* 1 i\
+e= () za3) o

T% = Tuvase Go (1) = o) (5.57)

and
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where
) t hé t),
T, (6) = { aa, Sinh - (current) (5.58)
sy T (tensor).
For even r the scalar function Q, (61, ..., 6;) is symmetric under the exchanges 1 <> 2, 3 <>
4,...,r — 1 < r and is totally symmetric under permutation of the last u pairs of variables.

Further Q, is 27i antiperiodic in all variables and is invariant under simultaneous sign change
of all variables. The ansatz (5.55) with Q, satisfying the above symmetry requirements satisfies
the homogeneous equations (5.37)—(5.40). We introduce the functions P,(U) foro=c,t

()
P (0,...,6,) (current),
01,....,6) =1 " 5.59
Q- 6 ) {2cosh(@)Pr([)(91,...,9,) (tensor). ( )
(5.55) also satisfies the residue equation (5.43) if for r > 4
Pr(i)2(917029ﬂ +i7T3 935 /37943 e 997')
= —i sinh(63 — 94){ ]"[ sinh(8 — ej)}P,@) ©1,....6,), (5.60)
j#3.4
and forr > 2
Py01.62. B +im. B.03.64.....0,)
r
1
—i inh(8 — 6; ——tP90y,....6,), 5.61
l[,nlsm (8 ,)H;Smh(ﬂ_%} O, 0r) (5.61)
P (B+in,61,B.02.....6,)
r
= —i sinh(6) — 92){ 1_[ sinh(B — Gj)}Pr(c) ®h,...,6,), (5.62)
j=3

PO (B+in,01.8.6.....6,)
= —2czosh<91 — 02) COSh(ﬂ ) H sinh(B8 — 6;) (’)(91 6,) (5.63)
7 5 AR .

The Pz(”) functions are given by

(c)
Py~ (01,02) = ,
g 2cosh(45%2)

) 1
P, (01,67) = 3 (5.64)
and for r = 4 we have

P61, 62,63, 04) = cosh( (5.65)

6 —0 0, —0
Pit)(91,92753,94)=—008h< 12 3)cosh( 12 4)

6 — 0 6, — 6
—cosh( 22 3)cosh( 2 5 4). (5.66)

ﬂ+®—%—&)
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Similarly to the case of field operators discussed in the previous subsection, the expression
—1

X3 2 Pr(i)z, treated as a function of the variable x3, is a polynomial of degree r — 1 and is de-

termined by its values at r different points. The recursion relations (5.60)—(5.63) can be used to
determine this expression at r different points and the Laurent polynomials Pr(i)Z can be calcu-
lated from a formula similar to (5.54).

6. 1/n expansion of the functional integral

In this section we check that the bootstrap solutions for the multi-particle form factors found
in leading order 1/n expansion in Sections 5.5, 5.6 do indeed correspond to those obtained by
quantum field theoretic calculations.®

The 1/n expansion of the functional integral of the O(n) non-linear o-model has been de-
scribed in numerous papers. Starting from bare fields ¢¢ one imposes the constraint g> = n by
introducing a Lagrange multiplier field A. Here we just recall the resulting Feynman rules for
computation of the correlation functions of the elementary field:

1
. __gab: _
g propagator: = 38iD(p,mg), D(p,mo)= o 6.1
p my+ i€
A propagator:  =2J(p, mo) ", (6.2)
1
g — A vertex: = E(S”b (6.3)

with momentum conservation at each vertex
— for each external line a factor Z~1/2;

for each closed g-loop there is a factor n;

— only g-loops with more than 2 vertices should be drawn;

integration | éﬁ’;z over all internal momenta k for which a cutoff A is imposed (e.g. Pauli—

Villars for the g-propagator).

Renormalization of the bare parameters order by order in 1/n is given by

o
Q,
m%=M2(1 —Zn—j), oy =g (A/M), (6.4)
s=1
N Z
Z=1+Zn—j, Zy=Zg(A/M). (6.5)
s=1
The X inverse propagator function J (g, m) is a special case of the 1-loop integrals:
d’k -
Jr(qts -y Grym) :/ any ]l:[]D(k-l—lj,m), (6.6)
where
qj =lj—lj_1, l_l =lr, (6.7)

6 Checks of the S-matrix itself to leading orders in 1/n were performed much earlier [17].
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>4 =0. (6.8)
j=1

which can be computed using the cutting rules. In particular we have

0
J(q,m)=Jr(q,—q,m) = for q2 =4m? cosh2<5). (6.9)

i
4m2R(6)
We will also need the case r = 3:

(9192)43J (3. m)
 Ds(q1.q2.q3.m)
D3(q1. 42, 43.m) = 419345 + m*A(41. 43.43) — i€quq. (6.11)
Axy, x2,x3) = x% +x% +x32 —2x1x2 — 2x2x3 — 2x3X]. (6.12)

J3(q1,92,q3,m) = + 2 perms, (6.10)

6.1. 3-particle spin form factor

The 3-particle form factor in leading order is, using the Feynman rules above, simply obtained
from a sum of tree graphs and amputating three of the external lines thereby obtaining:

a 2 i a —1 2
I8 s (01,62, 63) = ;m[sblﬁbzbﬂ(pfrm) +2perms| +0(1/n%),  (6.13)

where ¢ = p1 + p2 + p3. Here and in the rest of this section we omit the argument M in the
functions J,, D i.e. J(s) = J (s, M). For three incoming (on-shell pl.2 = M?) particles one has

q* — M? =8M*C3(61.6,.05). (6.14)
thus producing Eq. (5.44) for the case r = 3 with (5.52).

6.2. 4-particle current and isotensor form factors

Consider the current
T2 =q“3,q" — 4" 9,q" (6.15)
whose 2-particle form factor is in leading order just given by the contact diagram (¢ = p1 + p2):
—i€uaq® f5h, 01,62) =it (p1 — p2) +0O(1/n), (6.16)

yielding fb"liz 61,6 = —tglbbz tanh G)IEA as required.
The 4-particle current form factor in leading order is a sum of tree diagrams:

. 2 _
—lewqufball?,zb3b4 (01,02,03,04) = —— E tZibbijkb, Vi(q, pis p))J (pi+ p) "
1<i<j<4

+0(1/n%), (6.17)
where k <l and {i, j}U{k,1}={1,2,3,4},q = ijl pj,and

Vg, pi, pj) = 2pi —q)uD(q — pi) — 2pj —q)uD(q — pj)- (6.18)
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For on-shell momenta p; it is clear that g* V,,(q, p;, p;) = 0 as required for current conservation,
and one can check that

,sinh(8; — ;) cosh 3(6; +6; — 6 — 6))

1
Vu(q, pi, pj) = , 6.19
W@ P Pi) = e C1(61, 05, 03, 62) (19
thus deriving the 4-particle bootstrap solution in Section 5.6.
Similarly for the 4-particle isotensor form factor:
- 2i
iy, 01,62,65,65) = = >~ si, 8y, [D(g — pi)+ Dg = p))]
1<i<j<4
x J(p+ pr,m)~" +0(1/n?%). (6.20)

For on-shell momenta p; one has:

D(q — pi) + D(q — pj)
1 cosh(?Y)

T 8M2 C4(01. 62,63, 03)

0; — 6 0; — 6 6; —0 0; —6,
x | cosh| = k cosh( = ! + cosh 7k cosh 7 , (6.21)
2 2 2 2

again consistent with the corresponding result in Section 5.6.

6.3. 5-particle spin field form factor

The leading contribution to the 5-particle (in state) spin form factor is O(1/n?). It is a little
more complicated since there are two types of diagrams contributing: tree diagrams with two
A-propagators and others involving a closed g-triangle connected to the external lines by three
A-propagators. Using the 1/#n rules outlined above one gets (¢ = Z§-=] Dj):

Tbibabsbabs (015 02,63, 04, 05)
4 1
N Vo (85, 85238645 f © (01, 62, 03, 64, 65) + 14 perms] + O(1/n%), (6.22)

where

901,602,603, 64, 065)
_A{D(p1+ pa+ p5) + D(p1 + p2+ p3)}
B J(p2+ p3)J (ps+ ps)
{D(p2+ p3 + p4) + D(p2 + p3 + ps5)}
J(g — p)J(p2+ p3)
{D(p2+ ps+ ps)+ D(p3 + pa+ ps)}

- T —p0d (pat ps)
J3(p1 — q, p2 + p3, pa+ ps) _ 6.23)
J(q — p1)J(p2+ p3)J(ps+ ps)
Using (6.10) this can be rewritten
ey B (6.24)
J(q2)JI(q3)  J(q1)J(q3)  J(q1)J(q2)
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with
2g293)q}
Ui=D(p1+q)+D(p1+q3) + —————, (6.25)
D3(q1,92,q93)
2(q193)43
Ur=D(p2+q3) +D(p3+q3) + — ———>—, (6.26)
D3(q1, 92, q3)
2(9192)93
Us=D(ps+q2) + D(ps+q2) + ——————, (6.27)
D3(q1, 92, q3)
where
q1=p1—4, q2 = p2 + p3, q3 = p4 + ps. (6.28)
‘We note
. 0, — 65 04 — Os
D3(q1, g2, q3) =256 M°C4(63, 03, 64, 65) cosh 2 cosh > , (6.29)
and then after some algebra it can be shown that
Uy =0=Us, (6.30)
and’
2 M2 01,05,03,04,0
U1=—(q )Q5(01, 62, 63, 04, 05) 631)

256 M*C5(61, 62, 63, 04, 05)
with Qs defined in Eq. (5.53), thus reproducing the result in Section 5.5.

6.4. 6-particle current and isotensor form factors

Inspecting the diagrams contributing to the 6-particle current form factor in the leading order
1/n expansion we note that we can write these in terms of form factors of the spin field (here

6
q Zijl Pj)f

—i€unq" f25 bsbabse (01 02, 03, 04, 05, 06)
= i[tglbc(Zpl - q)ﬂf,fzb3b4b5b6(02, 03, 04, 05, 06) + 5 similar terms]
+i[t8 (1 + P2+ P3 = Pa— D5 — P6)u S K,y 01, 02, 03) [y (B, 05, O)
+ 9 similar terms] + O(1/n%). (6.32)

Using the expressions previously obtained we get

—i€unq" f25 bsbabsse (01 02. 03, 04, 05, 06)
i
=—13 {t;:,”bz 83b48bsbs R (034) R(056)

[(Zpl —uQ562,63,64,65,66)  (2p2 —q)uQ5(01.63,64,65,6)
Cs5(02, 03,04, 05, 0) Cs(01, 03,04, 05, 06)

7 The vanishing of U1 as g goes on-shell is consistent with the absence of particle production.
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_4<(1)1 +p3tpa—p2—ps—pedu (P2t p3t+ pa—pi —ps—pw)]
C3(61,03,04)C3(02, 05, 06) C3(62, 03, 04)C3(61, 05, 06)

+ 44 similar terms} +0(1/n%). (6.33)

One can check that contracting the rhs with g, is zero and then obtain the representation for the

6-particle current form factor with P6(C) given in Appendix C.
Similarly for the isotensor:

T8 bbabsps 01 02, 63, 04, 65, 06)
= (550 f5bsbabsps 2. 03. 04, 05, 0) + 5 similar terms]
+ [S8D £ 1y (0102, 03) £ (04, 05, B6) + 9 similar terms] + O(1/n°) (6.34)

)
8 |:Q5(92,93,94,95»96) Q5(61, 63, 04,05, 06)
Cs5(02,03,04,05,00)  Cs(01,03,04,05,00)

1
v {sglhbz(SbSIMSbSbﬁ R(834)R(656)

1 1
: : )
(Cs (01, 03,04)C3(02,05,05)  C3(02,03,04)C3(61, 05, 06)
+ 44 similar terms} +0(1/n%). (6.35)

The expression for Pé’) thus obtained agrees with the corresponding bootstrap solution as ex-
pected.

7. Large n clustering tests
7.1. 3 — 241 clustering in the large n expansion
We have already computed the 2-particle and 3-particle form factors in the first two orders of

the large n expansion so we are able to check the clustering formula (4.44) in this limit.
For the 2-particle form factors we have

t/f1(9)=F1(9)+%G1(9)+~-, I1=1,2, (7.1)
where

F1(0) :tanh%, Fy(0) =i (7.2)
and

G1(0)=2n tanh%[a(@) +b(9)], G2(0) =2mi[a(®) — b(®)]. (7.3)

In the case of the 3-particle form factors we first write

8e A

e? +1
+ 858ac X (A, 271 —0) + 838X (0, A+ 0)}, (7.4)

avc(A+ BB y) = {8280 X (A, A +06)
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where 6 = § — y. From here it is easy to calculate that the coefficient of the leading (1/n) term
on the right-hand side of (7.4) is

2
—X{Fl(é)tﬁ — iR @)yt 4. (7.5)
Comparing it to (4.43) we see that

Hy =1+ xo+0(x?), (7.6)

where o is a real number. Using this result and (4.43) the predicted form of the NLO (1/n?)
coefficient on the right-hand side of (7.4) becomes

2 A
——{(2F1 + Gl)tbc — ”bc <2F2 + Gy —2F,In ' + a)Fz) + 2iF23§8bC}. (1.7)

(Here the argument of all the functions Fy, Gy is 6.)
Now we use the large A asymptotic expansions

~ T

g(AA+0)= ﬂeA(lJref’),

g(A,2mi —0) = —%eA{ee [2427a@®)] + (" + 1)[@1(%) — ln<%)] - 27117(0)},
~ T 1 A

g0, A+6)= —ﬂeA{[Z +2ra(@)] + (7 + 1)[w(§> — ln<§)] — 2nb(9)e9}

(7.8)

and calculate the large A asymptotics of our NLO large n 3-particle form factor explicitly. We
find that it is indeed exactly of the form (7.7), if we choose

w:ZW(%). (7.9)

7.2. Odd-odd clustering

Specifying the odd—odd clustering formula for the current form factors at the leading order in
the large n expansion gives

F(fldmakblmbl(al—i—A ozk—i—A Bi,....B)

A2
;_<eT> bexp{ Za,— Zﬁ,} G @l @O FD L (Braeee B

(7.10)

Note the appearance of prefactors which arise because we are considering reduced form factors
here.
Analogously for the leading large n form factors of the symmetric tensor we get

Facld.i.akb]...b[(al + A, ..., +A,BL, ..., B

et/? 4 l k b
;<T) S;bexp Ezal_izﬂ FZ] gk(al’-"aak)Fh]mbl(,BIa'”aﬂk)'
(7.11)



J. Balog, P. Weisz / Nuclear Physics B 778 [FS] (2007) 259-309 289

Using the explicit solution of the current and symmetric tensor as well as the spin field form
factors we can prove that the k = 1 special case of the clustering relations implies

K = A : Ly 7.12
l(ﬂlvﬁZ»"'v:Bl)__<_§) exp Eﬁl_igﬂ] Ql(ﬁl&ﬂzs"'sﬁl) ( . )
and
1+1
L (-1 —= 7.13)
1B Bo o B)=—(=7)  exp Zﬂ, Qi(B1. Ba. ... Br).- (7.
Here the functions K; and L; are defined by the asymptotic relations
© - Al —2)
P (A B, ..., B) =exp — Ki(B1,..., B (7.14)
and
Al -1
P (A, ﬂl,...,ﬂl)éexp{¥}L1(,31,...,ﬂ[). (7.15)

We have checked the clustering relations (7.12) and (7.13) for [ = 3, 5 explicitly.
7.3. Odd—even clustering

Using the general odd—even clustering formula we can calculate the reduced form factor clus-
tering in the large n expansion at leading order:

FE apmy @+ A+ A B D)

2 A/Z
nZ( ) exp{ Za,— Zﬂj} ayap (@1, ooy Ok)

< {F L (Bio . B) = FR L, (Bia . B (7.16)

(Here k is odd and [ is even.)
We define the function M; by the asymptotic formula

N Al —-2)
Qu1(Br. A, Ba. ... i) Z expy ———  Mi(Br1. Ba. ... Br). (1.17)
In the special case k =1 (7.16) leads to the following recursion relation:

e P2 Mi(B1, B ..., B1)
1z 1 o
=(§> GXP{_Egﬁj}

x{2005h<'81 ’BZ)PZ(’)(,BI,...,,BZ)—sinh(ﬂl—,BQ)PZ(C)(,BI,...,,BZ)}. (7.18)

‘We have checked this relation for [ =2, 4, 6.
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Similarly the I = 2 special case corresponds to the recursion relation

T k k—1
Nk(ﬁl,ﬁz,otl,---,ak)=(—1> exp Zai_T(,Bl"‘,BZ) Qk(ar, ..., o),
i=2

(7.19)

where
Or2(B1 — A, B2 — A ay, ... ap) Zexp{(k — DAINe (B, B2t ... ). (7.20)
‘We have checked (7.19) for k =3, 5.

7.4. Even—even clustering

In this case the leading order reduced form factor clustering is of the form

FY b[(al+A,...,0tk+A,,31,...,ﬂ1)

ay...agby...

(5)(5) ezt o)

x {Faf @ F)? , (B) = Fal o @ Fy2, (B)
+Eal @B, () — Ef @) FyY, (B)) (7.21)

12

and

FY h[(al+A Lo +A B, B

aj...agby..

SRR DD

x {F;‘f’ a@F) (B + Fayl o (@) Fy , (B)
Fal a@Fp!  (B) = Fa a (@) Fy? , (B)
20 @ F) (B +2F5 4 () Fy T, (B)). (7.22)
Using the asymptotic relations
P a1+ A, fraa+ A, B, ..., B) Zexp{( — A} X (a1, 02, B, ... B,
3
P+ A, Broon+ A, B, ..., B) %exp{(l - E)A}Yz(al,az, Bi.....p) (123)

we have established the recursion relations

Xi(ay, 02, B1,..., 81

=2 1
1 -2
= (_Z> ’ exp{T(al +a2) — Zﬂj}

j=3
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x 2cosh<'31 5 ,32){ OSh(Q)PI(U(ﬂIa B

_ sinh(al ;0‘2) sinh(ﬂl ;’BZ)PI(C)(ﬂl, o ﬁl)} (7.24)

and

1 _
e2 Py (ay, a2, B1, ... B)

-2 l
1 -2
= (_Z) i exp{T(On +a2) — Zﬂj}

i=3
X cosh<'81 ﬂz) { |:s1nh(a1 ;m) — 2COSh<¥>:|PI(t)(ﬂI, LB
—l—cosh(a] _ >51 (’31 ﬁ2>PI(C)(ﬁ1,...,,31)}. (7.25)

‘We have verified the above relations for [ = 2, 4.
8. Clustering in the O(3), O(4) models
8.1. n=3

We recall the discussion in [3]. One has for the reduced form factors (see Appendix B):

82....b,,1a1...ak(51’ ey Bmyar A, o+ A)
= A" egpegh  ann L a)gh (Bl Bu) +0O(A ), (8.1)

and similarly

hbl...bmal-..ak(ﬁls "'sﬁm’al + A,...,Olk+ A)
= A2l @ a0gh Ly (Brs... Bn) +O(A ). (8.2)

Note that in (8.1) members of the isospin 1 family are mapped into themselves, while in (8.2)
members of the isospin 1 family are linked to members of the isospin O family. Observe also that
there is no distinction between the factorization properties between even and odd members of the
same family.

For the special case of k =1, m =r — 1 the clustering relations read

ggl.__ar(ﬂlﬂ" IBV)_ﬂr eaarbga] Ay 1(ﬂla-~~»ﬁr—1)+o(,3;_3)v (83)
hay..a,(Bus - Br) = BL 88 o (Bro. Bro)) +O(B] ), (8.4)

which is in accordance with the property that the reduced form factors are polynomials of partial
degree (r — 2) and (r — 3) in the isospin 1 and O case, respectively. Since the product ¥, also
factorizes under clustering, the full (scalarized) form factors also satisfy clustering relations,
which are similar to (8.1) and (8.2). For the [ = 1 family they can be found in Smirnov’s book [1].

The clustering relations closely resemble some classical equations satisfied by the operators.
For example dividing an even number of particles into two odd clusters, (8.1) can be interpreted
as the quantum counterpart of the current in terms of the spin operators. The division of an even
number of particles into two even clusters on the other hand, resembles the classical equation
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o Ji —ouJ l‘j X €gped, l’j J¢. Finally the clustering of an odd number of particles corresponds to
0us? X €4 bes? T .- Similarly (8.2) corresponds to the defining equation for the energy—momentum

tensor in terms of the spin fields or equivalently to its Sugawara form 7, o< Jjj Jif — %nw Jo g

In Ref. [3] the clustering properties above were used in particular to deduce the clustering
properties of absolute squares of the form factors, summed over internal symmetry indices which
enter in the expressions for spectral densities.

8.2. O(4) form factors: A three-particle example

Just as the O(4) S-matrix (A.19) is (minus) the tensor product of two chiral Gross—Neveu
S-matrices, the O(4) form factors can be written as tensor products of two chiral Gross—Neveu
form factors. More precisely, the O(4) form factors can be written as linear combinations of
several such tensor products. This solution of the O(4) form factor equations, for the case of even
particle numbers, was given by F.A. Smirnov [14]. The odd particle form factors must have a
similar structure. The solution for the three-particle form factors of the O(4) field operator was
found by M. Karowski [18]:

fp;ABcwl,ez,e»=D(el,92,93)ZF,E‘;’LI,,,CI(91,92,93>F("” (61.62.03).  (8.5)

p2sazbacy

Here F1(7 a)bL (01,62, 603) for w = % are the spin s = :I:% SU(2)-symmetric chiral Gross—Neveu

model form factors discussed in Appendix D. They satisfy the following homogeneous bootstrap
equations:

F(@) @k /4 (@)
F iy 01+ 2,02+ 4,63 +2) = F 5 (01,62, 63), (8.6)
F (01,602,600 =S (0, — 03)F\2) | (61, 03,62), 8.7)

F@ (0, +2mi,0,63) = —iwF“).

piiiais piiaizig

(02, 03,01) (8.3)

and the residue equations

4 . . .
Fiiain @ B2 03 & (G Py 69) 108 S (B = 00 P/ @)} 8.9)

p i1i213

Here the chiral Gross—Neveu S-matrix S"‘l (0), the anti-symmetric charge conjugation matrix ¢;,;,

and the one-particle form factors F 1(7 )(9) are all defined in Appendix D.

It is easy to show that the homogeneous form factor equations are satisfied by (8.5) if the
scalar prefactor D is shift-invariant, anti-symmetric under the exchange of any pair of rapidities
and is 2mi-periodic in all rapidity variables. It also has to have a first order zero at points where
two rapidities differ by {7 in order to satisfy the residue equation as well. The solution is

91'), (8.10)

which also has the right normalization. With this choice we have

—i 6; —
D(0y,6,,63) = - Hcoth( >

i<j
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fp. (aﬁe)%;Z{E Eprer F i0Cari Epiy Sy (B — 0))
P;ABC (%, P, o —B—in & ajbi1Cpicy ark1€piliPp ¢

X {Ed2b251?2€2 + i@CarkyCpsly S‘LZZ B - 9)}
S {CaCpc — CaxCpLSEEB—0))
a—pB—im Bc ’
Here the O(4) charge conjugation matrix C p is defined in (D.10).
We parameterize the O(4) form factors as follows:

fpapc(01,62,03) = CpaCpcgi(61,02,03) + CpgCacga(r,62,63)
+ CpcCapgs(01,62,63). (8.11)

Using the tensor product solution we can write this as

g +g3=2DFPFD)
82 —8= D(Ff)Ff) + Fﬁ)FJ(:)),
4g1+ g +g3=2DF 7 F, (8.12)

For (01, 62,63) = (A, «, B) and using the large A expansion of the components Ff)) described
in Appendix D we find for the O(4) form factors

2 1 v 1 £ v 1 £
g2+g3~—F(m—é)w1(é){go+z[ <§+E>+ (5—%>“+

. 2myn(§) in
82_83”\*—@ 1+K+"',

3
4g1+ g+ g3~ m%@)(& +im)+--,

where £ = « — B. We see that this is exactly the same expansion as the one we found by directly
solving the O(4) form factor equations asymptotically in Section 4.5. Only the value of gy cannot
be determined from the asymptotic solution. This we found in Appendix D by expanding the
complete solution for large A:

1
go=1—zIn—. (8.13)
2 T

9. Concluding remarks

In the course of this work various intriguing relations concerning form factor clustering in the
O(n) sigma-models were discussed and new structures revealed. The relationship of the pattern
of clustering to the classical field equations in the case of O(3) has been previously known [1,
3]. Some of these patterns in particular those involving the Sugawara structure of the energy—
momentum tensor and those involving the (non-Abelian) curl-freeness of the Noether current
(which is so important for integrability) probably extend to general n. We have further formulated
a conjecture in Section 4.7 concerning the (on-shell) nature of clustering to the operator product
expansion.

We have tested our ansatz in various examples. Firstly we checked that the solutions obtained
by solving the form factor equations in leading order 1/n coincided with those obtained by the
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field theoretical approach to the model. Although this is as generally expected, it constitutes yet
another test of the proposed equivalence of the S-matrix bootstrap construction and functional
integral definition of the models. We also found that the large » limit and limit of large rapidity
commute. Although this is observed in previous studies it is not an obvious fact (recall that there
are many examples where the large n limit and limit of small rapidity do not commute).

The case n = 4 is a special case. Here we studied in detail (to our knowledge for the first time)
the 3-particle spin form factor. The tensor product structure is probably particular to this case
but its general form involving the hypergeometric functions may give a hint to the outstanding
unsolved problem of the construction of form factors for general n > 4. Moreover in this case we
found that subleading terms in the form factor clustering involved also logarithms of the (large)
rapidity shift.

As mentioned in the introduction it is not completely implausible that some of the structural
properties found concerning form factor clustering in integrable 2d asymptotically free mod-
els have their analog in 4-dimensional models in particular for processes when the kinematics
effectively reduces the dimension to 1 + 1.
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Appendix A. Explicit S-matrices
A.l. The n =3 case

For n = 3 the kernel K3(w) = e 7 and the integral in (2.3) is easily done. The result is well
known [15]:

27i6
6 +i7)(0 — 27i)
0 00 =in)
2= 0 in) 0 —270)’
2wi(im —6)
o3(0) (A1)

T O+in)6 —27i)
A.2. The n =4 case
In this case (2.2) and (2.3) simplify to

il
_ 2
00 = 57570,

0
02 (0) = ——52),

03(0) = i;—ies@ ®), SP@O)=-A%©), (A.2)
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where

_ . Ood_a) sin(fw)
A9) = exp!Zz/ » 71—}-@’“”}'
0

The O(4) S-matrix is here given in the real basis
la,0), a=1,2,3,4.
It is useful to transform the particles into a complex SU(2) x SU(2) basis
|A,0), A=++,——,+—,—+.
The transformation and its inverse are given by
la,0) = 2"1A,0),  |A,0)=Ka%a,6),

with K4992,8 =85, 2,4KC4" =82,
The transformation rule of the S-matrix is

S$P0) = KaK 50 2.6 24255 6).
Using the O(4) S-matrix explicitly we get

SSE©) =010) PP Rap +02(0)85 88 + 03(0)856%.
where

PP =02,0,"P, Rap =K4s"Kp".

295

(A.3)

(A4)

(A5)

(A.6)

(A7)

(A.8)

(A9)

Next we define the SU(2) x SU(2) basis explicitly. The O(4) generators in the vector repre-

sentation are

(r”b) _i((;ax(gby_(gay(ﬁ;bx), a,b=1,23,4.

xy

We now define

1
szieklmrlm and AF=7t*  kilm=12.3.

Further
1

wh = 5 k+ AF).
These are the SU(2) x SU(2) generators since

Wk, wi]=0,  [wh wi]=—iemwl.
We now define SU(2) x SU(2) particle states such that

1 1
|[+-+,60) has eigenvalue 3 W.I.t. Wi and 3 w.I.t. WE ,

1 1
+—,0 has eigenvalue — w.r.t. W3 and — — w.r.t. WE,
g 2 + 2

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)
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and so on. Here the phases are also important. We make the following choice

1
[++,0) = —={I1,0) —il2,0),
ol }
I o) ! {11,6) +i]2,6)}
7 = = ) L4, )
V2
1
|+—,0) = —1i|3,0) + |4,0)},
5l }
|[—+,0) ! {'|3 0)— 14 0)}
T, = —1! ) - ) .
V2
Now we calculate
PCP = e8P (nosum),  Rap=wpd,s (nosum), (A.16)
where
Wy =W = 1 and Wy =wW—_ = —1 (A17)

and B is the charge conjugate of B.
A.3. Tensor product S-matrix

The S-matrix of the SU(2) chiral Gross—Neveu model is [1]
A0)

S @ = irT—0

{imsy 8y — 08,83}, (A.18)
where o, B, ¥, 8§ = 4+, —. Taking the tensor product of two such S-matrices we get

—SV©)S1% (0) = 02687181285 832 + 03(6)5) 81261 522

a1B1 azf a1 ar” BB B1 B2 a1
5 8 S5 8
+ o1 (9)((3;: St — 8118, ) (sgg(so;z — 81282 ), (A.19)

which is the same as (A.8) if we make the identification A = (a1, o), etc.

Appendix B. Some form factors for the case n =3

For n = 3 we can define J;j = %e“b"JﬁC and rewrite (2.13) as

(OIS O)b1, 615 .5 by )™ = —i€uaq® [, O1.....00). (B.1)

Using this unified notation® for the form factors of the O(3) field and the Noether current we can
introduce reduced form factors gzl b, DY

f 01, 0) =W, ..., 0088 ) (O1.....0.), (B.2)
where
I
GO0y =57 T [T w@i—6p (B.3)
1<i<j<r

8 Note that no confusion can arise here since the O(n) spin field has non-vanishing form factors for odd number of
particles only whereas the current form factors are non-vanishing for an even number of particles only.
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with

0—im 0
0) = ————tanh?( = . B.4
A —— (2) (B.4)
Similarly for the energy—momentum tensor we define

1.6, 01, ..., 0,) =W (01, ..., 0:)8by..5, (O1, ..., Op). (B.5)

The advantage of using these reduced form factors is that they, with only one exception, are
polynomial expressions in the particle rapidities [3].
The first reduced form factors for the O(3) field are gZ. 6)) =81 and

gglb2b3 (91 9 927 03)

= 5P35"P2(6y — 1) + 5725173 (61 — 63 — 2mi) + 51572 (63 — 62). (B.6)

For the current we have

gf b, (01, 607) = €1 (B.7)
and finally for the energy—momentum tensor’

5b1b2

8h1b, (01,02) = m (B.8)

Note that for n = 3 the functions ¥, ¥ defined in (2.19) are given by
2 ity (0)
V10) =——=v(0), Yo(0) = o —in (B.9)

Many further explicit examples can be found in Ref. [3].

Appendix C. Current 6-particle function

P (61, 62,63, 64,65, 66)
= 3i2|:{3005h%(91 + 60y 4+ 03 — 04 — 05 — bg) +3005h%(91 + 60y 4+ 05 — 03 — 604 — 6g)
+3cosh%(91 + 603+ 64 — 0, — 05 — 66) +4cosh%(91 + 603+ 65 — 0, — 04 — )
+200sh%(91+303—02—94—05—96)+2005h%(93+301 — 6y — 64 — 5 — bg)
+Zcosh%(91 + 305 — 0y — 03 — 04 — Og) +2005h%(95 + 3601 — 0y — 03 — 04 — bg)
+2cosh%(93 +305 — 61 — 6 — 04 — O6) +2cosh%(95 +303 —6) — 0y — 04 — O6)

1 1
+ 2cosh 5(93 + 3604 — 01 — 0y — 65 — Og) + 2 cosh 5(95 + 366 — 01 — 0y — 03 — 64)

1 1
+ 2cosh 5(91 + 30, — 03 — 604 — 05 — 6¢) +2005h§(91 + 6> 4+ 3603 — 04 — 05 — 36¢)

9 This is the only exceptional, non-polynomial reduced form factor.
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+2005h%(91 + 6y + 306 — 04 — 05 — 363) +4cosh%(91 + 36, + 63 — 04 — 05 — 36¢)
+2cosh%(91 + 36, 4+ 03 — 05 — Og — 304) +4cosh%(91 + 30y + 605 — 03 — Og — 364)
+2cosh%(91 + 36, 4+ 05 — 03 — 64 — 366) +4cosh%(91 + 63 + 3604 — 6, — 05 — 36¢)
+2005h%(91 + 03 + 304 — 30y — 65 — Bg) +2€05h%(91 4+ 65 + 3606 — 30, — 63 — O4)
+ cosh %(391 + 360, — 63 — 64 — 05 — 366) + cosh %(391 + 30, — 03 — 65 — 0 — 304)
+cosh%(393 + 304 — 61 — 6 — 05 — 366) + cosh %(393 + 304 — 601 — 65 — 0 — 367)
+c0sh%(395 + 306 — 61 — 62 — 03 — 3604) + cosh %(395 + 306 — 01 — 63 — 64 — 367)
+cosh%(81 + 303 4 364 — 62 — 305 — 36¢)

+cosh%(93 + 361 436, — 64 — 305 — 366)

+ cosh %(95 + 301 436, — 65 — 3605 — 394)} + {63 <> 04} + {65 < 66}

+{93 <—>94,95 <—>96}:| +[91 <—>92]. (C.l)

Appendix D. XY model and chiral Gross—Neveu model form factors

The bootstrap solution of the XY model [19] is based on the extremal sine-Gordon S-matrix,
which is given by

ST2(0) = ST{00) = A®), (D.1)
=y — o=ty KO

STZ@) =530 = _9,4(9), (D.2)
=0y — gy — T

STLEO)=8.7(0) = — QA(G), (D.3)

where A(0) is given in (A.3) and ¥ = 1 for the XY model S-matrix. The choice x = —1 gives
the SU(2) symmetric chiral Gross—Neveu S-matrix (A.18). We will keep the notation Sg g (0) for

the XY model S-matrix and will denote the chiral Gross—Neveu S-matrix by S ;’ g ).
For the XY model the crossing relation is

SYe(im —0) = cpucsuSLL©), (D.4)
where the charge conjugation matrix cyg has non-vanishing components

Cq—=c_y =1, D.5)
whereas for the chiral Gross—Neveu case crossing is given by

SV (im — 0) = EpuisSLL @), (D.6)
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with
Cq_=—C_g =1. (D.7)

As discussed in Appendix A, the O(4) S-matrix is (minus) the tensor product of two chiral Gross—
Neveu S-matrices:

181 )

SSE©) =—=51% 0515 ©), (D.3)
where A = (a1, a2), etc. The crossing relation is

SSEim —0) = CpuCpnSSY (0), (D.9)
with

éAB = Cay B1 Carfr - (D.10)

D.1. SU_1(2) symmetry

As is well known, the sine-Gordon model has quantum group symmetry SU, (2), which be-
comes SU_{(2) in the extremal case. In this case the algebra of generators t4, j is identical to
the ordinary SU(2) algebra:

[T+,T7]=2j, [j,fi]zj:fi, (D'll)
it is only the co-product A that is different from the classical case:

AN=j®1+10j, A= -DY+I1®1. (D.12)
This means that if we build tensor product representations from the basic doublet representation,
the representation matrices are given by

Ap(tH) =—-1+ @1 +1Q 74, (D.13)

M) =12 Q101 -1 @1+1®1Q 14, (D.14)

etc. These are representation matrices of the classical SU(2) algebra and they are simply related
to the usual ones. For the two-particle case the relation is

|++)a = [++),

[+—=)a=14+-),

| =+ =—1—+),

|==)ea=—I—7), (D.15)

where the |aB). states transform according to the usual two-particle representation. Similarly
for higher states we have

-
loty .. a0y}l = H(a1)1+1|ar ...a0an). (D.16)
=1

We denote the SU(2) generators acting in the Hilbert space by J, Ts. We will be looking for
local fields ¢4 (z) transforming as elements of an SU(2) doublet:

20/, 01 @] =t¢:(),  [T4.6+@]=[T-,¢-(2)] =0,
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[T4.6-@] =9+, [I-.¢+()]=¢-(2). (D.17)

Note that (¢+)T # c¢_ for any constant ¢ (the above equations cannot have such solutions) i.e.
the doublet fields must be genuinely complex.

SU(2) symmetry restricts the form factors of doublet operators. For the 1-particle form factors
we have

Fp.a(0) = (0l¢pp(0)|a, 0) =iG(0)Cpa. (D.13)
For the 3-particle ones

Fp.ape (01, 02,03) = (0l¢,(0)]a, 01; b, 02; c, 03) (D.19)
we introduce the notation

F_. 11 (01,6,03) = F1(61, 62, 63),

F_.i 1 (61,62,63) = F>(61, 62, 63),
F_._ 1 (01,62,05) = F5(61,02,03). (D.20)

Note that all other components either vanish by charge conservation or are related to these ones
by charge conjugation:

Fﬁ;555(91792,93) = —Fp;abc(91,92,93)- (D.21)
The restriction coming from SU(2) symmetry is
Fi—F,+ F;=0. (D.22)

We also introduce the form factors corresponding to the manifestly SU(2) invariant basis
(D.16):

Fp.abe(01,62,63) = (01, (0)|a, 01: b, 02; ¢, 03)cl. (D.23)

For these form factors we have

Fi = Fi, Fr=—F, F3 = F3, (D.24)

Fj.256(01,62,63) = Fpapc(61, 62, 63) (D.25)
and

Fi+F,+F;=0. (D.26)

We note that the basic spin fields [19] of the XY model,

5% (2) = S'(2) + $%(2) (D.27)

obviously satisfy (S*)" = S~ and hence cannot be elements of a doublet.

In the following we will consider the form factors of not only the doublet operators but also
more general, charge —1, spin s fields. We will use the notation (D.20) also for these more
general form factors. Of course, (D.22) only holds for the SU(2) doublet case.
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D.2. 3-particle form factor equations for general spin

We recall the bootstrap equations satisfied by the form factors of a charge —1, spin s oper-
ator (which may or may not be the lower component of an SU(2) doublet). The homogeneous
equations are:

Fiyinis 01+ 2, 02 + 1, 03 + 1) =" Fy 115 (61, 62, 63), (D.28)
Fiyiyiz (01,02, 03) = Si5 (62 — 03) Fiypu (01, 63, 62), (D.29)
Fiyiyis (01 + 271, 62, 03) = i, Fiyisiy (02,63, 61). (D.30)
This is supplemented by the residue equation
4i Kl
Fihiz(a, B,63) ~ a_ﬂ—_in{ciliz Fiy (03) — miy ¢iyi Spyi, (B — 63) F1(63)}. (D.31)

Here and in the cyclic equation (D.30) n;, is a phase factor that expresses the relative non-
locality between the field, whose form factors we are constructing and the basic spin fields S*
that create the asymptotic particles using the LSZ asymptotic formula. Consistency between the
cyclic equation (D.30) and the shift equation (D.28) requires that

Ny =n= 62711'3’ n_ = e—2nis (D.32)
and this is sufficient to determine the one-point function
Fj(0) = g(sje” (D.33)

up to the normalization constant g.
If we write the shift and cyclic equations in terms of the independent components Fi, F>, F3
we get

Fi(01+ 2,00+ 1,05+ 1) = Fr(61,02,63), k=1,2,3, (D.34)
and
Fi (01 +2mi, 02,03) = nFi11(62,03,01), k=1,2. (D.35)

The k = 3 equation F3(01 + 2mi, 65,603) = n’l F1(63,03,01) is already a consequence of the
above two.
We have seen that SU(2) symmetry requires

{=F—-F+F=0. (D.36)
For later purposes we introduce
Fr=F +F, (D.37)

in terms of which (D.36) can also be written as F3 = — F_. From (D.35) it follows that

1
$(01 +2mi, 02,03) = —n&(02,03,01) + (Ti + ;>F1(927 03,01) (D.38)

thus an SU(2) doublet field must have n = %i i.e. spin s = £1/4 (mod 1). We will consider

two such doublet solutions ¢>1(,w) (z) with s = w/4, n = wi (w = %). It is natural to write the
form factors in this case using the manifestly symmetric basis vectors (D.16). We choose the
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normalization (¢ = 2) such that the 1-particle form factors are given by

F;?;(e) = (01\” (0)]a, 0) = 2i&pae””/*. (D.39)

Written in terms of the form factors of these operators, the three-particle equations (D.28)—
(D.31) become the form factor equations (8.6)—(8.9), discussed in the main text.

D.3. Reduced form factors

To simplify the solution of the 3-particle form factor equations we introduce a set of “reduced”
form factors f;,, (m = 1,2, 3) by writing [19]

F (601, 0,03) = =212 N'Y (81, 05, 03)e* 102103 £0,,6,, 63), (D.40)
where the prefactor Y is
Y (01,0,05) =] [y —0)) (D.41)
i<j
with
0
y(6) = sinh<§)eE(9), (D.42)
where
T dw [cosh -1 1
E®) = / do [cosho @ +i0) — 1] . (D.43)
sinh T w (14e7®)
0

Finally the normalization constant is

_ ! —E) .—ins
N = e e 7S, (D.44)

Note that the function E(0) is related to 1 (6) (defined in (3.17)) for the case n =4 by

2i sinh(%
O lms = D) 200) (D.45)
imr—6
and for large 6 it behaves as
4E(0) = —0 +1n(20) +2E(0) +in (1 —07") + 0(07?%). (D.46)
For later use we introduce the function
1 0 0
@) =T=-+—|T"——). D.47
©) <2+2m'> ( 2m'> ( )
With the help of this function we can write the S-matrix element .A(6) as
D (0)
0) = D.48
A0 =5 =5 (D.48)

For completeness, we give here the form factor equations, rewritten in terms of the reduced
form factors f;;;:

S @1 + 1,004+ 1, 605+ 1) =e > £,(61, 62, 03), (D.49)
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f3(@,0,0") = f3(a,60',0),

f_(ot,9,9/)—f (a,0',0),
imT+60—-6

Sy, 0, 9)— 9+9/f+(06,9’,9), fe=hN=E ], (D.50)
Jm (01 + 271, 02, 03) = fin11(62,63,601) (m=1,2), (D.51)
N —2ignmle= 2P —im
fia po) > — {in—ﬁ+9¢(ﬂ_9)}’
—2igne > n(B—6)
fa(a, B,0) ~ T{ ©—-pB)— m@(ﬁ—@)},
—2igm~e 2P
f3(a, B,0)~ T{‘NG ﬂ)——¢(ﬂ 9)} (D.52)

Later we will explicitly solve the form factor equations for the reduced form factors and
calculate their large rapidity limit. But even before having the complete solution, a lot of infor-
mation about their large rapidity behavior can already be obtained by expanding the equations
themselves. We take the ansatz

1
—7Aeka

e
Jm(A,a, B) & m{Um(a B)+
for large A, where k = % — 25. We get restrictions on the leading power p and the expansion co-
efficients U,,, W,,, by substituting this ansatz into the reduced form factor equations. In particular,
from the residue equations, using the asymptotic expansion of @, we get for large A

Win (o — B)
o

T } (m=1,2,3) (D.53)

fm<a,ﬂ,A>%a_%me"ﬂe*%A “;”’(A L+ 2 (D.54)
%(1 n (A- /3)1/2+4(1 Dﬁ*‘"'
where
c=4n*Vame Tg. (D.55)

From here we see that for most spin values for which » # i (—% <s < i), the leading power is
p =1/2 but for s = % we have n =i and the leading power is p = 3/2. It is easy to solve the

form factor equations in this expanded form. For the case n = —i (s = —}‘) we get
1
Un(§) = (1) U(é), W3(§) = —-W_(8), (D.56)
0
where
1
2c e 2%
UE)=-
&) .
¢ e 26 .
Wi) = ——— (& —2mi),

7w (mi — &)
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2 T 1
W_(g)=—;ce—%f{go+z[w<z+%>+w<§—%>“, (D.57)

whereas for the case n =i (s = %) we get

~1/2
Um(§)=< 172 )U(?E), W3 () =—-W_(§) (D.58)
1
and
U@ =——.
2COSh§
3ic (§ —2mi)
W_()=—w——F
8 cosh%
3ic (§ + i)
Wi() = ———. (D.59)
16 cosh%

As discussed in Section 4, there is a logarithmic piece in the subleading term of the O(4)
form factors. As we will see later, such terms are also present in the asymptotic expansion of the
spin £1/4 form factors. Anticipating this fact we extend (D.53) by a logarithmic piece of the
form

LA ko

e 2%¢ ~
5 In(A —a){Um(a -p+

W (e — B)
@—ap 7+} (D.60)

A—«o

The functions Ijm and Wm satisfy very similar equations to the ones discussed above for U,
and W,,. The main difference is that the residue equations are free of logs. We find that non-
vanishing solutions are only possible for p = 1/2 or p = 3/2. Finally requiring regularity (also
at infinity) eliminates all but one possibility: p = 3/2 for s = —1/4 with solution

0 (€) = boe 2%, (D.61)

with arbitrary constant £y. This means that the full asymptotic expansion (the sum of (D.53) and
(D.60)) is correctly given by (D.53) alone, with solution (D.56)—(D.59), provided only that we
allow the “constant” go depend (linearly) on In A. The actual value of g¢ can be calculated from
the large A expansion of the exact solution. We now turn to this calculation.

D.4. Contour integral solution

H. Babujian et al. [20] found the solution of the reduced form factor equations in terms of a
contour integral:

3
1 _
fm(6’1,92,6’3)=—2”—2 due 2‘”‘tm(91,6’2,93;Lt)]_[<1>(6’j —u), (D.62)
C j=1
where
0 — 60y — ]
(01,6, 031 u) = —— = 21 -z

iT—01+uin —6+uin—6+u’



J. Balog, P. Weisz / Nuclear Physics B 778 [FS] (2007) 259-309 305

01 —u i
(01,605,603, u) = )
2001, 62, 63;u) imT—014+uimr —06,+u
i
13(01,05,03;u) = ——— D.63
3(01, 62,035 u) FE (D.63)

and the contour C (for real rapidities 8;) comes from —oo along a line parallel to the real axis and
going somewhat below the singular points 6; — i, then turns back and goes around the points 6;
before it goes to +o00 again parallel to the real line. Precisely this integral along such a contour
is the special function known as Meijer’s G-function [21]:

agm) aém) aém) >

33 —4mis
fm(01,62,63) =G33 (e LS B ) (D.64)
1 2 3
The parameters depend on the rapidities:
1 1 |0
agl)z_lz_nl’ a§1)=—l2_;» a§1)=1—l2—;,
1 6 1 6 1 6
(M 1 (0 2 (1 3
bV =—- — =, by = —- — =<, by =—=— —=,
2 2n 2 2n 2 2n
1 12 |60
a{”z—l—l, a§2>=1_l_2’ a§2>=1_’_3’
2 2 2
@__1 _i6 @_ 1 i o 1 6
b =—- — =, b = —- — =, b = — =,
2 2n 2 2n 2 2m
1 17 |0
a?):l—l—l, a§3)=1—l—2, a§3)=1—l—3,
2 2 . 2
1 6 1 i 1 6
pP = O 12 pP = - — 2 (D.65)
2 2n 2 2n 2 2n

Finally we note that Meijer’s G-function Ggg can be expressed in terms of Gamma functions and
hypergeometric functions as follows [21]:

3 _|a1 ax a3
G33<Z by b b3>
=""Q( —ay+b1,1 —ay + b1, 1 —a3 + by; by — by, by — by; —z) + 2 perms,
(D.66)

where

2y, uz,uz;v1,v2;2) =)l w)(uz)C ()T (v2)3F2(ur, uz, uz; 1 —vp, 1 — w25 2).

(D.67)
This can be used to express the three-particle form factors as follows.
f1(61,02,03)
ZeZHiSe—ZSGIQ l’l_@’_l_@;l@i’lej;_e_‘t””‘
22 2r 2 2 2w 2m
+e2ﬂise_2‘y029 l_‘_lel’l’_l_leﬁ;_lei’leﬁ;_e_‘h”s
2 2 2 2 2&m 2r 2w
: 1 if3 1 i6 1 if i ;
2mis —2s(939 Lo s b ves 1 tv13 BY23 0 dgis D.68
+e e <2+2n’2+2n’ T om o T8 , (D.68)
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f2(61, 62,03)
— e2m’se—2s61 0 (l _

3

l 01 l_iej_@ 1+i9i,_e—4nis
2’ 2 27’ 2 27 2@’ 2
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e e (2+2n’2+2n’2’ 2w m ’
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2’ 27 2 27w’ 2’ 27’
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e e (2+2n’2+2n’2’ w2 C - (P79

We are interested in the asymptotics of these form factors in the limit #; — +o00. The exponential
part of the form factor asymptotics, which comes entirely from the Gamma functions, is

e—(1+25)01 (D71)

for the first of the three terms for all f;,;, and is

_1lg
o161 (D.72)

for the second and third terms. Thus the exponential part of the asymptotics is given by (D.72),
which comes from the second and third terms in almost all cases, except for s = —1/4, in which
case also the first terms contribute.

To calculate the leading asymptotics of our form factors we will need the asymptotic behavior
of the generalized hypergeometric functions 3 F; in the case of some of its parameters large. We
will use a simple integral representation [22] of this function to establish the asymptotic formulae
we need in this calculation.

3Fy(ar, az, a3; by, by; 2)

I'(b2)

= [ dtt® T (A =05 S Fi(ar, az b 12), (D.73)
['(a3)I" (b2 — a3) J
which is valid for Re(b2) > Re(az) > 0 in the range |z| < 1, but can be extended to the limit
|z| = 1. The Gauss hypergeometric function » F; can in turn be expressed as the integral
1
I'(c)

C e o) — b—1.1 _ Ne—b—1,1 _ —a
2F1(a,b;c;z) = O —b) det”7 (1 —1t) (=7 (D.74)
0

valid for Re(c) > Re(b) > 0.
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Using both integral representations above simultaneously we can show that for large (real) A

sF(ar, ax +ik, a3 +id; B +ik, fo+iA 1)
~ L(B1+ B2 —ar—az—ay) malefﬂ% sen’
C(B1+ B2 — a2 —a3)
valid for Re(82) > Re(a3) > 0 and Re(B1) > Re(wp) > 0. We are sure however that this estimate
holds in a larger range of parameters. In particular to get the contnbutlon of the ﬁrst terms for f1,
fr we need an estimate of the lhs of (D.75) for a1 = 1/2, a2 = 2,0 + & 2n , + 2n ,B1 =
1+ 1 2n sBr=7 La+ P)+ 5 ’93 for the two cases p = 1. We have numerlcally checked that the
estimate (D.75) is indeed vahd for these cases in the range |6>3| < 4. It is plausible that it can
also be proved for arbitrary values of 9163 for some range of I6,3 by assuming analyticity of the
formula in this variable. Applying then (D.75) to the first terms of (D.68)—(D.70) (for s = —1/4)
we find

(D.75)

~ SO+03) (—1
e2 :
£D@1, 62,63~ Set S (1), (D.76)
7 03/2
12 2
Thus the first terms only contribute to W_ for s = —1/4. Their contribution is:
WO )] = —ice 25 (D.77)

For the second and third terms (of fi and f,) we have to consider, for large positive A = g‘—nz,
the following product:

C(a)T (@)l (—a; — ax)T (a3 + z)\)lﬂ<l — o3 — zA)

1
Xst(al,az,a3+ik;1+a1+az,§+a3+ik;1>. (D.78)

Its asymptotic form can be established using the integral representation (D.73) together with the
formula [23]

2 Fi(ar,a2; 14+ a1 +az; t)
T +a +a2){ 1

['(a)T (a2) +(1_t)[ln(1—l‘)—'1/(1)_gp(2)

ayaz

+W(1+a1)+W(1+az)]}, (D.79)

valid in the vicinity of + = 1. With the help of this formula we can calculate the large A expansion
of (D.78):

2m2i iz —mhginas 1 I T . w 3 N (D.50)
e —— | X —-In)— — — .
h sinm(a; +a2) |araxy 2 2 2

where

1_
X=0(4a)+¥(+a)—¥()—¥Q) + 4a1a“ (D.81)
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_1ly
Using (D.80) in (D.68) and (D.69) we find the following results. For s = 1/4 the "‘912712 terms
12
_lg
cancel and only the eelez terms remain. In this case these contribute to the leading terms U,
12

and we find
U(+)(E) — ie , (D.82)
ZCOSh%
the same result as we found in the previous subsection. For s = —1/4 (D.80) gives contributions
both to the leading U,, and the subleading W,, terms. We find
2 e3E
U@ == (D.83)
T é&—im
_ —2mi
WO () = — St E 2 (D.84)
T E—im
and
[W(_)(S)](II)J’_(III)
2c 1.1 (1 i& 1 (1 &
=——e 25| -y -4+ = -yl - - =
—_ [4 <2+2n>+4 (2 27'[)
I A T T e D I (D.85)
4 4 —=In——-——1. .
2 2 2 2 2 27 2

Again, the above results are in agreement with the ones obtained in the previous subsection
solving the asymptotic form factor equations. Finally we get

1 1. A 1. 8A
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