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1 Introduction

Correlation functions and expectation values of operators are important objects in quantum
field theory, both from the theoretical and phenomenological point of view. Integrable
quantum field theories have numerous applications to condensed matter systems; given
that experiments are necessarily conducted at nonzero temperature the construction of
finite temperature expectation values and correlation functions in integrable quantum field
theories is an interesting problem. Almost fifteen years ago, LeClair and Mussardo [1] put
forward a conjecture for both the one-point and the two-point functions of integrable models
with diagonal scattering, expressed as a spectral series using exact form factors and the
thermodynamic Bethe ansatz. In [2], another approach to finite temperature expectation
values in the sinh-Gordon model was proposed by Lukyanov, and more recently Negro and
Smirnov provided a resummation of the spectral series of the one-point functions, again in
the sinh-Gordon model [3].

For generic one-point functions, the LeClair-Mussardo proposal was eventually proven
to be valid in [4], using the finite volume form factor formalism introduced in [5, 6]. Con-
cerning two-point functions, their proposal is more controversial [7] and probably not valid



in its original form. However, the finite volume form factor formalism provides an alter-
native and systematic method to construct the two-point function. This approach solves
the problem faced by earlier studies which could not resolve the issues related to a proper
regularization of kinematical singularities of the form factors [8, 9]. An early implementa-
tion of the finite volume approach for the two-point functions was used to describe finite
temperature line shapes and dynamical correlations [10, 11]. The full formalism itself was
developed in [12, 13]. We note that an alternative approach to thermal correlations was
developed by Doyon [14, 15], however, at present it seems to be confined to the Ising model.

The finite volume form factor methods were recently shown to yield results agreeing
with other approaches in non-equilibrium steady state systems [16], and are also relevant
in the context of quantum quenches [17-19].

Presently, the available results on form factor expansions of thermal correlators in in-
tegrable field theory are limited to the case of diagonal scattering. Conversely, much less
is known about non-diagonal integrable field theories: this is partly due to the fact that
the LeClair-Mussardo expansion, in its original formulation, requires the solution of the
thermodynamic Bethe ansatz equations, which are considerably more difficult [20] when
the theory is not diagonal. The finite volume formalism independently provides a way
to extend the results to non-diagonal scattering, and recently finite volume form factors
for non-diagonal scattering were constructed [21, 22]. Albeit at present diagonal matrix
elements of multi-soliton states are still not completely known, the available results permit
the evaluation of the spectral series below the three-particle threshold. In this paper, we
take the first step and consider finite-temperature expectation values in the sine-Gordon
model, i.e. the one-point functions, which is performed in section 2. In section 3 we con-
struct the connected diagonal matrix elements of the exponential operators, which allows
the evaluation of the series for these observables. Exponential operators are particularly
useful because they appear in many physical systems in one dimension, in connection with
the characterization of lattice models at low temperatures, by passing to a continuous de-
scription through an effective bosonic action (see, e.g., [23-25]). In addition, exponential
operators generate all the normal-ordered powers of the sine-Gordon field, provided it is
possible to compute their expectation values with generic parameter in the exponent.

In section 4 we compare the spectral series for the case of the trace of the energy
momentum tensor to results that follow from the NLIE approach [26-29] and find very
good agreement. Unfortunately, for reasons discussed towards the end of section 4, we
cannot perform an analogous numerical verification of our method for other operators at
present. Nevertheless, our present results provide a nontrivial verification of the method
and an analytic check of the form of the diagonal matrix elements conjectured in [22] (where
this conjecture was tested numerically against TCSA).

2  One-point functions at finite temperature

The classical action of the sine-Gordon (SG) field theory is:

S= /_Z dt /_Z dx [;&,qb@”(ﬁ + Acos o (2.1)



where A and [ are real parameters, of which S is dimensionless and A determines the mass
scale of the model. Classically A has dimension of mass squared, but in the quantum theory
it acquires an anomalous dimension

A o [771(1:93]2_52/47r
The fundamental excitations of the model are known to be the soliton, with mass m and
unit topological charge, and the antisoliton, with equal mass and opposite charge; the exact
relation between A and m has been derived by Zamolodchikov in [30].

In addition to solitons, the spectrum may also contain breathers which are bound
states of a soliton and antisoliton; after quantization their spectrum becomes discrete and
only a finite number of such states exists. Introducing the parameter £ = %, it is
possible to distinguish two regimes: a repulsive one £ > 1, in which only the soliton and
the antisoliton are present in the spectrum, and an attractive one ¢ < 1, in which [1/¢]
different bound states (breathers), whose mass is

mb:2msin%£b, 1<b< FJ, (2.2)
are allowed.

The scattering matrix between the elementary excitations of the system has been
computed in [31]; the non-zero elements of the S-matrix in the solitonic sector are

sinh g
Ssa(0) = Sas(0) = So(0) ———5
sinh =
sinh %
Sas(0) = 55,(0) = So(0) ——%
sinh ==
S5s(0) = Saqa(9) = So(9) (2.3)
where
o0
sinh Z0-9 gy, ot
So(0) = —ex —i/dt 2 24
o(®) P tsinh%&cosh%t 24
0
The S-matrix elements involving breathers are diagonal and can also be found in [31].
Continued to Euclidean time 7 = —it, the action
R 00 1 1
Sp = / d’T/ dz [28T¢87¢ + 5836(;5836@%) — Acos ¢ (2.5)
0 —00

with periodic boundary conditions in 7 describes the model at finite temperature ' = 1/R.
Note that by swapping the role of Euclidean time and coordinate, the finite tempera-
ture/infinite volume action can also be considered to be a zero temperature/finite volume
action, and so the one-point functions constructed below also have this dual physical
interpretation.



The exponential fields e?*5¢ is the most interesting class of operators to be studied, both
because they serve as a generating function for all the normal-ordered powers of the SG
field and in connection with one-dimensional lattice systems, where they commonly emerge
as a counterpart of lattice operator via bosonization of the effective low-temperature field
theory. For the case k = +1 the expectation value of the exponential operator is identical
to that of the perturbing operator cos 8¢, which is in turn related to the trace of the
stress-energy © tensor through [32]

(©) = 47A(1 — A) <eﬂﬁ¢> (2.6)

whereA = 32 /(8) is the scaling dimension of the exponential field at the conformal point.
The finite temperature one-point function of the exponential operators is defined by
Gibbs average:

, —RH ikB —REn /.| ikBo
(shosy _ TG, e e .
Ty o—RH S e RH
where -
H= / dx Batgﬁatgz) + %amam ~ Acos (B9) (2.8)

is the Hamiltonian, and the summation runs over a complete set of energy eigenstates |n)
with energies FE,.
In infinite volume, the form factors

FO . (61,...,08)=(0|0]61,...,0N)ay. a0 (2.9)

aj...an

of local operators can be computed exactly using the form factor bootstrap [33-35], from
which any multi-particle matrix element can be reconstructed using crossing symmetry.

Here

|01) cee 7‘9N>a1...an
denotes a multi-particle state composed of particles with species a1,...,any and rapidi-
ties 01,...,0n. The analytic structure of the form factors is fixed by a set of equations,

which are built upon the factorized scattering of the model as input. Local operators of
a given model can be defined as towers of solutions of the form factor bootstrap equa-
tions [36]. For many integrable models, including sine-Gordon theory, the exact solutions
are known [36-38], therefore the spectral sum (2.7) can be evaluated in principle.

However, due to the singularity structure which arises from the form factor axioms, the
diagonal matrix elements of the fields are not well-defined, hence the spectral sum needs
to be regularized. The regularization of form factors by using a finite volume setting is a
useful technique for dealing with low-temperature expansions of one-point and two-point
functions [6, 12, 13]. To evaluate the one-point function one can apply the method outlined
in [6]; however, a careful extension of the approach is necessary due to the presence of non-
diagonal scattering, which can be performed using the recent results in [21, 22] on finite
volume form factors for non-diagonal scattering.



We recall that in finite volume the rapidities are quantized and the space of multi-
particle states can be labeled by momentum quantum numbers Iy, ..., Ixy. We introduce
the following notation for them:

L, I, Iy DY (2.10)

where the index r enumerates the eigenvectors of the n-particle transfer matrix, which can
be written as
T (01401, .., On DN = Sl (0 — 00)S2(0 = 05) ... S2Y (0 - 0n) (2.11)

where 01, ...,0y are particle rapidities. Due to factorized scattering, the transfer matrix
can be diagonalized simultaneously for all values of :

T (0] {01, ..., NI 0 L ({0}) =t (0,{061) ) ({06} (2.12)

We can assume that the wave function amplitudes ¥(") are normalized and form a com-
plete basis:

Z ‘llll AN {0 }) 11 AN ({ek}) = (213)

1. AN

Z‘I’“ i A0 T {01)" = Girjy i

these eigenfunctions describe the possible polarizations of the N particle state with rapidi-
ties 01, ...,0n in the state indexed by the species quantum numbers i1 ...75. The transfer
matrix can be diagonalized using the algebraic Bethe ansatz (cf. appendix A of [39]),
which enables one to compute the exact form of eigenvalues (") and eigenvectors ¥("). The
rapidities of the particles in the state (2.10) can be determined by solving the quantiza-
tion conditions

Q" (01,...,08) = m;Lsinh§; +87(6y,...,0y) =2rL;, j=1,....N
07 (Or,..,0n) = —ilog |7 (0;, {0:}) (2.14)

When considering N rapidities which solve these equations with given quantum num-
bers Ii,...In and a specific polarization state r, they will be written with a tilde as
gV V)
10N

For states containing up to two particles, the only subspace in which the transfer
matrix has to be diagonalized is the two-dimensional subspace of states containing one

soliton and one antisoliton. The basis of the eigenstates is given by [21]

\IJSS - |A5As> ’ \Ijaa - ‘AaAa>

1
(|A5Aa> + |AaAS>) , Wo = E (|A5Aa> - |AaAS>) (2‘15)

U, =

1
V2



Assuming that the finite volume energy eigenstates are chosen orthonormal, the partition
function up to (and including) two-particle contribution expands as

=1+ Z Z e chosh9+ZZ efmbRcoshH_i_; Z Z e*choshG( )mecoshHQ)

Jj=sa § ji=ss,aa,+,— 9(2)92)

/ /
1 5(2) 5(2) 5(2) 5(2)
+§§ : 2 :e—rrzblFu’.coshG1 —mbchoshG2 +§ : § :e—choshG1 —my R cosh 0 4. (2.16)
bibo 5(2)5(2 b §(2) g2
109 9; )eé ) Iy 9§ )eé )

in which tildes denote rapidities which are quantized according to the Bethe-Yang equations
in finite volume L, the index j = s, a is used to denote the elementary solitonic excitations,

and the index b enumerates the breathers. The prime in the summations is a reminder

that states with equal rapidities for the same kind of particle are not allowed solutions!

of (2.14) and are thus excluded. Furthermore, the indexes +,— denote the symmetric
(antisymmetric) combination of the neutral soliton-antisoliton states:

|61, 02)+ (101, 02) 50 + 01, 62)as) (2.17)

1

V2
The finite temperature expectation value can then be written as
> e (n|Oln)

(O)r =— 7 (2.18)

Following the derivation detailed in [6], this can be expanded as
o —m 00 1h ) —m 60 1] ]
O (0} 4 32 Y2 GHO00); — {0) + 30 e R G101, — (0)
Jj=sa g b,0
1 —mit COs ( >_m COS ( )
+§ Z Z Rcosh 6} Rcosh 0, (i (9(2 |(’)|9(2)9(2 )5 — (0))

Jjj=ss,aa,+,— 9(2 9(2)

1 5(2) 5(2)
+§ Z Z e—mbchoshé)1 —mpy R cosh 0, (b1b2< |O|9 2)9 >b2b1 _ <O>)
b1bo éf)éé%

1 —2mR cosh 0 N0 nn
—5 DL D € RenI(0010108)55 — (0)) (2.19)
jj:ssaagl §2 0
4 Z Z —2mbRcoshé( bb<§§|0|9~9~>bb —(0)
b 0,=0,=0
1 —mMR cos ()mcos 1S N N
=5 Y e ik (gD O1D); -+ (8710157 — 2(0))

jk=s,a égl)ééU

/
o 5, 5(2) N )
_z z Rcosh 6} p R cosh 0, ( < |O‘9 > <9§2)|O‘9§2)>b_2<0>)

ib g2 g2

IThis is due to the general property (which holds for all 2-dimensional massive models except free
bosons) that for identical particles the scattering phase is —1 when the rapidities coincide, which leads to
a vanishing wave function amplitude.



again up to (and including) two-particle contributions. We emphasize that in the above
expression we have explicitly subtracted the terms in which two elementary excitations
with the same topological charge or two breathers have the same rapidity.

Next we use the relation between the finite and infinite volume form factors (valid up
to exponential terms) conjectured in [21, 22]. The densities of states in rapidity space,
corresponding to (2.14) are

P01, 05) = det 8%99) 8229;) r=ss,aq,+, — (2.20)
001 004

and the finite-volume matrix elements are given by [21, 22]

P9 (61.62) (i ({1 2} [O| {1 12}) 55 —(O)) = F31 (61,02) + 0y (B1)FS + ps(62) FY
(.7 =5, a)
pE(01,0y) (L({L L} O {11 })x — (0)) = FL (01,02) + ps () FC + palf2) FO (2.21)

up to terms that vanish exponentially for large L. In the above formulas, the symmetric
evaluation is defined as

FOE) (0, 0,) = lim F (B +im + €, 01 + im + €, 01,02) (2.22)
€E—
.7'-2(5) (01,02) = lim Fj%j(ﬁg +im +€,01 +im+€,61,62) (2.23)

where the (4, 4)-polarized form factors F'{ are defined by

sasa

1
FO (6 +im, 0, +im, 01, 02) = 5[FO +rF£a5+ngsa+Fgas]( L im0 i, 0, 05) (2.24)
In addition

ps(0) = pa(0) = mLcosh
F¥ = FO +in, 0) (2.25)
FF = FQ0 +ir,0) (2.26)

(in fact F¥ = F* due to charge conjugation invariance). Following [6], we can also express
these results with the connected part of the diagonal matrix elements which is defined as
follows. Consider the form factor

Fggab (92 + T + €2, 91 + T + €1, 01) 92) (227)

in which kinematical (simple) poles appear as the regulators €; 2 — 0 independently; the
connected form factor Ffb(c) (01,62) is defined as the part which is nonsingular in both
€1,2. Using the same arguments as in [6], it can be easily checked that the symmetric and
connected diagonal matrix elements are related by
O O
]:jj(s)(91, 02) = ]:jj(c)wl, 02) + 47 Go(021) Fy

(FQ + FO) D (01,02) = (FO + F) (01, 02) — 21(G1 + G1)(01)(FE + FO)  (2.28)



where the function Gg is the logarithmic derivative of the soliton-soliton scattering
phase (2.4):

1
G() (Q) = %89 log S() (9) (2.29)

and G (0) = Go (0 + i), while G1 (0) is its complex conjugate.
On the other hand, for the states in which the scattering among the particles is di-
agonal, such as the breather-breather and the soliton-breather, the finite volume matrix

elements are known from [6]:

p192) (61, 60) (., ({112} |O[ {112} )b,y — (O)) = —7:1;11(32)(51752) + pu, (01)F5) + po, (02) Fs,
(

P (61,02) (o({ 11 T2} |O| {1 I2}) j — (0)) = ]:](Z (01, 02) + p; (1) F + po(02)F

(2.30)
which can be expressed in terms of the connected form factors as
fgéj)(ﬁ t2) = Fgéj)(el, 02) + 27 Glyyp, (021) (F + }';g)
Fo(0r,05) = F'(01,02) + 210G (021) (FO + FP) (2.31)
with j = s, a for soliton/antisoliton, and b standing for the breather kind, where
Fy = Fy (0 +im,0) (2.32)

and the function Gj(6), is defined analogously to (2.29), but starting from the soliton-
breather scattering phase

4 cos % cosh 6
cos (mré) + cosh (20)

- Z < (2 —4n)€) — 2ib ©tan m(1— (2 —4”)5) + 2i9) (2.33)

27TGjb (9) = —

while in turn, the scattering phase between breathers b; and by defines the function:

4 cosh 0 sin <%ﬂ§> 4 cosh 0 sin (%W{)

cos(b1 + bg)m€ — cosh (20) i cos(by — be)mE& — cosh (20)
(2l4ba—b1)mE
2

271Gy, (0) =

“ ) ginh 26 2l+b2 —bo)n€ 2¢9+z(21+462—b1)7r§

sin (2l b12 bo) €
COSh 29—2(2l—f1—1)2)ﬂ'§ COSh 29+’L(2[—4b1—b2)7‘(£

(2.34)

for by > bo.



Substituting into (2.20), and keeping terms up to two particles:

A0 e o
<O>R:<O>+ Z /%e RcthI_-]O_ Z /%e 2 RcoshG}-JO

Jj=s,a j=s,a
d ) Qo o
+Z/27re my, R cosh J—_-b(’) —2/27[_6 2my, R cosh ‘Fb
b b

]_ de de —mA cos —Mmi1 CoS O(c
+QZ/ Lo o mm o0 (78 (61) + 2 27 Go(01) F)

; or 27
Jj=s,a
1 [ df do c c
4= ;Je—chosh&—chosth ff( )(921) +f£9( )(921) (2.35)
2) 27 27

—27 (G1<921) + G1(921))] (Fso +fc?)

1 doy dos . o .
+5 > / 2—;2—;6 by Rcosh 61=my, R cosh 6 (}'lfl(,l)(Gm) + 271Gy, (021) (Fy, + }‘5))
brbo

d: do, —mR cosh 61 —m; R cos O(c
+Z/27727re R cosh 61 —my R cosh 02 (}"jb( )(021)+27rGjb(921)(]:;O+f(?)) + ...
J»,b

which gives the low-temperature expansion of the expectation value of the local field O in
the sine-Gordon theory, up to and including two-particle contributions.

3 Connected diagonal matrix elements of the exponential fields

3.1 Form factors of exponential fields

Multi-soliton form factors of exponential operators in the sine-Gordon model

FE  (01,...,0,) = (01101, ... ,0,)a, (3.1)

yeeesn

were obtained by Lukyanov in [37] exploiting the bosonized form of the Zamolodchikov-
Faddeev operators [40]:

20) = [ e e

] ) o An2i d _ - )
Za(0) = \/;fie_me Z oe 2 /F %6(1_21‘:_8”6 2)”’I/V(cr('y —0)): e W00 . (3.9)
o=+ 4

in which : : denotes the appropriate normal ordering while ¢, ¢ are generalized free fields
defined in [40] and the contours 'y are specified below. These operators satisfy the algebra
of asymptotic soliton/antisoliton creation operators

Za(61)Zy(02) = S5 (021) Ze(02) Za(61) (3.3)

with the scattering matrix (2.3).



The contractions (( )) of the vertex operators are defined as follows:

("0 902))) — G(0, — 6,) (3.4)
. - 1
i9(01) o —10(02)\y — W (hy — ;) = 3.5
(e = Wb = 61) G (62— 01 —iT) G (62— 61 +15) (35)
. - ~ 1
—i¢(01) o =10(02)\\ — G(hy — 1) = 3.6
e e = G ) =, e i w (e rig) Y
where
L ..h dt sinh?(1 — i /m) sinh(& — 1)t
= h - I .
G(0) = iCysin 2 P { t sinh 2t sinh &t cosh t } (8.7)

— sinh?(1 — i0/7) sin —
W) = 2 p{_2/dt h*(1 —i6/7) sinh(& 1)t}:W(0) (3.9)

= coshf t sinh 2¢ sinh &t cosh 6
G(0) = —% sinh @ sinh 0+ im (3.9)

for % —2<3m % < %; analytic continuations valid for a wider range of rapidities
can be found in [21, 41].
Using the above definitions, Lukyanov constructed the multi-soliton form factors in

the form
thl,.,.,an (917 R 7971) = gk<<Za1 (91) v len<0n)>> (310)

where
Gr, = (e*h?)

is the vacuum expectation value of the field and the integration contours are specified as
follows. Calling “principal” poles the singularities of the function W () located at v =
—im /2, the contours run above the “principal” singularities of the W functions arising from
contraction of a given operator e~ with all fields on its right and below the principal poles
originating from the contraction with the ones on its left. Accordingly, in the definition (3.2)
', (I'_) denote the contours which pass above (below) the pole at v = 6 + in/2 (v =
0 —im/2).

The tilde in (3.10) refers to the fact that our conventions for the form factors differ
from those of Lukyanov’s by the relation

F‘fl~~a2n (91’ o ’92n) = (71)71}}1::&1“'_&2” (915 s 79277,)
= (_1)nFa:].€..agn (017 cee 70271) (311)

as noted in [21]. This is due to a difference in the conventions of the form factor equation,
which corresponds to a redefinition of relative phases of the multi-particle states [21]. As
a result of (3.11), our diagonal matrix elements can be obtained in the following way:

Fh o (01, 00) = (“D)"FE (61, 60,) (3.12)

where F* denotes diagonal matrix elements in Lukyanov’s conventions [37].

,10,



Note that all the form factors need to be normalized by the vacuum expectation value
of the exponential field, for which a formula has been derived in [42]. It is useful to
write that formula in a way which can be used for any value of k. Given two integers

M, N > max (0, [ZM&%;BAU;A)—D and defining A = A(B) = 3? /87, one has:
2k2A
1
VT (o)

oT (ﬁ)

N T+ (1= A)m+nA — 2kA)T(1+ (1 — A)m + nA + 2kA)\
XHH( T(1+ (1— A)m +nA)? )

Gr =

m=0n=0

dt e~ Cr+DA21-A) (M 6inp? (2% At)
M+1
X exp { Z/ sinh¢cosh(1 — A)t

—2(N+1D)AL—2(M+1)(1-A)t oin 12
_|_(_)M+1/ di (e ' ‘ sinh®(2kAt) k2 A2t
o t 2sinh ¢ sinh At cosh(1 — A)¢

dt AN+ AL-2m(1-A)t 6inh2 (2kAt) 2 2
. - 1
+ Z / < sinh ¢ sinh At hae o1

which can be obtained by exploiting the integral representation of the logarithm of the

Euler’s gamma function.

3.2 The diagonal matrix elements

As a warm-up and a demonstration of how the analytic continuation is performed, it is
useful to write down the two—particle form factor in the repulsive regime:

iCoGeli™=e) ig(1+1)m
Fr=Fk = =22 Z e’
4Cy —

/;ljr <<ei¢>(9+i7r+6) L i0(7) it (6) >> W (o(0 — ~))ed=0)

Ly
_ ngCQ iT—€) Z oe i3 (1 *) { W(—lg)W(—ZQ — 06)
€
o=+
d
+ / %WW(—M)W@ - e)} (3.14)
R

in which the contour I'y(_) passes above (below) the pole at v = i§ (y = —ij) and

has been deformed to the real axis in the second line. We also introduced the notation
A=—2k—¢1.

Consider now the integral part, which is divergent for £ > 1/2. It can be written as

the analytic continuation of a Fourier transform to imaginary values z = —iA:
77(1 &z
d’}/ zz'y 1 e’ 2
L(2) = [ G W oW —im =~ [ de— e
R

— 11 —



where the definition (3.6) has been used. Now the integral is convergent, but we still need
to continue the integral to the value z = i (2k + 1/£) by adding the poles that are crossed
in the contour deformation. The result is then

|(2k+1/6—1)/2] —oiZUmOEk /el —2m)

. 1 m
Iy (i(2k +1/€)) = TG {4 Z (=1) cog TEChF1/E-1-2m)
2

m=0

1 70""(155)1
e
+ / dx | } (3.16)
1. m(i(2k+1/8)—x €
4 cosh TEEk+1/€)—z) 2/ )=%)  cosh ==

and is now convergent for all real values of k. Note that this part is O(e"). The connected
part of the matrix element (3.14) is the total O(e") contribution, which can be collected as

ff/a—gkﬁze”k;e@<l+9”((1+ m) W (=ig) W' (=i5)+ o1y (i(2k + 1/&))) (3.17)

This will be compared with the exact formula below in section 4.2. Note that the func-
tion W defined in (3.8) is regular in the point —im/2 and its derivative can be computed
straightforwardly from the definition.

Let us now write explicitly the regularized diagonal four particle form factor:

F(fass(QQ +im + €2, 01 + im + 617‘917 62) =

iCy\? —k(2mitertea) itr2 (4 by [ dn
G| ] e 1o Z o1o2e 2 ¢ TW(01(91—71))

461 m
o109=1% I‘gll)

d
% / ﬂW (o2(02 — 72)) A1 —01+72—02)

27

re)
% <<ez‘¢<el+m+el>6i¢<02+m+62> L o= i6(12) yid(02) .. —id(m) sid(61) >> (3.18)
where we again denote A = —2k —£~!. The contraction in the last line contains one factor

which is independent of the integrated variables and reads:
Avass = <<ei¢(91+i7f+€1)6i¢(92+i7r+62)6i¢(92)ei¢(91)>>
G (612) G (012 — im — €2) G (—im — €1)
G (—im — €3) G (021 + €21) G (021 — im — €1) (3.19)
with the usual notation €21 = €2 — €1; on the other hand, the integral parts are as follows

/?6A71W<'yl+0—i7r—61>W<—01 <9+71>>W<'yl—H—iw—62>W<71—0> (3.20)
i 2 2 2 2

(1)
oy

d 0 0 0 AN
/272€A72W Yot —im—er |[W(—5 —%)|Wyr—F5—ir—e|W|-02( 12— )G(1)
s 2 2 2 2

(2)
Loy

with the contours depicted in figure 1.
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1)

Figure 1. Left: contour I':™’, right: contour Ff), below: contour Fg_l) = I‘(_2).

Moreover, we have
Ffsas(QQ +im + €9, th + i, 01 + €1, 62) =

N 2
G <ZCQ> eklez=e) Z o109¢’ 1;2(1+§)ﬂ/6?1w(01(91—71)) (3.21)

4Cy o1o9=+ o T
d .
re
% < <ez‘¢(el+m+el> . o—iB(72) id(Oa+im) . Lid(Oates) . ,—ib(m) id(01) >> (3.22)

Again, the contraction in the last line contains one factor which is independent of the
integrated variables and reads:

Agans = < < i0(01-+imter) yid(02-+im) Lid(O2-+e2) id(61) >>
G (012 — €2) G (012 —im) G (—im — €1) (3.23)
G (—im —€2) G (021 —im — €1) G (021 — €1)
on the other hand, the integral parts are as follows

d 0 0 7 0
/ ;;6A71W<71+2—Z7T—61) W<—01 <2 +’Yl>) W<’Yl —2—Z7T—€2> W<71—2) (3.24)

(1)
g}

d 0 0 0 ANy
[ER R NI WA A

(2)

T2
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Figure 2. Left: contour F(E)7 right: contour I

1)

(1)
+

Figure 3. Left: contour I''’, right: contour I

with the contours depicted in figures 3 and 2. The above formulas for the regularized
diagonal form factor contain a divergent integral whenever k > 1/2. It is therefore necessary
to find a suitable and meaningful definition for these quantities. We refer the interested
reader to appendix B, where explicit formulas are provided.

4 The trace of the stress-energy tensor

4.1 The NLIE prediction

As shown by Zamolodchikov [32], one can compute the expectation value of the trace of
the stress energy tensor for any volume from the exact ground state energy. In order to
compute the latter, for the sine-Gordon theory, we can make use of the nonlinear integral
equation (NLIE) [26-28]:

o0

Z(0) = mRsinhG—i/

—00

dzGo(0 — z — i) log (1 + eiZ(Hi’?))

—H’/ dxGo(0 — z +in) log <1 + e_iZ(z_i”)> (4.1)

—0o0

where 7 < 7 min(1, &)

- : m(€-1)

B % o smh( 5 k)

Go(0) = e (4.2)
oo 2T sinh %fk cosh 5k
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and the ground state energy of the theory in finite volume R can be calculated using
> do , iZ(6+in)
E(R) = —mSm — sinh(0 + in) log (1 +e K ) (4.3)
oo 2m
It satisfies
E(R)—0 as R — o0 (4.4)
In the repulsive regime, one can continue analytically to n = w. Introducing the func-
tions [43]

e(0) = —iZ(0 + im)
&) = iZ(0 — ir) (4.5)

the ground state energy can be written as:
db db -
E(R) = —m/ o cosh 0 log(1 + @) — m/ o cosh 0 log(1 + ) (4.6)

The functions €, € are analogous to the pseudoenergies of the thermodynamic Bethe ansatz
approach and the two terms can be thought of as resulting from the soliton-antisoliton
doublet. However, in contrast to TBA pseudoenergies, they are complex valued functions.
From (4.1) it can be deduced that they satisfy the equations

£(#) =mRcosh — / dzGo(0 — z)log(1 + e—@)) 4 / dzG1(0 — x)log(1 + e °®))

£(#) =mRcosh@ —/deo(G — z)log(1 4 e~5@)) —i—/del(H — z)log(1+e 5@ (4.7)

where

G1(0) = Go(0 — ir) (4.8)

Note that the function G7 has a pole at § = 0; on the other hand, in the calculation of
all physical quantities, this is of no consequence. The two quantities £ and & are related
by complex conjugation, as well as their derivatives below. In fact, one can derive with
respect to the volume and obtain

771138]2(9) :cosh@%—/deo(@—w)f(@);g;( ) — /del( z)f(0 );g;(x) (4.9)

where the complex quantities f(6) = ﬁ and f(0) = e —L - have been used. On the
other hand, the derivative of the first of (4.7) with respect to the rapidity, denoted by a
prime, is obtained as follows

ane’(e):smh9+/dxao(9—x)f(9)n; '(z) + /d:cGl( ) f(6) Re( ) (4.10)
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It is then a simple matter to differentiate (4.6) and obtain

(©O)r 1 d,

©)0 T mRdR™ E(R)

_ / 39 {c%he ! < 3;(e>+ §§;<0>) +sinh9iR (e’<9>+8"<9>)}
= {/ (f+ )0 +2/d61/d92 f(01)f(02)Go(b12)

~ 00 F(0:)G1 (022)] coshtra -+ 2 [ doy [ db [ 01061162 £(02)Cio(612)
—f(61)f(02) f(03)Go(612)G1(623) — f(61)F(02) f(63)G1(612)Go(623)
F(01)F(0)f (93)01(912)61(923)} cosh913+...} (4.11)

_|_

The subtraction of —1 is related to the asymptotic property (4.4), which means that the
ground state energy computed from the NLIE has the bulk term subtracted. For the vac-
uum expectation value derived from it, this entails that we obtain the finite size corrections
to the infinite volume value (2.6), (3.13). For later convenience, we also normalized the
expectation value by its infinite volume limit.

4.2 Connected form factors for the trace of the stress-energy tensor

Diagonal matrix elements of the trace of the stress-energy tensor can be computed as
outlined in [1], which is reviewed in appendix B. In particular, the diagonal one-particle
form factor is given by

Fy = Fy = 2cot %591 (4.12)

Comparing this to the result (3.17) gives a first check of the regularization method, which
is shown in figure 4.

Moreover, the connected diagonal two-particle form factors are also explicitly known
(see appendix A):

fs@s(c) (017 92) = —8nG; cot %Go(alg) cosh 619 (4‘13)
F)(0:,05) = —87Gh cot %gGo(Glg) cosh 61

(FO + FOY(0,,0,) = 47G, cot %f(Gl + Gy — 2Gy)(012) cosh 015

We checked (for values 1/2 < £ < 2, where we need to take into account only principal poles)
that the connected form factors as obtained in the form (B.20), (B.23) from Lukyanov’s
expressions (as given in appendix B) agree with these (see figure 5). In addition to that,
the two can be compared with the results from the regularization procedure of [41], again
resulting in agreement among the results, thus providing a threefold check.
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0 ¢

Figure 4. One-particle diagonal matrix element F© = F© of the trace of the stress-energy tensor:
comparison between the regularization procedure outlined in section 3.2 (dots) against the analytic
formula obtained from Lukyanov’s form factor (solid line). The normalization through the operator
vacuum expectation value is not included in this plot.

IS
S

©
%

)

i -7 =) \./ 3 ) 67
i; =7 =) A 3 3 5’

Figure 5. Left: connected diagonal matrix element F© = FO . Right: connected diagonal matrix
element FO + FO for ¢ = 1.6129. The solid line corresponds to the formulas (4.13), while the dots
are evaluated using appendix B.

For future reference, we also write here the soliton-breather and the two-breather
connected diagonal matrix element of the trace of the stress-energy tensor:

c . b
fl?q:( )(91, 92) = —167G; sin % cot %gGsb(le) cosh 012 (4.14)

c b b
fgé; (01,02) = —327G; sin % sin 7r£2 2

cot %ngle (912) cosh 61 (4.15)

4.3 Comparing the NLIE to the series

Let us start with an analytical comparison in the repulsive regime £ > 1. It is easy to
see that expanding the exact result (4.11)to second order in e~™% of produces exactly the
terms of series (2.35) up to this order.
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Figure 6. Left: form factor expansion to first (blue circles) and second (purple squares) order in
e~ ™ of the trace of the stress-energy tensor at £ = 1.6129, as a function of the inverse temperature
R, compared to the exact value (red solid line). Right: exponential decay of the deviation of the
expansion from the exact value, the exponent being ~ 3.4mR.

First we need to expand the expression (4.7) and the relative (complex) filling factor,
which leads to:

e(0) ~ mRcosh — /dw (Go(0 — ) — G1(0 — x)) e mEcoshz L O(e=2mE)
f (0) ~ emecoshG + /d.CU (Go(e _ :L“) e (0 _ x)) eme(coshHJrcoshx) _ emeRcoshO
+0(e3m 1 (4.16)

while the one for & and f are obtained by the substitution G; — G1. The expansion of the
NLIE result gives:

<®>R 1 —mRcoshf

+/d61/d02e—chosh91—chosh92 (2G0(921) o (G1(921)+Gl(921)))

Z /d9€—2mR005h0

J1=Ss,a

—|—/d91 /d926—chosh61—chosh62 (2G0(921) — G1 (921) — Gl (921)) cosh 021
+O(e—3mR)) (4.17)

Using expressions (4.12), (4.13) for the connected form factors of the trace of the energy-
momentum tensor, one can easily recognize that this is indeed identical to the solitonic
terms in (2.35), once the normalization of the two-particle form factor according to (4.12)
is taken into account. Note that this also validates, using this operator as an example,
the conjecture stated in [22], for which only heuristic argument and numerical support
was obtained in the original paper. Convergence of the series is illustrated in figure 6, in
which we compare the expansion for the trace of the stress-energy tensor to the NLIE data
obtained by a recursive solution of (4.1).

The analytic continuation of the counting function which underlies formula (4.11) to
imaginary values of its argument has to take into account that the first determination
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35 4.0 4.5

Figure 7. Left: form factor expansion up to one soliton (blue circles), up to one breather (purple
squares) and up to two solitons (yellow rhombuses) of the trace of the stress-energy tensor at
& = 0.531915, as a function of the inverse temperature R, compared to the exact value (red solid
line). Right: inclusion of the contributions up to two solitons (blue circles), one soliton and one
breather (purple squares) and up to two breathers (yellow rhombuses). Below: exponential decay
of the deviation of the expansion from the exact value, compared to e ™% decay.

strip of the G1 function has a width of 7 min(1,&). This implies that the so-called second
determination must be used in the attractive regime; moreover the series must also be par-
tially summed to obtain the expected exponential decay with exponent determined from
the breather mass. To avoid these complications, we resort to numerical calculations, and
in figure 7 it is shown that that the exact expectation value of © is well reproduced by the
conjectured expansion. We can also provide the finite temperature corrections to the vac-
uum expectation value of all the operator <eikﬁ¢> R for integer k. Their soliton-antisoliton
form factors are finite in the diagonal limit and can be straightforwardly derived from [37]

k m—+k—1 ﬂfk
k k k
Fo=Fo=(0""G ) @m-2) [ cot—- (4.18)
m=1 I=m—k,k£0
for k= 1,2..., while our computation provides the two-particle connected diagonal matrix

elements in (B.20), (B.23).

However, at present we can not make a useful comparison to an independent calcu-
lation. The NLIE only provides access to the cases k = +1, i.e. the trace of the stress
energy tensor. For higher k, one could resort to numerical determination using truncated
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conformal space approach (TCSA), originally invented by Yurov and Zamolodchikov [44]
and extended to perturbations of the free boson theory in [45]. However, the evaluation of
matrix elements is plagued by ultraviolet differences. Using the results in [46], it can be
easily seen that the matrix elements of ¢?*#? are only finite in TCSA for & < 1/(2|k| — 1).
Even for k = 42 this is deep in the attractive regime, with numerous light breather states.
For these couplings, before getting to the interesting novel part of our expansion which in-
volves non-diagonal scattering (i.e. the two-soliton states), a lot of corrections coming from
states with diagonal scattering must be summed over. Besides this being a very tedious
task, the part we would really wish to put to the test would be so tiny as to escape any
useful comparison.

An alternative possibility is to renormalize TCSA to obtain the expectation values
at a less attractive, or even repulsive coupling. Such renormalization has already been
performed for energy levels [47, 48]. By extending the methods of [46] it should be possible
to extend the procedure to expectation values. However, a preliminary investigation that
we performed indicates that this is a very nontrivial task, and is clearly out of the scope
of the present work. We hope to return to this issue in the future.

5 Conclusions

In this work we have studied the low-temperature expansion for one-point functions in
sine-Gordon model, which can be considered as a paradigmatic example of integrable field
theory with non-diagonal scattering. Following the ideas of Pozsgay and Takécs [6], we
proposed a series expansion which enables to compute the vacuum expectation value of
exponential operators. The formula is expressed in terms of connected components of the
diagonal matrix elements of the operator and can be considered as a generalization of the
LeClair-Mussardo expansion [1] to non-diagonal scattering. However, in contrast with the
latter and with the established formalism in diagonal theories, we could not write our
result in terms of single particle energies and momenta dressed by the thermodynamic
Bethe ansatz. In this respect, there remains a marked difference between diagonal and
non-diagonal scattering theories. Our results were verified for the case of the trace of the
stress-energy tensor by comparing against the NLIE approach.

We have also developed a way to evaluate the connected diagonal matrix elements
analytically, starting from the integral expressions of the form factors obtained by
Lukyanov [37]. For a special value of the exponent, the form factors were compared to
those of the trace of the stress-energy tensor which can be obtained by different routes,
providing a nontrivial validation of the procedure.

Finally, we have provided analytic support to the relation between finite and infinite-
volume form factors conjectured in [22] which had previously been supported only by
intuitive reasoning and numerical evidence.

An interesting open problem is to extend our results to states containing more than
two solitons/antisolitons, which would then enable the explicit evaluation of the higher
terms in the proposed series expansion.

— 20 —



A The diagonal matrix elements of the trace of the stress-energy tensor

Here we summarize the calculation, introduced in [1, 49], of the diagonal matrix elements
of the operator © = T}. First we recall that for a given local operator O, the form factor
dependence under space and time translations can be written as

FO(Lt)(el, o en) _ e—iw(zj m; sinhﬁj)-I—it(Zj my coshﬁj)FO(O,O) (91’ o ;Hn) (Al)

in which the energy and momentum of the j-th particle, having mass m;, have been
parametrized as e; = m; cosh6; and p; = m;sinh 0;, respectively.
Conservation of the stress tensor implies that:

Ty = (0,0, — gwd) A (A.2)

for some scalar field A. Knowing the form factors of this field, as well as the property (A.1),
allows to compute those of © by the use of:

FO(0y,...,0,) = lim F(af_ag)A(Hl—|—i7r+61,...9n+i7r+en,9n,...,01)

€1...€,—0

T El..l.ief%oz ejenmmy cosh (0; — Ox) (A.3)
j?k
FAG +im+ €1y, 0 +im+€n,00,...,01)

where the overall normalization N is left undetermined.

Following the procedure explained in [49], one can determine the two-particle form
factor from the expectation value of the Hamiltonian (the 7py component of the stress
energy tensor)

d
<9+6 /;ClToo(lj)
2w

by comparing it with the single particle energy

dx
<(9 + € ‘/ 2771'1T00 (xl)

The above formula (A.1) implies that the behavior of the two particle form factor is

. : 2
9> _ _m(sth sinh (0 + ¢€))

ol 5 (e) FA (A.4)

0> = 276 (€) mcosh § (A.5)

FAO+im+€,0) = FAQ +ir+¢,0) ~ — = (A.6)

in the diagonal limit € — 0. In order to match Lukyanov’s normalization [37] of the expo-
nential operator, an overall normalization has to be left undetermined. This normalization
can be determined by comparison with the exact formula (4.12). Analogous reasoning and
the expression (2.2) allows one to compute the breather diagonal matrix elements.

Once the proper normalization factor is fixed, higher form factors are uniquely de-
termined and can be computed recursively the by repeated use of the kinematical pole
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equation, which encodes the singular part of the function when 6,,, — 6,, + im:

. 1 A
ZF]I]n (01, . 9m7 . ,Gn) ~ Cjnkankl...km...k7L71 (01, .. 9m S ,Qn_1> (A?)

k1 k1 okmEn_1 Cn—m—2km+1
(5]-1 5]1 SCljnfl (em,n—l)"’Sjmjm+1 (Gm,m—l—l)

_ 2Miwow ki1km km—1Cm—2 km+1 kn—1
e Sj101 (O1,m) ... Sjm—1jm (Orm—1,m) 5jm+1 . 5jn—1

where 0, = 0, — 0, and C is the charge conjugation matrix, which in the case of sine-
Gordon is the Pauli matrix ¢” in the soliton-antisoliton sector, while it is the identity in
the breather sector. The mutual locality factor wog encodes the braiding properties of

the operator O with the field U that interpolates particles [40]. One needs to select all

1
€j€k

the contributions which diverge as O(
inserted into (A.3).

, which will give a finite contribution when

In particular, this procedure applied to (A.6) yields the results (4.13)

]—"SQS(C)(Hl, 92) = ./rc?a(gl, 92) = —87Tg1 cot %Go(ﬁu) cosh 012 (AS)
(]—"g("’) + fg)(@l, 92) = 47 G cot %g(Gl + él — 2G0)(912) cosh 01
in the solitonic sector using the S-matrix (2.3). On the other hand, using (A.6), the breather

mass (2.2) and the (diagonal) breather-breather and soliton-breather S-matrices [31], one
obtains (4.14), (4.15):

fgc)(el, 92) = —1671’91 sin %fb cot %Gsb(elg) cosh 912 (Ag)
fzi)z(;;) (91, 92) = —3271'91 sin 7T€b1 sin 7T§2b2 cot %ngle (912) cosh (912 (A.lO)

B The connected diagonal soliton form factors of the exponential field

We focus here on the four-particle diagonal matrix element. We need to collect the parts
which stay finite when €12 — 0. According to the considerations in section 3.1, all the
form factors in the soliton sector share the same structure: there is an overall factor, which
depends only on the rapidities but not on the particle species, and a double integral.

The double integral is generally time-consuming to evaluate numerically. It has the
following form: two functions ¢ and h, both of which depend only on one of the two
integration variables, multiplying G, which instead depends on the difference of the two.
Therefore, the double integral can be written as a sum of products of two simple integrals
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by a simple trick [41]:

Lo = [ 4 [ drag () k()G 1 = 2) (B.1)
- C2£ D e/t / dyrel* ez g (y) / dyah (y2) e (1taz/e)
apaz=+ ) @

@F/mjwmmmmw —

= 625 Z 041042/d’716(0‘1+0‘2/£)719(71)/d72e_(a1+0‘2/§)72h(’72) (B.2)

a1,0p=% i) re

using the definition (3.7).

Note that the integrals are evaluated along the contours I'}:2)| which will be deformed
to either the real axis or the lines Sm~y; = 7 (as for the one in figure 2). In the course
of this deformation some poles are encountered; in the regime 1/2 < £ < 2, one only
needs to treat principal poles of the W functions (3.5). For each integral, there is a

contribution of order é, which we write as éPl(j ) (

written as éPQ(j ) (0,€1,€2). The index j = 1,2 represents the integral from which the given

0, €1, €2), and another one of order 57

contribution originates. We postpone for the moment the analysis of the functions P, by
just remarking that they depend on the difference of rapidities 8 = 65 — 61 only.

From this, one has one family of form factors, in the form:

Foass (91 +im + €1, 00 +im + €2, 09, 01) =
GrAuass (0, €1, €2) Z o101 (AH1/8)/2 5 gioam(1+1/€) /2 Z 10

g1092 [e5eS)
1 1
im/E P1(,0)1011012 (0’ 61’62) P2(0)1a1a2 (9761762) I(l) 0
€ €1 € o1 ( y €15 62)

p® 0. e, p2 0,1,
< Lamw@( ) + Q’UIMOQ( 1 c2) +ICS'§)—O£1_O£2 (9,61,62)> (B.3)

€1 €2

Each of the two integrals can now be written as a real integral and is finite whenever
€1,2 = 0. On the other hand, they can have O(e;2) contributions. We separate each term
in the sum and the various orders in € 2 by writing

7

oaas

(0, €1,€2) = L5 0, (0) + 1 JEE00, (0) + €253, (6)

o1 [exese’)
where aj 2 = + label the terms in the sum (B.1), while o = =+ labels the contour index in

the sum (3.2). The prefactor A can be subjected to the same analysis. Its finite part and
O(€1,2) contributions can be isolated as

-Aaass(gl + o+ €1, 02 + i 4+ €2, 92’ 91) = Aaass + 61-/4(1@53,1 + €2Aaass,2 + E162~/40L¢:Lss,12 (B4)
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The same reasoning can be applied to the form factors in which particles of opposite

charge are adjacent. In this case we have:

Fasas (191 + Z7T + 617 192 + 7:77-7192 + 627 191) -
—GrAasas (0, €1, €2) Z 0.1eicr17r(1+1/§)/20261'02#(1“/6)/2 Z Q1o

0102 102

Pl(b) 1o (9’ 61’62) PQ(Q aja (9’61762) 1
(Frm ) B 8050,

€1 €9 o2—Q] —02Q

(2) (2)
(Pl;ogoqag (97 €1, 62) 4 P2;02a1a2 (97 €1, 62) 4 I(2) (0 € 62)) (B5)

where we introduced the parametrization
190y (Br61,62) = 1Y), o, (0) + €1 K90, (6) + K2, ()
and
Aasas (01 +im+e1,00 +im,00 + €2,01) = Agsas + €1 Aasas,1 + €2 Aasas,2 + €1€2Aasas, 12 (B.6)

Note that in this expression, due to the presence of an integration in the (3.2), it is more
convenient to expand around the Lukyanov’s antisoliton rapidity.

The only singularities are coming from the residues picked up from the principal poles of
the W functions, during the process of deforming the contours, while the remaining integrals
are regular. Note that because of the presence of two antisolitons, each of the contours
generates a singularity. However, the contraction of the vertexes <<e*i$('91)e*"‘5(192)>> is
zero for coinciding rapidities, hence the poles at e; — 0 and e; — 0 are simple.

B.1 The integral parts

To regularize the integral representation, we borrow a method from the original paper [40]
and note that the integrals associated to antisolitons can be interpreted as the analytic
continuation of Fourier transforms to imaginary arguments. Since the diagonal part of
the form factor written in terms of integrals over hyperbolic functions only, one is able to
compute the Fourier transforms

fe) = [ e (B.7)
explicitly, and then the resulting convolution can be evaluated numerically.
Let us define the functions:
C(7y,0)"" = cosh(y + 60/2) cosh(y — 6/2)
~ sinn? +6/2+ Z'oz7r/2sinh7 —0/2+4ipn/2

Sap(7,0)7! : z (B.8)
which we can use to write
! _ <4>2 C(v,0)S05(7,0) (B.9)
Giy+ 84 —ir+iad)G(y— 4 —ir+ip%) \&Co T EIRest: '
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Their Fourier transforms are

s 0z

N Sin 5
= — 2 B.10
C(z9) sinh %% sinh 0 ( )

m(E—1)z [ —1)m—1i
8y (z,0) = S50 gl Sy (2,0) igsin (=2 4 me | |) -
z,0) = _(z,0) = .
A sinh ”725 sinh g * sinh szg sinh 9*%
(B.11)
with the obvious symmetries

Sap(=2,0) =55 _o(2,0)  Saps(z,—0) = Ss.a(2,0) (B.12)

On the other hand, the Fourier transform of the logarithmic derivative of the W function
is easily obtained as

A dy . 1 1 inh M€=z
L(z,0) = / %e”v&, logW(y —im) = ( o 2

2i \ sinh %¥  sinh 7z sinh f%

> 2 (B.13)

and also, using the definitions (3.6)

dry 0 1 1 eFTEN L,
Li(2,0) = | ™0 logW [y — = —i(1F \)7) =—L(2) — — iy
+(26) /27re 708 <7 p i1F )”> ()= 3 <sinh7f; b 2 )e
(B.14)
Using this procedure, one obtains the integral part of the diagonal Fg, form factors in the

following form:
2
180 = 1200 = 0 () [ o€ (i (200 a0+ 222 ) = 0) 8 psmnt)
102 102 §C2 B f ,

4 ? A . 14 as
J(S'})jll()JzQ(e) - J(S%f())@(_e) = —0 <§C2> /Rd.fc (Z (2@ + a1 + é‘ > — .’IJ)

x /R dyS_ o1 (2 — 9,0)L(y, ~0)

4\? . 1
HiO) = S0 = o (i) [0 (i (20 v+ 1) )

< [ dySgile = 1,014 (0.0) (B.15)
R

For the Fss , we have instead:

* A . 1 + « A
I L0 =12 (—0) =0 /R dzC <z<2a Fart — 2) - x> S oy (2,0)
(1,1) (12) (_g A (- L+
KMIOQ(H) = Kmlw(— ) =—0 RdxC i(2a 4+ a1 + ¢ )—x
x /R dyS- o (z — y,0)L(y,0)
K22.(0) = K&Y (-0) = K%Y | (—0)* (B.16)
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B.2 Poles

Here we provide the formulas for the poles contribution. We write the contributions from
the poles associated to the deformation of the contour on which the variable +; is integrated
(j=1.2) as LP7 (0. e1,e2) = LPY + PY) + 22 PY)_| with the index k = 1,2 labeling
the singularity and 8 = ¥ — ;. For practical reasons, it will be more convenient to
include the all O ( ) contributions in the integral part, which is easily done by shifting
Igglo& — I‘SOBIOQ + Pl( 1)0'a1a2 + P2(2)0a1a2
For the Fss = F,, matrix element we find:
(At +as/€)(~6+iom)/2
6(9—105 —132”)

(1 + €209 log W (9 - wg — 2m> — ge19plog W <—zg) )
P Bocr.e0) = i (<i5) egg“i*j;ff@;;jf (1-canew (s-i7))
o ()
—oeadylog W (-Zg) )

, 2 o(Atar-tas/€)(~0—im)/2 o
Pl(;a)'7al7al (0761762) = ZW( 2) G(9+Z0_7_137T) 1+€28910gW G—Z?
2 2

- LT
Pl(;lcz,al,al (0,€1,€2) = iocW (—25) (B.17)

P(2) (9,61,62) =

20,001,011

(1 — €10 logW (9 + iag)

again, having also included contour and expansion of the G function indexes. The notation
dglog W (—im/2) indicates the logarithmic derivative of the function W with respect to the
rapidity argument, evaluated at 6 = —im/2.

For the F,s form factor we obtain, instead

(At+ar+az/€)(—0+iom)/2
(1) o T\2e
P (0,€1,¢€2) —ZO‘W( 22) G 0= oz —i%)

Lio,00,00
—0€10p log 1% (—z§> )

(At+ar+az/€)(0—in+e2)/2
(1) S T\2e
Py, 97 ) =W (—i =
2;0,01,01 ( €1 62) L ( 2) G (9 — 7,(75 _ 43 5 T 52

X <1—€18910gW< —’L+52)>

2 p(Ataitaz/€)(0+iom)/2 e
ZO’W( 2) G(9+ZU§—23W (1 618910gW(9+ZO-§_“r)

—oeadglog W (—z§> )
zW( 2)2 e(Atartaz/§)(—0—ir+e1)/2

G(O+iock —if —e)
X <1 + €209 log W <9 - 13% — 61>> (B.18)

from which the various orders can be easily extracted.

(1 + €20y log W (9 — iag — m’)

2
P2(;a),a1,a1 (0,€1,€2) =

2
Pl(;a),al,al (6’ €1, 62) =

— 26 —



B.3 Collecting the finite contributions

Finally, we write the factor A,sqs from the contraction (3.23) as in (B.6):
Aasas = 6(921 - iﬂ)

3
X {1 — 618@21 log w <921 — Z27r> — 628921 log w (921 — Zg) (B.lg)

3
—€1€2 <8921 logW («921 — Z%) 8921 logW <921 — Z2ﬂ—> + 39221 log G(921 — ’Lﬂ')) }
Substituting into (B.5) and selecting the order O(e} ) results in

Lioraiag Yoo

Fr© (9) = —g, Z 11T (H+1/8)/2 5, ioam(141/6)/2 Z oy [A(P(l) g2

0102 Q2
(1) 2,2 1,1 (2) 1,2 (2) 1 2
+P2;01a1a2 chlazaz + Jfglal)azpl;ozalaz + thloézaQPQ;Ugoqag + Iz(71)041a21£04)1o¢2

LpW  p®

1,2;01102” 2,020 2

+ P e PO

Lioraras™ 1,2;00a1 0

)+ A (P 0 1)

lio1aian ocagasz

I 00 Planas ) + A2 (P aran I Shon + Ihios Plosases )

1arag”t liooag 20112 0 Q2 ola1a2” 2020019

+ A (P(” P2 plh  p@ )] (B.20)

Lioraraz™ 250201 a2 2;01a1a2” Lioaaian

with

A - Aasas - G(e - 7/7T)
3
Al = Aasas,l = A; = Aasa5,2 = _80 IOgW <9 — 127r>

Oy log W (9 — 1327r>

2

(

and the functions ij ) from section B.2.

Using this result we have checked explicitly that Fs, can be obtained by complex
conjugation, as it is possible to put each term in (B.20) in correspondence with the terms
in Fus.

For the case of Fgq, writing the contraction Agqss given in (3.19) in the form (B.4) gives:
Aagass = 6(021 - iﬂ)

3 3
X {1 + 618921 log w <¢921 — Z;) — 628921 log w <921 — 227T>

31\ °
—€1€69 <0921 log W (921 - 227r> + 39221 log G(921)> } (B.22)
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Multiplying this contribution with the integral part as in (B.3) and selecting the order
6?’2, one obtains:

FHO (9) = g, Z o e T(H1/6)/2 5 pioam(14+1/€)/2 Z vy g ei@2/€ [A(P( ) K21

lioraag " roraras

v
Py 1o K2y + KD P o F K82 Py + 100012 0
P oy ara P Lersaran + Pooraras Plaogaras ) + A1 (Plonaraa i
Ly 0s Plosaras ) + 42 (Pohasan s + Toihiaa Poonaras ) (B.23)

Lph  p®

(1) (2)
+A12 <P P. 2010 1;020410<2> }

Lio1aiae™ 2;02a1 02

where all the functions above depend on the rapidity difference § = 6; — 6, the pole
functions are computed from section B.2 and

A = Agass = G(0 — im)

3
Al = -Aaass,l = _A2 = _Aaass,Q = 86 10gW (0 — l;>

3 2

The form factor Fgs can be formally obtained by the substitution § — —6, the latter
being actually a symmetry of the expression above, so Fgs = Fguq as expected from charge
conjugation symmetry.
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