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1 Introduction

Finite volume matrix elements of local operators play an important role in several applications
of integrable quantum field theories. Namely, they are fundamental building blocks of the form
factor perturbation theory [1] and their determination is indispensable for the computation
of the string field theory vertex [2] and of the heavy-heavy-light 3-point functions [3] in the
planar AdSs/CFTy correspondence.

In the past decade a remarkable progress has been made in the computation of finite
volume form factors in integrable quantum field theories [4-11]. Most of the methods use the
infinite volume form factors [12] as a starting point and the finite volume form factors are
to be determined in the form of a systematic large volume series. As a first step the large
volume corrections, that decay with a power of the volume were determined [4, 5] and not



much later a method was proposed [6] for computing some special type exponential in volume
corrections. These investigations shed light on the fact that the computation of diagonal
matrix elements is a much simpler task than that of the non-diagonal ones. Recently, in
[13] it has been shown, that the leading term in the large volume series representation of
the diagonal form-factors in [5, 15] can be derived from the formulas for the non-diagonal
form-factors of [4], by taking the diagonal limit appropriately.

Though the structure of exponentially small in volume corrections for the non-diagonal
matrix elements is still unknown, inspired by [14] for the diagonal matrix elements, a nice
series representation was proposed in [10, 11]. However the proposal is valid only to purely
elastic scattering theories and its extension to non-diagonally scattering theories is still un-
known in general.

Recently, in the Massive Thirring (sine-Gordon) model a similar series representation was
proposed to describe the finite volume diagonal form factors of the theory [17]. The conjecture
was based on the computation of the diagonal solitonic (fermionic) matrix elements of the
U(1) current from the light-cone lattice regularization [20] of the theory.

The purpose of this paper is two-fold. On the one hand we would like to demonstrate
that the light-cone lattice approach admits an appropriate framework for computing the finite
volume form factors of the Massive Thirring (sine-Gordon) model and on the other hand we
would like to give further justification for the validity of the LeClair-Mussardo type series
representation conjectured in [17].

To do so we compute the diagonal form factors of the composite operator ¥ from
the light-cone lattice approach. There are several advantages of the choice of this operator.
First of all, this operator is proportional to the trace of the stress-energy tensor. Thus
the results of reference [18] imply, that up to a constant factor these expectation values
can be computed simply from the non-linear integral equations (NLIE) governing the finite
volume spectrum of the model [22]-[30]. This makes possible to check the results coming
from the lattice computations against a result coming from a completely different method.
Second of all, the operator WV is still simple enough not to mix with other operators under
renormalization. Nevertheless, contrary to the case of the U(1)-current [17], in this case an
infinite renormalization constant arises in accordance with field theoretical computations [19].

In the present paper, using the framework of Quantum Inverse Scattering Method [33]-
[60], we compute such special spin-spin 2-point functions on the lattice, in which the spin
operators are located at neighboring sites of the lattice. A straightforward computation
shows, that the discretized version of the continuum operator YW corresponds to the lattice
operator: 0,0, 1 + 0,0, . We compute the expectation values of these operators between
those Bethe eigenstates which correspond to the pure fermion (soliton) states in the continuum
theory. Then we show, that in the continuum limit these fermionic expectation values (as
expected) are proportional to the fermionic diagonal matrix elements of the trace of the
stress-energy tensor. Latter can be computed purely [18] from the NLIE description of the
sandwiching states. Our method, by nature accounts for the lattice artifacts, as well.

Our results also show, that in the continuum limit, when the lattice constant tends to zero,



the leading order divergence arising in the fermionic expectation values of UW is of the same
form as that expected from the renormalization group analysis of the Massive Thirring (sine-
Gordon) model. Finally, we also checked that the all order conjecture [17] for the systematic
large volume series representation of the diagonal fermionic (solitonic) form-factors of the
Massive Thirring (sine-Gordon) model is also valid for this operator.

The outline of the paper is as follows: In section 2. we recall the most important prop-
erties of the Massive Thirring and sine-Gordon models and their light-cone lattice regulariza-
tions. This section contains the pure NLIE computation of the fermionic (solitonic) expecta-
tion values of the trace of the stress-energy tensor. In section 3. we summarize the Quantum
Inverse Scattering Method framework and the lattice part of the computation of the special
spin-spin 2-point functions of interest. The continuum limit procedure is described in section
4. In section 5. we rephrase our results in the form of a systematic large volume series and
check the validity of the conjecture of [17]. Our summary and outlook closes the body of the
paper in section 6. The paper contains three appendices, as well. In appendix A we rewrite
the sums entering the lattice formulas for the two-point functions into integral expressions.
In appendix B we describe how to compute the lattice cutoff tend to zero limit within these
integral expressions. Finally, appendix C contains the large argument series representations
of the convolution integrals being necessary for the computations.

2 Light-cone lattice approach to the Massive-Thirring and sine-Gordon
models

The Massive Thirring (MT) model is defined by the Lagrangian:
Lyt = Y (i, 0" —mg)¥ — g@’y”\lllilfy,,\ll, (2.1)

where mg and g denotes the bare mass and the coupling constant of the theory, respectively.
As usual, v,s stand for the y-matrices. They satisfy the algebraic relations: {+*,7"} = 2n*”
with n*” = diag(1,—1). Throughout the paper we use the chiral representation for the
fermions as follows:

(v o (01 (o1 s o [-10
\I'—<¢R>, 7_<10>’ 7—(_1())7 V=1 = 77—<01>- (2.2)

It is well known [31], that this fermion model can be mapped to the sine-Gordon (SG) model:
1
Lsg = §8V<I>8”<I> + ag (cos (BP) — 1), 0 < (% < 8, (2.3)

provided the coupling constants of the two theories are related by the formula:

1
1+ L =22



A more detailed investigation of this equivalence [32] pointed out, that the two models are
identical only in the even topological charge sector of their Hilbert-spaces and they differ in
the odd topological charge sector.

The operator we study in this paper is the fermion bilinear YW in the MT model. To
be more precise, here W means the bare (unrenormalized) fermion bilinear of the model.
According to the equivalence [31] it is proportional to the potential of the sine-Gordon model
[19]: .

VU < — cos(SP), (2.5)

with a being a cutoff in coordinate space. The perturbing operator cos(S®) of the SG model
is related to the trace of the stress-energy tensor Or as follows!:

Or = 4map (1 — g—;) cos( ). (2.6)

From (2.5) and (2.6) the fermion bilinear can be expressed in terms of the trace of the stress-
energy tensor as follows:
- 5 Or
U~ .
472 (1 — 52 /87) a g

(2.7)

Due to renormalization effects o scales with the coordinate space cutoff a as agy ~ a4
[19], thus
IV ~ P71 9. (2.8)

The minimal length a can be thought of as a lattice constant, as well. From (2.8) it can be
seen that the matrix elements of YW are divergent in the attractive regime (3% < 47) and the
operator valued coefficient of the leading order divergence in a is proportional to the trace
of the stress-energy tensor?. In this paper we show that our light-cone lattice computations
account for the scaling behavior (2.8) and up to a constant factor, allow one to compute the
diagonal matrix elements of Or.

2.1 The light-cone lattice regularization

The light-cone lattice regularization scheme [20] admits an appropriate lattice approach to
the even topological charge sector of the MT model. In this description the space-time is
discretized along the light-cone directions: x4+ = x 4+t with an even number of lattice sites in
the spatial direction. The sites of the light-cone lattice correspond to the discretized points of
space-time. The left- and right-mover fermion fields live on the left- and right-oriented edges
of the lattice. In this manner a left- and a right-mover fermion field can be associated to each
site of the lattice (See figure 1.). Lattice Fermi operators satisfy the discretized version of the

'In this sine-Gordon - Massive Thirring correspondence, the components of the stress energy tensors of the
two models are mapped onto each other.

2The trace of the stress-energy tensor is a conserved quantity in the continuum quantum field theory, this
is why it is not subjected to multiplicative renormalization. Consequently, its matrix elements are finite in the
continuum limit.



Figure 1. The pictorial representation of the light-cone lattice.

usual anti-commutation relations:
{Yan,¥Bm} =0, {Z/)A,n,wg,m} =04B0nm, A,B=R,L, 1<m,n<N. (2.9)

As figure 1. indicates, the chirality of the Fermi operators is related to the parity of the
lattice-site index. Namely, left-mover fields live on the odd- and right-mover fields live on the
even-edges of the lattice, respectively:

VRn = VYon, Yrp=tom—1, 1<n<i. (2.10)

For later purposes it is worth to rewrite the lattice Fermi operators in terms of the spin-
operators of the lattice. This can be achieved by a Jordan-Wigner transformation:

n—1 n—1
o =aol || of, Uy =0, H or, (2.11)
=1 =1
where o = (0% £ i0Y) with 0®¥7 being the Pauli-matrices.

The dynamics of the regularized model is given by light-cone evaluation operators: Up,
and Ug. They are given by transfer matrices of an inhomogeneous 6-vertex model [20]:

UL =2 = T(eld),  Uf =e B = 7)), (2.12)
where 7T is the trace of the monodromy matrix over the auxiliary space Vy ~ C2,
TOE) =TT, [T, T =o. (2.13)
The monodromy matrix is given by the R-matrix of the 6-vertex model in the usual way [39],
A A(N) B(X)
T(AE) = Roi(A —&1) Roa(A — &2) ...Ron (A — = 2.14
(Al§) = Ror1(A — &1) Roa (A — &2) .. Ron (A — &) (C()\) b)), (2.14)



1 0 0 0
0 GahBory amhDos) 0
R()\) _ . S;?nh(—_z?s Slrslinh(_)\l)fy 0 , (215)
sinh(A—ivy) sinh(A—iv)
0 0 0 1

such that &,s denote the inhomogeneities of the model. The entries of the 2 x 2 monodromy
matrix act on the quantum space of the model H = ®Z~J\;1 V; with V; ~ C? and they play
crucial role in the algebraic Bethe-Ansatz solution of the model. In (2.12) H, P and a denote
the Hamiltonian, the momentum and the lattice constant of the model, respectively. In order
to get a massive interacting quantum field theory as the continuum limit of this lattice model,
the inhomogeneities of the vertex-model must be chosen as follows [20]:

Sn :Pn_Z%a Pn = (_1)n/)07 n = 17"7N7 (216)

such that the parameter pg must be tuned with the lattice constant a, or equivalently with
the number of lattice sites N according to the formula as follows:

po=2Inym =2y, (2.17)

where M denotes the physical mass of fermions (solitons) of the MT (SG) model, L stands
for the finite volume and N is the number? of lattice sites of the 6-vertex model.

The parameters of the regularized lattice model are the inhomogeneities, the number
of lattice sites and the anisotropy parameter v. In (2.16) and (2.17) we described how to
choose the inhomogeneities to obtain a massive interacting integrable quantum field theory
in the continuum limit. The infinite volume solution of the model* shows [21] that this
massive continuum quantum field theory is nothing but the MT or SG model, provided
the following relation holds between the anisotropy parameter of the vertex model and the
coupling constants of the Lagrangians (2.1) and (2.3):

5 1
= =2(1-2). 2.18
g A (2.18)
For later purpose it is worth to introduce a new parameterization for the anisotropy parameter:
. B2 2
=T with 0<p<oo, then: —=_—""_ 2.19
V=55, Wi p < 00 en: - P (2.19)

We note, that the regimes 0 < p < 1 and 1 < p correspond to the attractive and repulsive
regimes of the quantum field theory, respectively.

The definition (2.12) embeds the light-cone evolution operators of our model into the
hierarchy of mutually commuting set of transfer matrices of the 6-vertex model. This implies
that the Hamiltonian and the momentum of the model can be diagonalized via the Algebraic
Bethe Ansatz method [33].

3In this convention, in the light-cone lattice the number of lattice sites in spatial direction is % See figure
1.

“The infinite volume solution consists of two steps. First, the N — oo limit is taken with a kept finite.
Equation (2.17) implies that this means that the inhomogeneity po is also kept finite. Then the a — 0 limit is
taken by tuning po in the large N result according to (2.17).



2.2 Algebraic Bethe Ansatz

In the framework of algebraic Bethe Ansatz, the eigenvectors of the transfer matrix (2.13) are
constructed by successive application of creation operators on the bare vacuum of the model.
The bare vacuum or reference state |0) is the completely ferromagnetic state with all spins
up. The role of creation operators are played by the 12-matrix element of the monodromy
matrix (2.14): Tj2(\) = B(A) which decreases the S, quantum number of a state by 1. A
state constructed in this manner:

%) = A Az, o Am) = BO) BO2) . B) 0),  S:X) = (§ = m)|), (2.20)
is an is an eigenvector of the transfer matrix, provided the spectral parameters in the argu-

ments of the creation operators satisfy the Bethe equations:

H sinh(A, — & — ﬁ sinh(Ag, — Ap +47)
sinh(\, — 5, h(Ay — Ny — )

=-1, a=1,...,m. (2.21)

In the Algebraic Bethe Ansatz approach the solutions of the Bethe equations play central
role, since all physical quantities can be expressed in terms of these roots. The eigenvalue of
the transfer matrix (2.13) on a Bethe-eigenvector (2.20) is given by the formula:

m m

H sinh(p — A\g + ) ﬁ sinh(p — &) H sinh(p — A\ — i)
sinh(p — k) sinh(p — & — i) sinh(p — Ag)

— i=1 —

(2.22)
For the cases, when the number of Bethe-roots is large, it is more convenient to reformulate
the Bethe-equations (2.21) in their logarithmic form. The central object of this formulation
is the so-called counting-function. For the choice of inhomogeneities (2.16) it is defined by
the formula [26]:

ZN(A) = g

(1A = po) + d1(A + p0)) — D d2(A — M), (2.23)
k=1

where ¢, () is an odd function on the whole complex plane with all discontinuities running
parallel to the real axis. In its fundamental domain [Im A| < v, it is given by the analytic

formula:
sinh(iZv — \)
(A = —ilog——2 "~ ,(0) =0, Im \ : 2.24
éu(N) o STy U Y ¢u(0) =0,  [ImAf<vw (2.24)
The counting-function allows one to reformulate the Bethe-equations (2.21) in the form as
follows:
Z\(Aa) =211, L,eZ+1 S=m(mod2), a=1,.,m. (2.25)

In this formulation, depending on the value of §, an integer or half-integer quantum number
1, can be assigned to each Bethe-root. When one considers states formed by only real Bethe-
roots, then all these quantum numbers are different® and they characterize the state uniquely.

®Due to the appropriate choice of branch cuts for ¢, (N).



The true vacuum corresponding to the ground state of the quantum field theory, is the
S, = 0, anti-ferromagnetic vacuum with 6 = 0. This state is formed by real Bethe-roots
such that the quantum numbers of the Bethe-roots fill completely the whole allowed range
[Z\(—00) /27, Zx(00) /27| . The excitations above this sea of real roots are characterized by
complex Bethe-roots and holes. In this paper we will consider only hole excitations, since they
correspond to fermion or soliton excitations of the continuum quantum field theory [25-30].
The holes are such special real solutions of (2.25), which are not Bethe-roots®. Holes can be
interpreted as missing Bethe-roots and the quantum numbers of the missing Bethe-roots can
be assigned to them:

Z)\(hk) = 2m I, Iy, EZ—I—%&, k=1,..,mpg, (2.26)
where hj denotes the positions of the holes and their number is denoted by mg.

2.3 NLIE for the finite volume spectrum

When one has to deal with a large number of Bethe-roots, it is worth to rephrase the Bethe-
equations (2.21) or equivalently (2.25) in a form of a set of nonlinear-integral equations (NLIE)
[22]-][29].

Here we present the equations only for the pure hole sector of the theory [25] and here
we will use the rapidity convention for the equations. This means a simple rescaling of the
spectral parameter: 6 = %)\.

In the pure hole sector, the counting-function in rapidity variable Zn () = Zx(26) satisfy
the nonlinear-integral equations as follows:

my

N
Zn(0) = 5 {arctan [sinh(f — ©)] 4 arctan [sinh(6 + ©)]} + Z x(0 — Hy)
k=1
» » (2.27)
av A F gt | N av YA =gt
+ / 5 GO -0 —in) Ly’ (0" +1in) /2772‘ GO —0 +1n) Ly (0" —in),

where x(#) is the soliton-soliton scattering phase and G(6) denotes its derivative;

o0

- sin(w 6) Sinh(%)
x(0) —2/dw w  2cosh(%2) sinh(252)’ (2.28)

sinh( (p_é) =)

2 cosh(%2) sinh(25<)’

0
G(0) = d%x(e) _ / i ¢~ (2.29)

0 < 1 < min(pm,7) is an arbitrary positive contour-integral parameter, © = ln/%/t—NL is the
inhomogeneity parameter of the vertex-model and Hy = %hk denote the positions of the holes
in the rapidity convention. They are subjected to the quantization equations:

ZN(Hk) =27 I}, IkEZ-I-l%é, k=1,..,mpg. (230)

“Namely, they do not enter in the definition of Zy(\) in (2.23)



The nonlinearity of the equations is encoded into the form of L%)(H), which takes the form:

L) = (1 +(—1)% e ZN<9>> . (2.31)

The number of holes is not independent of the S, quantum number of the state. The connec-
tion between these two quantum numbers is given by the counting-equation” [26]:

ma =28, =2 |} + 5], (2.32)
where here [...] stands for integer part. This equation immediately implies that on a lattice

with even number of sites, only states with even number of holes can exist.

The main advantage of formulating the spectral problem in terms of the counting function
is that it has a well-defined continuum limit. If one keeps the hole quantum numbers fixed,
it is just the N — oo limit of the lattice counting-function [23, 24]:

Z(0) = lim Zy(0),  Ly(0) = lim L) =n <1+(—1)<S eﬂZ@). (2.33)

N—o0 N—o0

The continuum counting-function satisfy the nonlinear-integral equations as follows [25]-[29]:

m 00 ,
2(6) = tsinh0 + 3 x(0— He)+ [ 57 GO0 —in) Lu( +in)
P ¥ 21
- (2.34)
do’ ;. ,
[ Lo+ i (@i,
211

where { = M L with L being the volume and M is the fermion (soliton) mass. The holes
formally satisfy exactly the same quantization equations as in the lattice model:

Z(Hy,) = 2m I, LheZ+Y2,  se{o,1}, k=1,.,mpy. (2.35)

The energy and momentum of the pure hole states in the continuum theory read as:

mr o0

E=M ]; cosh Hy, — Tm(;a/dé sinh(f +ian) Lo(0 +ian), (2.36)
mr M o0

P=M ; sinh H;. — %;a/am cosh(6 +ian) L0 +ian). (2.37)

The counting-equation (2.32) also changes non-trivially in the continuum limit [17, 26]:

myg = Q, (238)

"Here we present the equations without the presence of special objects. For a more detailed description see

for example [26, 30].



where () is the U(1) (topological) charge of the continuum model.

The NLIE (2.34) can be solved iteratively in the large volume limit. From this solution
it follows, that the nonlinear terms L (0 4 in) are exponentially small in the volume. As
a consequence in (2.36) and (2.37) the integral terms can be dropped in the infinite volume
limit and one ends up with the energy and momentum formulas of mp pieces of fermions
(solitons) with rapidities {H;}j—1..m,. This implies that the holes in the sea of real roots
describe the fermions (solitons) of the MT (SG) model. This is why in the sequel we will
refer to holes as fermions or solitons.

Finally, we note that the actual value® of the quantum number ¢ is important from the
point of view of the continuum theory. Its value can make difference between fermions (§ = 1)
of the MT model and the solitons (6 = 0) of the SG model in the odd U(1) charge sector of
the theory [27]-[29]. In the even charge sector only the § = 0 value is physical and there is no
difference between MT fermions and SG solitons [27]-[29].

From the discussion above it follows that only the even charge sector of the MT and SG
models can be regularized by the twistless 6-vertex model. The description of the odd charge
sector requires a twisted vertex-model with a twist angle w = 7 [62]. However, in this paper
we restrict ourselves to the twistless case.

2.4 Expectation values of the trace of the stress-energy tensor

In this subsection using the NLIE description of the finite volume spectrum given by (2.34)
and (2.36), we compute the fermionic (solitonic) expectation values of the trace of the stress-
energy tensor ©p. The finite temperature 1-point functions, which correspond to the finite
volume vacuum expectation value, has been previously computed and discussed in [69] and
[63].

It has been shown in [18] that the diagonal matrix elements of ©7 can be computed from
the volume dependence of the energy of the sandwiching state by the following formula:

(Or) = (0F) + 27 M <% + dE—(E)> . (2.39)
l dl

In the sequel we compute (O7) when the sandwiching state is an mg-fermion state described
by the equations (2.34) and (2.36).

As a starting point, it is worth to compute the infinite volume or in other words the bulk
expectation value: (©3). Using Zamolodchikov’s argument [18], it can be expressed in terms
of the eigenstate independent bulk energy of the model by the formula:

Epur()  dEpux (£
(059) = 2m M 2 1k () 4 4B k(@) (2.40)
1 e
In the MT (SG) model the bulk energy term is of the form [24]:
Epur(0) = = tan (%), (2.41)

80n the lattice the actual value of § can be influenced by the parity of %

— 10 —



Inserting (2.41) into (2.40) one obtains:
(05°) = —mM? tan(5). (2.42)

As a next step we express the non-bulk part of (O7) in (2.39) in terms of the solution of the
NLIE (2.34). To do so, it is worth to introduce some useful notations. Let F(#) denote the

nonlinear combinations as follows:

( 1) ej:z Z(60)

F. (0 2.43
Then the derivative of Ly () with respect to any parameter P is given by the formula:
dL+(0) dz(0)
= 2.44
ap -~ ap IO (249

In practice P can denote one of the parameters of the NLIE equations (2.34). Namely, it can
be the dimensionless volume £, the spectral parameter 6 or one of the positions of the holes
Hj. The second term in the right hand side of (2.39) consists of two terms. The first term

~ % can be expressed in terms of ( ) and of Fi(0), while the second term ~ d%@ turns

out to be the functional of Zd(f) and Of Fi(0).
Integrating the right hand side of (2.36) by parts, % can be rephrased as follows:

ET: Zcosh Hp)X /—cosh 0+ian)Gq0+ian) Fo(0+ian),

(2.45)

where G4(0) = Z'(0), X]gd) = %fgg:g = 1. Differentiating (2.34) with respect to 6, one can

show, that they satisfy the set of linear integral equations as follows:

/
Z deGH 0 —ian)Gy0 +ian) Fa (0 +ian) =

a=%+_"
— 2.46
:h@@+2@@4@@% (2.46)
j=1
@ _ 9a(Hj) o
Xj = Z’(Hj)’ 7=1,...,mpg.
Taking the derivative of (2.36) and (2.34) with respect to ¢, leads the following expression for
dE((
dé )
dE(¢) © :
= -M Z sinh(Hy) X, — M Z / — sinh(0 +ian)Ge(0 +ian) Fo (6 +ian),

k=1
(2.47)

— 11 —



where Gy(0) = d%@, X ,gg) = g‘j%g’;% = —H/ (). They are solutions of the set of linear integral

equations as follows?:

Gi0)~ Y. [ GO0~ ianGud + i) Fullf + i) =
a==+ "

mp

=sinh() + Y G(0— H;) X", (2.48)
j=1
0 _ Ge(Hj) .
J _.ZKEQ)7 j_‘lw"ﬂnH-

Plugging (2.45) and (2.47) into (2.39) we obtain our final formula for the fermionic (solitonic)
expectation values of the trace of the stress-energy tensor:

mu )(M)
(O7) = (05°) + 27 M? Z { cosh(Hy,) % — sinh(Hy) X,ﬁé) 4
k=1

+ M? Z /d@ [cosh(@—l—ian)w—sinh(@—l—ian)%(@—l—ian)] Fal0+ian).
a==£_"

(2.49)

Representation (2.49) for (O7) should be used as follows. First one has to solve the NLIE
equations (2.34) for the sandwiching fermion (soliton) state. Then the linear integral equations
(2.46) and (2.48) should be solved. Finally, inserting these solutions into (2.49) gives the
required expectation value. Though, this representation for (©7) might seem strange for the
first sight, but in the later sections it will turn out, that it fits very well for the structure of
the lattice results.

In the rest of the paper our main goal is to reproduce the formula (2.49) from the light-
cone lattice computation of the multi-fermion (soliton) expectation values of WW.

2.5 The lattice counterpart of ¥

We close this section with a short discussion about the lattice counterpart of the operator
WU in the MT model. A simple Jordan-Wigner transformation (2.11) shows, that certain
bilinears of the lattice Fermi operators are simple expressions of the lattice spin operators:

M%H = sz_ Tpits

+

- (2.50)
7—1—+11/’n = 0pn Opt1o

where o:f are the usual spin creation and annihilation operators corresponding to the nth site

of the lattice, while v, and ;" are the lattice Fermi operators defined by (2.9) and (2.10).

9The Xlil) = —H,;,(¢) equation can be derived by taking the derivative of the hole quantization equation
(2.35) with respect to /.

— 12 —



Using the representation (2.2) for 4, the following identification can be made for the
unrenormalized bare operators on the lattice:

VU ()|, = Vh@) V()| + VT (@)VR)|,_, , = 20k Yrn + 0] VR0 =

1 +

(2.51)
_ 14+ 1.+ 1 4+ - 1 _—
= a¢2n¢2n+l + 57/’2n+11/’2n = 292,041 1 402, Oopis

where the term % is introduced to account for the correct bare dimension of the continuum

Fermi field.
A similar computation shows that the pseudo-scalar combination of the Fermi operators
correspond to the antisymmetric combination of the spin operators:

TN 1+ 1+ _ 1 -+ 1+ -
UYU(@)],yy = 2% Y2041 = ¢V 1%o0 = G020 O3n41 — 503m Toni1- (2.52)

Thus (2.51) and (2.52) implies, that the determination of the expectation values of the
bare scalar- and pseudo-scalar fermion bilinears is equivalent to computing the two-point
functions of neighboring spin operators. This task is completed in the rest of the paper via
the QISM [33]-[60].

We note that beyond the computation of 2-point functions (arjfaff 1) the 2-point func-
tion (e ep41) with e, = %(1n — 07) can also be computed with the techniques presented in
this paper. This latter 2-point function contains a combination a 4-fermion term, as well:
enent1 = (Wb, — %)(w:[ 1 ¥nt1 — %) A usual argument based on the bare dimensions of
the operators implies that this operator has a nontrivial mixing under renormalization. This
means that the correct implementation of the renormalization process requires the compu-
tation of the expectation values of further operators. This investigation is left for future
work.

3 Computation of lattice correlators

The strategy of computing the fermionic (solitonic) expectation values of the operators UW¥
and U~°W consists of three main steps. First, one has to compute the expectation values of
the lattice operators a,jfa?f 1 in pure hole states. The second step is to consider the symmetric
(2.51) and anti-symmetric (2.52) combinations of these expectation values in order to describe
the diagonal form-factors of the operators WW and W~°V, respectively. Finally, one has to
take the continuum limit of the lattice results by sending the number of lattice sites N
to infinity such that the inhomogeneity parameter pg is tuned according to (2.17). In [17]
the efficiency of this method has been demonstrated via the computation of the solitonic
(fermionic) expectation values the U(1) current of the model. In this section we describe in
detail the lattice part of the computations.
Consider a vector of the Hilbert-space obtained by successive actions of creation operators
on the bare vacuum:
IX) = B(A1) B(A2)...B(Ap) |0). (3.1)
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Such a state is called Bethe-state if the numbers A; are arbitrary and it is called Bethe-
eigenstate if the set {\;};—1, m is equal to the set of roots of the Bethe equations (2.21).
The corresponding ”bra” vector can be defined by acting from the right with the annihilation
operators on the "bra” bare vacuum:

(X = (0] Cm)--CA2) C(A)- (3.2)

The determination of the diagonal form-factors of W and W~V requires the computation
of the following two special 2-point functions:

+,F
<O'T:EO'TT+1>)\ ==, (33)

where here |X) denotes a Bethe-cigenstate.

The determination of these 2-point functions can be achieved in a purely algebraic way
[38, 39] within the framework of the QISM [33], such that only the Yang-Baxter algebra
relations and the expression of local spin operators in terms of the elements of the monodromy
matrix (2.14) of the model are used [38].

The core of the algebraic computations is the relation between the local spin operators
and the elements of the Yang-Baxter algebra [38]:

n—1 N
Egb = H (A + D)(gl) Tab(fn) H (A + D)(gl)v a, b= 17 27 (34)
i=1 i=n+1

where the operator E, is given in terms of local spin operators as follows:

1
Bl =5t Ef=o,

n

BN —ot, E2—1(1, -0 (3.5)

no n

The formulas (3.4) and (3.5) imply the following representation for the 2-point correlators
(3.3) of our interest:

ey NN L ABE) Cemsl) o
MO (AIX) T5(6nl6) Ti(€ns116) (AIX) B
S O e PV L NCEn) Bns)lX) 5
R TS TS R (R

where here |X) denotes a Bfthe—eigenstate, 7’;()\\5) denotes the eigenvalue of the transfer
matrix (2.13) on the state |\) and &, is the inhomogeneity parameter belonging to the nth
site of the vertex-model.

To compute (3.6) and (3.7), we need to know, how an operator B(¢,,) with , being an
inhomogeneity of the vertex model, acts on a ”bra”-vector (3.2). This is given by the formula
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[39]:

M
o[ Icw) B(&) Zf (Nal€n)3 747 (Nal€n) orHc AwaM (Aas M[€n) O\Hc M) C (€n)y-
k=1

k:;éa b#a k:;éa b
(3.8)
Here the functions fs\?, fg\b) and fg\? are of the form:
M
[T sinh(Ag — A — i)
0l = T
M r(Aa) sinh(Ag —&) M ’
[] sinh(Ay — Ax)
k;a
) sinh(\, — &) o sinh(\; — & — i)
1 a j S T
Aa , .
Tar (Aal€) sinh(A, —& —1i7) ]131 sinh(A; — &) (39)
M
[T sinh(A; — Ay —i7)
2 O of6) = - =
@ inh(A, — A\p — i) sinh(§ — A M ’
O~ S T
s
where N
ro) =] sinh(A — & — i7) (3.10)

sinh(A —&;)
From its definition it follows that its inverse becomes zero at the positions of the inhomo-
geneities of the lattice model:
1
(&)
We note that in general, in (3.8) and (3.9), Axs can take any complex value and they do not

need to be solutions of the Bethe-equations (2.21). On the other hand it follows from (3.10)
and (2.21) that if \gs are solutions of (2.21), then r(\) satisfies the identity:

=0, j=1,..,N. (3.11)

[Trow =1 (3.12)
k=1
Straightforward application of (3.8) to (3.6) and (3.7) lead to the following formulas:
B 1 m 7@ (&)
(o0 onadn = {Zf< () 1) o) L en DAL
T3(&nld) T3 (1)) | = (AIA) 5.13)
- 3.13
70 (€n, Ensr)|A
+Zf<° (halen) Z (b o) L S) >},
= B
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+ 5 = E Em (2) <ﬁ(a7b)(§n7§n+l)lx>
<Jn O-n+1>)\ - ( ) §n+1 { fm—l—l )‘ |£n+1) Z;l fm+1(>\a7 /\b|£n+1) <X‘X> +
Z < (& )IA> (i) (6ns1)1X)
(3.14)

where in f,gif) defined in (3.9) with A\, 11 = &, and we introduced the following notation

for the states entering the scalar products in (3.13) and (3.14):
e |X) denotes a Bethe-eigenstate (3.1) characterized by m Bethe-roots.

o |ii®(£)) denotes a Bethe-state, the difference of which from |X) is that a single Aq — &
replacement should be done in (3.1).

o |7@Y (¢, ¢)) denotes a Bethe-state, which differs from |X) by the A, — € and Ay — &’
replacements in (3.1).

We note that in (3.13) and (3.14), we exploited that f (§n\§n ) = 0 for any values of M and
of n,n' € {1,...,N}.

Formulas in (3.13) and (3.14) imply, that in order to carry out the computation of the
necessary special 2-point functions, one needs to know the scalar product of a Bethe-state and
a Bethe-eigenstate. This is given by Slavnov’s determinant formula [58]. Let |i) an arbitrary
Bethe-state in the sense of (3.1) and |X) be a Bethe-cigenstate. Then their scalar product can
be determined with the help of the formula [58]:

I U S | det H(jI|X)
(X)) = (Ali) = l]j[l ) T ombias — ) sob0n — (3.15)
N i>k

-

where H(fi|\) is an m x m matrix with entries:

[I sinh(Ax — pp — i) II sinh(Ag — iy + i)
k=1

k=1
(i) sinh(A, — pp — 17y) sinh(A\, — pp +17)

sinh(—i~)

Hab(:u|/\) = Sinh()\a — ,Ub)

(3.16)
An important special case of (3.15), when the scalar product of two identical Bethe-eigenstates
are considered. This is given by the Gaudin formula [34-36]:

H smh()\ — A —17)

H smh /\k — Aj) sinh(A; — Ag)
i>k

||::13

(XX = - det D(X), (3.17)
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where ®(X) is the Gaudin-matrix, which is related to the counting-function (2.23) by the
formula:

Dop(N) = —i 9 Zx(MalX), a,b=1,...,m. (3.18)
Ny

Using the actual form of the counting function (2.23), from (3.18) one obtains the following

—

form for the matrix elements of ®(\):
Doy(N) = —i Zh(Ma) O — 20 i K(Ag — Np|7),  a,b=1,.m, (3.19)

where , (2o
sin(2 v
KA =57 : 2
(Al) 27 sinh(A — i) sinh(\ + i) (3.20)

As it can be seen from (3.13) and (3.14), during the computation of the special 2-point

functions considered in this work, such scalar products arise, in which the components of
the vector ji take values either from the set of Bethe-roots {\;};—1, . or from the set of
inhomogeneities {&;}r=1 .~ of the model. In these cases the matrix elements of H (,J|X)
remarkably simplify:

Hab(ﬁ]X)bb_»\c = (—1)m—1 H sinh(A. — A\j —i7) @QC(X), a,bc=1,..,m. (3.21)
j=1
1 (=1)™ sinh(—ivy) [] sinh(§ — Aj +iv)
oy Han A = = b=1,.. _ 1N
(1) p(AIN)], e, sinh(A, — &) sinh(Aq — & — i 7) a, em, c=1,.,

(3.22)
These simplifications allow!'" one to compute a typical scalar product arising in the compu-
tation of diagonal form factors:

(A (g G )N _ oy ﬁ ﬁ sinh(€a, — Aj +17) ﬁ sinh(Aay — Aa, )

sinh(Ag, —Aj —i7) sinh(§ay, — &a,) g

k=1j=1 k>j ( )
3.23
K m .
sinh(Aq, — Aj)
X _— K < m,
]E[ :J[Jl: Slnh(éak - ga]‘)
j#ay,..ag

where ((0195)(£,. | . €4, )| denotes a state, which is obtained from (X| = (A1, ...An| by
replacing K pieces of \; to certain inhomogeneities of the lattice model:

Ao, = Eaps ar € {1,..,m}, ar € {1,...,N}, 1<k <K<m, (3.24)

such that both sets {ar} and {ay} contain distinct numbers. In (3.23) Y denotes a K x K
matrix with entries as follows:

Yij =r(a;) Xo;(§ay), 6,5 €{1,..., K}, (3.25)

The main technical steps of the computations are the same as those given in sections 4. of [39] and of [17].
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where the m-component vector X (&) is the solution of a set of linear equations:
> Bu(X) Xy(§) = Val),  a=1,.,m, (3.26)
b=1

with
—sinh(—i~y)

Val€) = sinh(A\, — &) sinh(A\, —& — i)’

ac{l,..,m}. (3.27)

In subsection 4.1 of [17] it has been shown, that the discrete linear problem (3.26) can be
transformed into a set of linear integral equations. Latter formulation proves to be very
convenient, when the continuum limit is taken. For the paper to be self-contained, we recall
the derivation of the transformation of (3.26) into linear integral equations.

The actual forms (3.19) of the Gaudin-matrix and the source vector (3.27) suggest, the
following Ansatz for the m-component solution vector X, (§) of the linear equations (3.26):

Xo(§) = X(Aal§), a=1,..m, (3.28)

where X (A|€) is supposed to be a meromorphic function in A on the complex plane, such that
it is analytic in a small neighborhood of the real axis. Thus our task is the determine the
functional form of X (A|¢). Then using (3.28), (3.19) and (3.20) the linear equations (3.26)
take the form:

m
—i ZS\()‘a) X()\a‘f)—Qﬂ' i Z K()‘a_)\bh') X()‘b‘g) =2mi K(Aa_p(f)’%)7 a=1,..,m, (329)
b=1
where p(§) = £ +i3. In our computations § takes value from the set of inhomogeneities of
the vertex-model. The actual choice for the inhomogeneities given by (2.16) and (2.17) imply
that we can restrict our investigations to the case, when p(¢) € R. Thus, in the sequel we will
assume p(§) to be real.

To transform (3.29) into integral equations one needs to use the lemma as follows [24, 26]:
Lemma: Let {\;};j=1, m solutions of the Bethe-equations (2.21) and let f(\) a meromorphic
function, which is continuous and bounded on the real axis. Denote p\) its pole located the
closest to the real axis. Then for |Imu| < |Imp\)| the following equation holds:

S f=Xx) =Y flu—c) =Y flu—hy)+ /%f(u—A)ZS(A)
j=1 j=1 J=1

—00

N (3.30)
= | g flu=r—ian) Zi(A+ian FP A +ian),
a==%_"

where hj and c; denote the positions of holes and complex Bethe-roots, respectively and ]:i)‘)()\)

18 given by
(—1)% eXi A

N\ —
Fe (A = 14 (—1)0 et 2n(V)’

(3.31)
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1 is a small positive contour-integral parameter which should satisfy the inequalities:
0 <n<min{[Impx[},  [Impn| <|[ImpP)], (3.32)

where pf denotes those complex poles of ]:j(;‘)(/\), which are located the closest to the real
azis. The validity of formula (3.30) in p can be extended to the whole complex plane by an
appropriate analytical continuation method [26].

Then one has to apply (3.30) to the discrete sum arising in (3.29). From the actual
form of (3.30) one can recognize, that under the integrations a factor Z)(\) always arises.
To eliminate this factor from the equations, it is worth to formulate the integral form of the
discrete set of equations (3.29) in terms of the function:

G(AJE) = Z3(A) X(AlS). (3.33)

In the language of this function, the discrete set of linear equations (3.29) take the form of a
set of linear integral equations as follows:

GOME) + / I K (A — N|y) G(V[€)~

-3 /d/\’K(A—X —iany) G\ +iane) FNWN +ian) = (3.34)
a=%_"
=21 K(A—p(&)13) + Y KA — hyly) X (h;€),
j=1

where as a consequence of (3.33) the ”discrete degrees of freedom” satisfy the equations:

X(h;|€) = %, j=1,...,mpg. (3.35)
To be more precise (3.29) and (3.30) implies that (3.34) holds only at the positions {Ag }a=1...m-
For the pure hole states of our interest all Bethe-roots are real, A\, € R, and we need the
functional form of G(A|§) or equivalently of X (A[€) to solve (3.29). It follows that if (3.34) is
fulfilled everywhere in an appropriate neighborhood of the real axis, then it will be satisfied at
the discrete points { Ay }a=1..m, as well. Thus, we require G(\|¢) to be the solution of the set
of linear integral equations (3.34). Finally acting!! on (3.34) with the inverse of the integral
operator'? 1 4 K, one obtains the final form [17] of the linear integral equations satisfied by

M This action is necessary in order for the final equations to have well defined continuum limit.
12To be more precise the kernel of the integral operator in ”lambda” space is given by §(A —X)4+K (A= X |v)
with §(A\) being the Dirac-delta function.
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G(\[€), when only pure hole excitations above the anti-ferromagnetic vacuum are considered:

G(\¢E) — Z /d)\’ A=XN—ian)GW\N +ian&) FVN +ian) =
(3.36)
= So(A[§) + Z 2w Ga(A = hy) X (Ry6),

Jj=1

ith
wi 1

7 cosh (Z(A— p(6))

where hj;s denote the positions of the holes, 7 is a small positive contour-integral parameter,
and G () is related to the kernel of NLIE equations (2.29) by:

So(Al§) = ;o pl§)=¢+izeR, (3.37)

) = 5 G< A) . with oy =T (3.38)

Now, we can return to the computation of the 2-point functions of our interest. Inserting
(2.22) and (3.23) into (3.13) and (3.14), after some simplification one ends up with the
formulas as follows:

i sinh(\, §n+1)) Ouléns) + z’”: sinh(Ag — € 11) sinh(N — &ni1)

-+ _
(0 o = :lsmh()\a—fn—l’}’ . sinh(Aq — Ap — i)

X()\a‘gn) X()\b’énn-i-l) - X()\a‘gn—i-l) X()\b‘gn)
Sinh(fn - fn-i-l) ’

(3.39)

~sinh(§n — &1 — i) N~ sinh(Ag — & — i)
(o Tusihr = sinh (&, — §nt1) Z_: sinh(Aq — &n+1 —47) A alén)

+ Em: Slnh( —&n — Z’Y) Slnh()‘b —&n+i 7) ()‘alfn) X(Ab’§n+l) — X()‘a‘gn-i-l) X()‘bKN)
sinh(Ag — A\p —i7) sinh(&, — &n41)

a,b=1

sinh(—
ZX >‘ |£n+1

Slnh Sn gn—i—l a1

(3.40)

In (3.39) and (3.40) we preserved the determinant structure implied by (3.23). Nevertheless
for future computations it is better to shift the anti-symmetrization to the coefficient of the
quadratic expression of X. Then the quadratic in X parts of (3.39) and (3.40) can be written
as follows:

(o oS = S gﬂ Z (o Mpl€ne1) X (Naln) X (Molénrn),  (3.41)
T b=
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<a:o;+1>§““d—smh( — Z (Ao Aolén) X (Nal€n) X (Aplént), (3.42)
" b=

where f(A, X'[€) is an antisymmetric function given by the formula:

sinh(2(A — &)) — sinh(2(X — §)) — sinh(2(A = X)) '

f(AN[€) = cos() cosh(2(h — X)) — cos(27)

(3.43)

In (3.41) and (3.42) the coefficient function f has better large A\ and X asymptotics, than

the coefficients of the quadratic terms of (3.39) and (3.40). This property proves to be very

useful, when the discrete sums in (3.39) and (3.40) are transformed into integral expressions.
The typical sums arising in (3.39), (3.40), (3.41) and (3.42) are of the form:

SO0 = 3 £ ) X(Aal6), (3.44)

Q
Il
—

I
NE

P11, €) F s Ao) X(Aal€) X (M), (3.45)

1

>
I

a,

where in (3.45) f(A, \') is meant to be an antisymmetric function. Formulas (3.44) and (3.45)
are not appropriate to take the continuum limit, this is why it is worth to transform these
sums into integral expressions with the help of lemma (3.30). The transformation procedure
together with the integral representations of (3.44) and (3.45) can be found in appendix A.
The final integral representations for (3.44) and (3.45) are given by (A.5) and (A.9) together
with the related definitions.

To describe the scalar and pseudo-scalar fermion bilinears, it is worth to introduce the
lattice operators O;’n and O,,, with the definitions:

+ - 4+ + -
03, = 02, Oopp1 £ 02, 0911 (3.46)

According to (2.51) and (2.52) they correspond to the lattice counterparts of the bare fermion
bilinears W and W~° W, respectively. Using the formulas (3.39), (3.40), (3.41), (3.42), (3.44)
and (3.45) the following formal representation can be given for the expectation values of O;En :

Ly _ (D) sinh(—i7) (1) sinh(2p0 — i) (1)
(Oan)x = ) [f3](§(—23i sinh(2pg) A Ale-)F sinh(2p0) A F2l(&+) (3.47)
+mz>\ [f£](64,€-), §+ =xpo—1
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where the functions fi, f2, f3 and f4 are of the form:

Si(d) =1, (3.48)
P = ST = (30
fs(A) = 2238 J_r Z(O] fig (3.50)
£ N = 2cos(y) SR CP0) [sinh(2); (; ﬁ (72)(;_511;1)()25:0;&])— sinh(2(\ = V) (351)
£ (A N) = 2cos() sinh( 2p0)cosh(2)\ +i7) — cosh(2)\ +i7) (3.52)

cosh(2(A — X)) —cos(2y)

and we exploited the concrete inhomogeneity structure of the model, namely that &, = po—i %
and &ap41 = —po — i 3, with pg given by (2.17).

Using the integral representations (A.5) and (A.9) for Zg\l)[f] (&) and Z(f) [f1(&,&), re-
spectively, the formula (3.47) can be rephrased as follows:

(0301 = Oy + Ox + Og + Ox x + Ogg + Oxg, (3.53)
where

OF = ~Julfsl(E) + % TLANE) ¥ % JlBlED,  (3.54)

0% = ~Sxlplie) = T s ) 5 RO )
N EXS[iJ;ih] g;;f_)’ (3.55)

05 = ~S3lfl(e-) + TR s17)(c ) = U0 s e,

)
ot = BRbs o
ot - S o
0, = Zeellden &) 59

such that the functionals Jy, Sx, Sg, X0, Xx, Xg, Xxg, Lxx and Xgg, are given by the
formulas (A.8), (A.6), (A.7), (A.10), (A.11), (A.12), (A.13), (A.14), (A.15), respectively.
The lower index of the terms in the right hand side of (3.53) carry information about

how these terms depend on the dynamical variables X (A|¢) and G()A|¢). Namely:

° OOi stands for the ”bulk” term, which is independent of X and G,

— 9292 —



Of( linear in X and independent of G,

Og is linear in G and independent of X,

Of(g is linear in both G and X,

(9; y 18 quadratic in X and independent of G, and finally
° Ogg is quadratic in G and independent of X.

Formula (3.53) together with (3.54)-(3.59) and the integral representations (A.6)-(A.21)
given in appendix A constitutes our final result for the lattice expectation values of the scalar
and pseudo-scalar fermion bilinears. To get the expectation values of these operators in the
continuum theory, the lattice formula (3.53) should be evaluated in the continuum limit. This
will be discussed in the next section.

4 Continuum limit

In this section the expectation value formulas (3.53) are evaluated at the continuum limit.
This task reduces to the evaluation of the sums and integrals entering (3.53) in the large pg
limit!3. The pg dependence of these terms is determined by the py dependence of the functions
f1, f2, f3, f+ given in (3.48)-(3.52), and the py dependence of X (h;|£+) and G(A|¢+). Latter
is governed by the linear integral equation (3.36). First, it is worth to discuss the continuum
limit of the variables X (h;|¢{+) and G(A|¢+). They are solutions of the set of equations (3.35)-
(3.37). The continuum limit means, that one has to take the number of lattice sites N to
infinity, such that the inhomogeneity parameter pg is tuned with N according to the formula
(2.17). This means, that in the continuum limit procedure py also tends to infinity, but
logarithmically in N or a.

In this limit the counting-function Z)(A) (2.23)and its nonlinear combinations ]:i)‘)()\)
(3.31) tend to their (finite) continuum counterparts:

Zx(X) = Zyc(X) = Z(ZN),

) ) . (4.1)
FLN) = FEN) = F=(5A),

where Z(0) is solution of the continuum NLIE (2.34) and Fi(0) is given by (2.43). This
implies that in the leading order in & computations Z,(\) and fj(g‘)()\) can be replaced by
their continuum counterparts given by (4.1).

Then equation (3.36) implies, that the large N limit of G(A|{+) is governed by the large

po expansion of So(A|¢4) :

A

So(Aés) = 2T L 0720 "™). (4.2)

13Tn the rest of the paper, the terms ”large po limit” and ”large N limit” will be equivalently used for the
continuum limit procedure.
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According to (2.17) e 77 ~ % ~ a. Since apart from Sy, all terms in the equations (3.35)-
(3.37) are proportional to G(A|€) and X (h;|£), (4.2) implies that:

G(AEx) ~ § +O(5z) ~ a+O(a”),

X(As) ~ % + O(5z) ~ a+0(a®). (4.3)

With the help of (4.2) and (4.3), one can immediately give a rough estimate for the large NV
magnitude of the different terms arising in the right hand side of (3.53). This is implied by
their Sy, X, and G content:

O(:)t ~ SO ~ % ~ e—(1+P)P0 O;EX ~ XX ~ % ~ e—2(1+p)p0
Of ~ X ~ & ~ =P Ok~ X G~ oy~ =200 (4.4)
OF ~ G~ & ~ e Utpro Ok, ~ GG ~ g ~ e 2040000,

This rough estimate implies, that in the continuum limit the terms in (3.53) being quadratic or
multilinear in G and X, (i.e. Of( X Oécg, Of(g) become negligible with respect to the constant
(OF) and linear terms (OF, (9;) Thus only the constant and purely linear terms determine
the leading order behavior of (O3 )y in the large'* N limit.

Though we would like to emphasize, that (4.4) is only a rough and not the exact estimate
for the large N behavior for the quantities entering the rhs. of (3.53). Its purpose is to
give a fast intuitive argument, why the multilinear and quadratic in X and G terms become
negligible in the continuum limit.

The rough estimate (4.4) was derived by neglecting the py dependence of the functions
f1s f2, f3, f+ given by (3.48)-(3.52). For presentational purposes we anticipate the exact result.
The careful computations presented in the rest of this section and in appendix B show, that
the exact leading order large N or equivalently py behavior of the sums and integrals entering
(3.53) is given by the formula:

O(ﬂ]t ~ (9}( ~ Oéﬁ oo e~ 1FPIP0  o(1=P)p0 e~2pro

Of; ~ Oxg ~ 0%y ~ e 2P0 L g2, (4.5)

This formula also implies that multilinear and quadratic in X and G terms are negligible in
the continuum limit. This statement is shown in appendix B.1. By comparing (4.5) and (4.4)
it can also be seen that the rough estimate came from a simplified train of thoughts is exact
at the p = 1 free fermion point.

Now, our goal is to compute the leading order in N term of (O;En> A in the continuum
limit. To carry out this purpose, it is worth to formulate the problem in terms of the finite
parts of the leading order in N terms of G(A[€+) and X (h;|€+). These finite parts are defined

1By large N limit, we mean the continuum limit procedure, which means that we consider the N — oo
limit, such that at the same time po is also tuned with N according to the formula (2.17).
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by the following large N (or equivalently pg) expansions of G(A[&+) and X (h;|€+) :

Gee) =~ T GHM) + 0z,

™ - + )
X(hjlee) = =2 e XGT 4 O(), G = L.

(4.6)

From (3.36), (3.35) and (4.1) it follows, that the finite parts G+ and X](-i) satisfy the equations:

GEN) - /dXGA(A—X—mn)g<i>(x+mn)fa§c(X+mn):
a=%£_"

(4.7)
my
x GH) (h,; ,
AP o x®, xB =TIy,
= A,eNd

We note, that everywhere in (4.7) the finite continuum limit of the counting-function arises.

Now, we are in the position to determine the leading order term of the expectation
value (O3 )y in the large N limit. As (4.5) implies, only the first three terms from the
rhs. of (3.53) will contribute at leading order. Namely, (O3 )y = OF + Ox + Og +
"next to leading order terms”.

The term OSE is independent of the positions of the holes. This means that this contri-
bution is independent of the matrix element of the operator. This is why we will call it the
bulk term: (O3)¢* = OF. Formula (3.54) implies, that this bulk term can be represented
as follows:

(O81 = ~ i€ £ ) e 7 O = gy ey 202l
(4.8)

where Jp and ¥y are given by (A.8) and (A.10), respectively.
On the other hand, with the help of (3.55), (3.56), (A.6)-(A.8), (A.11), (A.12), (A.16)
and (A.18), (A.19) the sum O% + (935 can be written as follows:

mpy

0% + 05 =3 [C () X (hylee) + € hy) X (hylé)] +
j=1
[ oy : )y o . @)
+> / o PO (At ian) [Q(A+mn\g+)c+ A+ia) +GA+ianl)CP A +ia),
a==%_"
(4.9)
where
(+) sinh(2pg — i)
Ci(N) sinh(Zpg) Jalf2l(N) + b (2pg) [(Js[f+](A€-) = Tsalf+](AlE-)],  (4.10)

— 925 —



sinh(—i~)

CH () ==Talfs) (V) sinh(2p0)

Jalf1l(AN)— [(Js[f£](ME)—Tsalfe](MEL)]

(4.11)

with Jg, Jg and Jgg given in (A.8), (A.18) and (A.19), respectively. We are interested
in the leading order large N expression for Of( + OF, this is why from (4.6) the leading
order expressions of X (h;|{+) and of G(A|{+) can be replaced into (4.9). Similarly, the
]:,9)(/\) — F ()‘)()\) replacement can also be done at leading order. As a result one obtains:

1
sinh(2pp)

2 A _
O;t( + O:I: — _Tﬂ— e—(l+p)po {Z [Cii)(hj)X](-l') + C(_:t)(hj)X]( ) +
7=1

/ ]:()‘ /\—I—ian)[g( )(/\—I—zom)C’( )(/\—I—zoz)—l-g( (/\—I—z'om)C’(_i)(/\—l—ia)}}%..,
a==_

(4.12)

where the dots stand for subleading terms in the large N limit.

The careful evaluation of the functionals (4.8), (4.10) and (4.11) in the large po limit,
which is presented in appendix B, leads to the following large py asymptotics for the bulk
term and for C’ii)(/\) :

—BEL tan (BT e=2Pr0 4 O (e~ 2) case: +
O:I: bulk _ sin~y 2 ’ Y 4.13
(02003 O(e2), case: — . ( )
() = FK L (Npo) + e (414
) P2 —K_(Alpo) + ...,
where
IC:I:(MPO) = % e¥(10+1))‘ e(l—P)PO + O(e—2ﬁo)’ (4'15)

and the dots stand for terms tending to zero, when py — co and p < 1.
Putting the results (4.8), (4.13), (4.12), (4.14) together, one obtains the following leading
order result for (O3 )y in the attractive regime:

my
(02 = (OB 4 22 - {ch (o) X3 K o) X9+
j=1
+Z/2W}"a7c()\+zan) G\ +ianK_(A+ia)£G (A+zan)lC+(A+m)} :
a==%_"

(4.16)

Here as a consequence of (4.5), the contributions coming from O;X, Of(g and (’)écg were
neglected.
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It turns out, the leading order expression (4.16) for (O;En> A can be rephrased in terms
of the variables gd(ﬁ),X](-d) of (2.46) and G(0), X](-Z) of (2.48). The reason for this is that

GH) () and X](-i) of (4.7) can be simply expressed in terms of G4(f), X](-d) and G4(60), X](-d).
Consider the following linear combinations of G*)(\) and X j(-i):

. Vi . {r _
_ Llg®2p) 4 g2 @ _ LT () O
Gu0) = 5 [69GN +6O0] . X7 =37 (x4 x7), .
R 1 . 17 _ '
_ Ligth 2y _ g2 O©_ 17 (v _ O
G = 3 [00e0-g0Ee]. 20 =1T (x-x).

As a consequence of the linearity of (4.7), it can be shown that the new variables Gq(6), G¢(6),
X ](-d),X ]@ satisfy the linear integral equations as follows:

. Yl .
Gul0) = Y. [ oGO~ —iamGu + i) Foll' + i) =
oz::l:_OO

(4.18)
mpg 5
_ o (d) o(d) _ YalH)) _
_Ecosh(ﬁ)—l—; G(0 — Hj) X;*, = Ty j=1,...my
A oodo/ / . 5 / . / .
Ge(0) =D [ 5-GO -0 —iamGut +ian) Fa(0' +ian) =
T (4.19)
mpg 5
o 0 (0 _ Ge(H)) _
_s1nh(9)+; G(0— Hj) X", X7 = Z(H,)’ =1,...mpy,

where Z(6) and H; are the counting function and the positions of the holes in rapidity
convention. They are solutions of the equations (2.34) and (2.35).
Comparing (4.18) and (4.19) to (2.46) and (2.48) one can recognize that

Ga(0) = Ga0), X\ P =X j=1..my,

. R (4.20)
GO =60, X9=x9 j=1,.. my.

Using (4.20) and substituting the inverse relation of (4.17) into (4.16) together with a change
of integrating variables from A to 6 one ends up with the final result:

2(p+1)e2pPpro i mH x4
k=1

+ Z /d@ [cosh(@ +ian) M — sinh(0 +ian) Ge(0 +’L'OH7):| Fa(O —|—Z'a77)+...},
a== 50
(4.21)
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2(p+1)e2rr [ X X
(05,01 = v +S1n7 { (Slnh Hy) ; — cosh(Hy) X]g) +
k=1

+Z /d0[51nh(9+zan)w—cosh(@+zom7)gg(9—|—zan)]fa(9+ian)+... ,
a==%_"

(4.22)

where dots mean next to leading order terms in the N tends to infinity limit of the attractive
regime. Comparing (2.49) and (4.21) one can easily recognize the proportionality of (O3 )\
and (Or):

2(p+1)e?P™ (Or)
sin -~y 2T M?

(OF )\ = + ... (4.23)

According to (2.51) the expectation value for the bare fermion bilinear is given by:

_MptD) 4 2 (o)

(UW) = % (OF)x (%)pﬂ A + .., (4.24)

2siny
where we exploited the relation (2.17) between the lattice constant a and the inhomogeneity
parameter po. Using the relation between p and 3 in (2.19), one can see that (W) is propor-
tional to the expectation value of the stress energy tensor, and it scales as aP* /41 a5 it is
expected from (2.8) obtained via purely field theoretical considerations.

5 Large volume expansion

In this section we rephrase the leading order terms in the large N expansions of (4.21) and
(4.22) in the form of a systematic large volume series. To get rid of the unnecessary constants,
we consider the following quantities:

ot = Z /d@ [cosh(@—l—ian)w—Sinh(G—l—ian)gg(H—l—iom) Fa(@+ian)+

mH X(d) ¢
+ Z cosh(Hy,) % — sinh(Hy) X,g '

k=1
(5.1)

= Z /d@ [sinh(@—l—iom)M—cosh(@—l—iom)gz(ﬁ—l—iom) Fol0+ian)+

/
mH X(d)
+ Z { sinh(Hy,) % — cosh(Hy) X,gé) ,
k=1
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where G4(0), X@ and G,(0), X are defined by the equations (2.46) and (2.48) respectively.
From (2.49) and (4.21) it can be seen that O7 is simply related to the fermionic expectation
value of the trace of the stress-energy tensor:

(©1) - (OF)
O = e

On the other hand O~ is proportional to the fermionic expectation value of the renormalized

(5.3)

pseudo-scalar fermion bilinear (¥~4°W¥). Here we do not care about the actual value of the
proportionality factor, since it will turn out, that this expectation value is zero between
multi-fermion states.

The process of the evaluation of (5.1) and (5.2) in the large volume limit is very similar to
the method used for computing the diagonal matrix elements of the trace of the stress-energy
tensor in purely elastic scattering theories [11]. The reason for this is that formally the NLIE
equations (2.34) are very similar to the Thermodynamic Bethe Ansatz (TBA) equations of a
purely diagonally scattering theory of two types of particles. This analogy, the actual form of
the large volume series of the U(1) current of the theory [17] together with the all order large
volume series conjectures for the diagonal form factors of purely elastic scattering theories
[10, 11, 14-16], led to the following large volume series conjecture for the diagonal multi-
fermion (soliton) expectation values of local operators in the MT (SG) models [17]:
Conjecture: For any local operator O(x) in the MT (SG) model the expectation value in an
n-fermion (soliton) state with rapidities {Hy, Ha, ..., H,} can be written as:

1
Hy,..,H,|O(x)|H,...H,) =—————
< ! ’ ( )’ ! > p(Hlv"an)
o (5.4)
x . DO({H:}) p({H-}{Hy}),
{HYO{H-}
where p(ﬁ ) is the determinant of the exact Gaudin-matriz:
.o .o d . ,
p(Hy,..,H,) = det®(H), Oi(H) = —Z(H,|H), g k=1.,mgy, (5.5)

dH;
the sum in (5.4) runs for all bipartite partitions of the rapidities of the sandwiching state:
{Hy,..H,} ={H{} U{H_}, such that
p({H Y{H_} = detd (H), (5.6)

with & (H) being the sub-matriz of ®(H) corresponding to the subset {H.,}. The quantity
DO({HY}) in (5.4) is called the dressed form-factor [11] and it is given by an infinite sum in
terms of the connected diagonal form-factors of the theory:

o oo oo 1 00n++n7d9' n4 ni+n—
DO({Hy, .. Ha}) = > > m/ 1T §Hf+(9i+i77) IT 76 —in)
ny=0n_=0 T =l i=1 i=nq+1 (5.7)

X FO(Hy, Hay ooy Hyy 014070, oo O, 460, 05y 41 —00), ooy Oy o — 7)),
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where FC denotes the connected diagonal form factors of O(z) in pure fermion (soliton)
states, 0 < n < min(pm,m) is a small contour deformation parameter and Fy(0) are the
nonlinear expressions of the counting function given by (2.43). We note that the structure
(5.4) is the same for the purely elastic scattering theories and for the MT (SG) model. The
difference arises in the concrete form of the exact Gaudin-matrix'® and in the actual form
of the dressed form factors. However up to exponentially small in volume corrections the
formulas of purely elastic scattering theories are also appropriate to describe the multi-fermion
(soliton) expectation values of local operators [9],[17].

So far, conjecture (5.4)-(5.7) has been checked against the diagonal fermionic (solitonic)
form factors of the U(1) current of the theory [17] and now by rephrasing O" as a large
volume series, we will show that this conjecture remains valid in the case of the trace of the
stress energy tensor, too. Thus, our purpose is to bring OF into the form of (5.4) and check
whether the coefficients of p({H_}|{H}) agrees with DO ({H,}) given by (5.7).

In [11], starting from the Thermodynamic Bethe Ansatz (TBA) equations, the analog
formulas of (5.4)-(5.7) were derived for the diagonal matrix elements of the trace of the stress
energy tensor in purely elastic scattering theories. The computation we present below is an
appropriate adaptation of the derivation given in section 3 of ref. [11].

The first step of the computation is to rewrite G4(6), X@ and G,(6) X in terms of the
solutions of some ”elementary” linear problems. For any function f, let f [il(o) = f(0 +in),

7

then by definition an ”elementary” solution indexed by A satisfy the linear equations as

follows:
B / B 0 —0) GO0V FA@) = f90), o=+ (58)
Bt 7

where the symmetric kernel 1),5(f) is given by:

Yap(0) =GO +i(a—=P)n), o == (5.9)

and f4(0) is the source term specifying gﬂ‘j‘] (). An 7elementary” solution with unshifted
argument satisfies the equations as follows:

-5 [ 00— ian GO D = 0, 0=t G0)
b=t

In our problem the index A can take values from the set J = {s,¢,1,2,...,mp }, such that the
source functions f4(6) in (5.8) take the form:

fs(0) =sinh(0), f.(0) = cosh(d), f;(0)=—-G(0— Hj), j=1,...,mg. (5.11)

5In general, the Gaudin-matrix is the derivative of the exact Bethe-equations with respect to the particle
rapidities.
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From the defining linear equations (5.8) it can be shown, that the ”elementary” solutions
satisfy the following identities:

[ 40 1ol gy gled g Fel(g) = S~ [ % sl ) gl g) o .
a;/g 1) gl (e)fgl(e)—a;/% 10 6l (0) F9(6), ABed, (512)

S [ 5 OG0 FE0) = 1) - Galt), G=1omu, AT (513)
oz::l:_oo

With the help of the linear equations (2.46), (2.48) and (5.8) with (5.11), the pairs of quantities
Ga(6), X@ and Gy(0), X can be expressed in terms of the elementary solutions as follows:

my
d d
Gal6) = £G.0) = Y_G;0) X7, X7 =1, k=1, oma,  (5.14)
j=1
my
0) {4 L
Ge(0 Z% Ox x ="M H)G(H), k=1 ..mg (5.15)
j=1

where (Ika (H) is the exact Gaudin-matrix defined by the formula:

d

i (H) = aH Z(Hy|H) = Z'(Hy) 6 + Gi(Hy),  jik=1,..,mp. (5.16)
Using the formulas (5.12)-(5.16), @kj(ﬁ ) and O can be expressed in terms of the elementary

solutions of (5.8) as follows:

(i)k]( ) <fgc Hk Z gk/ Hk ) 5kj +gj(Hk), Jik=1,.,mu, (5'17)
k=1
Td

0'=3" [SLFEOr 06 6) - 1o W*F{E: 1S ) ()61,

a==% " Jk=1
(5.18)
_Z/ Flelo)|fl0) gled () — £l (0) gl ( } ng +ng Hy) ! (H) Ge(Hj).

a==%" 7,k=1
(5.19)

To bring (5.18) and (5.19) into the form of (5.4) one needs to use two theorems.
Theorem 1. The inverse of the Gaudin-matriz can be expressed in terms of its principal
minors and sequences of its matriz elements [61],[11] by the formula as follows:

Pl — C"jA
Y detd’

ij=1,.,mmu, (5.20)
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with C;; being the co-factor matriz with entries:

detfi)({l}), 1= ]7
Cij = { mu? il A A . S . 5.21
J Zo {Z} ()" Dy Py - - Payj det®({j, i, 00, an}), 0 # (5.21)

where {a} = {1,2,....mg}\ {i,j} and ®({L}) denotes the matriz obtained by omitting from
® the rows and columns indexed by the set {I}.

Theorem 2. The determinant of the Gaudin-matriz can be expressed in terms of its principal
minors and sequences of its matriz elements [11] by the formula:

mpg—1

det ®=1G.(H;) det ®({i} +ZZ Dovias - Py oy LGe(Hy,)) det ®({i, cry, ...oan }).
n=1{a}

(5.22)

Theorems 1. and 2. allow one to rewrite the double and single sums respectively in (5.18)
and (5.19) into a more convenient form. Using (5.22), the single sums of (5.18) and (5.19)
can be represented as:

3 SOA(H,) = S () Go(y) 22U
i=1 i=1

det @
mpy m —2 N o
n det ({7, 4, a1, ..., ap,
S GA NG S S (1) Gy (Hi) Gy (Hay ). G () S LU 00 000 )
i,j=1 n=0 {a} det ®

i#j
(5.23)

with A € {s,c}. The double sums of (5.18) and (5.19) can be represented in a very similar
form:

> S det ({i})
Hi HZ' _—
3 lgA H)Gp(H;) = ;w )Gn(t) =
mp myg— 2 A N
N gA( ZZ n+1ga1 i)gaz(Ha1)'--gj(Han)det¢({Z’J’a}’""a"})a
G n=0 {a} det

i#]
(5.24)

with A, B € {s,c}. It is convenient to determine first the large volume series expansion of
the first terms in the right hand sides of (5.18) and (5.19). They are called the vacuum
contributions [10, 11] since they correspond to the {H,} = () case. These terms can be
rephrased as an infinite series similar to that of LeClair and Mussardo [14-16]. To get this
series representation, first one has to construct the all order large volume solution of (5.8) for
A = s,c. This can be obtained by a simple iterative solution of the equations. Then one has
to insert these large volume series into (5.18),(5.19). At the end of this process one gets a
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bulky sum of terms, such that a lot of terms are identical under certain permutations of the
integrating variables. Taking into account these permutational symmetries by appropriate
symmetry factors, one ends up with the formula for the vacuum contributions as follows:

S Sp ey b | Y | EXTREEN |
oF| = / YT 7.6+ in F_(6; —in
nonZo M- JooEm 2T i=ni+1 (5.25)

+ . . . .
XFnOJr—l—n,,c(el +in, .., 9n+ +un, 9n++1_2777 () 0n++n, _’“7)7

where the ”connected” diagonal form factors of OF are given by the definitions:

n—1
Fnog (91, 92, vouy Qn):Z(COSh(QU(l)) COSh(ea(n) )—sinh(@a(l)) Sinh(ea(n)))l_[ G(Ha(j) — 60(]’4—1))7
gESy j=1 (526)

n—1
F,gg (91, 92, veny Hn):Z(COSh(HJ(l)) sinh(@a(n))—sinh(HU(l)) COSh(ea(n)))H G(Ha(j) — 60(]’4—1))7
oESy Jj=1 (527)

where o denotes the elements of the symmetric group 5,. From the permutation symmetry of
the summand in (5.27), it follows that F,?g (61,02, ...,0,) = 0, and consequently: O_‘vac: 0.
The next step is to determine'® the large volume series representations for the 2nd and 3rd
terms in (5.18) and (5.19). First one has to rewrite them with the help of the right hand sides
of (5.23) and (5.24) taken at appropriate values of the indexes A and B. Then the all order
large volume series representation of the solution of (5.8) must be inserted into the result.
Finally, the careful bookkeeping of terms being identical under certain permutations of the
variables leads to the final formula:

Oizﬁ ST DOT({HLY) p({H-}{HLY), (5.28)
v ttma) oy 350m -y

where the so-called dressed form factors take the form:

DY ({Hy,....H,}) = 7/ | FL(0: +1in) F_(0; —in)
ne=0n_=0 n+!n_!_oo =1 2Tl i=ni+1 (5.29)

+ . . . .
XF¢?+n++n,,c(Hla Hy,....,Hp,01+in,....0n0, +i0,00, c1—10, ... 0p 4 —i1).

Now we can discuss the results. First we discuss the case of O~. (5.29) and (5.27) implies
that O~ = 0 exactly. Taking into account the connection between O~ and the fermionic
expectation values of the pseudo-scalar fermion bilinear:

_ p—1
(U~7°0) = 105, )\ ~ aPt1 O ..,

16The necessary computations are almost literally the same as those presented in section 3. of ref. [11].

— 33 —



one”

can conclude that the fermionic expectation values of W~4°W are zero.

Next we discuss the result obtained for OT. According to (5.3), O is proportional to the
fermionic (solitonic) expectation values of ©p. This operator belongs to a conserved current,
this is why its connected diagonal form-factors between pure fermion (soliton) states can be
determined by using the arguments of references [14] and [15]. The actual computations lead

to the following simple result:
FOT(61,63,..,0,) = 27 M2 FO. (61,65, .., 6,,). (5.30)

Then, (5.30) together with (5.3), (5.28) and (5.29) imply that the conjecture (5.4) of ref. [17]
is valid for the diagonal fermionic (solitonic) matrix elements of the trace of the stress-energy
tensor, too.

6 Summary, outlook and discussion

In this paper, using the light-cone lattice regularization, we computed the finite volume
expectation values of the composite operators ¥ and W~°W¥ between multi-fermion (soliton)
states in the Massive Thirring (sine-Gordon) model. In the light-cone regularized picture,
these expectation values are related to such 2-point functions of the lattice spin operators,
in which the operators are located at neighboring sites of the lattice. The operator WU is
a particularly interesting operator, since it is proportional to the trace of the stress-energy
tensor. Thus, its continuum finite volume expectation values can be computed [18] also from
the set of non-linear integral equations (NLIE) governing the finite volume spectrum of the
theory. The final result, which was obtained after a lengthy computation of the spin-spin
2-point functions of neighboring operators, reproduced the pure NLIE result.

In general the finite volume matrix elements of local operators are computed via their
large volume series. Thinking in this framework, previously in [17], an all order large volume
series representation similar to that of [10, 11, 14] was conjectured for the finite volume
diagonal matrix elements of local operators between multi-fermion (soliton) states. To check
the conjecture of [17] we rephrased the diagonal multi-fermion (soliton) matrix elements of
the trace of the stress-energy tensor as a large volume series. The form of the series was
conform to the conjecture of [17].

Nevertheless, one has to note that, so far the large volume series conjecture of [17] for
the finite volume diagonal matrix elements of local operators between pure fermion (soliton)
states, has been checked in cases when the local operator belongs to a conserved quantity of
the theory. This is why it would be interesting to test the conjecture for such operators, which
do not belong to the conserved quantities of the model. The results of [7, 8] indicate that the
truncated conformal space approach could be an appropriate method for such investigations.

Beyond the results of [17] and the present paper, several questions are still open. The
light-cone lattice approach gives access to all eigenstates of the Hamiltonian. Thus, diagonal

"Here dots stand for terms tending to zero when a — 0 in the attractive 0 < p < 1 regime of the model.
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matrix elements between non-pure fermion or soliton states can also be computed in this
framework. It would be interesting to see, how the large volume series representation of [17]
should be modified in that case. Finally, a much more difficult but still open problem is the
determination of non-diagonal finite volume form factors.

Beyond our approach, there is another approach to the form-factors of the SG model
in cylindrical geometry [64-70]. We close the paper with some discussion concerning the
comparison of our method with that of the series of papers [64-70]. In [64-70] the hidden
Grassmannian structure of the XXZ model was exploited to determine the finite temperature
1-point functions [69] and ratios of infinite volume form-factors [70] of the local operators of
the SG theory. In this approach the compactified direction is time and the compactification
length corresponds to the inverse temperature. The 1-point functions and the form-factors
are computed as the continuum limit of appropriate partition functions of the 6-vertex model.

Our approach is more conventional. We consider the inhomogeneous 6-vertex model as
a lattice regularization of the MT (SG) model and the operators we consider is the set of
composite operators of Fermi fields and their derivatives!®. In our case the compactified
direction is space which makes easy to consider matrix elements of operators between excited
states of the model. The Fermi fields are expressed in terms of local spin operators and the
form-factors are given by such correlation functions of the spins, in which the spins are located
at neighboring positions on the lattice. The correlators are evaluated by usual Algebraic Bethe
Ansatz methods [38]-[42].
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A Integral representation of some typical sums

In this appendix we summarize the integral representations of the typical sums (3.44), (3.45)
arising in the computation of the expectation values (3.6) and (3.7). For the sake of com-
pleteness we recall them in this appendix, too:

SO0 = Y 106) X(Al6), (A1)
a=1

BOEE) = D T 2) X(Aale) X (). (42
a,b=1

In order to be able to transform these sums into integral expressions, we require that in each
of its arguments f should not have worse than constant asymptotics at infinity. In (A.2) we
also require for f to be an antisymmetric function of its arguments.

B0r equivalently their bosonized counterparts in the SG model.
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First, let us consider the single sum (A.1). The straightforward application of (3.30) to
(A.1) gives the integral representation as follows:

SOUE) = = Flhy) X (hylé) + / g (A.3)
j=1 e

_ Z/—f A+ian) G +ianle) FO(A+ian).

However the form (A.3) is still not appropriate for our purposes, since it has no well defined
continuum limit in the cases of our interest, when £ = £4. If one tries to take the continuum
limit in (A.3), it becomes immediately obvious that the first integral term in (A.3) will diverge
in the continuum limit. The reason is as follows. On the one hand, as a consequence of (4.6)

and (4.7), it follows that in the continuum limit G(A|{1) ~ e at large A. On the other
hand, as it was mentioned in section 3, the concrete functions!® f(\) for which we should
[e.e]

apply (A.3) have constant asymptotics at infinity. Thus, the integrand in [ % (N G(AE)
—00

in the rhs. of (A.3) blows up exponentially at infinity in the continuum limit, which implies
that the integral itself diverges.

However on the lattice each term of (A.3) is well defined and convergent, because as a
consequence of (3.36) and (3.37) on the lattice G(A|£) decays exponentially at large A. This
means, that in order to be able to define the continuum limit, further transformations of
(A.3) are required. By exploiting (3.36) one can make the following replacement into the first
integral term of (A.3):

G\g) — — /d/\/GA A =N —ian) G\ +ianl) F (/\/+zom7)+
. (A.4)
+So(AE) + > 2w Ga(X — hy) X;(9),
j=1

Making the replacement (A.4) into the first integral term of (A.3), one ends up with the
formula as follows for Zg\l)[ 1) :

=16 = Jlf1©) + SxIF1(€) + Sslf1(©) (A5)
where Jo[f](€), Sx[f](§) and Sg[f](§) are functionals of f and are of the form:

Sx[f16) = Y X(hil€) Talf1(hy) (A.6)

j=1

Z/ FOO+ian 03+ ianl) Tl +ian, (AT
a==%£_"

19We just recall, that in our actual computations f can be fi, fa, or f3 given by the formulas (3.48)-(3.50).
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[ dx
TlAE = [ 5o 10 Sa(A), TalfIN = (FxGON ~FO). (A8)
Here * denotes convolution with conventions given by (B.3). In this final representation each
term has a well defined continuum limit?°.
Similar, but more tedious computations lead to the following formula for 25\2) [f1(&,¢). It
is composed of six terms:

SPAE€) = Dol 1€, €) + Ex[f1(6€) + Tglf1(6, &) + Dxx[f1(6,€)
+ggf1(€,€') + Xxglf1(€, &)

The lower index of each term on the right hand side of (A.9) refers to the internal structure

(A.9)

of the expression as it becomes clear from their explicit form:

/ 0 / PG N16) £ ) SHME. (A.10)
Sx[f16,€) =D X(hl6) Fx[F1(hil€') = Y X (hyl¢) Fx[£1(h519), (A.11)
j=1 j=1

f1(¢.€) Z/‘“ )+ ian) {GO+ianle) Fx[fI(x +ianf¢)

(A.12)
-G +ianE) Fx[fIA+ianl§)},
A
Yxglf1(€:€) FNN+i F hi, A+
xglfI( Z/ "N +ian) ;:1 xx [f](hj, A +ian)x (A13)
x {X( h'lé')g(/\“anlé)— X(hile)G(A+ianlE)},
Sxx[f168) =] Xhrs’>Fxx[fkhj,hk)X(hkr@, (A.14)
Jj=1k=1
) FON+ian) FOP N +i
Golf1(E.€) ;ié J RO A i

xGA+ian|)GN +iBn|€) Fxx[fI(A+ian, N +ifn),

where the two functions Fx and Fxx, which are functionals of f, take the form:

Ex[fIAE) = Js[fIAE) = JsalfI(AE), (A.16)
Fxx[fIAN) = N, A) + JalfIAX) = JelfIN,A) = JealfIAN), (A7)

2In the terms containing So (AJ€) the continuum limit can be taken after evaluating the integral, because

the naive expansion (4.2) of So(A|) under the integral leads to incorrect results. The careful computations
can be found in appendix B.
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with the ”elementary” functionals:

TSN =[5 So(X1e) SN, (A18)

—00

TsalING = [ [N SoXle) SN Gr OV = ), (A19)

—00 —00
[e.9]

JalfINN) = /d)\”GA()\ —X) fFON), (A.20)

—00

JoalfIN) = / N’ / AN"GA(X = XY FOV, N G (N = X)). (A.21)

—00

Once again, we note, that at the derivation of (A.5) and (A.9), it was important to bring
the sums into a sum of such integral expressions which contain G(A) only in the combination
G(\) FV (A). The reason for the preference of such a form is, that in the continuum limit, this
combination is integrable along the lines A +¢n with A € R and with 7 being a small positive
contour deformation parameter. This convenient form could be derived by eliminating the
single G(A) terms with the help of (3.36).

B Large p, expansions

In this appendix we summarize, how one can obtain the coefficient functions K1 (A|pg) (4.15)
and the bulk term (4.13) of (4.16) via the computation of the large py (2.17) limit of the
functionals (4.8), (4.10) and (4.11). The key point of the computations is that one should
work in Fourier space. This is why as a first step we fix our conventions for the Fourier-
transformations. The Fourier-transform of a function f is given by:

flw) = /daj e f(z). (B.1)
The inverse transformation reads as:
oodw —iwT £
f@) = [Gre e fw). (B.2)

The Fourier-transform of the convolution of two functions f and g is given by the product of
individual Fourier-transforms?!:

[e.e]

(f*m@ﬂz‘/dyﬂw—yhﬂw, Fr9)w) = f(@) ). (B.3)

—00

2Provided they exist.
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Formulas (4.8), (4.10) and (4.11) imply that in order to derive the formulas (4.14), (4.15)
and (4.13), the following functionals should be computed in the large py limit:

Jalf](A\) of (A.8) taken at the functions fy, fo,and f3 given by (3.48), (3.49) and (3.50).
Jolf1](€-), Tolf2](§+), and Jo[f3](€-) defined by (A.8) with {4 = £pg — i5.
Fx|[f+](A[€+) of (A.16) with fi given by (3.51) and (3.52).

Yo[f+](§-, &) of (A.10).

The strategy of the large py evaluation of the above listed functionals is as follows. One

can write them in a very special form, namely as a linear combination of convolutions, such
that pg appears in the argument of the convolutions. This means, that the large pg expansion
of the functionals of our interest is equivalent to determine the large argument series expansion
of the convolutions appearing in them. It is worth to represent these convolutions in Fourier-
space, since by using the property (B.3) they can be written as a single Fourier-integral. The
large argument series expansion of these Fourier-integral expressions can be computed by
using the residue theorem. Thus the positions of the poles of the integrand will determine
the large argument decay of the convolutions of our interest.

To complete the concrete large pg computations, first one has to define some functions,
which constitute the elementary building blocks of the calculations:

F.(\) = m Fe(w) = Wl(%w) (B.4)
FEN) = 2 F.(N), in case p > 1: FF(w) = F.(w T 20), (B.5)
9N = cosh(2)\)1— cos(27) glw) = sin7(r2’y) Smhs(jlg?g;f 2, (B.6)
PO = rrm e e ) ®D
ga(N) = m Ja(w) = —m%, ac(0,7), (B.8)
VO = V() = iy ohigtr-20), (B9
GE(\) = e Gy, incasep>1: Gi(w)=G\(wF2i), (B.11)
xr(A) = ] dN'F(X) = 1 arctan [tanh(’g—i)] : Xrw) =ik (w)rw), (B.12)
0

A
x(\) = /d/\’GA(/\’), X(w) =iGr(w)t(w), with t(w)=1 (ﬁ + ﬁ),(B.B)
0
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where the +4 0 prescription in t(w) ensures the correct treatment of the 1/w singularity of the
Fourier integral representations of (B.12) and (B.13).

Let us start with the computation of the bulk (4.8) or in other words the global constant
in rapidity term. The representation of the building blocks of (4.8) as linear combinations of

convolutions read as:

Jolf1l(6-) = =3, (B.14)
Jolf2)(€4) = —sinh(2p0) (g2 * XF)(2p0) — 5 cosh(2py), (B.15)
Jolf3](§-) = sinh(2p0 +i7) (g1/2 * XF)(—2p0) — % cosh(2pp +i7), (B.16)
Solfel (64 €) = 55" [cosh(20) T (o) = L{pu)] (B.17)
Solf_)(Es,6o) = i C;’j} cosh(2po) siny To(po), (B.18)

where T, (po) and I(pg) are given by:
I(po) = 47* (Fe x ¢ % xF)(2p0), (B.19)

Ta(po) = cos aTo(po) = 4v% cos o [62”0 (F % g% F.)(2p0) — e 20 (Ff x g F.)(2p0)] -
(B.20)

The large argument expansions of appendix C lead to the following leading order large pg
expressions for these building blocks in the attractive regime:

pT
~B
Jolf2) (€)= == 22 ﬁé) eT2PP0 L O(e7), (B.21)
Lyt B} 1+ - -
Folfille-) = ~—5— oy« 7+ O (B.22)
Yolf+](€4,€-) = % CoS Yy {Coty cot g—,zy — 1} e2(=p)po O(e_QPO), (B.23)

» . ™
Dolf-1(g1,6-) = §sing + isin(2y) -
Finally, inserting (B.21), (B.22), (B.23) and (B.24) into (4.8) one ends up with the final result
given by (4.13).

Now, we can continue with the computation of the coefficient functions C7()\) given in

[Sirlw cot g—,j — ﬁ} e2(1=p)po 4. O(e=20). (B.24)

(4.10) and (4.11). These functions can also be represented as appropriate linear combinations
of some convolutions. Such convolution type representations of the elementary building blocks
of Ci[()\) are given by the following formulas:

Jalfl(N) = —B5, (B.25)
Jc[f2](A) = 2cosh(2p0) x(00) + sinh(2po) (g2 * X)(A + po) — f2(Alpo), (B.26)
Ja(f3)(N) = 2cosh(2po + i) x(00) —sinh(2pp + i) (gy/2 * X)(A — po) — f3(Alpo),(B.27)
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TslF)(Ag) = cosy cosh(2p0) { €7 [ (g% Fo) (A F po) = €2 (g (A F o)

' (B.28)
—e Y [6_2)\(9* Fc)()‘ F po) — 64:200(9* EYNF po)} } —2cos 7y (w/ *xr) O\ F po),

Jsalf+](N&x) =cos v cosh(2p0) { €7 [ (Gx g+ F)(AF po) = €27(Gx g% FH)(AF po)|
e [N TR g* BT po)— €70 (G g+ )N po)| 208 (G x5 x) (A F po).
(B.29)
JsLf-J(Ngx) = cosy sinh(2p0) {7 [ (g% Fo) A F po) — e (g % FHYA T po)| -

| (B.30)
+e' {e‘”(g * F)ANF po) — €7 (g FO)AF pO)] } ’

Jsalf-JNgx) =cosy sinh(2p0) {7 [e2(G7x g % F)AF po) — (G x g % BN F o)
+e™ 7 {e_”‘(GJF* g* FYNTF po) — PP (Grgx FET)NF po)] } .
(B.31)

The large argument expansions presented in appendix C lead to the following leading order
large po forms for the functionals (B.25)-(B.31):

__(=p)po —(14p)A —ily 1+p —2p0
Tol0) = —el! e s O, (B.32)
Y L |
Jalfs](\) = —e(1=P)po(14p)A em+zp2 ;ﬁr + 0(6—2/)0)’ (B.33)
2sin(&F)
_ng;]&% )= Feosy eHOMD 4 O(e ), (B.34)
0
—Jssiiflj(]Q(;\Ei) = feti7 % tan % — cot 7] et(14+P)A (1=P)po cosvei@””) + O(e™ %),
0
(B.35)
—Jii[ﬁﬁ(?f?)- = —cosy e 4 O(e7), (B.36)
0

Jsalf-](M€x) i 7 2 +(14p)A (1—p) (20 4i7) 2
Temb(2py) Va[tang—cot’y eV TP TP cogye Y+ O(e” ).

(B.37)
Finally inserting these leading order expressions into (4.10) and (4.11), one ends up with
(4.14) with KCy.(A|po) given by (4.15).
B.1 The large N magnitude of the terms (’);X, Of(g, and (’)écg

At the derivation of (4.16) we omitted the contributions of the terms (93—; X Of{g and Ogg
from (3.53). The reason for this was that, according to the anticipated result (4.5), these
terms are next to leading order ones with respect to (’)éc, (’)3—;, and Og in the continuum limit.
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In this subsection we present the proof of the second line of (4.5). Namely, we show , that
the multilinear or quadratic in G and X terms are indeed of order ng in the large N limit
and so they are really negligible with respect to the constant and purely linear terms.

Formulas (3.57), (3.58) and (3.59) together with (A.13)-(A.15) imply the following rep-
resentations for (9; X Of(g, and Ogg :

dA
O)i(g Slnh(2p0 Z/ FN A +ian) ZFXX [fe](hj, A+ ian)x

= (B.38)

x {X(hjl6-) GA +ianl§) — X(hil§+) GA+ian|é-)},
O%x = smntzy 2 2 X(hyl&) Fxx [f](hy, hi) X (hel€), (B.39)

7j=1 k=1
Ogg smh2 Z / ‘F()\ ()\‘HC“?)]:( )()‘,+Z/877)
poa B=+_° 2 (B.40)
XGA+ian|Eo) G + ZB??I£+) Fxx[fe]A+ian X +i8n),
where according to (A.17), (A.20) and (A.21):

Fyx[f2]O0 V) = fo (VA / NG — N) F(N, X

(B.41)

o /d)\//G)\(A/—A//) f(A// /dA// /d)\///G )\ A//) f()\// )\///) G)\(A///—A/).

The function G()) is given by (B.10) and fi (A, \) is defined in (3.51) and (3.52). To make
apparent the pg dependence of fi, we rephrase them as follows:

F+ LX) = cosh(2p0) £ (O, V) + FP (0N, (B.42)
F-(\,X) = sinh(2po) £ (A, ), (B.43)
with
(1) N [sinh(2\ + i) — sinh(2\ + i )]
F A X) = 2cos(y) cosh(2(X — \)) — cos(27) (B-44)
(2) N sinh(2(A = X))
S, X) = —2cos(y) cosh(2(A — X)) — cos(27)’ (B-45)
SO0 = 2cos() cosh(2X + i) — cosh(2)\ + z"y). (B.46)

cosh(2(A — X)) — cos(27)

The point in the representations (B.42) and (B.43) is that the py dependence is lifted as a
(1)

prefactor, and the coefficient functions f}’ and ff) are pg independent.
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To determine the magnitude of (’)§ X (’);g, and (’)écg, first one has to compute the large
N magnitudes of each building blocks of the formulas (B.38), (B.39) and (B.40).

In all the three quantities the functional Fxx[f+](A,\') given by (B.41) arises. Now
we show , that it is of order €2’ at large pg. Formulas (B.44), (B.45) and ((B.46)) for the
functions fil), ff), imply that these functions have constant asymptotics at infinity in each
of their variables. On the other hand (B.10) implies that G()) is pg independent and has
the large A asymptotics:

Gr(A\) ~ e 9 With: ag =1+ Min (p, 14 g) . 0<p, (B.47)

with p being the coupling constant defined by (2.19). These large A and ) asymptotics
ensure, that all integrals will converge in (B.41). Furthermore, if one uses the representations
(B.42) and (B.43) in (B.41), then it becomes obvious that the py dependence is only given by
the trivial factors cosh(2pg) or sinh(2pg) of (B.42) and (B.43), respectively, such that these
factors can be lifted in front of the convergent pg independent integrals. This implies, that
Fxx[f+] ~ €2 in the large pg limit.

The next common building block in (B.38), (B.39) and (B.40) is a trivial py dependent
prefactor: m which is of order =270, when py — oo.

Formulas (B.38), (B.39) and (B.40) are multilinear in G(A[{+) and X (A|€+). Their large
N magnitudes can be read off from (4.3) and they both turn to be of order % in the large N
limit.

The amount of information provided so far is enough to give the large N estimate for

(’)§  given by (B.39). Multiplying the magnitudes of the building blocks immediately leads
>
To prove that (’);E(g and Ogg are also of order ng, one should deal with the large N limit

of ]:i/\)()\ +in), too. This function is defined in (3.31) and due to (4.1) it becomes of order

one in the large N limit. This is why, at leading order its continuum counterpart ]-"1(_3%()\ +in)

can be substituted into the formulas (B.38) and (B.40). Equation (2.34) implies, that at
—£ sinh T (Ain)
e Y

to the large N estimate: O)i(X ~

large A this function decays as: ]:1(;) (AE£in) ~

[

. This extremely rapid decay at
infinity ensures the convergence of all integrals entering the expressions occurring in (B.38)
and (B.40). This implies that, the large N magnitudes of (’);Q and (’)gg are given by the
product of the magnitudes of the basic building blocks determined above.
For completeness we summarize below the magnitudes of the important building blocks
of (’)§ X O§g= and (’)écg together with the relation between py and N given by (2.17):
e Mmoo By [ N) ~ f2 (0 N) ~ e,

(B.48)
G(AJ€x) ~ e X (N[gg) ~ e 4P,

We emphasize, that these pg dependences are not entangled with the A dependence of the
quantities they belong to, thus they can be lifted in front of pg independent convergent sums
and integrals entering the formulas (B.38), (B.39) and (B.40) after replacing (B.41) with
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the representations (B.42) and (B.43) into them. This implies that the magnitude of the
individual building blocks listed in (B.48) determine that large N magnitudes of (9§ X Of(g
and OF :

gg

O;I:()( ~ 1 X X FXX[f:I:] ~ 6_2 (1+p)po ., 1

sinh(2po) N2>
Oit(g ~ sinh%2po) X G Fxx [fi] ~e (+P)po %7 (B49)

Oé:g -~ Sinh%gpo) GG FXX[f:I:] ~ 6_2 (1+p)po -, %

1

One can see from (B.49) that each expression is of order wm ~ a? in the large N limit,

consequently they are negligible in the continuum limit

C Large argument series representations

In this appendix we list the large argument expansions of the convolutions being necessary for
the explicit computations presented in appendix B. As it was mentioned in appendix B, the
series representations listed below, can be obtained by evaluating the Fourier-representations
of the convolutions with the help of the residue theorem. The constituent functions of the
relevant convolutions together with their Fourier-transforms are listed in (B.4)-(B.13). The
definitions of the necessary convolutions together with their large argument expansion read
as follows:

(Grxg* Fc+)(>\) Ao Z {Ul(?,z) eF2(14k)A + UQ(? ejF(sz);)\ + U(i) 62)\¢(1+2k);)\
k=0

3,k
(C.1)
Ul(j];) = csc(2y) sin(2y(k + 1)) sec(vy(k + 2)),
—1)k csc? n2(2k+1)

o) _ m(—1)"% csc®(y) sec(y) tan <72V >

2.k . ,
U _ 7 esc? () sec(y) sin? (<W—2'v><—;;v+2wk+w>> csc <(7T—'v)(—22:yy+27rk+7r)) soc (m+:k+w>>

3k — o 7
Ly ) () o (030 () e 1 2820)

e 20r—7) =

— 44 —



Ul(;g) = csc(27y) sin(2y(k + 1)) sec(vk), (C.2)

7(—1)* esc?(7) sec(y) tan <”2(227]fy+1))

Ui = = ,
) _ 7 esc?(7y) sec(7y) sin? <(”_27)(2;7+2”k+“)> csc (%) sec <7r(—%r{‘yﬂk+7r)>
3k = = 7
. o 2 - -
i S ot st (S e (L) e () e (3558
L ir — 4
(G % g% F7)(N) Ao Z {Zfz) P24k | Zﬁ) 61(1+2k);>\ n Z?()’j]z) 6—2,\1(1+2k);,\
=0 (C.3)
+ Zf}? 63F2(1+k)m>\}7 with:
Zﬂ;) = csc(2y) sin(2y(k + 1)) sec(vk),
m(—1)"% esc?(7y) sec(7y) cot (%ﬂ:kﬁr))
47 - |
) 4,7
i 47r2 2 T k4w
7+ _ _W(_l)_k csc? () sec(y) sin? < (221,?—’_1) — 2’}/) sec <% — 7) sec (%)
3,k 4,7 )
. — 2 . .
T ot () e () e () e (2
b Pr— ;
Zi_k) = csc(2y) sin(2y(k + 1)) sec(y(k + 2)),
Oy 1)k ese3 () see(y) tan (TG
Zyy = I
i n? T(— wk+m 2
7 _ m(=1)F esc?(v) sec(y) sin® (2’}’ + %) sec (%) sec (’y + 7(221?1))
3,k 4,7 )
Z(_) W(—l)k CSC(Q’y) sin? <%W) cse <7r27£li—:1)) sec (ﬂ'yﬂ(lrj—yl)) sec (/7 i %_:1))
v 2(m — 1) ’

s

(G »ge B = S5 (VD 3R |y Ty B
=0 (C.4)
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Vl(;g) = csc(y) sec(y) sin(y(k + 1)),

m(—1)F ese?(7) sec(y) sin (TG — 27) sec (TG — o)

+
Vit = = |
3 w2 7r Thk+T
(+) m(—=1)"F esc?(y) sec(y) sin <27 + 7%:“)) csc (7(7%7]” )>
Vap =~ Iy ,
7(—1)7" cse(y) sec(y) sin (W) sin <7(”_21)_(7+”k)>
V4(-;;) = — 5 2l v 7
| 4= sin () eon () eos (550)
v = (vt 1 5 msec(?)

Lk — csc(y) sec(y) sin(y(k + 1)) — dx,0 Sr—

O (=D esei(y)sec(y)sin (2y + TEEHL ) see (74 TEE)
Vor = - ™ ,
) m(—1)* csc?(7) sec(7y) sin <7T2(227]fy+1) - 27) sec (_n2(§:+1))

3,k 4,7 )

) 7(—1)% esc(7y) sec(7y) sin <7W(W_§Z)§k+l)) sin ((W_%)Srﬂ_(lyz)_w)
V) =

o 4(m — ) sin (Wiﬁfyl)) cos (””/75111'/1)> cos (%ﬁ)"ﬂ)

(G5 % gx F)( >\—>:|:oo Z {J(:I: F21HN Jéi) . F(1+2k) 7 J(:I:) —22F(14+2k) A

(C.5)
+Jiﬂ;>e—m<l+k>%x} i
: T sec
Jl(j;) = csc(y) sec(y) sin(y(k + 1)) — 0r.0 - _(277)’
7(—1)"% esc?(y) sec(y) sin (27 + M) sec <7 + M)
J& =
o 4’}’ )
_1)k 2 . M B m
S m(—1)7" csc®(y) sec() Sln< R 27) Sec( S )
3k = o
1)~k in (r=2)(k+1) in (=20 (k+1)
At (S ) (s
4 a )
; 2(m — ) sin <7r('y+77rr(_—’yk—2))> cos (ﬂ-y7r(li:i-yl)> o8 <%i)_,y))
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Jl(;ﬁ) = csc(y) sec(y) sin(vk),
k 2 . w2 (2k+1) 72 (2k+1)
m(—1)" csc?(y) sec(7y) sin <T - 27) sec (T - 7)

7(—1)F csc?(7) sec(y) sin (27 + M) sec (M)
J(_) — _ Y
3,k 4,}, ’
7(—1)* csc(v) sec(7y) sin (Ww) sin (W)
I - ;
’ 4(m — ) sin <7T(Z+Z;k)) Ccos (%ﬁ”) cos (7(%_:“)

(Gax ' % xr)(N) V2 Z { <2>\ i)+ 1 k’) FORTIIA L p(E) ok

(C.6)
+I) T A} :
with:
o _ DM+ 1)
Lk = - ;
1
13) = S(-1) (p + 1)(Bcos(r(1 — 2k)p) — 1) esc(r(1 — 2k)p),
+ 1 . (27k(p—1) wkp k
Ié,k:) = Z(_l)k Sin <W CSC m SeC2 + 1
) (p+ 1) sec(mk) sin <27rk(£_1)> cse (”kp;”) sec (%)
I3 = 4p )
f(—) _ (_1)k+1(p+ 1)2
1,k p ,
_ 1
1) = =5 (=1 (p+ D(Beos(m(2(k + 1) + 1)p) — 1) ese(m(2(k + 1) + 1)p),
Ié_k) = —1(—1)k sin <727Tk(p — 1)> csc < mkp > sec? <—7Tk ) ,
’ 4 p+1 p+1 p+1
(p+1)sec (=&
I?E_k) _ < P > )
b 2p
(g% F) () M2 3 {Hﬁ? (F2ARFDA | Héik) e¢(2k+1);x} O with: )

k=0
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Hﬁ;) csc(y) sec(vy) sin(vk),

+ m(—1)F csc(2y)

() = D=0
g

H) = esc(y) sec(y) sin(yk),

)

_ m(—1)¥ csc(2y)
gy - T et
(g% FF)(\) Y E™ Z { TN | (3 emm“’?} ., with:

Kfz) = csc(2y) sin(29k) sec(y + vk),
7T(— 1)_k CSC(2"}/) sin ( (m—27)(2y—27(k+1)+m) > sec <7r('y+27rk+7r) )

(+) 2 o
K — |
2.k :
K() = cse(2y) sin(2vk) sec(y — vk),
. m— ﬂ-k T (— ﬂ.k -
TV ese(2n)sin (AR e (2rtes))
20k —
~
(g * F >\—>:|:oo Z { ¢2(k+1 + Léﬁf) 6—2A1F(2k+1);)\} 7 with
Lg;) = csc(2y) sin(2vk) sec(y — vk),
. T— ko (e i
iy _ TN se(z)sin (== anten) s (ften)
ok — |

y

Lg,k = csc(2y) sin(2vk) sec(y + k),
7(—1)" csc(2y) sin <27 + T (2’f+1)) sec <7T(—'y+27rk+7r))

~—

_ =
o) —
2,k 5
Amdeo o N 267 () LTS (i) qE219_7rA
(9y/2 x x)(A) )+ Z e e ey le Yy e Ty
k=1
6&;) - _2ewk’ eg;) = _€§+_)k7
_m 2 2k—1)
im(=1)Fe” 3 sec <L>
- ) G-,
’ fy ? 9
T sec Lk)
+ (7r ¥ _ N
R =7,

T
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(C.9)

(C.10)



Then
(f2x G)(N) = 2cosh(2pp) x(00) + sinh(2p0) (/2 * x) (A + po),

> C.11
5(Mpo) = e 7270 + sinh(2p e{F) =2k(A+po) ( )
f2(Alpo) P 1k ;
k=1
(f3 x G)(A) = 2cosh(2pg + i) x(00) — sinh(2po + i) (g2 * X) (A — po),
) i 12
A = 2P0~ _sinh(2p0 + i el=) g2k(A=po) (C12)
f3(Alpo) (200 +i7) Y e,
k=1
For o € (0,7) :
° 2m e
(go % XF)(E200) = F5 + 3 ajre™ 7 (R LN Tk, (C.13)
k=0 k=1
_im(r—2a)(2k—3) - - k—3))
W(_l)ke 2v sec ( Ttm(2k=3))
i = )y
lA),(j) = —e2mksec(7k‘), 13,; = —(lA),(j))*,

where here % denotes complex conjugation. Finally, we close this appendix with the large pg
series representation of I(pg) and To(po) given by (B.19) and (B.20), respectively.

. > - - 2T (49
I(po) = 7"+ Y _ Dipe o+ )" {(Iz,k t Iyppo)e v RO (C.14)
k=0 k=0
IALk = —272 (tanz(yk‘) — 1) ,
. 22k +1
Iy = 2m <7T csc? <M> — 27) ,
2y

. 22k +1
I3, = 8mcot <M> .

El 2,}/

e 21 o
— 2po— 7= (14+2k —2p0— 2L (142K -~
To(po) = e~ 20 to+§:{t1,ke po—= (1+2k) po Flage po—= (142k) po Flype 2(k+2)p0}7
k=0
(C.15)
with:

to = 292 sec(y),

- (s (PN )

fop = 21 <sec(’y) + cse() cot (%j”)) ,

tar = 27° [2sec(y) — sec(y(k + 1)) sec(y(k +2))] .
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