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Abstract

We describe a method to derive, from first principles, the long-distance asymp-
totic behavior of correlation functions of integrable models in the framework of
the algebraic Bethe ansatz. We apply this approach to the longitudinal spin-
spin correlation function of the XXZ Heisenberg spin-1/2 chain (with magnetic
field) in the disordered regime as well as to the density-density correlation func-
tion of the interacting one-dimensional Bose gas. At leading order, the results
confirm the Luttinger liquid and conformal field theory predictions.
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1 Introduction

The aim of this article is to derive the long-distance asymptotic behavior of correlation functions
of integrable models “from first principles”. To reach this goal, we will use the framework of the
Bethe ansatz [, {3, BJ, Bd, B7] in its algebraic version [R§, [fd]. For simplicity, we shall explain
the main features of our approach using the example of the XXZ spin—% Heisenberg model
B, [l. However, it will become apparent that the method we propose here is quite general and
applies, for example, even to continuous integrable models like the interacting one-dimensional
Bose gas [F2, Fl].

The starting point of our approach is an exact expression, that we called the master equation
representation, for the generating function of the two point correlation functions of these models
that we obtained in our previous works [[i§, 50, BT, [i5]. In the case of the XXZ spin-1 Heisenberg
model (at non zero magnetic field and in the disordered regime), this means that we will begin
our investigation from the exact expressions for the correlation functions on a finite lattice, and
then take successively the thermodynamic limit and the large distance limit. The long-distance
asymptotic behavior that we obtain confirms, at the leading order, the predictions given from

bosonization [67, B3, B4, Bj] and conformal field theories [[[7, [l [§, §.

1.1 Historical context: a brief survey

Bethe ansatz and especially its algebraic versions [[i, [/, B0, B8, B, BS, 79, B, B9, F4, b9 provide a
powerful framework for the construction and the resolution of a wide class of quantum integrable
models in low dimension. The central object of this approach is the R-matrix satisfying the (cu-
bic) Yang-Baxter equation and providing the structure constants of the associated (quadratic)
Yang-Baxter algebra for the operator entries of the quantum monodromy matrix 7'(\). The
representation theory for this algebra leads to the construction of integrable models opera-
tor algebras including in a natural way the Hamiltonian, its associated commuting conserved
charges generated by the transfer matrix 7 (\) = tr T'(\) together with the creation-annihilation
operators determining their common spectrum.

The archetype of such models is provided by the XXZ Heisenberg spin-% chain in a magnetic

(]

field with periodic boundary conditions [B]:

M
H =Y (ofoi +ojop  + Alojojs — 1)) — hS., (1.1)
=1
where
1 M
5:=3 kZlUZ, [H,5.] = 0. (1.2)

Here A is the anisotropy parameter, h an external classical magnetic field, and the length M
of the chain is assumed even. The quantum space of states is H = ®£/I:1Hk, where Hj, ~ C2 is
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called the local quantum space at site k. The operators o}¥”*

act as the corresponding Pauli
matrices in the space Hj and as the identity operator elsewhere.

The description of the full dynamical properties of such model amounts to the determination
of its correlation functions and associated structure factors. This was first achieved in the cases
equivalent to free fermions, namely at A = 0 for the XXZ chain . We stress that these free
fermionic results already required tremendous efforts to get satisfactory answers, in particular
for the spin-spin correlation functions [73, 69, @, [0, 4, B, 2, F4, 1, E4, F1, 2, B3, R1].
Going beyond this free fermion point turned out to be very involved. The first attempts to
compute the correlation functions at arbitrary anisotropy A came from the algebraic Bethe
ansatz [B9] (see also [Bg] for the one-dimensional Bose gas). They led however to rather implicit
representations. This was due to the complicated combinatorics involved in the description of
the Bethe states, in the action of the local operators on them and in the computation of their
scalar products. The notion of dual fields (which are quantum operators) was introduced in
[BY] to try to overcome such combinatorial difficulties. In this approach (see [p9] and references
therein), the correlation functions are obtained in terms of expectation values (with respect
to the dual fields vacuum) of Fredholm determinants depending on several such dual fields.
Unfortunately, these auxiliary quantum fields can hardly be eliminated from the final answers,
making the use of such results quite problematic. More explicit representations were obtained
later on in terms of multiple integral for the elementary blocks of the correlation functions; it
uses a completely different approach, working directly with infinite chains (hence with several
hypothesi), based on the representation theory of quantum affine algebras and their associated
g-vertex operators [, i, [[d]. More algebraic representations of these elementary blocks have
been obtained recently along similar lines together with a link to fermionic operator expressions
of the corresponding correlation functions [I4, [[3, [[J, [J]. Extensions of this scheme to non
zero temperature have been considered in [B1], BY.

The resolution of the so-called quantum inverse scattering problem for this model (namely
the reconstruction of the local spin operators in terms of the operator entries of the monodromy
matrix) opened the way to the actual computation of the form factors (the matrix elements of
the local spin operators in the eigenstates basis) and correlation functions [F2, B3, (] in the
framework of the algebraic Bethe ansatz. With the help of previous results (like determinant
representations for the partition function with domain wall boundary conditions, and for the
norms and scalar products of Bethe states [B0, fq, BS, B7, [[d]), this approach led to explicit
determinant representations of the form factors of the Heisenberg spin chains in a magnetic
field as well as to multiple integral expressions for the elementary blocks (or reduced density
matrix) for their correlation functions in the thermodynamic limit. Remarkably, these integral
representations coincide (in the zero magnetic field limit) with those obtained previously directly
for the infinite chains using g-vertex operator methods and the representation theory of the
quantum affine algebras [[t], {3, 2.

These advances immediately raised the next challenge, namely the question of obtaining
manageable expressions for physical correlation functions such as the spin-spin correlation func-



tions. This is a central problem in the field of integrable models, on the one hand from the
viewpoint of effective applications of these models to the realm of condensed matter physics
(the associated dynamical structure factors are measurable quantities), and on the other hand
concerning the more fundamental question of the long distance asymptotic behavior of the cor-
relation functions. While the practical determination of the dynamical structure factors can
effectively be addressed using the above form factors expressions in terms of determinants com-
bined with powerful numerical techniques to sum up their corresponding series (see [20, [[9)),
answering the second question from purely analytical techniques looks like a fantastic theoreti-
cal problem. It amounts to understanding how the microscopic nearest neighbors interactions,
for example in Heisenberg spin chains, integrate to produce an effective long distance behavior
of the spin correlations. In particular, for models having no gap in the spectrum, the spin-spin
correlation functions are believed to have, besides their possible trivial constant value, a power
law decay with the distance. For generic integrable models, in particular not equivalent to free
fermions, extracting such an asymptotic behavior “from first principles” has been a challenge
for many years.

In the case of fully interacting gapless models (like the XXZ Heisenberg spin-1/2 chain for
anisotropy —1 < A < 1), the first predictions for this power law behavior came from a conjec-
tured correspondence of such integrable lattice model with nearest neighbors interactions with
a continuum theory having long-range interactions, the Luttinger model. Using this hypothesis,
Luther and Peschel [67] succeeded to predict the exact value for the XXZ critical exponents at
zero magnetic field as functions of the anisotropy parameter A. The above correspondence was
further enlighten by Haldane’s development of the Luttinger liquid concept, leading in turn to
predictions for the critical exponents of the XXZ model in a magnetic field B3, B4, B5. The
Bethe ansatz techniques were used there to compute the parameters describing the low energy
excitation spectrum of the XXZ model and to show that they indeed satisfy relations that are
characteristic of the Luttinger liquid universality class. This conjecture was further studied in
a series of papers [[, [0, ] where, in particular, the long-distance behavior of the longitudinal
spin-spin correlation function was computed in perturbation to the second order in A around
the free fermion point A = 0, with results in agreement with the above predictions.

Another approach to this problem stemmed from the hypothesis that critical statistical
systems with short range interactions should be described by a conformal field theory. In this
framework, the mapping of a conformal field theory defined on the plane into one on a strip of
finite width [ led to the determination of the critical exponents in terms of the eigenvalues of the
transfer matrix along the strip [[[7, fll, [[§, B]. In particular, for large width [, the central charge
and the scaling dimensions of scaling operators of the theory are given by the [~ behavior of
respectively the ground state and the different excited states energy levels. The possibility to
compute the finite size corrections to the spectrum of integrable models in the framework of
Bethe ansatz methods gave rise to a prediction for the corresponding critical exponents, in full

agreement with the above bosonization approach [26, B2, B3, B4, B4, b4, b3, B4, BT

Further works in these directions (based however on several conjectures) sharpened this



picture by providing, in addition to the critical exponents, predictions (at zero magnetic field)
for the amplitudes of the spin-spin correlation functions asymptotic behavior, which are not
directly accessible from the bosonization or conformal field theory approaches [54, B3, b

1.2 Overview of the method

The purpose of the present article is to describe an effective method allowing us to derive
the long-distance asymptotic behavior of the correlation functions “from first principles”. The
detailled presentation of our method will be given in the case of the spin-1/2 XXZ chain in a
magnetic field and in the disordered regime, and for the example of a generating function for the
longitudinal spin-spin correlation function. We will use the algebraic Bethe ansatz framework
and our previous results [I§, b0, ] giving an exact (master equation) formula for the spin-spin
correlation functions on a finite lattice. Starting from this formula, we will explain how to take
the thermodynamic limit and extract the large distance asymptotic behavior of the correlation
functions step by step from their lattice expressions. As the master equation representation
also applies to other integrable models [, we will briefly describe how to implement the XXZ
related analysis to the computation of the asymptotic behavior of the density-density correlation

functions in the interacting Bose gas in one dimension.

As already mentionned, our starting point is the master equation representation for the
physical correlation functions in finite volume such as the two point functions depending on a
distance m. Let us now briefly explain its main features (we refer the reader to the original
articles [p0, ] for more details).

In the case of physical correlation functions, the dependence on the distance m appears
in the form of the m' power of the elementary shift operator. This operator in its turn, is
some function of the transfer matrix of the integrable model at hand. The first step towards
the master equation is to consider an integrable deformation (twist) of the transfer matriz (and
hence of the shift operator) depending on some continuous parameter x. This parameter is
chosen in such a way that one recovers the usual correlation function at say x = 1, and such
that the spectrum of the twisted transfer matrix for x around some kg is simple and disjoint from
the one for kK = 1. These properties allow us to sum up exactly the form factor type expansion
of the k-deformed correlation function with respect to the eigenstates of this k-twisted transfer
matrix (for any x in some neighborhood of kg) in terms of a single multiple contour integral
that we call the master equation representation. The original correlation function one started
with (corresponding to the point k = 1) is then reconstructed at the end of the computation
from the knowledge of its values in an open neighborhood of k.

Originally, such a representation was first derived in [B(] for the generating function of the
longitudinal spin-spin correlation functions of the finite XXZ chain. This generating function
is given by the ground state average value of the operator ¢9m [BY], where 3 is an arbitrary



complex number and

m

1
Qm = 5 Z(l - O-TZL) ’ (13)
n=1
so that we have
s 0 50
(oi05u1) = 2D% 5 (e?®)|  +2(e%) -1, (1.4)
=0

where the symbol D2, stands for the second lattice derivative :

Dy, f(m) = f(m+1) + f(m — 1) = 2f(m).

Setting k = €, the operator e9m can be rewritten as

m
14k 1-—k
B0 _ H( LN a;>, (1.5)

n=1

and, thanks to the solution of the quantum inverse problem, it is shown to be equal to the m*-

power of the k-twisted transfer matrix multiplied by the m!-power of the inverse of the usual
transfer matrix. Hence it is the simplest example for which the master equation representation
can be obtained.

Analogous representations were obtained for other correlation functions of the XXZ chain in
[61]]. Moreover, the time dependent case can even be considered along the same lines [i9]. Later
on, we also derived similar representations for correlation functions of a wide class of integrable
systems (including continuous theories) possessing the R-matrix of the six-vertex model [4].

One of the first problem to solve in this approach is that it is a priori not easy to take the
thermodynamic limit directly in the master equation, for example for (¢?<m). This is due to the
fact that, in this limit, the number of integration variables involved into the master equation
tends to infinity with the size of the lattice. However, starting from this representation, one can
obtain various series expansions for the above master equation representation for the generating
function. In these series representations the thermodynamic limit can be taken rather easily
£0. @)

In this article we give a new expansion of the master equation, appropriate for the study of
the long-distance asymptotic behavior of the generating function (e?@m). The key idea is to
consider the master equation written as a multiple contour integral such that the only poles of
the integrand inside the contour are at the Bethe parameters characterizing the ground state.
It turns out that the algebraic structure of these poles is given by the square of a Cauchy type
determinant, in complete analogy with the free fermion case. In fact this feature is quite general
and will appear for other correlation functions and other models as well, although with various
minor modifications.



Then, the next step of the asymptotic analysis also takes its roots in the free fermions case.
There, the obtained series is the expansion of a Fredholm determinant of an integral operator

I+ V) (see (R.43)),
1
(€0 y =3 o [ A detn Yoy M) (16)
n=0

its kernel Vy depending on the distance m. It is known from the analysis of such kernel that
the main contribution to the m — oo asymptotic behavior is generated by the traces of powers
of the kernel Vp, tr(V}). Independently of the power k involved, every trace behaves as O(m).
Therefore the natural idea would be to reorder the series ([.) in such a way as to obtain an
expansion with respect to tr(VOk). This can be easily done by presenting the determinants in
([.9) as a sums over permutations provided the latter are ordered with respect to their cycles
decomposition (see for example [[L1]).

In the case of a general anisotropy parameter A, the series of multiple integrals for the
generating function cannot be reduced to the form ([[.§)). Nevertheless, it can still be reordered in
a way similar to the case of free fermions. Such a reordering leads to the appearance of multiple
integrals of a special type that we call cycle integrals (see Section ). These cycle integrals
play the role of analogs of tr(%k). Each of them has a computable long-distance asymptotic
behavior that we recently obtained using Riemann-Hilbert techniques applied to the Fredholm
determinant of an integral operator with generalized sine kernel [i]. Our strategy is then rather
simple: wusing the asymptotic behavior for each cycle integral, we can sum up asymptotically
the multiple series corresponding to the generating function (e#<m). Tt so happens that such
asymptotic series exponentiates in a natural way that mimic a Fredholm determinant expansion.
However, in our case, all integrals are coupled in a non trivial way, and the correlation function
itself is not a Fredholm determinant (except in the free fermion point). What happens is in fact
an effective decoupling of the cycle integrals for large distances. We believe that this strategy
can be applied to quite general cases although the details should be adjusted accordingly.

As a result of this procedure, we are able to find the desired long-distance asymptotic
behavior for (ef<9m):
(#9my = 3" GO(B + 2mio,m)[1 +o(1)] (1.7)

o=0,%t

where we have defined the function

BQ z2

GO(B,m) =C(B) - "mPm =T . (1.8)

Here C((3), D and Z are constants depending on the thermodynamic quantities that can be
computed in terms of the low energy spectrum properties of the XXZ chain. This spectrum
can be characterized by the solutions of the system of Bethe equations (2.3) [, [3]. In the



thermodynamic limit, the ground state of the model appears to be the Dirac sea in the momen-
tum space: the spectral parameters of the particles occupy the interval [—q, ¢] with a density
p(A). The Fermi boundary ¢ of the interval depends on the anisotropy parameter A and on
the magnetic field h. Note that ¢ remains finite for a non zero magnetic field, while it tends
to infinity in the vanishing magnetic field limit. In the present article, g will be kept finite in
all computations. However, the final expressions that we obtain are well defined in the zero
magnetic field limit as well. In the Bethe ansatz framework, ¢ and p(\) can be obtained in the
following way. Let €(\) be the dressed energy, that is to say the solution of the integral equation

() + 5 [ KO ) e(u)d = h— 2pp(NsinC, (1.9)

where
_ sin 2¢
K@) = sinh(\ + i¢) sinh(A — i¢)’

cos( = A, 0<(¢<m, (1.10)

and po(\) is the bare momentum of the particle (see (B.G)). Then ¢ is such that e(g) = 0.
Similarly, the ground state density p(\) [p0, 3] satisfies a linear integral equation

pO) + 5= [ KO = ) o) di = 5V, (1.11)

The dressed momentum is closely related to the density as

A
p(A) =27 /0 p(p) dp. (1.12)

The Fermi momentum, denoted as p,, is given by its value at the Fermi boundary, p, = p(q).
The average density D is related to the ground state magnetization (o*) and is expressed in
terms of the Fermi momentum as

(c*)=1-2D, D= /p(,u) dp == (1.13)

Note that D = % in the case of a zero magnetic field hence implying a vanishing magnetization.

Another constant appearing in the asymptotic behavior ([l.§) is the quantity Z. It can be
identified with the value of the dressed charge Z(\) at the Fermi boundary, Z = Z(+q). We
recall that Z(\) satisfies an integral equation similar to (|L.11])

Z()\)—}—%/K(A—,u) Z(p)dp =1, (1.14)
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and can be interpreted in the XXZ model as the intrinsic magnetic moment of the elementary
excitations [Bg].

Finally, the constant C(8) in ([.§) can be computed in terms of a ratio of four Fredholm
determinants. The associated integral operators have compact support on contours surrounding
the interval [—q, ¢]. The explicit formulas are given in Section f.1. At this stage, we would like
to make two important remarks.

The first one concerns the fact that all the Fredholm determinants involved in our compu-
tations, for example those appearing in the constant C(3), are associated to bounded integral
operators acting on some compact contours surrounding the finite interval [—q, q]. Due to the
finiteness of ¢, all these determinants take finite values, which is a direct consequence of working
at a non zero value of the magnetic field. When ¢ — oo the contours are no more compact
and the corresponding Fredholm determinants diverge. It can nevertheless be checked that,
in the zero magnetic field limit, the overall constant C(8) appearing in the final answer ([[.§)
remains finite although each of its individual parts (i.e. the four above mentioned Fredholm
determinants) diverges in this limit.

The second remark is the following: since the operator ¢®2m ([L.J) is a polynomial in x = €?,
the generating function should be a 2mi-periodic function of 5. Of course, the leading term
of the long-distance asymptotic behavior is itself not necessarily a periodical function of S.
Nonetheless, our analysis shows that this a priori broken periodicity is at least partly restored
by the first oscillating correction to the leading term, as it can be seen from the equation ([[.7).
More precisely, the result of the direct computation of the first oscillating correction to the
asymptotics ([.7) can be reproduced by a simple shift 3 — (8 + 27 from the non-oscillating
term. This property, that we will prove here, has been recently used in [If] to get predictions
for the asymptotic behavior of e?2m at zero magnetic field.

The long-distance asymptotic behavior of the longitudinal spin-spin correlation function
then can be extracted from the one of (¢%9m) using ([L4). At the first leading orders, it reads,

222 5 cos(2mp,.)
m2m2 2R C om22®

(070711 1cating = (07)7 = (1.15)
where F; is related to the properly normalized form factor of the operator ¢ between the
ground state and an excited state containing one particle and one hole sited at the two different
boundaries of the Fermi sphere, namely at ¢ and —gq; hence, it corresponds to an umklapp
process [R7, B, B4]. The factor 2 in front of |F,|? just corresponds to the two possible states
of this kind. This result agrees with bosonization and conformal field theory analysis. Note
however that, in the thermodynamic limit, all form factors scale to zero as some power of the
size of the lattice. The precise coefficient and proper scaling behavior of the form factor which
results from our computations is therefore rather non-trivial. We have nevertheless checked
that, at zero magnetic field, this constant F, goes to a finite value, and that it agrees to second
order in A around the point A = 0 with the predictions given in [54, 5, £6].
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This article is organized as follows.

In Section P, we explain how to obtain, in the case of the XXZ spin chain, a new series
expansion for the master equation representation of (eﬁQm>, that is suitable first for taking
the thermodynamic limit and then for extracting the asymptotic analysis of this correlation
function.

This expansion is written in Section [] in terms of cycle integrals. Then, we recall the results
of [id] and apply them to get an asymptotic expansion of the cycle integrals in a form adapted
for their asymptotic summation.

The asymptotic summation of these cycle integrals is described in Section . It is divided
into several steps according to the different nature of the terms to sum up. In particular one of
the steps uses a generalization of the Lagrange series (the details are given in an appendix).

This procedure enables us, in Section [, to describe the asymptotic behavior of the cor-
relation function (e#9m) at large distances m. We show the existence of both oscillating and
non-oscillating terms that we compute at the leading orders. The asymptotic behavior of the
longitudinal spin-spin correlation function follows and is also given in the same section. It
confirms at the leading order the predictions from bosonization and conformal field theory.

In Section [, the whole procedure is applied to another model, the one-dimensional interact-
ing Bose gas, for which we compute the asymptotic behavior of the density-density correlation
function.

Finally, various technicalities are gathered in the appendices. We would like in particular to
draw the reader’s attention to Appendix [J which contains rather essential ingredients for the
summation described in Section [

2 Master equation and its thermodynamic limit

As already mentionned in the Introduction, the main object of study of this article (at least up
to Section [j) is the ground state expectation value of the operator e/9m ([[.J) for the XXZ model
(@) in an external magnetic field. In this section, we recall the master equation representation
obtained in [@, @] for this operator in the finite chain, and show how such a master equation can
be expanded into some series suitable both for the thermodynamic limit and for the asymptotic
analysis performed in the following sections.

2.1 Master equation for (e7<9m)

The master equation gives a multiple integral representation for the expectation value of the
operator e%9m with respect to an N-particles Bethe eigenstate |1/({\})) of the Hamiltonian. It

12



reads,

(ohomy _ DI ((A)
GODRAD)

2
NS ﬁ (o [dety Qu({=}, AN
T . N

() 7 2mi 1(Aj) d(X)) l;[lyﬁ(zj’{z}) det (>\ \{A})

(2.1)

The various quantities entering this representation are all rather universal objects in the context
of the Bethe ansatz. Let us explain their meaning.

The parameters Aq,..., Ay describe the specific eigenstate [¢)({A})) in which the average
value is computed. From now on, this state will be the ground state of the XXZ chain ([[-])
in a given magnetic field h and for some anisotropy A = cos(, 0 < ¢ < 7. In this case, these

parameters are real numbers [Bf] which satisfy the system of Bethe equations
YA{A) =0,  j=1,....N, (2.2)

with

=z
=

V(p{A}) = alp H sinh(Ap — p — Q) + d(p H sinh(Ap — p +iQ) . (2.3)

Here a(p) = ad! (p) and d(p) = d}! (1) are the vacuum eigenvalues of the transfer matrix, with

ao(u) = sinh(u— ), do(u) = sinh( + ). (2.4)

The whole explicit dependence of (R.1)) on the distance m is contained in the function I(z),
which can be expressed in terms of ag and dj as

_ aO(M) " _ Sinh(,u _ ?C) — eimpo( )
) = (do(u)> a <sinh(,u+ 7)> B . (25)

where
, sinh(p — %)
polis) = —ilog | 22— 3) (2.6)
sinh(p + %)

plays the role of the bare momentum of the pseudo particles (see also ([.10), ([.11])).

Besides the function Y(\;[{\}), the master equation (R.1)) contains also a function Y, (z;|{z}),
k = €, which naturally appears in the definition of the k-twisted Bethe equations associated
to the spectrum of the k-twisted monodromy matrix (see [pQ]). It is given as

Ve(ul{z}) = a(p H sinh(zp — p —i¢) + kd(p H sinh(z — p + i) . (2.7)

k=1 k=1
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One more object entering (P.1)) is the determinant of the matrix Q,, with matrix elements

’:12

() ({2} {AH2D) = alAg) tlzr, A sinh(zq — Aj — i)

a:l
N
— rd(Nj) t(Aj, zx) H sinh(z, — Aj +iC), (2.8)
a=1
where
—isin(
t(z,\) = .
(2N = G =V smb(z = A=)

(2.9)

The determinant of this matrix describes the scalar product between any eigenstate of the
twisted transfer-matrix and some arbitrary state (see [50, f5]).

It remains to describe the integration contour I'({\}) appearing in equation (R-1)). For every
variable z; the integral is taken over a closed contour surrounding the points A1, ..., Ay and such
that any other singularities of the integrand (i.e. the roots of the system Y. (z;|{z}) = 0) are
located outside this contour. Since here the parameters Ay, ..., Ay decribe the ground state of
the XXZ chain in a non-zero magnetic field h, they are real numbers and, in the thermodynamic
limit, they fill the interval [—¢,q] (with ¢ finite, see ([.9)) with a density p()\) satisfying the
linear integral equation ([L11)). Therefore, the integration contour will be chosen such as to
surround the interval [—g¢, q].

It is worth mentioning that the integral representation (R.1) only holds for |#| small enough.
This restriction does not cause any problems: the expectation value of 2™ is a polynomial in
k; thus it is enough to know this polynomial in a vicinity of £ = 0 and then consider its analytic
continuation. One should however remember that it is not always possible to analytically
continue directly the integrand of (B.I]). For instance, at k — 1, one of the solutions of the
system YV.(zj[{z}) = 0 goes to {A}, and an integration contour I'({\}) satisfying the above
desired properties does not exist anymore.

2.2 Transformation of the determinants

The integrand of (R.1]) has poles at zj, = A; and, formally, the multiple contour integral in (R.])
can be computed by residues at these points. These poles are contained in the determinants
det €2,,. More precisely, each of these determinants has simple poles at 2z, = A;, which means
that the integrand have double poles at these points.

In order to be able to analyze the contribution of these poles, it is convenient to extract
them explicitly from det Q.. This extraction can be done in several ways. The method we
present here consists in extracting a Cauchy determinant from each det €,; using the fact that
the parameters A are solution of the Bethe equations. It allows us in particular to show that
det Q0 is proportional to x — 1.

14



Proposition 2.1. If the parameters Ay, ..., AN satisfy the system of Bethe equations, then

dety O ({2}, DNV {2}) = detn <m> - ﬂ {a()\j) [n&&; _ 1} }

Jj=1
1—«x

V) —wvle)

N
[ sinh(z — Ao — i) - det (@-k + U (9)) . (2.10)
a,b=1

or

dety ({2} D) = et (=5 ) 0 {an) {% -/}

J

j=1
1-k N (2)
X V@) —rVi(0) alb_Il sinh(A\q — 2p — iC) - dety (6]~k + Uy, (9)) . (2.11)

In these expressions, 0 is an arbitrary complex number, and

_ A N sinh(p — Ay £ Q)
Vai(p) = Vi <M ! {z}> = 1_[1 Snh( = 2 £i0) (2.12)

The entries of the matrices UM () and U (0) are given by

a=

N
o0 gy A 0 ) - K- )
Uji' (0) =75 Vo0 a0y (2.13)
[T sinh(he — ;) + VTRV
7
7 s h A
v 9) = L Y O EY ACEY) (2.14)
J N — ’ ’
[] sinh(zg — z4) V=) = KV ()
pos
with
K. (X\) = coth(\ +i¢) — Kk coth(A —i() . (2.15)

The proof of this proposition is given in Appendix [A.

Remark 2.1. One can observe that det €, is proportional to 1 — k. However, the second line
of (B.10) or of (R-I7) does not necessarily vanish at £ =1 (8 = 0). Indeed, if z; = A; (modulo
the permutation group) for all j =1,..., N, then Vi (#) =1 and the factor 1 — k cancels. Such
situation can arise in the process of evaluating the multiple integral (R.1]).

15



In the representations (R.1(), (B-11]), the poles at 2z = Aj are gathered explicitly in the

(A2)

two Cauchy determinants. The entries of the matrices U contain singularities at A\; = Ay

respectively z; = z;), but the corresponding determinants are obviously not singular, since
Y Zj g y g
the original det (2, vanishes at A\; = A\, or z; = 2. To make this fact explicit, we present

(X2)

the determinants of the finite size matrices d;; + Ujk as Fredholm determinants of integral

operators acting on a contour I' surrounding the points {\} and {z} (see Fig. 1):

('q Al A e AN } R
N )

ez]

Figure 1: The contour I'.

z 1 > z
det [@»k + UG >(9)} = det [1 + Q_M_Ug% J(w,w)], (2.16)
where
~ — K ol - K !
T (w H Z“ “(“il w) ’1(19 ) (2.17)
it Aa) Vit (w) = eV (w)
and

(2.18)

N mhw Aa)  Ki(w—w') — Ky (w—0)
1;[ —24) V_(w) — kV(w)

The equivalence of the two representations (R.16) is proven in Appendix [A.3.
Using these results, we can rewrite the master equation (R.1]) in the following form:

L Ve) 1) o — V—(Zj))

(#omy = L 7{ 11 42 impo(z;)—po(r)) < ) < Vi)
N! i1 2mi ~Na(z) N sinh(zq —2;—1()
INCRV K+ (_1) d(zj) al;Il sinh(z; —zq—1i()

1 = (A1, AN 1 ’
W | dety ———— 2.19
% dety O N (zl,...,zN> ( o sinh(zy — )\j)> » (219)



— (Mo ) = () Ty sinh(za — Ay — i¢) sinh(Ap — 2, — iC)
Wy < . ) =Wy < {z} ) B alb_Il sinh(z, — 25 — i¢) sinh(A\, — Ap — ()

(k —1)2det (I + =0, ) det <I + 2%”(79(5) (w,w’)) )
(Vi (01) = KV (91))(V (62) — KV (62))
and
N -1
Ojk = <a(Aj) [ sinh(Aa = X - ig)) : %A’L{A}). (2.21)
a=1

It is important to note that the function W (B-20) is a symmetric function of the variables {z}
and also of the variables {\}. Moreover, it possesses the recursive reduction property

= A e Aty . -
() (), -
Z1y «+e-y AN

Zly «voy EN—1
The entries of the matrix © contain the Lieb kernel K (\) defined in ([.1(),

ZN=AN

a(A; al

) .
d(A;) Z;K(Aj — )\a)> +iK (A — ) - (2.23)

®jk = 5]’]9 <1og'

2.3 Expansion of the master equation

We now express the master equation as series appropriate for taking the thermodynamic limit.
Replacing one of the Cauchy determinant by the product of its diagonal elements we re-write

equation (R.19) as

N
=g, f I () (1)

r({Ap 771

A 1 h (2l {23 — 1 1
. 1:[ m dety [ sinh(z, — A;) + sinh(z — )\j)] » (229)

(A A A
e () o () 1 )
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and

. ™ o
S Sy R G
hy (zrl{z}{A}) = : (2.26)

I{—F( ) N a(zg) H sinh(zq —2,—1()

d(zr) sinh(zp —za—1i()

Note that the function V defined by (B.2) satisfy similar properties to W: it is also a symmet-
ric function of the variables {\} and of the variables {u} separately, and possesses the same
reduction property:

)\1,...,)\]\7 )\1,...,)\]\7_1
N <,U ’ ) =VnN-1 <,U ’ : (2.27)
Z1y «+e-9y AN Z1y «veey EN—1
ZN=AN
As for hy (R.26), it possesses also interesting reduction properties. Indeed, the Bethe equations

(B-2) for {\} ensure that, for any k and sin 1,..., N,

hv (2 {zHHAD], 20, = 1, (2.28)

-l {AF\ A O,Q(AS)_iN B
Zk=>\s_ Ve <)\S | {z}\ Zk> (1 & d(\s) ;K()‘s )\a)> . (2.29)

It follows in particular from (.2§) that the first part of the determinant in (R.24) is holomorphic
at 2z = A\j.

and

0
T%hN(Zk!{Z}\{A})

Let us now expand this determinant via the Laplace formula. We obtain

N .
1 dz; em(po(zj)—po(X;)) ) N )
BQmy — az; ‘ ‘ ‘
(e ) dety © Jl:ll {2m' sinh(z; — A;) VN [ A (2} Wn (2}
INCEY ) R

y Z T (1) PP ety [’W@k‘{z}’“}) - 1} detycs (2.30)

mr e Wi sinh(z, — Aj) jeasinh(zy — Aj)°
A ={AaU{A}a
#Y=Ha=n

The above sum runs through all possible partitions o U & and v U4 of 1,..., N such that
#7 = #a = n. The sets of parameters {\} and {z} are divided accordingly into disjoint subsets
{A} = {A}aU{A}a, and similarly {z} = {z},U{z}5. Moreover, we specify that the parameters in
each subset are ordered in the canonical way, namely {A\}o = {Aa;, Aag,--- F With a1 < ag < ...
etc. Finally, [P(«)] (respectively [P()]) stands for the signature the permutation P such that
P(a,a) =1,...,N (respectively P(v,5)=1,...,N).
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Lemma 2.1. In the multiple integral (2.30),
1. the only non-zero contributions come from partitions such that v = «a;

2. the first determinant in ([2-30) contributes only through the product of its diagonal ele-
ments.

Proof — Let us consider a partition such that 7y # «. Then there exists ¢ € v such that ¢ ¢ a.
Let us consider the integrand of (R.30) as a function of z,. At first sight it has a simple pole
at zy = A, and also simple poles at the points zy = A; for all j € a. Yet, due to the property
(R.29), all the corresponding residues are equal to zero. Hence, the integral over z, vanishes.
Thus we conclude that only partitions such that v = « yield non-vanishing contributions to the
integral.

It remains to prove the second part of the lemma. Let us consider an off-diagonal contri-
bution coming from the first determinant. Hence there is a variable z; € {z}, such that the
integrand, considered as a function of this z,, has at most simple poles. However, due to the

presence of the factor hn(zx|{z}[{\}) — 1, their residues vanish. O
Thus,
N
1 dz; NI {A\} —~ {A\}
BOmy\ _ 253 pim(po(z;)—po(Xj)) | . .
(e ) dety © 1_[1{2m' © ’ VN <)\] | {z})} Wy < {z}
r({ap 7=
hi ({23 A} — 1] 1
det; reg — . (2.31
" Zo 2 e = 1l [ I W R B e e Ml
#a=n

The integrals over {2z}, can now be easily computed using (£.29). We obtain

dz; o (0 {A\}a
BQm _ 22 . gim(po(z5)—po(A;)) | , a
e T I ()

=0 CVUCV ({)\}) Jea
{A}a . - ‘ ; A ) ;
X W ( (s g(2WZMP(AJ)) kl;{é Sinh(z — M) det; rea Snh(zr — A)) (2.32)
where
a(\;) N
o B j ' |
2miMp(A) = log' GRS = ; KX = Xa). (2.33)

The notation p(A) is motivated by the fact that p(A) goes to the ground state density p(\)
(L.11) in the thermodynamic limit.
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It remains to replace the summation over partitions by a sum over individual \’s. Let us
denote by A the original set of spectral parameters {A1,...,Any} describing the ground state.
We then have

1 CmiMp(A
son, _ 1=
(e dety © Z n' Z H <2mMp >
An€AJ
"odys Wn(po(zg) po(Aj I’y 1
— . —. (2,34
. H2 H smhz]—)\) Fn {z} - detn " sinh(zg — Aj) (2:34)
ryp T

with
MY = (T ey
A () m () (0 1) -

2.4 Thermodynamic limit

Recall that the thermodynamic limit corresponds to N, M — oo in such a way that the average
density D = N/M remains fixed. In this limit, discrete sums over the ground state Bethe
parameters A\ turn into integrals over [—q, ¢] weighted by a density function p(\),

MZf»—>/f (2.36)

It is easy to compute the limit of the pre-factor in (.34). Using the notation (.33), we can
express the determinant of the matrix © (2.23) as

N K\ — \g)
_ A TAOGY) B =) 2.
dety © ]Hl (2miMp(N;)) - dety [@k =y o) (2.37)
The equation (£:33) for p(\) can be written in the form
L
2m5(0) = ph(A) — = 3K Qy — M), (239)
a=1

Replacing the sum by the integral and using the integral equation for the ground state density
(L11), we find that in the thermodynamic limit 5(A) — p(A). Therefore the determinant in the
r.h.s. of (:37) goes to the Fredholm determinant of the integral operator I + %K acting on

[_q’ Q] ) nam61Y>

N
1
dety © - [ ] (2midp(A;)) " — det [I + 2—[(} ., N,M — oo, (2.39)
T
j=1
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where the integral operator acts on the interval [—q,q].
Hence, in the thermodynamic limit, the generating function (e#9m) is given by the following
series of multiple integrals:

q
1 1 modz; dX;
BOm\ _ - J J
(e >_det(I+%K)Zn! 7{ H m/H T

n=0 (g 71T g 971
{)\} n eim(po (zj)—po(Xj)) 1
7 ( {z} jl_[1 sinb(z; — ;) " sinh(z — ) 240

The question of convergence of this series is quite complicated. To understand this topic a
s

little better, let us consider the free fermions point A =0 (¢ = 7).
In this point the terms of the series can be significantly simplified. Indeed, it is obvious from
(-13) that V, = k — 1 for ¢ = 5. It is less trivial, but true (see Appendix [B), that W, = 1.

Therefore F,, = (k — 1)", and we have

o = OO T [T

n=0 r([~q.q)) 7

The integrals over z; are now factorized and can be taken explicitly. We obtain

(e99m) ;= Z(E;i!l)n/nd)\j-detn [Sin(%gz}(i;i__lfk(?k))) . (2.42)

n=0 Zq 7=1

The series (R.42) is an expansion of the Fredholm determinant of the integral operator I 4+ V;
with kernel

sin { 2 [po(X) — po(p)]}

VO()" ,u) = (’{ B 1) Wsinh()\ — M)

(2.43)

The general theory of Fredholm determinants ensures that the series (R.49) is absolutely con-
vergent and define an entire function of x. It means that the expansion coefficients decay faster
than exponentially.

In the case of general A, the series (2.40) cannot be reduced to a simple form as in (P-49). As
mentioned above, the analysis of its convergence is therefore rather complicated. Nevertheless,
taking into account that the XXZ chain with a general anisotropy parameter can be considered
as a smooth deformation of the A = 0 case, we shall assume in the following that the expansion
(B40) also is absolutely convergent.
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As a conclusion to this section, we would like to stress the role of the non-zero magnetic field.
As we already mentioned, the support of the ground state density at non-zero magnetic field is
a finite interval [—gq, ¢]. Therefore, all the multiple integrals in the series (R.4() are convergent.
The pre-factor det[] + %K |71 is also finite. However, at zero magnetic field, ¢ — oo, and it is
casy to see that each separate integral in the series (R.4() becomes divergent. This divergence
should be of course compensated by the divergence of the Fredholm determinant det[] + %K ].
The latter becomes ill-defined at ¢ — oo, because the kernel of the integral operator depends
on the difference of the parameters, i.e. K = K(A — p). It is not clear, however, how one
can extract the finite part from the representation (R.40Q) directly at h = 0. Therefore one can
say that the non-zero magnetic field plays the role of a regularization in the framework of our
approach. We will check however that, in the end of the computation, the obtained results have
smooth limits at A — 0.

3 Cycle integrals

Even in the simplest case of free fermions where the multiple integrals are decoupled, the
calculation of the large m behavior of (¢’2m) remains non-trivial. Indeed, one has to analyze
the large m behavior of the Fredholm determinant of the integral operator I + Vi whose kernel
is given in (R.43). In the general case, the situation is even worse as the multiple integrals are
highly coupled and hence the corresponding series cannot be identified with the Fredholm series
for the determinant of some integral operator.

However, the series (R.4() can be rearranged in a specific way, making possible the asymptotic
analysis of its separate terms. The key observation towards such a rearrangement comes from
the free fermion point. There the leading asymptotic effect is produced by traces of powers of
Vo @ tr(Vy) behaves as O(m) when m — oo for k = 1,2,.... Analogs of such traces of powers
of Vi will be given, in the general case, by the following type of integrals:

B ds» ‘ ds\ ) 5 eim(po(z;)—po(X;))
L:16s] = }{ (2mi)® / (27i)® Gs ( {z} ) H sinh (z; — A;) sinh (z; — A\j41) (3.1)

r(-qd) 4 =t
in which the 2s integrals are coupled via some holomorphic function G of 2s variables A1, ..., Ag,
21,..., %, Symmetric separately in the s variables A and in the s variables z. Note that, in (B.1]),

we identify Ag41 with Ap.
In in this section, we explain how the representation (R.40) can be decomposed into such
integrals, and how to analyze the asymptotic behavior of the latter in the large m limit.

3.1 The cycle expansion

The decomposition of the series (B.40) into multiple integrals of the form (B.]), which plays
a key role in its asymptotic analysis, comes directly from the cycle expansion of the Cauchy
determinant. In this article we use the following definition for a cycle:
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Definition 3.1. Let A = (a;;) be an arbitrary n x n matriz. A cycle of length ¢ is any product
of entries of A of the form

Aj1,j2 Aja,gz «+ - Aje_1,50 Aje,gn -
With this terminology, integrals of the form (B]) will be called cycle integrals.

It is well known (see e.g. [[L1]) that the determinant of any matrix A can be presented as a
sum of products of cycles of different lengths. We call such a representation of a determinant
its cycle expansion. In our case, the determinant we need to decompose into cycles (namely, the
Cauchy determinant in (2.40)) is part, together with some symmetric function, of the integrand
of a n-fold integral. For such kind of representations we have the following result:

Proposition 3.1. Let €, and €, be two curves in C, g a continuous functions in (z,\) €
€. X 6x, and G, a continuous function in n variables X and n variables z on €y x €'. As-
sume moreover that, for any permutation o € &, G, is invariant under replacements of pairs

(Mirzi) = (Mo(i) 20(s)) - Then,

d"A /d"z Gn ( g\i ) dety, [g(zi, Aj)]

- Z C(n|{£}) /d”)\/dnz gn< > IT oGz A, (32)

51, en=0 tGJ{g}
Z klr=n
k=1

‘f”A

where

Here Jyyy denotes the following set of triplets, associated to the configuration given by ¢y, ..., Ly,

Joy ={(5,p,J) 1 1<s<n, 1 <p<At, 1 <j<s), (3.4)
and, fort=(s,p,j), t+ 1 denotes the triplet (s,p,j + 1), with (s,p,s+ 1) = (s,p,1).

Remark 3.1. The notations introduced above should be understood as follows: s labels the
length of a cycle, £ stands for the number of cycles of length s and j marks the position of
the variable in the corresponding cycle. Hence, for ¢ = (s,p,j), tt = ftsp; stands for the gt
variable of the pt" cycle of length s. In this notation we assume that Posps+1 = fhsp,1-
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Proof — Let g be a n x n matrix. Then,

1 o" 1 n
det,[g] = o (9—7"det nlI + 9] - == a—exp(trlog[[—i—’Yg]) o
L (D
= 3—’)’"81_[16)(13{ . tr(g®) »
1 o “
== Z c@l{ey) TT [ tr(e®)) ™
v 01y0bn=0 s=1 =0
= Z C(nl{t}) H[ r(g")]". (3.5)
l1,....0n=0
Ekﬁk n

Substituting here g;; = g(z;, A;) and writing explicitly all [tr(g )]ZS, we obtain

n n fs n s
det,, [g(zi,)\j)] = Z C(nl{t}) H H Z Hg(zi(w’j),)\i(s’p’jﬂ)) , (3.6)

l1,....8n=0 s=1p=1 (s p1)ssi(s,p,s)=1 =1
Zkﬁkin (s;p,1) (s:p»5)
It remains to observe that, in the product of functions g(zi(s,p,j)’)‘i(s,p,jﬂ))a all i(5 ;) should be

different, otherwise the corresponding term does not contribute to the determinant (all other

contributions eventually cancel out). Hence, the multiple sum over i is in fact the sum

$,,4)
over permutations:

det,, [g(zia)‘j)] = Z C ’I’L|{f} Z H 9\Zo(t)s a(t +1) (37)

l1,....0n=0 geB, tEJ{g}
Zkﬁk:n

Due to the symmetry properties of the function G,,, all the terms of the sum over permutations
give the same contribution to the integral. O

Let us apply this result to the Cauchy determinant under the multiple integrals in the series

(-40Q) for (e?9m). We obtain

o <<eﬁQm>>
= G K] )

with

q
d"z d”\ {\}
-3 3 ol f g | oy ( {z})
n=0101,....n=0 - -
Zk;fk n ([ q7‘]]) q
etm(po(zt)—po(At))

x H sinh (z; — A\¢) sinh (2p — A1)
tGJ{l}

(3.9)
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It is actually convenient to remove the constraint k¢, = n on the summation variables ¢; in
the sum (B.9). This can be done by introducing, in the n'® term of the series, an n'i-derivative
over some auxiliary parameter v, similarly as in the proof of Proposition B.J):

=1 = =l 1)kHLyk dz dA
BOmy il t ]
(emy =2 a2 Hg( ) § s / i
n=0 Oy b= I'(Zq.q) tEJ{f} —q !

eim(po(zt)—po(\t))

% ﬂJ{Z}' < ) tGJ smh (Zt — )\t) sinh (Zt - )‘t—l—l) ’
v=0

(3.10)

where |Jgy| = Xkéy denotes the cardinal of the set Jgy (this cardinal is no longer equal to n
since we have removed the constraint).

The n'® term in the series for (e?9m) is thus expressed as some sum of multiple cycle
integrals of the form (B.1]). Note however that these cycle integrals are coupled through the
function F Jeayl which involves the total number 2|.J; | of variables, and not only the 2s variables
associated to a given cycle. In order to formalize this fact, we need to introduce some notations.

Let us first recall the standard order on N3:

(t1,t2,t3) < (u1,u2,us3) < {t1 < uj or {t; = uy and {t2 < ug or {t3 = ug and t3 < us}}}},

and let 10 be the identity operator on functions of one variable A and one variable z:

o2)+(2)

For some cycle configuration {¢}, we define Z, ) as the functional acting on functions G gyl of
2|Jggy| variables Ay and z;, t € Jyyy, as the cycle integral T (B1) over the variables A, i, 2 j,
1 <5 <s, e

Iip= @ o QL & o - (3.12)
~—
t<(s,m,1) Varlables t>(s,m,5) variables
ty 2t ty 2t
Note that the action on gu{m of a single Z(, ;) (associated to a given cycle (s,p)) still produces
a function (with respect to the other variables). However, the action on G o] (denoted here
with the symbol *) of the product of such functionals Z(, ,) with respect to all cycles,

n £ n £ s
. 2 dzs dg {Aspi}
HHI %G :HHH jé ,p,J/ 5P < PJ )
(s,p) [J1ey] 9170n | ‘
s=1p=1 o s=1p=1j=1 2m 2mi o {Zs,p,j}

im(po(2s,p,5)—P0o(As,p,5))

e
<11 H H :
sinh (25,p,j = Asp,j) sinh (2555 —

s=1p=1j=

. (3.13)

Asp,j+1)
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produces a number, since all variables A and z are integrated.
This notation enables us to recast the generating function in a quite compact form:

1 o
BOmy\
e = G1.m , 3.14
(P nz%n, g G| (3.14)
where
1)k
Gr.n(7) = Z H@( > HHISP * Flagg) - (3.15)
1y, €n=0k=1 s=1p=1

Therefore, the whole problem of the asymptotic analysis of the series (R.4Q) for (e%<m)
reduces to the derivation of an asymptotic formula for Gi._, (), which may however involve
some difficulties. First, all the cycle integrals are coupled among them through the function
F Tyl Nevertheless, for large m, the asymptotic behavior of every set of cycle integrals can
be computed separately, independently of the other integrals. Then the asymptotic formula for
multiple cycle integrals can be obtained by applying consequently the results of the analysis of
each pure cycle integral Z, ;) to the corresponding group of cycle variables {QAs ity <j<s and
{zspiti <j<s while considering the remaining variables fixed. Passing from the exact formula to
the asymptotic one produces a very powerful effect: due to peculiar properties of the function
F Tyl the cycles become “quasi-decoupled” in the m — 400 limit. Such a quasi-decoupling is
enough to perform the sum over all the possible numbers ¢, of cycles of length k.

The summation procedure of the asymptotics of multi-cycle integrals will be presented in
Section fl. However, first we need to remind the results of [ifi] concerning the asymptotic analysis
of pure cycle integrals.

3.2 Asymptotic analysis of cycle integrals

The asymptotic study of cycle integrals of the form (B.1)) was performed in [if] from the one of
the Fredholm determinant of a generalized sine kernel. It was shown there that such integrals
admit, up to any arbitrary order ng, an asymptotic expansion of the form

Z,[G] = I{V[G.] +Z {mimose)(g,]
irm —po(— - 1 n;r logsm
+ Z eirmlpo(a)—po(—q)] Z WI‘E ; )[gs]+o<w>. (3.16)
rezr n=2|r|
|r|<3

The leading behavior (up to o(1) corrections) is given by {0 [QS] which contains a linear term
in m, a term proportional to log m, and a constant term. Its explicit form, which was computed
in [q], will be specified later. This leading term admits two kinds of corrections: oscillating
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(containing an oscillating factor e"m[po(q)*po(*q”), and non-oscillating ones'. Note that the
leading term I, (© [Gs] itself is non-oscillating.

In order to derive the asymptotic behavior of (¢59m), one will have to sum up (B-19) accord-
ing to (B.19). If we suppose that subleading corrections in (B.1) remain subleading through
this process of summation (which is not completely true, as it will be explained later), then it is
in principle enough, so as to obtain the leading asymptotic behavior of (¢?2m), to consider only
the leading term I, © [Gs] in (B16). Recall however that our main goal is not (e#<m) itself, but
the spin-spin correlation function (07 0%, ) obtained from (e’9m) by second derivative with
respect to 3 and by second lattice derivative (see ([[.4)). This process of taking the second lattice
derivative will decrease the order of the non-oscillating terms, but not of the oscillating ones,
as we may merely derive the exponential. Therefore, to be sure to get the leading behavior of
(0f 07, 11), we will have to consider not only the leading (non-oscillating) term I, © [Gs], but also
the leading oscillating correction, given by

Os(Gs] = OF[Gs] + O7[Gs), with OF = izeﬂm[po@)*po(*qﬂff;ﬂ). (3.17)
m

It will indeed appear that the non-oscillating term gives rise to an m~2 behavior for (0% o7, 1)
whereas the oscillating one produces an m~? decrease, 6 being lower or higher than 2 according
to the value of A.

To specify the functional action of I 3(0

)

particular case, let us first briefly remind the main idea of the analysis performed in [[If].

and O, on the function G5 and to apply it to our

3.2.1 From generalized sine kernel to cycle integrals

Suppose that the function G; appearing in @I) is realized as a product of functions of one
variable, i.e.

o () ~Tlet o 19
=1

with g and ¢ holomorphic in some vicinity of [—¢, g]. Then the cycle integral Z;[Gs] (B.1]) can be

explicitly computed in terms of the s*® ~y-derivative of the Fredholm determinant of the operator
I+V on [—q,q], with kernel

sin {% [Po(A) — po(p)] — % [g(A) — 9(,“)]}

wsinh(A — 1) . F)=e"We()). (3.19)

V(A p) =vF(})

Indeed, from the series representation of logdet [I + V], one has,

q
-1 s—1 s
ﬁ@i 10g det [I + V]‘»y—(] = /ds)\ H %4 ()\k, )\k+1) s with )‘S-i-l = )\17 (320)
' IR k=1

1ym ”[gs] and (™m0 [Gs] still depend on m, but simply as a polynomial (of degree at most s) of log m.
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which is exactly the cycle integral Zs [G,] once the residues in z have all been computed.
In order to obtain the asymptotic expansion for cycle integrals involving more general holo-
morphic functions G that are symmetric with respect to the variables A\i,..., As and 21, ...,z

separately, one uses the fact that such functions admit an expansion of the form

s < z\i ) ZH% ) Ok(25), (3.21)

k=1j7=1

where g (\) and ¢y (z) are holomorphic in a neighborhood of the interval [—g, g]. Setting then

Fe(N) = orNoe(V) Y =g (N), (3.22)

and denoting the corresponding kernel (B.19) as Vi, we obtain

gszz
=1

Hence, the asymptotics of cycle integrals for such G, can be inferred from those of the Fredholm
determinant of I + V, V being a generalized sine kernel of the form (B.19) (see [if] for a more
rigourous proof of all this procedure).

S

as log det [I + Vk]{ (3.23)

The large m asymptotic behavior of log det[I + V] was obtained in [if] by Riemann-Hilbert
approach. There it was proved that, in the m — 400 limit,

log det[I 4+ V] = Wy(m) + o(1), (3.24)
and the leading asymptotic term W, was computed explicitely in terms of the function

() = —% log(1+7F(\),  vs = v(+q). (3.25)
It reads

Wo(m, [v]) = — / [impy(N) + ¢/ (V)] v(N) dA = 3 {12 log[m sinh(2q)p ()] — log G(L, )}

1 /qu'wu(m v

= d)\d > _ d)\, 3.26
* 2 tanh(A — p) pt Z 7 /tanh (0q — (3:26)

—q
where G(1,2) = G(14+2)G(1—=z), and G(z) is the Barnes function defined as the unique solution
of the equation

3
G(1+2)=T(2)G(2), with G(1)=1 and %log G(z) >0, z>0. (3.27)
2

It was proved in [46] that this leading term W, gives rise to the leading term {0 [gs] of (B.16)
through the procedure described above.
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In [[i] were also computed the first oscillating and non-oscillating corrections to (§.24). Non-
oscillating corrections to (B.24) lead to non-oscillating corrections in (B.16), and we a priori do
not need them for our purpose. We have seen however that, even if the first oscillating correction
(B17) in (B.1Q) gives rise, through the process of summation that we will see in the next section,
to a subleading term in the expansion for (e#9m), it may become leading once the difference-
differential operator ([.4) is applied. Therefore we also recall the explicit expression of the first
oscillating correction which was computed in [§]. It reads,

Wi (m, [V]) emPo@=po=al Ly (m [1]) e~ mIPo()=po(=a)] (3.28)
with
viv_u(g)*! —24+2(vy v
Wai(m, [V]) = —+ R tr) (3.29)
' sinh®(2q) py(4) ph(—a)
and
u(q) = H e?9(09) [sinh(2q) pf (aq)]2yo L(=vo) exp(—2a/qyo_—y()\)d)\) (3.30)
ot 0 I'(vy) tanh(q — o) ' '
N —q

The asymptotic estimates given above are uniform over - for v small enough: for all € > 0,
there exists vy such that, Vy < 7o, 2|v4 +v_| < € and the corrections to (B.2§) are of order less
than O(m~37¢). Therefore (B:2§) indeed gives rise, through the process described above (see

(B:23)), to the first oscillating correction O, (B.I7) of (B.16).

Remark 3.2. We would like to draw the reader’s attention to a remarkable relation between the
terms Wy and Wqq:

Wit (m, [v]) eFimipo(@=po(=a)] — Wolm,[vF1])=Wo(m.[v]) (3.31)

Hence, the terms W, partly restore the original periodicity v — v +n, n € Z, of det[I + V],
that is broken if one considers the leading term Wy alone.

3.2.2 Leading asymptotic behavior of cycle integrals

We have seen how to generate the leading term I © [Gs] and its first oscillating correction Os[Gs],
in the asymptotic expansion (B.16) of the cycle integral (B.1): I, (© [Gs] is generated through (B.23)

by the leading asymptotic part Wy (B.26)), whereas O;[G;] comes from (B.2§). It remains, in
order to be able to sum up their respective contributions in (B.1J), to describe more precisely
their action as a functional of Gs.

[=(

For the purpose of the summation of the series (B.15), it will be convenient to distinguish

the g-dependent part of Wy, presenting the latter as a sum of two terms W, = 0(0) + WL ),
where
q
W () =Walm, )] and WP =~ [dman (3:32)
—q
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It will split accordingly the functional 10 [QS] into two parts:
Is(O) [gs] = (Hs + Ds) [QSL (3.33)

where H[G;] is the part of I, © [Gs] issued from W whereas D, [Gs] comes from Wo(g).
To obtain the explicit expression of Dy as a functional of G, one should proceed as follows:
compute the s™ ~-derivative of W(g)[ | at v =0,

s—1 q
((;1_)1)! a5 Wég)[y]‘vzo :/_, g F(N), (3.34)

substitute in this expression F()\) and g(\) by (B.22),

()
(s—1)!

], = [ 2 (3:39)

211
—q

and take finally the sum over k as in (B.2J). This gives

q
dA {\}?
Ds s] = e ae s s— 3.36
51- [ 00 (L L )L 029
—q
The notation {A}* means here that all the original cycle variables \1,..., \s are now set equal
to the same value A\. The variables z9,..., 25 are likewise equal to A\. Notwithstanding, one

should set here z; = A only after taking the derivative with respect to this variable.

One can derive similarly explicit formulas for the action of Hy and Os. However, for general
functions Gs, the corresponding expressions are rather cumbersome (see [[If]). Therefore we
restrict our analysis to a specific class of functions. Let us suppose from now on that G; can be
presented as

{A} N {2}
g3<{z}> Hq”(“{}) ({z})’ 30

where the functions

{A {A
() w(®), .

are symmetric functions of the s variables {\} and of the s variables {z} separately, and satisfy

- w AP\ {\} _ A\
)\j:; D, ( | {z}\ 2 ) , Po < (2} ) - Dy < 1\ % ) . (3.39)

30

the reduction property
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Note that, if the set {\} coincides with the set {z}, then the function ®3 becomes a constant
whereas ®; becomes a one-variable function:

{A) _ oy _ o) 0\
(I)2<{)\}>—(I)2<®>:‘1)2—COD8t, ®y <w| {)\}>—<I>1 <w| Q):q)l(w). (3.40)

Observe that the functions V and W in (2:35) are precisely of this type and, hence, F Tyl is
a particular case of (B.37). Moreover, in the process of consecutive summation of the series
(B:13), we will permanently deal with functions of the form (B.37). A remarkable property
of such functions is that, regardless of their multi-variable nature, everything happens in the
asymptotic regime as if they were a pure product of one variable functions.

Let us give now the explicit form of the action of the functionals H; and O4 on such functions.

Proposition 3.2. Let G be a function of the form (B.3%). Then

H[Gs] = ((;1_)81; W] o B2 (3.41)
where
() = — 5 Tog 1+ (w)], (3.42)

and with ®1(w) and P defined as in ([3:40).

Proof — The explicit form of the functional WSO) [v] follows from (B.26). However, to prove
Proposition B.2, it is enough that it can be written in the following quite general form:

=3 / To(6r,. .. 6) ] (&) due, (3.43)
n=0 Zq

where v(€) is given by (B.25) and T), are some functions or distributions. In order to obtain the
corresponding part of the asymptotics of the cycle integral of length s, one should first take the
th ~_derivative

q n

W ( Z Z H(9 ”O(N/Tn&,---,fnl_[ (&) d"¢, (3.44)

n=0 kq,....kn=1j=1 j=1

—q
where v is given by
-1
vy = — log(1 3.45
and prime means that the summation over k1, ..., k, is taken under the constraint 27:1 k; = s.

Then, using (B.21]) and (B.29), we obtain

Sloo a ) : kl,..., nk" n
[gs — _1 i Z Z H 0‘7 O/Tn(gl,,En)gs<}§1ik1”j§§n{kn>d 5

n=0 ki,...,kn=17=1 g
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It remains to observe that, due to the reduction property (B.39),

k1
()

Comparing with (B.44) we see that it gives (B.41) with # defined in (B.42). O

Proposition 3.3. Let G, be as in ([3.37). Then

—1)51 O 15(£) 211 WO [p(%) Fq
o+ _ ( 9% eMo (= F1]-Wy [P ]‘ ) 3.47
s [gs] (5_1)! € - 2 +q ) ( )
where
1 Fq
(W) = ———log |1+~ 3.48
P ) = g tog [ 1490 (w] 1! (3.45)
Proof — The proof is very similar to the one of Proposition B.3. Consider, for example, the

oscillating functional OF. The action of this functional is generated by the oscillating term
Wi [v] elPo(@=po(=9)] which in its turn is expressed in terms of WSO) [v] by (B.31):
Wi [p] @mlpo@=po(=a)] — WV r=11-W5" [l +9(@)—g(~0), (3.49)

0

Once again, we do not need the complete explicit expression of W ) Let simply

N =1 = (g) (—g) TV, (3.50)

in which we have stressed that the oscillating term of the asymptotics of the Fredholm deter-
minant is proportional to v(q) v(—q). For the remaining part T'[v]|, we can use a representation

similar to (B.43):

q

Ty]:z;)%/Tn(&,...,fn H (&) dne, (3.51)
n= Zq 7=1

where T}, are some functions or distributions. The s*' y-derivative then reads

id kot k_ n ks
Abwecat)] =3 3 S I

n=0 ki, k_, ki=1 kit j=1

v=0
q n

< [T &) P P (o) [T PR @, (352

—q
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where vy is defined in (B.45), and prime means that the sum over ki, k_, ki,...,k, is taken

under the constraint ki +k— +> 7 _; kj = s. Then, using (B:21), (B-29), and multiplying (B.53)
by e9(@=9(=9)  we obtain

kv
4! k_! H ko
n=0 k+,k_,kz_1 j=1 7

X / -4, {q}lu,{_q}k,—l’{gl}kl’”"{gn}kn n
/Tn(gl,...,gn) gs( q, {q}k+,{—q}k_1,{51}]“,--"{5”}]%) d"¢. (3.53)

=0

—q

It remains to observe that, due to the reduction property (B.39),

G —q, {q}k+’ {_q}ki_la {gl}kla R {gn}kn
° q, {q}k+’ {_q}ki_la {gl}kla SRR {gn}kn

= o+ <q | _Z > k- <—q | _Z ) T2y (gj |_Z ) - B, <_Z > . (3.54)
j=1

Comparing with ([3:53) we arrive at the action (B.47) with #*) defined in (B49). O

Thus, the action of the functionals Dy, Hs; and Og is explicitly defined at least on the class
of functions G, admitting the representation (B.37). In that way we have found the leading
non-oscillating and oscillating asymptotics of cycle integrals. However, this is not yet enough
to obtain a correct estimate of the infinite series of multi-cycle integrals (B.15). The matter
is that some a priori sub-leading corrections after their summation may give non-vanishing
leading contribution. We will consider this question in more details in Section [l.9, where the
mechanism of summation will become clear. Here we merely would like to note that some
part of the corrections could easily be included into the action of the functionals considered
above. For example, we did not use the explicit form of the functional WO(O) [v] in the proof of
Proposition B.3. Hence, instead of WSO) [v] alone, we could as well have considered all the terms
in the asymptotic expansion of log det[I + V] which can be written in the form (B.43), and the

statement of this proposition would still be valid.

4 Asymptotic summation of cycle integrals

In this section we sum up the series (B.15) in the asymptotic regime m — co. We already labeled
each pure cycle integral Z, ) with respect to the position of the variables on which it acts. We
define similarly D(, ) (resp. H(,p) and Oy ) as the operator that acts on the variables of the
ph cycle of length s as Dy (resp. H, and O,), and by doing nothing to all the other variables.
Then, if we also define R, to be the functional given by the remaining part of (B.16) (which is
in principle of order o(1) for non-oscillating corrections, and of order o( 5 ) for oscillating ones),
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and R, ) to be its conterpart acting on the cycle (s,p), we can reexpress (B.17) as

n l
(us)™ 1

Gra = > I 1 Pew + Hip) + Oty + Bia) * Fiagsyl (4.1)
St

_ (Dol

where ug .

There, just as in the case of multi-cycle integrals, the order of the

different operators is not important due to the symmetry of the function #); .| in its two sets

Ty
of arguments {\} and {z}.

Before starting to sum up explicitely the series (1)), let us make a usefull remark: since
we only need the n'® y-derivative of Gy, at v = 0 (see(B.14)), it is enough for our purpose to

obtain a v-equivalent form of the result.

Definition 4.1. Two functions ¢1(y) and p2(7y) are said to be y-equivalent of order n if
3’;901(7) o :Bkgog(*y) , k=0,1,...,n. (4.2)

Therefore, at any stage of the computation, we may replace G1., by some v-equivalent
function of order n which, by abuse of notations, will still be called G1.. .
4.1 Summation of the action of H,

Let us start by summing up the action of the operators H, ). We first expand the products of
the operators in (fL.1) according to the binomial formula:

4
1 S
71 L (P + Hisp) + Oy + Bis )
Sa—)
ls 1 Ts
=2 it = L Pew + 06 + o) H Hisp)- (43)
rs=0 STATS s 'pzl p=rs+1

As we already mentionned, such an operation is possible due to the symmetry property of the
function Flyl on which the operators in (f£J) act. Substituting this into ({.J)) and changing
the order of summation, we arrive at

n (us)gs +rs M Ts
5!

Gi.n(y) = Z Z H W H H (D(&p) + O(SJ)) + R(s,p))

1,0y Tn=0 £1,....,£p,=05=1 s=1p=1

n £
7 M, U{sts
X H H H(Syp) * ‘7:\J{r}|+\J{z}| < i “o]. (44

s=1p=1 {2}y Uivhy

Here for convenience we have divided the set of arguments of F Jiey|+17 (| IntO two subsets: the
operators D(, ), Osp) and Ry ;) act on the variables {A}; , and {z},,, while the operators
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H(py act on {u}y,, and {y},,,. Recall that each individual H(, ;) acts non trivially (as the
functional Hy) only on variables jsp ;j and ys 5, with j = 1,...,s. Therefore one can write

{lspjti<j<s U {)\}J{T} U {M}J{i’;

,  (45)
{Ysp.ih1<i<s U{2}ay,, U {y}J{i’;

H(S,P) * f]‘]{r}"HJ{Z}‘ = H; ‘7:\J{r}|+\J{Z}|

where H, acts on the first sets of variables {fisp j}1<j<s and {ysp,;t1<j<s according to (B.37),
while all other variables can be considered as auxiliary parameters. The set Jfg is defined as

Ty = Jip \{(s,p,5) : 1<j <s}. (46)
Let us now use (B.41)) in which

{ﬂs,p,j}léjss U {)\}Jm U {M}Jf;’;

’ (4.7)
{Yspjiti<ics U {Z}J{T} U {y}Jf;’;

Dy (w) = VlJ{r}lJr\J{z}l w |

{nspiti<ics | o {1spiti<i<s
®2 = H Vit 4] (M Wig 1+ . (4.8)

i 511<45< i (1<i<
we{Mg,, Ui 5 Wspshisiss {Yspiti<i<s
ey

Note that, for simplicity, we have omitted the additional sets {A},,, U {u} = and {z},, U
i
{y} =» in all the arguments in ES).
{¢}

It is now clear that F Ty 1410y has the form (), and we can therefore apply Proposi-
tion B.4. This gives

=D 0 5
Hoo " Fiatsiial = G2 50 W)y Py (19)
where
53 -1 {A}J{r} U {U}JSTP
VP (w) = —1log |1 +~V @ (4.10)

- o w
2ri I\ 2, Ui

The obtained result still admiting the representation (B.37), we can act with all operators
H, p) consecutively. It gives

ﬁ ﬁ Hsp) * F] H <(_1)81 oWy H‘ )gs F Wi ) | ()
s = — v , (4.
e (s:p) ™ iy [+ T et (s—1) 770 =0 173 {31,
where
D(w) = i log | 1+V ) (w | (b, . (4.12)
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Substituting this into (4) and summing up over all /5 we arrive at

& (us)rs Ts . {)‘}JT
G = 5 I (Den +Owm + Bis) * Fiay) ool (413)

1, rn=0 5 p=1 {Z}J{r}

’7::|J{r}\ < }i\;j:} ) = ’7:|J{r}| < {)\}J{r} ) - exp {Z:; Z_T af/)/\}éo) (m’ []}])‘70} . (414)

{Z}J{r}

Since it will turn out to be rather important for the summation of the remaing terms, we have
here explicitly indicated here that the functional Wéo) (m, [?]) depends on the distance m.
We can now perform the summation over s in ({.14) by extending it up to infinity, which

means that we replace F by the following ~-equivalent function, still denoted by F

‘7_~—|J{r}\ < {)\}J{r} ) — ﬂ‘]{r}l < {)\}J{r} ) - exp {WéO)(m, [19])} (4.15)

{z}J{T} {Z}J{T}

Thus, the successive action of operators H, ,) produces a complete decoupling of parts of
the variables, and eventually restores some of the Fredholm determinant asymptotics (B.24).

Remark 4.1. Note that the summation performed here is exact, and that we did not use the
explicit expression of WO(O) (m, [7]). We could as well have considered the action of some operator
H, including not only the leading contribution Hy, but also subleading (non-oscillating) ones,
provided they originate from the same kind of terms (B.43). This would enable us to sum up
the corresponding part of R as well.

4.2 Refined action of D, and O,

Unlike the original function ¥y, .| (£-33), the obtained function ]f:" Jry| depends on the distance
m. Let us specify this dependence. We have

W (m, []) = —im / ph() 5N dA — 3 52 loglm sinh(2q) py(oq)] + C17] (4.16)
o=+

—q

with

Ol = l/a/(A)tﬁ;ﬁ})l(; Ii(i))z?’(u)dmu +Uzi Uﬁg_/%dAHogGu,%) , (4.17)

—-q q
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in which o(w) is given by ({.13). Then the function .7?‘ Jipy) Teads

q

F —2(o i
Fay| = €xp  —im / poN) 2N dX p - [T [m sinh(2q) ph(og)] V- el
—q o=+
74 {)‘}J {)\}J
x W A v A o) (418
[Ty < {Z}J{r} tel;{[” [Ty | At | {Z}J{T} ( )

In order to complete the calculations, we should in principle sum up the action of the operators
D(sp) and O(sp) on Fi ),
asumption is actually not correct, let us explain why.

The new function F; .| is still of the form (B.37), but now ®, depends on m as

MY Z oo Lonas (O Lioama MY g, (N
w() moofoe( ) s (1)) 5 (1) Y

with &, ® and P, satisfying the reduction property (B.39). We see that the differential operator
in Dy, ), when acting on such m-dependent functions, may produce terms that are linear over

provided that R ;) produces only subleading corrections. This last

the distance m: hence, although this operator originates from a term of order O(1) in (B.14), it
behaves as a term of order m when acting on (f.1§). The same phenomenon may happen for
the action of R, ) :
produce O(1) contributions to the final answer although they are effectively subleading when

if the latter contains some derivative operators, then these operators may

1
m
acting on the original function F Tim D but it gives a contribution of order O(1) when acting

acting on each cycle; for instance, a differential operator %8 gives a term of order O(=-) when

on .7?‘ Tl which is already the result of summation over all cycles of the action of H,,) on
F Tyl Therefore, we need more informations on the structure of the subleading terms in (B.16)
in order to be able to extract from R, the part of the corrections that eventually contributes to
the leading order.

The structure of the series (B.16) for Z,[G,] was studied from the asymptotic expansion of the
Fredholm determinant (B.19) and related Riemann-Hilbert problem in [{f]. This analysis being
extremely cumbersome, we do not have the explicit expression of the series (3.16). However,
we obtained in [ff§] some information on the generic form of the corrections: they are given
in terms of the function G5 or of its derivatives, the latter being evaluated at the endpoints
+q or integrated, together with some weight function, on the interval [—gq,¢q]. Therefore the
functional Rg indeed contains differential operators. However, it was proved in [if] that the
non-oscillating correction I {n; nosc) [Gs] of order n in (B.16) contains at most derivatives of order
n of G, whereas the oscillating correction I (s 0sc) [Gs] of order n contains at most derivatives
of order n — 2. They correspond respectively to the contribution of some differential operator
#@2’” nosc) and #332";0“) in Ry, @2”? nosc) being of order at most n and 332";0“) of order at

most n — 2. Therefore, only the part of mazimal order of these operators may produce, when
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acting on functions of the form (B.37), (£.19) (and more precisely on the exponent), contributions
on the same order as D, or O,. These are the contributions that we need to determine.

Let us discuss the effect of the non-oscillating part of the corrections. Clearly, as we already
Q(n nosc)

notlced at each order n, only the differential operators —

:D = (n; nosc)

mn~s
produce, when acting on m-dependent functions (f.19), contributions of order O(1). For n > 1,

the explicit expression of the differential operator 35§n;nosc)

but it can be shown from [[fq] that it has the form

nnosc Z Z C {/{?} {E} Hazja

o=+ {k},{¢}

, and more precisely the part

of mn’D(n HOSC) which results in the maximal order n of derivatives, may eventually
of maximal order n is not known,
S

c Y (ki + ) =n, (4.20)

Aj=zj=0q j=1

where C,({k},{f}) are some computable coefficients. Here the action of the derivatives (on
some function Gy) is followed by the evaluation of all the variables z and A at the same point
oq, 0 = =+.

Obviously, when acting on some m-dependent function G, of the type (B.37), ({.19), this
operator can produce O(1) contribution only if it acts on the part of the exponent which is
linear in m, i.e. on

{A}
exp{ < (2} )} (4.21)

Using the reduction property (B.39) for ®; and ®, and the fact that the contributions of order
O(1) can be obtained only in case each derivative hits exactly once the exponent (£.21]), we
obtain

L@ (n; nosc) Z (138 O'q
m"

x { > Co({k) A0 H [ ()]" [—@'(Am@}

. [1 n O<logm>] . (4.22)
(k10 j=1 m

where the prime means that the sum is taken under the constraint ) (k; + ¢;) = n. Here we
have used the conventions () for the reduced functions ®; and ®5, and we have defined the
one-variable function g’ to be

Ny {Ar
G = o2 ( Ae Ayt )

Hence, everything happens (at least as far as the leading term is concerned) as if we would be

Aj=zj=0q

(4.23)

e=0

acting on functions Gs of the type

gs < ii\i ) =,y - H CI)l()\j) + €Xp {mz [5(2’]) - g()‘])] } ’ (4'24)



Thus, the problem of finding the structure of the O(1) contributions coming from the action
of Rs on some m-dependent function Gy of the form (f.19) reduces to the computation of the
leading behavior of the functional action of Z, on G, (E29). Strictly speaking, the functional
argument of the cycle integral Z [55] should not depend on the distance m but, in the case
([24), we can simply re-define py — p = po — ig and Gy — G, = Hj:l ®1 (Aj) (we recall that
®, is just a constant that will be in factor of the result). This is then a special case of (B.1§),
and therefore the leading contribution of the corresponding cycle integral can be obtained from

the s 4-derivative at v = 0 of

W (m, [2)

q
— _im / PP AN — 3 {72 log [msinh(2q) #(0q)] } + C[7], (4.25)
po—p o
—q

where U is given in terms of ®; as in (B.43). The fisrt term of the r.h.s. of ([.25), which is
linear in m, corresponds to the action on (4.24)) of the operator Dy that we already know. It
is the other (constant in m) p’-dependent part that eventually reproduces the contribution we
want to compute, namely the O(1) contribution coming from the action of the whole series
Y o> #@2”?“0“) on m-dependent functions of the form ({.24). It reads

.é’(aq)}
—-d bs ®j(oq) log |1 — 1 , 4.26
I e (1.26)
with
()t oo
b= 1) , 1.27
(8_ 1)' 8,78 v=0 ( )

'~

Remark 4.2. Here we have acted formally with the asymptotic series (B.16) on m-dependent
functions G of the form (B.37), (.1J). Then we have identified, at each formal order n in m, the
part of -1 (i nosc) [Gs] contributing to the order O(1). We know that the summed contribution
of these leading parts is given by ([£26). It is not obvious to prove rigorously that the sum of
the remaining terms, which for each -1 1, (s nosc) [Gs] is of order O(lm%), stay subdominant in
the final answer. It should follow from the analysis presented in [f] but here we just assume
that it is so.

We have thus determined the explicit contribution of order O(1) coming from the action of
Rs on (.1§). We do not know, however, the explicit expression of the operator giving rise to
this contribution. For the process of summation of the series (f£.1J), it will be convenient to

introduce an effective operator which produces the same result at leading order when acting on

functions of the type (B.37), (:19). Let us therefore consider the functional D, defined as

D, [Gs] :/d)\ [23;2, +hs (A %ae)} G, ( MEA{};}SI )‘ ’ (4.28)
’ e=0
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where b ()\ | %85) is the following effective differential operator!:

b (V] £0) = —be 53— )+ 900+ )] og (1 =i

) . (4.29)

It is easy to see that the action of this new functional D, ([E2) on an arbitrary function of
the form (B.37), (K.19), (4.23), reproduces, at the leading order O(1), the contribution ({.26).
It means that, in order to take into account this contribution, we can simply in the following

replace the initial functional Ds by this new functional 55-

Remark 4.3. We would like to stress that the last formula does not describe the asymptotic
behavior of a separate cycle integral. As we have mentioned the true asymptotics contains much
more involved combinations of derivatives of the function G, (see ({.2()). But the differential
operators b ()\ | %86), being applied to functions of the form (4.19), gives the same effect in
the order O(1) as the true differential operator. Sub-leading terms already can not be obtained
from the action of by ()\ | %86).

Similar considerations based on the explicit structure of the oscillating corrections [ allow
us to replace Oy by a new functional Oy = OF + O; which takes into account the contributions

to the leading oscillating order of the action of each subleading oscillating functional in (B.16).
Like in the previous case, the modification at the leading order reduces to the extension of the

term log p}) to logp’ = log (p) — # ). Namely, let Gs be given by (B.37), (.19). Then
e ()T N Ao (4) Al ()
0416 = S0 0y exp {imh(a) — b)) + O 1) - o)

. . +20(H) (0q)—1 +4q
X I_Ii [m sinh(2q) p (0q)] (e9) ‘«/:o - Dy < g ) , (4.30)

where 7()(w) is still given by (B-4§) and

. . Fq+¢€
P (0q) = po(oq) F io O, ® ¥ : (4.31)
+q+es 0

The appearance of two different parameters €4 comes from the fact that, in the final formula,
one pair (A1, z1) of arguments of G5 goes to different values: \y = +q, 21 = Fq.

4.3 The action of l~)(s,p) as a continuous generalization of multiple Lagrange
series

Let us express the series ([L1) in terms of these new functionals or, more precisely, of their
conterparts D, ;) and Oy, ) acting on given cycles (s, p). Defining also R p) corresponding to

!The §-functions should be understood here as the limits §(\ & q) = lim.—o §(A + ¢ F ¢)
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the new remainder, and applying again the binomial formula to separate the action of 5(57];),
we obtain

Zs +7rs

Gi.a(y) = Z Z H 6'7“' ﬁH( sp)+]§(87p))

1oy Tn=0 £1,...,£p,=0s=1 s=1p=1

T = {1}, UiALs
X H H D(S,P) * }-\J{r}I—HJ{g}\ < o “ ) (432)

s—1p=1 Wi, Uizt

in which the operators lN)(SJ,) act on the variables {\} and {z}, whereas 6(371,) and E(s,p) act on
{u} and {y}. We will now sum up the successive actions of the operators Dy, ), i.e. compute

s (o )=, 2 1%

01,y n=0s=1

7 = ety UiAL
x H HD<s,p> * F1Ii 1410 ( A @ | (4.33)

{y}J{T} U {Z}J{g}

This series is actually a continuous generalization of the multiple Lagrange series.

Recall that the standard Lagrange series has the form (see e.g. [BI])

Go= Y 2 L (Fioen )

n=0

: (4.34)
e=0

where F(z) and ¢(z) are some functions holomorphic in a vicinity of the origin. If the series
(K.34) is convergent, then it can be summed up in terms of the solution of the equation

2= ¢(z) =0, (4.35)
and the sum is given by
__F()

It is possible to generalize the Lagrange series ([.34) to the case of functions ¢ and F
depending on several variables, and even to consider the corresponding continuous limit. The
sum of such generalized series is then expressed in terms of a solution of an integral equation.
All the details about these generalizations are given in Appendix [J. We just apply here the
result of this Appendix to our particular case.

Substituting the action (f.2§) into ([-33), we obtain

). <~ T e,
Sk ( {y} ) _g Zg 1;[ s' { H H ﬁ (aes’p + hs ()\S’p | %aﬁs,p)>

s=1p=1

€s,p=0

{n}, S% {As,p}s

5 P R
| T ey |+ {y}, s%( {Asp T €spt U{Asp} ' ) 30
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in which the differential operator b is given by (f£29). Recall that the notation {\s,}" means
that the variable Ay, is repeated s times. Moreover, here and in the following, we use simplified
notations for

U= U szii- (4.38)

S,p 1<s<n S,p s=1 p=1
1<p<ls

Using now the explicit expression (E.1§) of .7?‘ Jy|» We have

n Zs

[ee] Ly q n d)\s
so= 2 I35 [ ITILSE (0, 00 O 1 $00,)

ey by =0 s=1 %" 2 | s=1p=1 €s,p=0
q
—2(c A
X exp —im/p'o()\) (A dA H {[msinh(2q)p'0(aq)] ( q)} - eCl!
—q o=%
k U{Auo} n L U{Auo}
u,v s )\S U,V
X tl;[lVZHk fe | U Do + €} 31;[1,;1;[1 V\£|+k | U {huw + €uo}
— U { A0}

X Wigs . (4.39)

U {)\u,v + Eu,v}
u,v

where | £ |= >""_, £,. In order to lighten notations we did not write explicitly the arguments
{p} and {y} of the function o, V and W. For instance,

{u}, UL’JU{)‘U,v}

-1
vw)==—log |[1+V | w
( ) ’ {y} 5 uuv{)‘u,v + 6u,v}

4.40
27 ( )

Observe that we have, at most, to compute the first order derivative! with respect to each
variable €;,. It is thus enough to linearize the arguments of the functions V and W in the
vicinities of €, = 0. The linearized version of the function V reads

U {As
U Pt

VI w]|
U Dt op)

— exp {B - ZZ €sp K (w—Asp) + \I/k(w)} -1, (4.41)
S,P

where K (w — \) is given by (L.1I0), and the function ¥ (w) by

sinh(w — py + i¢) sinh(w — py — iC) _

k koM
Uy (w) = ;10g (o g i0) bl 5y =10 i;/K(w —A)dX. (4.42)
- =y

'Recall that, in spite of the fact that, formally, the operators hs(A | %86) contain all higher derivatives over
€, only the first derivative gives non-vanishing contribution as m — oo.
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The linearized form of 7(w) follows immediately from (f£41):

exp (ﬂ - ZZ esp K (w—Asp) + \I’k(w)> - 1] } . (4.43)

S7p

1
) ——1 1
P(w) = —5 og{ +

As for the function W, its linearized form is rather cumbersome. On the other hand this function
will not play a significant role in this section, therefore we give here the linearization of W in a
rather formal way, namely

U {Asp}

W sp o E (1) . E E (2) .

I/V\€|+/’c U {ep + €sp)} - Fk‘( . €sp 9" (Asp); < €sp€tr g (Asp M) ) , (4.44)
$,p 5 S, ,T

where ¢V, ¢, ... are some functions of As,p- The explicit formulas for them will be given in
Section p.]. Then we have

0 n q n £
1 2 .
Sk = Z H F/ H H d)\57p <8ES7P + bs ()‘s,p ‘ %aﬁs,p)> . Fy, ({g(l)}>
s €s,p=
l1,..., €n=0s=1 g s=1p=1
q
~2 PN
X exp —im/pa()\) (A)dA H {[m sinh(2q) pp(oq)] " (Oq)} -l
~q o==
k n  fs U
X H f <Mt | —i Z €y, K (s — Auw)) H H 2_7:Zfs (As,p | —i Z €u,p K()‘s,p - Au,v)) )
t=1 u,v s=1p=1 u,v
(4.45)
where the notation Fj, ({ g(i)}) is a compact form of (1.44) and where we have set
Fn]z) = oty (4.46)

The representation ({.4%) is exactly the continuous generalization of the multiple Lagrange

series considered in Appendix [J (see ([C.36)). Thus, we can simply apply the results derived in
this appendix to the concrete case of functions f, ' and operators b;.

Let us give the final result: a y-equivalent form of the series Sy (.45)) reads

q

Sj, = exp im/p'o()\) z(A\)dA H [msinh(2q) p'(0q)] —2*(09) | O[]

—q o=+

Fk(fq 9V (W) 2(w) dw; ) f[ f<m | =1 fq K(w— pt) 2(w) dw)
- (4.47)

—q —-q
X

det

T+ iK (€~ M) fL (5 =i | K@ —€)2w) dw>]

—q

43



Here the function z(\) solves a non-linear integral equation,
q
z(A)=fa[ A —i/K(w —A)z(w)dw |, (4.48)
—q

with fx, given by
1
- Btz+Urp(A) _
fs(\|z) 57 log [1 +7 (e 1)} . (4.49)

The symbol f{ means the derivative of fs;(A|z) over z. The Fredholm determinant in the
denominator of ({.47) is the Jacobian of the equation ({.4§) (compare with ([.35) and ({.36))).
The function' p’(\), which appears in ([£47) taken in the points A = =+g¢, satisfies a linear
integral equation,

PO +i / K\ —w)p (@) fo | w] i / K(€ — w)2(6)de | dw = ph(N). (4.50)

We would like finally to mention that the functions z(\) and p’(\) depend on the parameters
{n} and {y},

z(\) ==z <)\ | ?yﬁ ) : P\ =p ()\ | ?Zﬁ ) : (4.51)

Let us make some comments about this result ([.47).
According to the results of Appendix [J, the final answer for S, is given in terms of a function

2(M()\) solving an integral equation (see (C-29))

n

2N = fo [ A ] =i / Kw-XN"w)dw | =0,  fo,(\x)=> Us £\ |z). (4.52)

p 27
Following our usual strategy, we can replace this equation with a y-equivalent one by sending
n — oo in fy, as us « v°. Then the function 2(n) (w) is replaced by z(u) satisfying the integral

equation ({.4§), since

0 s—1 s s
T fr, (A ) = 30 T (e )
_ ﬁlog(l M 2) = f(A ). (453)

'We use the notation p’()) for this function, since eventually p()) will have the sense of the dressed momentum

(L.
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Comparing (f.47) and ([.-45) one can observe that the action of the operators 5(542) leads to
the replacement of the functional argument (A) by —z(A). This happens due to the fact that
the linearized form of v (f.4J) coincides with the r.h.s. of the equation ([[.4§) up to the sign

>

U {)‘847}
w| P = —fx <w | =) eap K (w— As,p)> . (4.54)

Ul + €}

Since the summation of the continuous generalization of the Lagrange series reduces to the
replacement of the sum over ¢, by the integral with z(\) (see (C.37)), we obtain

Vw)— —fu |w] —i/K(w —A)z(A)dA | = —z(w). (4.55)

Finally, let us explain how the function p’(\) and the equation (f.5() arise. This function is
produced by the action of the differential operators hg(A | %86). If we neglect these operators
in the action of ZND(SJ,), then the first line of the equation ([.47) would contain pj (+¢) instead
of p' (£q). According to ([C.37) the action of the operators b ()\ | %66) gives an exponent

exp Z Z < ))>f aq|—z/Kaq£<s>d£ L 56)

where the function w(A) is solution to a linear integral equation

)\)—l—i/K(A—w) o lwl —i/K(§—w) M (&) de | w(w) dw

q

- / KO —w) s | w] —i / K(€ —w) 2 (€)de | ph(w)dw. (4.57)

Here we have used ([.55). In the y-equivalent form we can replace f5, (z) — fg(z) and 2M(€) —

z(§). Then the equation (557) takes the form (50) if we set w(A) = i(p/(A) — py(A)). Then
the exponent ([.5() reads

exp sz ( ))>f aq\—z/Kaq— ) | b (4.58)

=41 s=1

It remains to replace this expression by the y-equivalent one obtained by extending the sum
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over s in ([.5§) to infinity:

q
o Usbs
S Bl g A i [ KO- a6 ag
s=1 “q
q
s . slog” (1+1)
=M KO- s | oS
—q
1 q
= gzlog” |1+ f Al—i/K(A—£)Z(£)d£ =22(N). (4.59)
—q

Here we used that the numbers by ([.27) are the coefficients of the Taylor series expansion for
—# log? (1 + 7). Thus, all the effect of the operators b ()\ | %66) reduces to the multiplication
of the final result by the factor

1T (p’(aq) )‘ZQ(“q) ‘ (4.60)

=41 \Pol0)

Thus we see that this mechanism leeds to the replacement of pf by p'.

4.4 Oscillating corrections

The series ([.39) takes now the form

Gram= > ]I (ur), II H (O + Ris) * St ( ko ) (461

Ty, Tn=0 s=1 s=1p=1 {y}‘]{r}

with S‘J{r}‘ given by (f.47).

At this stage, the functionals which remain to be summed up produce only subleading
contributions. Hence, if we were only interested in the leading term of (e#9m) it would be
enough to consider only the leading term of these series, namely the term ry = -+ = r,, = 0.
Recall however that we need to keep the leading oscillating contribution since, after second
lattice derivative, it may produce a term competing with the leading non-oscillating one. We can
nevertheless forget completely the remaining terms I?Z(s,p), since they merely produce corrections
to one of these two main contributions. Moreover, since the oscillating operators O, ;) are
themselves of sub-leading order, it is enough to restrict our analysis to the terms of ({.6]) that
are linear over 6(57];), namely the terms for which one r; takes the value 0 or 1 while all other

{u}
SS( ) )

46

are equal to 0. We thus obtain

G1..n(7) = So ( 8 ) +3 us 0,
s=1

+ corrections, (4.62)




in which the corrections are either non-oscillating corrections to the first term, or oscillating
corrections to the second term (note that the non-oscillating corrections may be of order higher
than this second term, but they are nevertheless not important for the final result). Observe
once again that, due to the fact that us < v*, the summation over s in ({.62) can be extended
to infinity. This will be done in the end of our calculations.

To complete the summation of the series, we should now calculate the functionals O [Ss]-
Let us present G, ,(7) in (.62) as the sum of three parts

Gi.n(y) = Z Gga)n(’y) + corrections, (4.63)
0=0,+1

where

G = So ( g ) L D)= uOf
k=1

{n}
s(12)] »

The non-oscillating part Ggo)n(*y) has in fact already been computed. It is given by ([£47)
in which one should set {u} = {y} = 0, which is easy since we almost did not specify this
dependence: basically, the parameters {u} and {y} enter the functions z(\) and p/(\) ([.51))
and the function ¥y ([l.49). Thus, in order to obtain th_)_)_n(v), it is enough to set ¥ = 0 in
(E43) and k = 0 in ({E47).

Let us now compute the oscillating corrections. Note that S;, ([£47) is of the type (B.37),
([£19), with

o <g| ?yﬁ ):f el -i [ K-9:wd ) | (4.65)

]

where f(\ | z) is given by ({.44) and

it ) _, Iy Z
@( o ) _ { Ph(A) (V) dA. (4.66)

The functionals O,f send 1 = Fq, y1 = £q and pu; = y; for j > 1. This means that the function
z(\) turns into 2(*)(\) satisfying the equation

q
dBN) = fE (A —i / K(w—\ 3 (w)dw |, (4.67)
—q
with féi) given by
(+) _ 1 Brat U () _
s (A ) 57 log [1 + <e 1)] , (4.68)
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and

sinh(w — p 4 i¢) sinh(w — p
sinh(w — y +i¢) sinh(w — y — ZC

T (W) = log

- = Fi / K(w— . (4.69)

Similarly the function p/(\) (B.50) turns into p/,(\) satisfying
+

/ K+ (A w) ple (@) dw = ph(N), (4.70)
where
Ki(\w) = iK(\ —w) ( gi))' (w | —i / K(€ —w) D) dg) . (4.71)

Comparing ([-63) with (B:48) for ¥™*)()\) we conclude that #*)()\) = —z(#)()). Thus, we obtain

_1)\k—-1 ~ .
((kl—) 7 O exp {=im [ph(@) = sh(—0)] + O+ 1] - C-2]}

inh(29) 9y (0)] T2 O gy [ TT) L am
« 1 fmsinb20) i (09)] I I B

OF[Sy] =

Observe that the k" v-derivative acts on an expression which is independent on k. Therefore
the sum over k in ([.64), once extended to infinity, gives the Taylor series

> uk O [Sk] = exp { im (ph(a) - ph(—a)) + C[—=F) 1] = O[]}
k=1

X H [msinh(2q)ﬁ'i(aq)]$2Z(i)(oq)71 Dy < +4 ) . (4.73)

o=+ j:q

It remains to compute the function §, (o0q) defined by ({.31), (.66). We prove that ¢/, (oq) =
P (0q), where p/y(0q) is given by (f.70). Let us explain how it works in the case P (0q), the
case p'_(oq) being completely similar. Looking at (JL31)) and ([.6d) we see that in order to find
P, (0q) one should calculate the following derivatives

f p
Z( Al g Oy (AI ) _ (4.74)
( Yy ) ‘ﬂyqq Y ‘“y qq
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Differentiating the integral equation (ff.48) we find

q
0,2 <>\| ‘y‘ ) ‘ﬂ}q +/K+()\,w) 0,2 <w| ’y‘ ) ‘ﬂ}q dw =K (), —q),

v=a 7 y=q
, (4.75)
0,z <A| ‘; ) ‘H:q+/K+()\,w) 0,2 <w| ’y‘ ) ‘u}q dw=—K,(\q).
Yy=q Yy=q

—q
Hence the derivatives (}1.74) can be expressed in terms of the resolvent R(\,w) of the integral
operator K|

0,2 <)\ | Z ) ‘M:__q =R\, —q), 0,z <)\ | ’; ) ‘M:_q = —R(\.q). (4.76)

y=q
Substituting this into (f£.3])) we arrive at
q
i (00) = phlo0) = [ Rlw.o0)ph(w) do. (477)
—q
Comparing the last equation with ({.70), we obtain P\ (o0q) =P (0q).
Combining now all the above results, we obtain

q

G (7) = exp { im /p{)()\)(z(i)()\)il)d)\ H[msinh(2q)p’i(gq)]*(Z(i)("q)il)Q
o=%

- (‘7 g () 2H () ax; > Cl-=®F1]
—q

—q

(4.78)
det

14K (-3 (£57) (s i [ K- 2(w) dw)]

Here in complete analogy with (f44) the functions F(*) and {gii)} are defined from the lin-
earized form of Wiy

__ +q, U{)‘s,p}
W, S5p F&® LA G VIR T I 4.79
R Uldep + s} - SZP:G p s (an) (4.79)

5 Leading asymptotic behavior of correlation functions

In the first part of this section, we gather all the previous results for the asymptotic behavior
of (e89m). This will enable us, in a second part, to obtain the leading asymptotic behavior at
large distance of the spin-spin correlation function (0§ o7, ).
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5.1 Asymptotic expansion for (¢’<m)

Let us indicate explicitly that the functions Ggg)n(w) (E64) depend on the distance m and
parameter (3: Ggg)n(w) = Ggo)n(ﬂ B,m). The remarkable property of the obtained y-equivalent
results is that they do not depend on n: G\ (7|8,m) = G@) (|3, m). Therefore the series

l..n

(B:14) is the Taylor series of G(?) (y|3,m) at v = 1:

el :

(eP9m) = Z Z 7 7|ﬂ )‘ + corrections
det[[+ prE A R yiie 7=0

G (1]8,m)

det[] + ;- K] (5:1)

— Z G (B,m)[1+0(1)], with G (8,m) =

o=0,%t

The term GO (8, m) in (B-1) gives the leading non-oscillating asymptotic behavior of (e#<m),
while G+ (6,m) describe its leading oscillating correction. Let us consider these two terms
separately.

5.1.1 Leading non-oscillating behavior of (¢/<m)

It happens that, at v = 1, the non-linear integral equation for the function z(\) ([-48) degen-
erates into a linear one (taking also into account that in this case, ¥y, = 0):

A= = [ ) 2. (5.2)

The linear equation ({50 also simplifies due to the fact that f& = 1/2mi at v = 1,
1
W)+ 57 [ K= 070N = ph(e). (5.4)

Comparing the last equation with ([.I), we find that p’(\) = 27p()\) and, hence, the function
p(A) can be identified with the dressed momentum (see ([.19)).

Due to the same property of f{, the Fredholm determinant in the denominator of (E47)
turns into det[] + 5= K]. Thus, we have

C’[ﬁ—z] FO(QM_fqg(l)(M)Z(,Uf)d,U/, >
det? [I+%K]

6(0) (ﬂ, m) — ¢mBD [27T,0(Q)m SiDh(2Q)]
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where Z = Z(+q), and we have used that Z(\) and p(\) are even functions.
It remains to pass from the symbolic form of Fy to a more specific one. When linearized,
the product in the representation (B:2() for the function W)y turns into

HH sinh(zsp — Ay pr — Q) sinh(Agr py — 25 p — ()
sinh(zp — 2g pr — iC) si h()\&p — A/ — 1C)

i S/ ' {2u,v}:{)\u,v+5u,v}
- €Xp Zzespespg spa)‘ ) 5 (5'6)
s,p s’ ,p
where
1
gD\ p) = -3 [sinh™2(\ — o + i¢) + sinh (X — p — i¢)] . (5.7)

After the summation of the continuous Lagrange series, this part becomes

H H sinh(zsp — Ay pr — i€) sinh(Ay p — 25p — i) — €4ﬁ:2 Co (5.8)
sinh(zs, — 2y — 4C) sinh(Asp — Ay — i€) ) .
o {Zu,v}:{)\u,v+€u,v}
where
/ Z(N Z
C(J:/. 22w gy (5.9)
sinh”(A — p —iQ)

—q

The remaining part of W contains the Fredholm determinants (B.10), whose kernels depend
on the following products (see (2.17), (R.18))

P _ H sinh(w — Asp + iaQ)
¢ Llginh(w — 25 + ia()

—  exp {Z €sp g(l’o‘)()\&p)} , a=0,%+1,

{zs,p}={As,ptes,p} 5P

).

(5.10)

where g1 (\) = coth(w — A 4 iaC). Let us introduce the in-periodic Cauchy transform of the
dressed charge Z,

T

Hw) = zi /coth()\ — W) Z(\) dA. (5.11)

Then we obtain

P, — PHwtiad) g =0, 41, (5.12)
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Observe that the function Z has the following properties

F(w + iC)~— Fw—i¢) =1 - Z(w), (5.13)
Zi(w) — 2 (w) = Z(w), w € [—q,q],

where ([1.14) is used in the first equation, and Zy are limiting values of Z from the upper and
lower half planes in the second equation.
Therefore, the leading non-oscillating part of the generating function can be written as

R 2.2 2
GO(B,m) = A(B) - e’mP [27 sinh(2q) p(q) m] %GQ <1, %) ez (Co=C1) (5.14)

Here the constant Cy given by (b.9), G(1, 2) is the product of the Barnes functions (see (B.27)),
and C1 reads

1 [ 202 - Z0) Z' () [ 2200
Cy = 5_/q b 0= ) d\dp + 2z_q il = dA. (5.15)

The coefficient A(f) is

(e? —1)% - det [I + 5 Uéf‘)(w,w’)] - det [I + 5 Ug(j)(w,w')}

AB) = (655(91+i4) — eﬁ+55(91—iC)) (6—55(92—iC) — eﬁ—ﬁﬁ(@g—H’C)) -det2[I + %K] ) (5.16)
where
ﬁé(w)K —w) — K. (01 —
) n_ WK (w—w') — Ki(6r — w')]
Up (w,w) = PEwHiC) — BB i) (5.17)
and
B K (w— ') — K.(w—6
(), o _ € [Ky(w —w') — Ky (w — 65)]
Ug, (w,w') = o—BE(w —iC) _ oB—PE(w +iC) ’ (5.18)

and the kernels Ug(f‘) (w,w") and Ue(j) (w,w") act on the contour I surrounding the interval [—g, q].

5.1.2 Leading oscillating behavior of (¢%<m)

Consider for exemple the function @(Jr)(ﬂ, m), the case G (6, m) being completely analogous.
Like in the previous case, the function fg) (E-68) becomes linear at v = 1, and ( fg))’ = 1/2mi.
Therefore the Fredholm determinant in ([£73) is equal to det[I + 5= K] like for the non-oscillating
term G (3,m) and the integral equation for p/()) (b-4) remains the same.

As for the linear integral equation for z(+)()), it reads

+) /
— M _ [dw KO\ —p) z(+)(,u). (5.19)
2 2m
—-q

z(+)()\)
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Using the expression (f49) of ¥(\), one can write (5.19) in the form

27

M= 2 - / RO =) )+ 1), (5.20)

and the solution is

N =20 (ﬂ, + 1) —1. (5.21)

27

One should now notice that, everywhere but in the argument of F(), the function z(+)()\)

enters in (f1.7§) only through the combination

S 41 = BF 227:2 20 (5.22)

which means that this part of the result can merely be obtained from the non-oscillating term
via the replacement 8 — (3 + 2mi. It is easy to see that it is enough to make the same shift
B — B+ 2mi in the function F(P): indeed, the Fredholm determinants in this function contain
the following products

PO({JF) _ s%nh(w +q+ Z:Ozé) H si'nh(w —dsp+ ?a() ’ 0= 0,41, (5.23)
sinh(w — ¢ + 1a() . sinh(w — 2, p + i)
which, in the linearized limit {z5,} = {As ) + €5} become
+) B , sinh(w + g + ia()
P") — exp {SZP: €spcoth(w — Ag p + iaC) + log R P————
q
— exp / coth(w — A+ ia¢) (zD(N) + 1) d p = FF2m) 2(wiac) (5.24)
—q

and one can similarly show that the same shift of 3 has to be done in the equation (f.§).
The term G(*)(ﬁ, m) can be considered in the same way, and we finally obtain

G (3,m) = GO(B + 2mi,m). (5.25)

It is worth mentioning at this point that the generating function (¢?2m) is a polynomial of e?,
which means that the exact result should be a 2mwi-periodic function of 3. In the asymptotic
formula this periodicity may of course be broken. We see, however, that the leading oscillating
part of the asymptotics partly restores the original periodicity. It is therefore very possible that
the more rapidly oscillating corrections to this formula can simply be obtained, at their leading
order, by the shifts 8 — G+ 2win, n € Z*, in GO) (B,m).
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5.1.3 Final result and comments

We eventually obtain

(#9m) = 3" GO(B + 2mio,m) 1 +o(1)], (5.26)
o=0,%t

in which G© (8,m), given by (p.14), corresponds to the leading non-oscillating term whereas
GO (6 £ 2mi, m) are the leading oscillating ones.

To conclude this section, we would like to stress once more that the result (5.26) for the
leading asymptotics of the generating function (¢?<m) is formulated in terms of the solution of
(L.14), which is a linear integral equation, whereas the integral equations describing the partial
sums G1._ () were non-linear. The linearization arises only after taking the last sum over n,
in other words, only if we take into account the contributions of cycle integrals of all possible
lengths. In the framework of our approach, the necessity to consider cycles of arbitrary lengths
is quite natural. Indeed, the asymptotics of all cycle integrals have a rather common form
independently on the length of the cycle. In particular it always contains a term which is linear
over the distance m, and one might therefore expect that all cycle integrals eventually give a
contribution of the same order to the asymptotics of (e59m). It is worth mentioning however
that, for cycle integrals of length ¢ > 1, this linear dependence on the distance shows itself only
in the asymptotics, while it is explicit for the cycle integral of length ¢ = 1:

dz [ d) A @mo@-r) gy A
3t ] 2 9 TS = [ gl +ada 7
—q

—q

- (527)

Therefore, dealing with the series for (¢?@m) in its initial form (R-40), we see only the explicit
linear dependence in m generated by each double pole at z; = \; (i.e. by the cycle integral
of length ¢ = 1), but we do not see the hidden linear dependence produced by all other cy-
cle integrals. This may create the fallacious impression that the role of these double poles
predominates.

We specify here all these details since they explain the appearance of a non-linear integral
dressing equation in the works [Bd, Bg]. Exactly the same non-linear equation can be obtained
from the series (R.4() after summing up the contributions of only the double poles. We would
like to point out that this way leads to a misleading representation for the generating func-
tion (e”9m). In particular, using such representation, the authors of [BJ] concluded that the
oscillations in the asymptotics of the two-point correlation function (o{o}, ) are exponentially
suppressed at long distance.
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5.2 Asymptotic expansion of (o{o7, ;)

Let us now consider the asymptotic behavior of the two-point correlation function (of o7, )

which can be obtained via ([[.4):

A4 62
(050%,.1) = 2D2, aﬁ2< f9m)| —4D 4 1. (5.28)
B=0

Similarly as for (eﬁQm>, we will consider separately the non-oscillating and oscillating parts.

5.2.1 Leading non-oscillating behavior of (0cf07, )

To obtain the leading non-oscillating term of the asymptotics of (o{o7, ), we should apply
the differential operator 2D72n(9[23 to the term G(© (8,m) in (B.1). Evidently, in order to obtain
non-vanishing contributions, one has to apply the derivatives over § either to e’ or to the
fractional power of m, setting simply 6 = 0 in the remaining part. This gives us, for m — oo,

52 222
op2 7 862 ao (B’m)'go = (41)2 - 7T2m2> - A(B = 0). (5.29)

Consider now the behavior of the factor A at § — 0. Let us take, for example, the deter-
minant of the operator UM, Due to the factor e%*(*) the kernel Ue(f‘) (w,w’) has a cut on the
interval [—gq, ¢, therefore, for 5 small enough, the action of the integral operator on the closed
contour I' can be reduced to

UW‘ —>(U9)—UJ9))‘ , (5.30)

r [—a,q]

where Uj(?) are the limiting values of U () from the upper (lower) half-planes. Using the equa-

tions (5.13) we obtain

det [I + —U()‘)(w w )} = det [I + —Ug(”( )] : (5.31)
27 _
r [—a.4]
where the operator in the r.h.s. acts on [—g, q] and its kernel is
06(1)\) (w, w/) — _BE-(w)=BE(w+i() (K. (w— w’) — K. (6, — w/)] . (5.32)
Setting now § = 0 we obtain
1
det [ U()‘)( /)} ‘ = det [I + oK (w =) — K (0 - w')]] . (5.33)
=0 T

On the other hand,

det [I + %[K(w —w') - K0, — w’)]} = det [I + %K(w — w’)} ~det [I — R(61,w")]

q
1 1

= det [I—i— —K] - |1- /R(Hl,w) dw| = Z(0;) - det [I—i— —K} , (5.34)
2m 2m

—q
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where R(w,w") is the resolvent of the operator I + %K . Thus,

L o™, — Z(6y) - S
det [I—l— 57 Uy, (w,w )} '5:0 = Z(01) - det [I + 27TK:| . (5.35)

One can prove similarly that

1 (2) , 1
I+ — =7 . I+—K]|. .
det [ + 5 U, (w,w )] '5:0 (02) - det [ + o ] (5.36)
Substituting these equations into (p.16) and using again (f.13), we find that

lim A(9) = 1. (5.37)

Thus, taking into account (p.28) and (p.29), we obtain the following leading non-oscillating

asymptotic behavior of the correlation function:

2
m2m?2

1
(07011 nne = (2D = 1) ro(as).  mooe (5.39)

5.2.2 Leading oscillating behavior of (¢{o7, )

As we have seen, in order to obtain the leading oscillating term of the asymptotics of the
correlation function, it is enough to shift 3 by +2mi in (5.14). Observe that the constant .A(/3)
is proportional to (¢? — 1)?, therefore A(+2mi) = A’(£2mi) = 0. Thus, in order to obtain a
non-zero contribution, one should differentiate only the factor (eﬁ —1)? when taking the second
derivative with respect to 3, setting 0 = +2mi in the rest of ()

Let us consider, for example, the case § — ( + 2mi. It gives

82 R e?impF G2(1 Z) 601_00
—GOB+2ri,m ' = A"(27i) - ’ . 5.39
o7 Jocs =™ o sinb 20) ) 7 53
Here p,, is the Fermi momentum p, = p(q) and
2 det {I + ZLm'UG(f\) (w,w’)} -det [I + %mUe(j)(w,w’)] ‘ '
A" (2mi) = p=2mi (5.40)

[e2m‘2(91+¢¢) _ ezmz(eric)] [6727%2(927@() _ 6727@2(92“‘()] det2 [+ %K]

Recall that 6; 2 in (p.4(0) are arbitrary complex numbers. Let us set §; = —qg and 63 = ql.
Then it is easy to see that, at g = 271,

T
( : U(A)(w,w/)> = S U (—w, —w), (5.41)

o 4 27

'This choice of §; is the most convenient for the calculation of the Fredholm determinants in (p.40) in the

vicinity of the free fermion point, see Appendix E

56



which means that the two determinants in the numerator of (f.40) are complex conjugated. It
is also easy to show using (5.13) that

[62mz(—q+ic) _ 627ri2(—q—i()} |:6—27ri2(q—z{) _ e—27ri2(q+i<)] — _Asin? 12 . o2rilE(—a—i0)—2(q—iC)]

Combining (f-40) with the Barnes function in (5.39) and defining A = —4 G2(1, Z) A" (2xi), we

find

2
2w~ —q

mZ - det [I—!— %K]

G(2,2) - det T + 52U (w, '
A = |emitzeio—zaio) C22) | (w0,

, (5.42)

where G(2, Z2) = G(2 + 2)G(2 — Z) and where we have used (B.27).

One can transform similarly the expression for A”(—2mi). The result in this case is still
given by the same constant A (b.49). Then, taking the second lattice derivative, we eventually
obtain in the limit m — oo,

eC1—Co

cos(2mp,,) +o(m—22%). 5.43
222

27 sinh(2q) p(q) m]

The obtained amplitude of this leading oscillating term appears to be closely related to a

<0-fo-fn+1>osc = 8"2( Sin2 pF :

special form factor of the operator 0*. We will comment this relationship in the conclusion.

5.2.3 Final result and comments

Thus, at m — o0, the two-point correlation function of the third components of spin in the
external magnetic field behaves as

222

2 1.C1—Co ;2 cos(2mp,,)
<O-fo-rzn+1>leading = (2D - 1) - 7T2m2 + 8./46 ! 0 Sin pF : £

[27 sinh(2q) p(q) m]*2*

(5.44)

Note that, dependending on the value on A (and thus on Z), the second term of (f.44) may be
dominant compared to the third one or vice-versa.

Let us discuss this result from the viewpoint of its comparison with known results and
predictions.

As already mentioned in the introduction, the asymptotic equation (5.44) completely con-
firms the predictions from Luttinger liquid and conformal field theory approaches. In the limit

of free fermions ¢ = 5 (see Appendix B), this result also agrees the with the known answer

(Ufaan)A:O = (2D — 1)2 — [1 - Cos(2mpF)]. (5.45)

m2m?
In the general case, there exists no prediction concerning the value of the amplitude of the
oscillating term, except in the zero magnetic field limit (see [64, B3, B6]). However, in the

framework of our approach, the non-zero magnetic field plays the role of a certain regularization
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which ensures the finiteness of all the constants (Cp, C, .,Z, p(q) sinh 2q) entering this amplitude:
at h = 0 all these constants become divergent. It is nevertheless possible to show that the total
combination of these constants remains finite. The corresponding proof [[[7] is highly non-trivial,
therefore we do not present it here. We would just like to mention that the most complicated
part of the calculations is related to the extraction of the divergent part from the Fredholm
determinant det[] + %UE):;) (w,w")]: one can show that it coincides with the divergent part of
det[I — 5= K].

Due to the difficulties that arise when taking this limit h — 0 in our result, the complete
comparison of (f.44) with the results of [64, B3, still remains an unsolved problem. Note
nevertheless that, in the limit of free fermions, the formula (p.44) holds for arbitrary magnetic
field including the case h = 0. We succeeded moreover to compute explicitly the limiting value
at h = 0 of the amplitude of the oscillating term in the vicinity of free fermions up to the second

order in € = > — % Our result,
z _z 2(_1)m 2 (w2 3
(0707 1) 0sc = —5 327 OXP —4e(log2+ C) + 8¢ (% —1—-C —log 2)] +0(¢’), (5.46)

where C is the Euler constant, coincides at this order in e with the one of [p4, (3, F4].

6 Quantum non-linear Schrodinger equation

In this section we briefly explain how to apply the method described above to another model,
the quantum one-dimensional Bose gas (or quantum nonlinear Schrodinger equation model).
Recall that the starting point of our derivation is the master equation (2.1). We have
stressed already that such integral representation exists not only for the XXZ chain, but also
for other models possessing the six-vertex R-matrix [ and, in particular, for the system of
one-dimensional interacting bosons on some finite interval [0, L].
The Hamiltonian of this model is given by

L
H = / (aggqﬁax\p +eututow — h\I/T\I/> dz . (6.1)
0

Here ¥ and ¥' are Bose-fields possessing canonical equal-time commutation relations, ¢ is a
coupling constant and h a chemical potential. For ¢ > 0 and h > 0, the ground state of the
model goes to a Dirac sea in the thermodynamic limit and can be described by a set of integral
equations similar to those of the XXZ chain.

The analog of the operator Q,, is

T
Q, - / Ui(2) U(z)dz (6.2)
0
and the function (e”9¢) is a generating function for the correlation function of the densities
j(x) = Ol (2)T(z) via
19 97

(4(2)j(0)) = 5@3—52@69“) o (6.3)
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The method to compute the asymptotics of (f.J) in the case of the one-dimensional Bose
gas literally repeats the steps we have described in details in the case of the XXZ chain. Let us
just point a few peculiarities.

The master equation for (¢”9=) has the form (B-I]), but the functions a()), d()\), and ()
(see (2:4), (H)) are now

aN) =T, dN)=e, I\ =e (6.4)
In the remaining part of the master equation, all hyperbolic functions should be replaced by
rational ones, i.e. sinh(A — z+i() — A\ — z £ i(, ete. After this operation one should set ¢ = c.
The transformations of the master equation described in Sections .3 and R.3 are the same for
the one-dimensional bosons.
One of the difference between the quantum one-dimensional Bose gas and the XXZ model
is due to the choice of notations'. In particular, the integral equation for the dressed charge in
the Bose gas model coincides with its XXZ analog up to the sign of the integral operator:

2c

200 - o [ KO0 Zdu=1, KW

One should also pay attention to the fact that the function I()\) (p.4) can be analytically con-
tinued to the lower half-plane, while its analog (R.§) can be continued to the upper half plane
(in the case of im-periodic hyperbolic functions, we can of course always consider the domain
|SA| < §). This difference leads to some differences of signs in several formulas, but the common
strategy of the derivation remains just the same as in the case of the XXZ chain.

The final answer for the leading asymptotic behavior of (p.3) is

ZZ 601 —Co

222

cos(2zp,,)
[47 q p(q) 2]*=*

Here, just as in the previous case, Z = Z(£q), Z()\) satisfies the integral equation (p.5) and ¢,

+ 24k -

(3()3(0)) paing = D* — (6.6)

the value of the spectral parameter at the Fermi boundary, depends on ¢ and h (see e.g. [B9)).
In the model of the one-dimensional Bose gas the spectral density p()\) is related to the dressed

charge by p = % The Fermi momentum p,. and the average density D are given by ([.13J).
The expressions for the constants Cy and C are quite similar to (.9), (b.17),
q
Z(\) Z(p)
Co= | —— =5 dXd 6.7
0= [ e s . (67)
—q
L[ 20 Z(0) = Z0) Z' () [2-20)
01:—/ a a dAdu+2z/7dA. (6.8)
2 A— U qg—A
—q —q

'One could avoid this difference by replacing ¢ — 7 — ¢ in the original formulas.
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The formula for the constant A coincides also basically with (5.49):

6(2, 2) - det [1 4+ U (w, /)| ’

7Z - det [I — 5= K]

A = |emilE(a—ic)=Z(—g—ic)]

Here

_ %/q (6.10)

and

e2miZ(w)

A (w,w') =

p [K(w—w')— K(g+w)]. (6.11)

e2miZ(wtic) _ o2miZ(w—ic)

It is not difficult to check that the result (b.6) has correct free fermion limit (¢ = co0). One

can also show that it reproduces at first order in ¢! the asymptotic behavior obtained in [Bg].

Conclusion

We have described a method to compute the asymptotic behavior of correlation functions of
quantum integrable systems. Our study is based on the multiple integral representation (R.1]),
called the master equation. Such master equation can be obtained via the algebraic Bethe
ansatz for a rather wide class of integrable models and different correlation functions. In the
present paper, we have considered only one specific correlation function for the XXZ chain
and one-dimensional bosons. To conclude, we would like to discuss possible axes of further
development.

First of all, it should be possible to apply this method to compute the asymptotic behavior
of other correlation functions, such as (0{ 0, ;) for the XXZ chain or (Uf(z)¥(0)) for the
Bose gas. It would also be interesting to apply this approach to compute the long-distance
correlations in the massive phase A > 1 of the XXZ chain. In that case there is no power law
corrections in the asymptotic behavior of the cycles. This should lead to an exponential decay
of the correlations.

The case of the XXX model is also of special interest. For non-zero magnetic field the result
(p-44) apparently remains valid. However, at h = 0, one can expect logarithmic contributions
to the asymptotic expression [B, fl]l. It would be interesting to see how such terms can appear
in the framework of our approach. However, the case of zero magnetic field appears to be the
most complicated one, even for the XXZ chain. Therefore before studying the XXX model it
would be desirable to understand completely what happens for the XXZ chain at h = 0, and in
particular to compute explicitely the (finite) limiting value for the amplitude of the oscillating
term.
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We hope that our approach can be used for the asymptotic analysis of the temperature
dependent correlation functions. At least in the case of the one-dimensional Bose gas, for which
there is no bound states in the spectrum of the Hamiltonian for ¢ > 0, the generalization of
our method looks quite straightforward. For T" > 0, the integrals over the spectral parameters
should be taken over the whole real axis. This leads to the absence of power law corrections in
the asymptotic behavior of the cycle integrals, just as in the massive regime of the XXZ chain.
As a result, the asymptotic behavior of the correlation functions should decrease exponentially
with the distance.

We would like finally to discuss the nice relation that exists between the amplitude of the
leading oscillating term of the asymptotics (5.44) and a special form factor of the operator o,
namely the matrix element

C(MNF @HEDIoEle D)
For = (%) 1D - TN

where [)({\})) is the N-particle ground state and (¢({x})] is an excited state containing one

(6.12)

particle and one hole at the different boundaries of the Fermi sphere, for instance, A\, = g,
Ap = —q. We recall that in (p.13) M denotes the length of the chain. Using the determinant
representations of form factors obtained in [bJ], one can show [[{7] that, in the thermodynamic
limit, that |F,|? is equal to,

Mlim |F,|? = 44 sin? p, €1~ [27 sinh(2q) p(q)]7222. (6.13)
— 00

Thus, the amplitude of the leading oscillating term is equal to the square of the norm of the

form factor (.12):

, 227

cos(2mp,.)
2m? '

+2|F0|2' m2Z22

<0-fo-fn+1>leading = (2D - 1) (6'14)
The coefficient 2 is due to the fact that there are two such form factors. This observation
perfectly agrees with the conformal field theory approach. Namely, if we consider the two-point
correlation function as a sum of form factors, then the main contribution to the asymptotics
comes from the terms corresponding to the excitations in a vicinity of the Fermi boundaries.
Hereby, the leading oscillating term in the asymptotics is produced by the excited states having
particles and holes on the different sides of the Fermi zone. Thus there is an opportunity to
improve drastically the form factor approach. This, in turn, would open a path towards the

computation of dynamical correlation functions [£7].
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A Determinant representations

A.1 Proof of Proposition 2.7

If the parameters Ap,..., Ay satisfy the system of Bethe equations (.J), then d()\;) can be
expressed in terms of a();), and the determinant of Q, can be written as

N N
dety Qs ({z}, {\H{z}) = H a(Aj) - sinh(zq — Ap — iC) - dety M ({z}{A}), (A1)
j=1 a,b=1
where
Mjk = t(zk, )\J) + Kt()\j, Zk) . V+()\]) V:l()\J) (A2)

In order to prove (R.10), we shall prove that
N

dety M = dety [m} jHl [n% - 1}

1-&K
Ty 1
Vi (0) — kV2(0)
Consider the following transformation of the Lh.s. of ([A.3)

~dety [@HU;,?(G) . (A.3)

- dety(MA)
dety M = A4
o dety A (A.4)
with
N .
ljl sinh(zj — Aa) coth(zj — A\¢)  for k+#N,
Ajk = a; X (A.5)
[1 sinh(z; — z4) 1 for k=N.
a=1
a#j
The determinant of A can be easily computed. Indeed,
N
[ sinh(z, — Ap) coth(z; — ) | 1
a,b=1 i .
detN A - N N detN : : . (Aﬁ)
[T sinh(zq — 2) coth(zy — ) | 1
a,b=1
a#b
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Subtracting the last line from all others, we reduce the remaining determinant to a Cauchy
determinant, which gives

N
sinh(z, —An) N .
dotn A — }31 ( ‘ H sinh(A\, — Ap) (A7)
NS = Nl_—l1 T - sinh(zq — 2p) '
S a — AN) @

a=1

The product of matrices M A can also be explicitly calculated

fv[l sinh(Xj — A,)
(BT Ay = b5 2. [ el - 1} RO - MVE(), k<N, (AS)
1;[1 sinh(\; — zq) -
and
(MA)jn =1 —r)Vi()), k=N. (A.9)

Here the function K, (\) is given by (R.15). Let us explain how the formulas (A.§), (A.9) were
obtained. For instance, in order to obtain ([A.§), one has to calculate the sums

N
I sinh(ze — Aa)
a=1

N .o
— th(zp — A\g)
Gr =% __—tsincco . : (A.10)
ik Z:: sinh(z — Aj) sinh(z, — A\; £4() lflf[ sinh(z — 2,)
il
Consider an auxiliary contour integral
I - Lj{ i sin ¢ cotb(w — k) dw. . H sinh(w — )\a)’ (A1)
2mi ) sinh(w — ;) sinh(w — A; £14() sinh(w — z,)

where the integration is taken over the boundary of a horizontal strip of width iw. On the
one hand, the integral vanishes I+ = 0 as the integrand is an im-periodic function that is
exponentially decreasing for ®(w) — oo. On the other hand, it is equal to the sum of the
residues inside of the integration contour. The sum of the residues at the poles w = z, gives
exactly G;tk. Taking into account the contribution of the additional poles at w = A; F ¢ and
w = A; (the last one only exists for j = k), we arrive at the following identity

N .
a]jl sinh(Aq — Aj)
a#j

N .

ali[l sinh(z, — Aj)

G * Gk + coth(\; — A\p F4C) V() = 0. (A.12)

63



We have thus computed G;tk and in this way proved the formula (A-§). The result ([A.9) can be
obtained by a similar method.

The following transformations are trivial. We can extract the factor V. (\;) from each line
of (MA)]k, making the elements of the last column equal to 1 — k. After this, subtracting
the last line from all the others and extracting the coefficients in front of 4, we obtain a new

representation for det M

N

o 11—k V+()\a) .
detyy M = Vo) — sV Ow) 11 [“v_(Aa) 1]
x dety [m} - dety [5]% + U](li\)(AN) . (A.13)

Thus, we have reproduced the r.h.s. of (A.3) up to replacement § — \y.
Now consider det [@k + U](li‘) (9)} appearing in the r.h.s. of equation (A.3) (see (-13) for its

explicit form). After a simple similarity transformation we obtain

N
sinh(z, — A
) O al;Il ( 2 KN — M) — K (6 — M)
U o)— b (0) = L - : (A.14)
I Ik N Vi ) = VN Ow)
[] sinh(Ay — Ax) + -
GZh
Let us multiply the first N — 1 columns by the coefficients sy,
VitOw) — kVEHO
sk = —3 Q) = & 11( t) (A.15)
Vi (An) =6V (AN)
and add them to the N-th column. Then the last column of the determinant becomes
Vi le) — kV1(6)
Sn+ TN O+ s +UP0)) = — , A16
iN ]N Z k< ik ( )) VJ:l()\N)—KV:l(AN) ( )

(the method of calculation is quite similar to one described in the formulas (A.I0)—(A.19)).
Now it is enough to subtract the last line of the obtained matrix from all others, and we arrive

at the following identity

-1 -1
] Y 0) —kVT(0) LAY
dety [@k + U4 (9)] = 0w o) dety [@k + U4 (AN)} . (A.17)
In other words, it means that the combination
dety [@»k + U](,;\)(H)]
(A.18)

VL) — kVI1H(9)
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does not depend on . Thus, substituting ([A.17) into (JA.13), we obtain the r.h.s. of (A.3).
The representation (R.17)) for ©,; can be proved by using the identity

detN M = detN M, where Mjk = t(Zk, )\j) + lit()\j, Zk) . V+(Zk) V:l(Zk), (A.19)
established in [[] (see Appendix B of this paper). It follows from ([A.19) that

sinh(\ — Q)
sinh(z, — )\a — ()

dety M({z}, {\}r) = &V H ~dety M({A}, {z}r™h). (A.20)

a,b=1

Then the representation (R.11]) follows from (R.10) after the replacements z «» A and x — x L.

A.2 Fredholm determinant representation

Consider the Fredholm determinants det {I + 5 ZU s Z)(w, w' )] (see (B-14)). We have

L =) (=DM dRw o ~(\2)
logdet |:I+%U9 :| = ; 2 (27T’L)k UG (w17w2)"'U9 (wk7w1)' (A21)

Computing the multiple integrals by the residues at w; = A, (respectively at wy = z¢), where
¢ =1,...,N, we obtain

(_1)k+1 N

log det {I—i— —U(A Z)] Z p
k=1 0 l=1

A,z Az
Ué(lb)(e) Y Ué(kzl)(a)7 (A.22)

what is exactly the expansion for log dety [6]~k + U](li‘vz)(e)].

A.3 Some identities for Fredholm determinants

Consider an integral operator I + V acting on some contour C.

Proposition A.1. Let
g(w) = h(w) + / V(w,w") h(w') dw'. (A.23)
C

Then, for arbitrary wqy € C, the following identity holds

det [I + V(w,w')] = 9(wo) - det [I—i— V(w,w') — V (wo,w’) | . (A.24)

h(wo)
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Proof — Suppose that the resolvent R(w,w’) of the operator I + V exists (if not, then we
can consider some regularization Vi (w,w’) of the original kernel, such that the corresponding
resolvent R, exists). Then

g(wo) . de w.w) — g(w) wo. w'

h(wo) det |I + V( ) ) g(wo)V( 0, ):|

_ g(wo) . de w. ) - de _ g(w) wo. '

= (o) det [T + V(w,w')] - det [I g(wo)R( 0, )]

1 / / / /
= e, ~det [I 4+ V(w,w')] <g(w0) - /FR(wo,w )g(w )dw)
= det [ + V(w,w")], (A.25)

which ends the proof. O

If the kernel V(w,w’) is analytic within some domain D containing C, then the resolvent is
also analytic in this domain, and the identity ([A.24) holds for wg € D.
Let now I' be the contour shown on Fig. 1 and h(w) an im-periodic function that is holo-
morphic outside of I and bounded at w — £o0. Then
d /
}[zi (K (w—w')— K (0—w') h(w') = kh(0—iC) — h(0+iC) — kh(w—iC) + h(w—+iC), (A.26)
i
r
where the integral has been computed by the residues lying outside of the contour I'. Compose
a kernel Ue(h) (w,w') as
h(w)

(h) N — . w _w/ — —w, . .
Up™ (w,w) = 2mi [kh(w — i¢) — h(w + i¢)] [l )~ K6 ) (A.27)

Let us apply (A.24) to the operator I + Ue(h) (w,w") with 6 € I'. We have

_ (h) / / o ﬁh(@ - ZC) - h(@ + ZC) A9
g(w) = h(w) —l—]éU@ (w,w") h(w") dw" = h() h(w —i¢) — h(w 1 i0)’ (A.28)
r
Substituting this into ([A.24) we immediately arrive at
det [I + QLm'UG(A) (w,w’)] det [I + Z%Z.Ug(;) (w,w’)]
= A.29
kh(0 —i¢) — h(0 + iC) kh(wy — i¢) — h(wg +i¢)’ ( )
for arbitrary wq such that |$(wo —w)| < ¢, w € T.
In particular one can take
N sinh(w — z,) .
hw) =[] 57— or  h(w) = %), (A.30)

sinh(w — Ag)’

In the first case we obtain the identity for the operator UM, in the second for UM, Similarly
one can prove f-independence of the kernels U®) and U®).
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B Free fermions

Consider the determinant of the matrix d; + U](,?)(H) in the limit of free fermions ¢ = 5. Then
Vi(u) = V_(u) and the entries U](,?)(H) are equal to

N
[T tanh(z, — A;)
U(A) 9) = a=1 ) .m
i 0) = ~ . [tanh()\j — k) — tanh(f — )\k)], (= 3 (B.1)
1:[1 tanh(Aq — Aj)
a#i

The straightforward calculation of the corresponding determinant causes serious difficulties.
However, there exists a way to avoid these problems. Due to ([A.3) the determinant of Ok +

U](,i‘) (0) can be expressed in terms of det M. One has, for the limit of free fermions,

dety M

dety [0, + U},j’(e)] — Vi) = (B.2)
dety [sinh(zkf)\j)}
On the other hand, the matrix M (A.d) becomes the Cauchy matrix at ¢ = 9
~ 2(1 — k) T
My = ————— fi = —. B.
¥ 7 Sinh2(z — Aj) or ¢ 2 (B-3)

Thus, both determinants in the r.h.s. of (B.J) are explicitly computable and we arrive at

N
[] cosh(z, — 2p) cosh(Ag — Ap)

N
—Za) a i
det 5]k+U ] H )) b ~ (=5 (B4
a=1 [I cosh(zq — Ap)
a,b=1
Similarly one has
N
N osh 9 \ ) [] cosh(zq — 2p) cosh(Ag — Ap) i
detN 5]]9 + U]k } H — . a>b s (Z 5 (B5)

cosh(z, — Ap)

a 1

T=

It is easy to see from the obtained result and the definition (2.20) of W that, in the free fermion

limit,

Wy ( {A} ) =1. (B.6)
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Let us now compute the constant A in the limit of free fermions. For ¢ = § we have
Z(\) =1, hence,

UEI) (w,w") = — tanh(w — q) coth(w + ¢) [tanh(w — w') + tanh(g + w")]. (B.7)
The kernel (B.7) is holomorphic in a vicinity of the interval [—q,q]. We draw the reader’s
attention on the fact that this property only holds due to the special choice of 6; = —q.
Otherwise the kernel Uéf‘) (w,w") would have a simple pole at w = —q.

Since the integral operator U ) (w,w") acts on the closed contour surrounding the interval

—q
[—q, q] we obtain that

Lo nl—
det |1 + s U, (w,w')| =1, (B.8)
hence,
B T -
A= p62m[z(q—z§)—z(—q—z§)] ) (B.9)

It is also easy to see that for free fermions C; = 0 (see (b.1§)), and

21 [2(qg — F) — Z(—q — )] — Cp = 0. (B.10)
Thus, taking into account that p(\) = m for ¢ = 5, we obtain
. 2
sin p 2cos(2mp,,)
\1mt1dose = (tanh(;Q)> O e2m2 = (B.11)
It remains to observe that
Fod
pp=mD = / oshox — arctan (e*?) — arctan (e*2q) . (B.12)

—q
From this we find that sinp, = tanh(2q), and hence

2 cos(2mp,,)
<Uf0'in+1>osc =T 2,2 = (B.13)

C The Lagrange series and its generalizations

In this appendix we consider several generalizations of the Lagrange series (see e.g. [BI]]) used
in Section 1.3, We give the detailed proof in the standard (scalar) case. The generalizations
then become quite evident.

68



C.1 Scalar case

Let us consider the series

where F'(€) and ¢(€) are holomorphic for |e| < rg.

Proposition C.1. If there exists r < ro such that |¢(€)| < r for |¢| = r, then the series
1s absolutely convergent and its sum is given by

_ F(z)
Go=1— J() (C.2)

where z is the root of the equation
z—¢(z) =0 (C.3)

such that |z| < r.

Proof — Replacing the n'® derivative by a Cauchy integral, we obtain

GOZZO% 7{ ) ¢"(w) 4, (C.4)

wn+1

|wl=r
Since |¢p(w)| < r = |w| the obtained series is absolutely convergent, and we arrive at

1 )
Go = 27i w— d(w)

|w|=r

dz. (C.5)

Due to Rouché’s Theorem, the equation w — ¢(w) = 0 has exactly one simple zero w = z within
the circle |w| < 7. Taking the residue in this point we obtain the statement of the proposition. g

C.2 DMatrix case

The result obtained for the series ([C.1]) can easily be generalized to the case of several variables.
Consider a multiple series of the form

00 N . N
1 0% 5;
Gy = _ g F , C.6
AP M= | bl | R R (C6)

where F({e}) and ¢;({e}) are holomorphic for |e;| < r,go), k=1,...,N.
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Proposition C.2. If there exist rj < r§0) such that |¢;({z})| < r; for|z;| = r;, then the series
(C.4) is absolutely convergent and its sum is given by

oo _ FllzD) o

N dety Sji’
where z; are the roots of the system
zj— ¢ ({z}) =0, (C.8)
and dety S;i, is the Jacobian of the system (C.§):
Sk = 031 — 565 ({21) (C.9)

The proof is completely analogous to the one of Proposition [C.J. It uses the analog of
Rouché’s Theorem for several complex variables (see e.g. [H]).
We consider now special cases of the series (@) Namely, let uq, ..., un be a set of complex

parameters. Let

¢i({ed) = f <Z Eae(ﬂaaﬂj)> : (C.10)

a=1

where (), i) is some smooth function. Let also

N N
F({e}) = F<Zg(”(ﬂa)ea; > 9P (as 1) €a € ) (C.11)
a=1

a,b=1
a#b
where g(1), ¢g(® ... are (finite or infinite) smooth functions. Then the obtained result take the
form
N N
F( 2 9 (ua) 203 3 9 (tas o) 20 25 >
Gy = —2 R , (C.12)
detN |:5,] — 6(/’“?7 /j/]) f/< Zl Za H(Maa M])>:|
where
N
zj—f (Z Za 0(#@7#]’)) =0. (C.13)
a=1
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C.3 Continuous case

Let us now consider a series of multiple integrals

[o¢] q n n n
S L2 T (Sonn) (S0 ) e
n=0 """, j=1""7 j=1

Ej:()

where for brevity we have written explicitly only the first argument of the function F'. Consider

a discreet analog of these multiple integrals,

Z ] Z ﬁ ﬁ (Zn:e Aa,A> (Zg s>

AREA j= 1 j=1 ;=0

Here each \; independently runs through a finite set of values A = {y1,..., un}, where py 1 —
pe = A. Obviously G(A) — G at A — 0.

We now reorganize the inner sums over the lattice into sums over the number of \’s equal
to some point of the lattice. Namely, we sum up with respect to all the possible numbers s;
such that there are s; A’s equal to the lattice point ;. Obviously there exist %N, ways of
realizing such a configuration. It is also evident that, for a configuration such that, for each j,

there are s; A’s equal to pu;, then for any function ®, one has

n o n N 9% N
Hg 0 <Zg(1)()\a)5a; ) = Hae‘?j ) (Zg(l)(,ua) €4} ) . (C.15)

€j=0 J 1 €j=0

~ ASi 0%
=3 > I3y
n=0 5,20 j=I 86

Hfsf(Zea m,u;) <Zg(1 (11a ea,...>.(C.16)

3

Changing the order of summation and re-scaling €; — Ae¢;, we obtain the series ([C.4) with
¢; and F in the form (C.1(), ([C.11]), in which the functions 6 and g™ should be replaced by
AO(j14, 115) and Ag® (p,). Then the continuous limit A — 0 is trivial, and we finally obtain

(ng du,...>

G = 7 , (C.17)
det [5()\ —p) —0(p, N\ f’( [ 6(v,\) 2(v) dl/>:|
—q
where the function z(u) satisfies the integral equation
q
/ 00, 1) =) dA | (C.18)
—q
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C.4 Multiple series of multiple integrals

Consider now a multiple series of the form

q
. >° 1 s )
Gro= Y gp [T [4v 5|
l1,...,n=0s=1 s 24 s=1p=1 P
n fs n f n
xHHfS( 6t,aa()\taa sp)' <Zzg )\ta etav ) (Clg)
s=1p=1 t=1 a=1 t=1 a=1 €s,p=0

Just like in the previous example we can take the lattice approximation of the integrals. Then

it is easy to see that

(A A @ 2
Gln( ) detnNSjk < Zzg Ma Zs,a5 )7 (C O)

s=1a=1

n N
— fs <Azzzsb9 ;ub,,ufa ) =0, (021)

s=1b=1

and det,,n S} is the Jacobian of the system ([C.21]). Taking the sum over s in ([C.21]), we obtain

N n n
— fsn (AZ zbewb,ua)) =0, where za=Y Zea, fo.= [ (C.22)
s=1 s=1

b=1

It is also clear that det,,n Sj; = dety gjk, where

N
Sjk = 0k — A O, 1) f,, <A > 2 6(u, Mj)) (C.23)
=1

is the Jacobian of the system () Thus, in the continuous limit, we have

) (fg ) 2 u)du;--->

Gl“‘":det[m =0 i (o) e

where fs, = > o fr, and

2 (n) = f, (/ O\, 1) 2 (N) dA) : (C.25)
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C.5 Lagrange series with a differential operator of general type

Consider a multiple series of the form

G(h) = Al 1 9 Sj mf({e})
S H—,[a— } H¢ {eh) - Fllehe

$1yeems N =0 j=1

(C.26)

€;=0

Here f ({€}) is a function holomorphic around the origin, h j( ) are differential operators un-

€5
derstood, for example, as formal Taylor series of functions bh;(x). The parameter m is supposed
to be large enough. The goal is to obtain an asymptotic expression for the series ([C.26) up to
O(1) terms.

Using the binomial formula and changing the order of summation, we obtain

(h) 85]) aesjj al SJJrTJ mf({e})
ap- > % L6 Fitehe
{sh{r}=0s=1

(C.27)

€;=0

We can now sum up the series over every s; using Proposition C.3. A minor difference is that
we should not set €; = 0 immediately after taking the derivative. Hence one should use

s 1 dw (+)
—8’ N Gt AV
s;! () 2m’jé(w—e)sﬂ+1
Then we have

I(Lg ) N z
oy = > 11 i~ 2 I1¢7 (=) LU e : (C.28)

[e'e) Nh;j(l

{ry=0j=1 7 =1 detn S =0
where z; are the roots of the system
zj = zj({€}) = ¢ + ¢;({2}), (C.29)
and
Sik = 0jk — 52-6; ({z}) - (C.30)

It remains to act with the differential operators bj(%agj) on the obtained functions. It is
clear that, to produce the leading term in m, one should apply all these operators only to the
exponent which depends linearly on m. Moreover,

b (La,,) D] — emilizt= [bj (&Jf({Z})! ) +0 (%)]. (C.31)

e=0

Thus, in the m — oo limit, only the first derivatives of the functions f({e}) survive, in spite of
the fact that, formally, the differential operators b; (%aej) contain all higher derivatives over ;.
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Let z](-o) = zj({e = 0}) and Sj(z) = S ({#9}). Using the equations ([C:29) one easily finds

ZSN (G 3 HED) o1 (C.3)

Then the final result reads

2(0)
Gy = d;ibsgzexp{”if{zw 4-§:hgl% )65 ({2 })}[1+«>(L)} (C.33)
where
5 =00 (C.34)

and the numbers w; solve the system

Z S0 AE

82']20)

(C.35)

In complete analogy with the cases considered above, this result enables us to take the
continuous limit. Observe that we still can consider linearized forms (C.I0), (C.11) for the
functions ¢;({e}) and F({e}) since, as we have seen, the higher derivatives over {e} give rise
only to corrections.

We give here the results for the generalization of the multiple Lagrange series appearing in
Section 3. Let

q n
.- T T [0 (52 0 50 )]
Zq 5= 1p=1

anos 1 s

n f
X exp {m/f <u > th,ae()‘t,mﬂ)) du}
“q t=1a

=1

n L n l n
XHHfs (Zzet,ae()\t,aa)\sp ) : <Zzg )\ta etaa )

s=1p=1 t=1 a=1 t=1 a=1

(C.36)

€s,p=0

Taking the lattice approximation of ([C.36) we arrive at the series (IC.26). Hence, we have

<fg ) 2 )du;...>
det [6()\ — 1) = 0(u, \) L, ( _fq O(v, 1) 2 (v) duﬂ

xexp{m [ (u / e<u,u>z<"><u>du) au+d [ hs(uwm))zs(u)du}, (C.37)
—q s=124

—q

&Y, =
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where fy, = 3" | fs and, as before, the function 2™ (y) is given by (C.24), and

2() = fs / 0\ 1) 2™ (N dA | | (C.38)

—q

The function w(p) is the solution to the linear integral equation

wiw ~ [ 60 £, | [ 602020 w)dv | wix)ax

q q
_ /e(u, NTAEY /e(y, N wydr | dn, (C.39)
—q —q
where f'(\ | ) = 0:f(\ | ).
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