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Abstract

We derive the leading asymptotic behavior and build a new series
representation for the Fredholm determinant of integrable integral oper-
ators appearing in the representation of the time and distance-dependent
correlation functions of integrable models described by a six-vertex
R-matrix. This series representation opens a systematic way for the
computation of the long-time, long-distance asymptotic expansion for
the correlation functions of the aforementioned integrable models away
from their free fermion point. Our method builds on a Riemann—Hilbert
based analysis.

1 Introduction

Highly structured determinants appear as a natural way for representing
the correlation functions in integrable models that are equivalent to the so-
called free fermions. It was already shown by Kaufman and Onsager that
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certain two-point functions of the two-dimensional (2D)-Ising model can
be represented by Toeplitz determinants [30]. Then Montroll et al. [44]
made this observation more systematic by expressing the so-called row-to-
row two-point function of this model in terms of a Toeplitz determinant.
It was observed by Lieb et al. [40] that such Toeplitz determinant-based
representations also hold for the so-called XY model. Then, the systematic
study of the correlation functions of the impenetrable Bose gas, the XY
model or its isotrpoic version the XX model lead to the representation of
various correlators in terms of Fredholm determinants (or their minors) of
the so-called integrable operators [7, 8, 36, 39,42, 47]. Such types of Fredholm
determinants also appear in other branches of mathematical physics. For
instance, the determinant of the so-called sine-kernel acting on an interval J
is directly related to the gap probability (probability that in the bulk scaling
limit a given matrix has no eigenvalues lying in J) in the Gaussian unitary
ensemble [21]. Integrable integral operators [10] are operators of the type
I + V where the integral kernel V takes a very specific form. This fact allows
for a relatively simple characterization of the resolvent kernel and often for
a construction of a system of partial differential equations satisfied by the
associated Fredholm determinant or minors thereof [14, 24, 26, 29, 49].

In all of the aforementioned examples, the integrable integral operators
I+ V act on some curve ¢ with a kernel V (A, ) depending, in an oscilla-
tory way, on a parameter x. In the previous examples a lot of interesting
information can be drawn out of the asymptotic behavior of det [I + V] for
large values of z. For instance, when dealing with the correlation func-
tions of integrable models, x plays the role of a spacial and/or temporal
separation between the two operators entering in the correlation function.
In such a case, computing the large-z asymptotic expansion of the associ-
ated Fredholm determinants, allows one to test the predictions of conformal
field theories. The form of the asymptotic behavior of the pure sine kernel
determinant logdet [I + S] was strongly argued in [6,19] and then proven,
to some extend, using operator methods [3,20,51]. Also, the discovery of
non-linear differential equations of Painlevé V type for this determinant [29]
allowed to compute many terms in the large-x asymptotic expansion of the
associated correlation functions [29,41,42, 43]

However, a really systematic and efficient approach to the asymptotic
analysis of various quantities related to integrable integral operators I 4+ V
has been made possible thanks to the results obtained in [26]. There it was
shown that the analysis of such operators can be reduced to a resolution of
an associated Riemann—Hilbert problem (RHP). The jump contour in this
RHP coincides with the one on which the integral operator acts and the jump
matrix is built out of the functions entering in the description of the kernel.
In this way, one deals with a RHP depending on z in an oscillatory way.
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The asymptotic analysis of their solutions is possible thanks to the non-linear
steepest descent method of Deift—Zhou [16,17]. It is in this context that the
full characterization of the leading asymptotic behavior of Fredholm deter-
minants of kernels related to correlation functions in free-fermion equivalent
models (the long-distance, long-time /long-distance at zero and also non-zero
temperature) has been carried out in the series of papers [4,9, 23, 25, 27, 28].
Also, it was shown that the value of Dyson’s constant arising in the asymp-
totics of the pure sine kernel determinant can be obtained in the RHP-based
framework as well [13, 38].

This paper deals with an extension of these analysis to the case of a
Fredholm determinant of an integrable integral operator whose integral ker-
nel has a more involved structure then in the aforementioned cases. We
call our kernel the time-dependent generalized sine kernel. The Fredholm
determinant we analyze arises in the representation of the zero tempera-
ture long-distance/long-time asymptotic behavior of two-point functions in
a wide class of integrable models away from their free fermion point. In
particular, its asymptotics expansion (and especially the new series repre-
sentation that we obtain for it) plays a crucial role in the computation of
the long-time/long-distance asymptotic behavior of these two-point func-
tions. Therefore the results in this paper can be seen as a first step towards
such an asymptotic analysis of two-point functions. Let us be slightly more
specific.

In a wide class of algebraic Bethe Ansatz solvable models, one is able
to compute the so-called form factors (matrix elements of local operators)
and represent them as finite-size determinants [35,46]. It has been shown
in [36] that, for free fermion equivalent models, it is possible to build on
these representations so as to explicitly sum-up the form factor expansion
and compute the zero-temperature (and even the non-zero temperature)
correlation functions of the model. In the limit of infinite lattice sizes, a
two-point function is then represented by a Fredholm determinant (or its
minors) of an integrable integral operator I + V acting on some contour ¢
determined by the properties of the model. For time and space translation
invariant models, the kernel V' depends on the distance separating the two
operators as well as on the difference of time evolution between them. One
can show that for general free-fermion type models, the integral operator
I +V associated with the form factor expansion of the time and space-
dependent two-point functions acts on a finite subinterval [—q;¢] of R and
its kernel V' belongs to the class of kernels

sin [rv (A)] sin [7v ()]
2im (A — )

V(A ) =4 [EWNe() —E@e(N}.  (L1)
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There v is some function encoding the fine structure of the excitations above
the ground state whereas e and F are oscillating factors. The function E is
expressed in terms of e

se 2 (s e ?
E(\) =ie ()\){]{g ;l—w S_(A> + 2“) cot [W(A)]}. (1.2)

The functions v and e just as the integration curve % appearing in (1.2)
depend on the specific model that one considers. We will give more precision
about their properties in the core of the paper. We stress that, for free-
fermion equivalent models, v (\) is some constant and e takes a simple form.
It was in such a context that the asymptotic analysis of det [I + V] has been
carried out previously.

When considering integrable models that are away of their free-fermion
point, as it has been shown in [34, 37], it is as well possible to build on the
finite-size determinant representation for the form factors of local operators
in integrable models out of their free fermion point so as to sum up the form
factor series over the relevant sector of excited states. Even though Fredholm
determinant based representations are no longer possible in models away
from their free fermion point, the above procedure leads to a representation
for the time and space-dependent two-point functions in terms of series of
multiple integrals which take the generic form

Z / 217'('

217r
n>0

1 A,y An
d'f?t |:Za—)\b:| fn <y17"'>yn> ) (13)
There, €, and €y are some contours in C surrounding [—¢;¢], u is a holo-
morphic function in a neighborhood of [—¢;¢]U %y and F,, some func-
tion. In fact, an analogous type of series representation (1.3) have been
first obtained, through other method, in [33], this in the case of the space-
dependent functions only. That paper also proposed an approach to the

extraction of the large-z asymptotic behavior out of the “pure-distance”
analog of the series (1.3).

dza dya ) u(Aa)]

217r it

An important observation made in [34,37] is that the intermediate com-
putations can be shown to boil down to effective generalized free fermionic
models. As such, they involve, again, the Fredholm determinants of oper-
ators I +V with V' given by (1.1). However, then, the functions v and e
become much more complex that at the free fermion point. In some sense,
the approach of [34,37] shows that kernels (1.1) appear as a natural basis
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of special functions allowing one to represent the correlation functions of
a wide class of interacting (i.e., away from their free fermion point) inte-
grable models as certain (infinite) linear combinations thereof. Therefore,
the main motivation for our study of the time-dependent generalized sine
kernel (1.1) is to obtain a convenient and effective representation — that
we call the Natte series! — for the associated Fredholm determinant. The
Natte series allows one to re-sum the aforementioned decomposition of the
representation (1.3) as a linear combination of Fredholm determinants into
some compact and explicit form. The latter provides one with a new type of
series of multiple integrals representation for two-point functions. Moreover,
it is built in such a way that one is able to read-off the asymptotic behavior
of the correlators out of it. Therefore, the results established in this paper
provide one of the fundamental tools that are necessary for carrying out the
long-distance and large-time asymptotic analysis of the two-point functions
in massless integrable models proposed in [34, 37].

This article contains two main results. We first derive the leading asymp-
totic behavior of the Fredholm determinant of I + V understood as acting
on L?([—q;q]), with ¢ < +0c. This sets the ground for the second main
result of the paper. Namely, we derive a new series representation — the
Natte series — for the Fredholm determinant. This series is converging
rather fast in the asymptotic * — 400 regime. Its main advantage is to
provide a direct (i.e., without the need to perform any additional analy-
sis) approach to the asymptotic expansion of the determinant. As already
stressed out, this series representation plays a crucial role in the computa-
tion of the large-time/long-distance asymptotic expansion of the two-point
functions in integrable models corresponding to a six-vertex R-matrix. Also,
the very form of the asymptotic expansion stemming from the Natte series
proves several conjectures relative to the structure of the asymptotic expan-
sions for certain particularizations (for specific values of v, and e) of such
Fredholm determinants [45,48]. Also, upon specialization, it yields the gen-
eral structure of the asymptotic expansion of the fifth Painleve transcendent
associated to the pure sine kernel [14, 29]

This article is organized as follows. In Section 2, we outline the main
assumptions that we rely upon throughout the article and give a discussion
of the class of functions e that we deal with. After introducing several
notations, we present the two main results of the paper. The remaining part
is of technical nature. In Section 3, we present the RHP problem that is at

'The origin of this name issues from the so-called pig-tail (or braid) hairstyle that is
called Natte in French. A braid is a specifically ordered reorganization of the loose hair-do
style. Similarly, the Natte series reorganizes the Fredholm series in a very specific way, so
that the resulting representation is perfectly fit for carrying out an asymptotic expansion.
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the base of the asymptotic analysis of det [/ + V] and the construction of
its Natte series. We also outline the chain of transformations corresponding
to the implementation of the Deift-Zhou [17] steepest-descent method. In
Section 5, we build the various local parametrices. This brings the original
RHP into one that can be solved through a series expansion of the associated
singular integral equation [5]. The latter naturally provides the large-x
asymptotic expansion of the solution. We build on these results so as to
derive the leading asymptotic expansion of the Fredholm determinant in
Section 6. Finally, Section 7 is devoted to the construction of Natte series
for the Fredholm determinant of I 4+ V. In particular, we establish the
main properties of such series. We then give a conclusion and discuss the
further possible applications. In Appendix A, we recall all the properties of
the special functions that we use in this article. In Appendix B, we gather
some proofs relative to the structure of the large-r asymptotic expansions of
certain matrix valued Neumann series representing the solution to a singular
integral equation of interest to us. In appendix C, we establish bounds for
certain matrices appearing in our analysis.

2 The main results and assumptions

In this article, we will focus on the case where the function e takes the form

zu(N)

el (\) = o IS (2.1)

e (\) is quickly oscillating in the 2 — 400 limit and the function g entering
in the definition of e (A) has been introduced so as to allow for some finite,
z-independent oscillatory behavior of the function e (). The principal value
integral appearing in the definition of E (1.2) is carried out along a curve g
which corresponds to a slight deformation of the real axis and is depicted
in figure 1. Under the forthcoming hypothesis, such a contour allows to
strengthen the convergence of the integral defining F at infinity (in the
case of R, the convergence would be the one of an oscillating non-absolutely
integrable power-law whereas it is exponentially fast along €%).

2.1 The main assumptions

Throughout this paper, we make several assumptions on the function u, g
and v entering in the description of the integrable kernel (1.1).

e There exists an open neighborhood U of R such that u and g are
simultaneously holomorphic on U.
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Figure 1: Contour 6% for the definition of E.

e The function ¢ is bounded on U.

e The function v is real valued on R and has a unique saddle-point in U
located at \g € R. This saddle-point is a zero of «' with multiplicity
one, that is to say 3! \g € R: v/ (A\g) =0 and v’ (A\g) < 0.

We also assume that the saddle-point lies away from the boundaries:
Ao # *q.

e u is such that, given any 7 > 0, e decays exponentially fast in A

when £3 (\) > § > 0 for any fixed 6 > 0, and R (\) o T

e The function v is holomorphic on U and such that sin [7v (A)] has no
zeroes in some open neighborhood of [—¢;¢] lying in U.
e The function v has a “sufficiently” small real part at =+gq, i.e.,

Ry (9]l <1/2.

For technical reasons, one has to distinguish between two situations when
the saddle point Ag is inside of | —¢;¢[ or outside. Following the tradition
we refer to the first case (—q < Ag < q) as the time-like regime and to the
second one (|Ag| > ¢q) as the space-like regime. Actually, in this article we
will only consider the case where \g > —q. Also, we do not treat the limiting
case when \g = £q as this would require a significant modification of our
approach.

2.2 The main result

We now gather the main results of this paper into two theorems.

Theorem 2.1. Let V (\, p) be as in (1.1) and I +V act on L*([—q;q]).
Then, under the assumption stated in Section 2.1, the leading x — +oo
asymptotic behavior of det [I + V] reads:

det [I+V]e™ J 2 lizu (\)+g' (V)] (\)dA
[—q;q]

~ v (140 (M5) ) 2l o (10 (55)
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+ el@—u-0l+s@=-9(-D B [ 4 1,4 (1 L0 <log1:>>

+ eelu—a) (=9l g [, — 1 4 (1 +0 (Ing)> _ (2.2)

The functional By [v,u] takes the form

Cilv] G*(1+v(9)G* (1 —v(=q)
[2qz (@ (q) + i0H)]”*@ [2qzu’ (—q))" "9

™

x (21) D@ (iF (@)= (-)) (2.3)

B [v,ul =e

It is expressed in terms of the Barnes G function [1] and the auxiliary
functional

+v(—q) /_q WdA. (2.4)

The functional by [v,u,g| takes different forms depending whether one is
in the so-called space-like regime (Ao > q) or in the time-like regime (Ao €
I—q:q[):

1
R S )
v(=9) ﬁ L\ (9) @ time-like
S ) ot @) S— w(g) (Mo - )t S+
v(=9) S; — %SJ space-like
w (=q) (Mo +a)* S0 v (g) (o —@)* So
(2.5)
There, we agree upon
_ / 1+120(0) ~9imy I'(d-v(q)
Sy = [2qzu/ (q) +i0%]™V €2 (q) (e H™ @) — 1)m
“v(q) —v(p)
X exp {—2/_q q_ud,u} , (2.6)
B (e=2imv(=0) _ 1) 2 (—g) L' (1+v(—q)
T gt (g0 T A=V (=)
Tv(=q) —v(p
X exp {2/_q wdu} , (2.7)



RIEMANN-HILBERT APPROACH 1663

= npet (2 ) { [0 0,

Ao —q—i0t ¢ Ao—H
—2imv(Mo) _ 1\2  4ir o ls
y (e 1) time lz/f:e . (2.8)
1 space-like

The proof of this theorem will be given in Section 6.2. It heavily relies on
the asymptotic analysis of the RHP associated with V' that will be carried
out in Sections 3-5.

Above, the i0™ regularization is important only in the time-like regime as
then u’ (¢) < 0. It allows one for a non-ambiguous definition of the power-
laws appearing above. In the space-like regime, the i0" regularization makes
no difference.

A special limit of the kernel (1.1) can be related to the generalized sine
kernel studied in [32]. Indeed, when the saddle point Ao is send to infin-
ity, by deforming slightly the contours €%, the function E can be seen to
be proportional to e~!, up to corrections that are uniformly O (z7°°) on
[—¢;q]. In particular, one has that the x — +o00 asymptotic expansion of
the two Fredholm determinants coincide in this limit. This can be seen
directly by inspection of our formulae, at least in what concerns the leading
asymptotics.

A specific case of our kernel u (\) = A —tA?/z, g =0, ¢ =1 and v = cst
has been studied in the literature in the context of its relation with the
impenetrable Fermion gas [4]. Upon such a specialization, our results agree
with the coefficients of the asymptotic expansion obtained in that paper.

The second main result obtained in this paper is the Natte series repre-
sentation for the Fredholm determinant.

Theorem 2.2. Under the assumptions stated in Section 2.1, the Fredholm
determinant of the operator I +V where the kernel V is given by (1.1)
admits the below absolutely convergent Natte series expansion. In other
words, there exists functionals H, [V, eg,eim] such that

det [T+ V] [v,u, g = det [T + V] [v,u, 9] { 1+ ZH” [v,e9,u] p. (2.9)
n>1
There
det [T+ V] [v,u, 9] = By [v,u] - exp {/

—-q

q

[izu' (A) + g (V)] v (N) d,)\} .
(2.10)
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A more detailed structure of the functionals Hy can be found in the core of
the text, formulae (7.10). One has the following estimates for the functionals
|Hy [v,e9, 2]| < [m(2)]", with m (z) = O (z=*) being n-independent and

w = Zmin <1/2 1—w-— 2max]§RV (eq)|> with
w=2sup{|R[v(\) —v(eq)]|: [N —eq| =9, e =%}, (2.11)

where § > 0 is taken small enough. Hence, the series is convergent for x
large enough.

The functionals Hy, [v,e9,u] take the form

) - 1 —— o
HH[U,G,U]—Hn [V7e7u}+ WHTL [Vaeau]

m=—|3
] o Bl empue)-u(-a)
" P a]
=150 3]
» elenbu(ro)—pu(g)—(b—p)u(—q)] (mbp) 1. g
e 22n(b—p)v(—q)—2npv(q) My v ef,u]. (212)
Above, we agree upon n = 1 in the space-like regime and np = —1 in the time-

like regime. There H) [v,e9, 2] = O (z7°°) and the functionals HY [V, €9, ul

and H{™PY) [v,e9,u] admit the asymptotic expansions
H™) (1,69, u ZH,” v,e’,u

r>0
n+r—2m
with  H [v,e9 4] = O (W) ,
) xn T

H%m,b,p v,e9,u ZH(m byp [v,e9, ]
r>0

n+r—2(m-+b)
with Hﬁ;’};b’p) [v,e9,u] =0 ((log 2) > . (2.13)

mn—l—r

This theorem, together with a more explicit expressions for the functionals
‘H,., will be proven in Section 7. Here, we would however like to comment
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on the form of the asymptotic expansion. Indeed the above asymptotic

expansion is not of the type usually encountered for higher transcenden-

tal functions. In fact, the large z-behavior of the functionals H,, (v, e, u)

and hence of the determinant det [I + V] contains a tower of different frac-

tional powers of z, each appearing with its own oscillating pre-factor. Once

that one has fixed a given phase factor and its associated fr(ac)tional power
m

of x, then the corresponding functional coefficients H,, ’ [v,e9,u] or

’H,(Zm’b’p ) [v,e9,u] admit an asymptotic expansion in the more-or-less stan-
dard sense. That is to say, each of their entries admits an asymptotic
expansion into a series whose r*® term can be written as P, (logz) /z"*"
with P4, being a polynomial of degree at most r +n. One of the conse-
quences of such a structure is that an oscillating term that appears in a
sense “farther” (large values of n) in the asymptotic series might be dom-
inant in respect to a non-oscillating term present in the “lower” orders of
the Natte series. This structure of the asymptotic expansion proves the
conjectures raised in [45, 48] for certain specializations of this kernel. Also,
upon specialization, it yields the general structure of the asymptotic expan-
sion of the fifth Painlevé transcendent associated to the pure sine kernel
[29].

The series representation (2.9) might appear abstract since there is no
generic simple expression for the functionals H,, n > 1. However, the
slightly more explicit (but also more cumbersome so that we did not present
it a this point) characterization of the functionals H,, gives a thorough
and explicit description of the way H, acts on e?. This characterization,
together with the overall form of the Natte series (2.9), is enough to build
a multidimensional deformation of (2.9) which describes a class of cor-
relation functions appearing in integrable models away from their free
fermion points. The very fact that the series representation one starts
with has good properties from the point of view of an asymptotic analy-
sis (for instance it immediately provides the leading asymptotics) leads to
a multidimensional deformation which has basically the same good prop-
erties in respect to the asymptotic analysis, in the sense that it admits an
expansion of the type (2.9), (2.12), (2.13). As a consequence, the long-time/
long-distance asymptotic behavior of two-point functions in an interacting
integrable model can be simply read-off by looking at the multidimensional
series.

2.3 Notations

We now introduce several notations that we use throughout the article.
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e D, 5s={2€C:|z— 2| <} is the open disk of radius ¢ centered at
29. 0D, s stands for its canonically oriented boundary and —9D,, s
for the boundary equipped with the opposite orientation.

e 03, ot and I, stand for the below matrices

) )
0:<(1) 8) 12:<(1) g’) (2.14)

e Given an oriented curve ¥ in C, I' (¥¢') stands for a small counterclock-
wise loop around the curve %. This loop is always chosen in such a
way that the only potential singularities of the integrand inside of the
loop are located on % . For instance, if " consists of one point A, then
I' (¢) can be taken as 0D, s, for some J > 0 and small enough.

e When no confusion is possible, the variable dependence will be omit-
ted, i.e., u(X) = u, g(\) = g, ete.

e log refers to the | —7; 7 [ determination of the logarithm, and it is this
determination that is used for defining powers.

e Given a set U, U refers to its interior and U to its closure.

e H,, resp. H_, stands for the upper {z € C: & (z) > 0}, resp. lower
{z € C: ¥ (z) < 0}, half-planes.

e Given matrix valued functions M (\), N (\), the relation M (\) =
O (N (M) is to be understood entry-wise My (A) = O (Nge (N)).

e Given an oriented curve €, one defines its + (resp. —) side as the one
lying to the left (resp. right) when moving along the curve. Above and
in the following, given any function or matrix function f, fi (\) stands
for the non-tangential limit of f (z) when z approaches the point A € €
from the =+ side of the oriented curve %.

e Given a piecewise smooth curve ¥ and matrix M with entries in
LP (%), p=1,2,00, we use the canonical matrix norms (f stands for
Hermitian conjugation):

M| oo ) = masc [ Mgl oo o) > 1M ] 2a0) = \/Htr [MTM]| 1) and

1Ml 1 o) = max [ M| 1 - (2.15)

e The distance between any two subsets A, B of C will be denoted by
d(A,B) =inf{|lz —y|: 2 € A,y € B}.
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24

Several remarks

It now seems to be a good place so as to gather several remarks in respect
to our assumptions.

The assumptions on the type of the saddle-point at Ay guarantee
that there exists a local parametrization for u (A) around Ag, u (\) —
u (M) = —w? (\) with w (A) = (A — Ag) R ()\), where h (X\o) # 0 and h
is holomorphic on Dy, s for some § > 0.

As it will become apparent from our asymptotic analysis, given func-
tions u, v, g satisfying to all the hypothesis, one has that det [I + V] #
0 for x large enough.

The assumption on the number of saddle-points and their order can
be relaxed in principle. RHP with multiple saddle-points have been
considered in [50]. This work was later extended to the case of less
regular functions and higher order saddle-points in [18].

The restriction on the real part of v in the vicinity of +¢q is of tech-
nical nature. It allows us to avoid the analysis related to the so-
called ambiguous Fisher-Hartwig symbols. The method for dealing
with such kinds of problems in the framework of RHPs has been pro-
posed in [11,12]. The cases where R (v (£¢)) > 1/2 could in principle
be treated along these techniques, but we chose not to venture into
these technicalities.

We have depicted the contour ¢ appearing in principal value integral
in (1.2) in figure 1. This contour g is chosen in such a way that
the integral is converging exponentially fast at infinity. This avoids us
unnecessary complications and corresponds to most, if not all, situa-
tions that can arise in interacting integrable models.

In the case of kernels involved in the representation of the two-point
functions in integrable models, the function u takes the form u (\) =
p(A) —te(N\) /x. p corresponds to the momentum of excitations,
whereas € corresponds to their energy. The parameter ¢ plays the role
of the time-shift between the two operators and x that of their distance
of separation. In general, one is interested in the large-distance/long-
time behavior of the two-point function in the case where the ratio t/z
is fixed. In such a limit, for many models of interest, the function u
has a unique saddle-point on R. This physical interpretation can be
seen as a motivation for certain of our assumptions.

It is not a problem to carry out the same analysis in the case where
the contour € given in figure 1 is replaced by Cﬁéw) =¢rn{zeC:
IR (2)] < w}, with w € Rt such that ¢, —¢ and \g belong to | —w ;w]|.
Up to minor modifications due to such a truncation of the remote part
of the contour, the results remain unchanged.
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3 The initial RHP and some transformation
3.1 The RHP for x

The kernel of any integrable integral operator can be recast in a form allow-
ing one to give a convenient characterization of the kernel R (A, u) of the
resolvent operator I — R to I + V.

Namely, in the case of the kernel V' given in (1.1) one sets
~ 2sin[mv (N)] (E(N)
|ER()\)>—7M <6(A)),
(E*(\)| =sin[mv (V)] (—e (V) ,E (X)), (3.1)

so that the kernel V is expressed as the scalar product:

(X () | B" (1)

o (3.2)

V(Aa:u) =

The resolvent I — R of I +V exists if det [/ + V] # 0. In that case, one
defines ‘ FE()) > as the unique solution to the integral equation:

PR )+ [V )[R0 aa= [ B (),

—-q

| PRy = 250 [;v )] @ 8;) (3.3)

where the integration is to be understood entry-wise. <F LX) ‘ corresponds
to the solution of the integral equation where ‘ ER()) > has been replaced
with ( EX () |. It was shown in [26] that the resolvent kernel can be repre-
sented as:

(P2 (O) | PR (1))

(3.4)

It is well know since the results established in [14, 24, 26] that the study of
many properties (construction of the resolvent, calculation of the Fredholm
determinant, construction of a system of partial differential equations for
the determinant) of the so-called integrable integral operators I + V' can be
deduced from the solution of a certain RHP. In the case of the kernel of
interest, this RHP reads
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e x is analytic on C\ [—¢;q¢] and has continuous boundary values on

I=g¢;qf;
ox(A):OG 1>log‘)\2—q2‘ for A — =+gq;
e x(\)=L+A10 } } uniformly in A — oo;

* X+ (NG (A\)=x-(A) forxe]-q;q[.

We remind that x4 stands for the + boundary value of y from the +-side
of its jump curve.

The jump matrix Gy (\) appearing in the formulation of this RHP reads

Gy (A) = Iy + 4sin? [rv (\)] (e (A)> (—e(\), E(\). (3.5)

The above RHP admits a solution as long as det [I + V] # 0. Indeed, it has
been shown in [26] that the matrix

q R L
w=n- [ (“L>_<AE Wlg,

¢ ER(u) ) (FH(u) |
W= A

X'V = I +/ dp. (3.6)

—q

solves the above RHP. This solution is in fact unique, as can be seen by
standard arguments [2]. It follows [26] readily from (3.6) that the solution
X (A) allows one to construct ‘ FE(X)) and (FF (p) |:

[FE))=xN[EFXN)),  (FEW[=(E"WN)[xT (V). 67

3.2 Relation between x and det [I 4+ V]

One can express partial derivatives of det [I + V] in respect to the various
parameters entering in the definition of V' (A, x) in terms of the solution
X (A) to the above RHP. We will derive a set of such identities below. These
will play an important role in our analysis.

Proposition 3.1. Let n >0 and I' (¢%) be a loop in U enlacing counter-
clockwisely €5 and such that it goes to infinity in the regions where ¢M(?)
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n > 0 is decaying exponentially fast. Then,

9, logdet [I + V] = il {7{( . & e Gr((0.x) (2)

on Ar
x<ag+2c>kﬂ<zwfwx1@n} .6
n=0"
m&%dau+w1=x{£w)igao<niwwwwymu>
X (o3 +2C [6_2] (z)oT)x ! (z)]} . (3.9)
n=0+

There, C'[f] stands for the Cauchy transform on €g and Cy [G] for its £
boundary values on €g. One has more explicitly

/2”, and Oy [G](A) —C_[G](\) =G (N),

for (3.10)

Proof. The proof goes along similar lines to [32]. It is straightforward that
a

Oz logdet [I + V] = / [0V - (I = R)] (A, A)dA. (3.11)
—q

In order to transform (3.11) into (3.8), one should start by writing a conve-
nient representation for 9,V (A, 1). One has that

u()\)E()\)—e()\)/% ifwe—?(s). (3.12)

The last integral can be recast in a more convenient form

) — (),
L;QW 2 ()

w—
ap u(2) _ul)
ZKE 2 ﬁ({)\ u) 217r (z=\) (2 — p) (1)
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0 dp d en(z) _9
gt [ L ey

o | Jey 27 Joouy 2im (2 — A)(z—p) ot

) / % elmu(z) L
= —ji— —e " (u

o1 { 6 27 e TGN Gom W
oy e / e )

o | Jrey) 2im (2=A) Jgp 21 2 —p o

inu(z)C -2
_i 2 f dze ] ) . (3.13)
877 I'(¢k) 27 (Z — )\) =0+

We first have replaced the ratio of differences by a contour integral on
I'({\, p}). Here I' ({\, p}) consists of two small loops around the points
A and p. In order to manipulate convergent integrals, we then wrote the
integral as an n-derivative. The derivative symbol could then be taken out
of the integral. Next we deformed the contour of integration from a compact
one I'({A, u}) into I' (¥g). Such a replacement is allowed as €% is chosen
precisely in such a way so as to make eV, 5 >0, decay exponentially
on a small neighborhood of € where one can draw I' (¥%). Such a choice
of contours allows us to satisfy to the hypothesis of Fubini’s theorem and
hence permute the orders of integration. Also, we stress that one should
compute the n-derivative only once that all integrals have been computed.
Indeed, for generic choices of functions w, permuting the n-derivation with
the A-integration in the last line of (3.13), leads to an apriori divergent
integral.

Once that this differential identity is established, one readily convinces
oneself that

0LV (A jr) = B ?{ elnu(z)
=1— D E——
=50 Jrn) =N (2 — )

X (EL (M) | (03 +2C [6_2] (2) 0+) | ER (H»er} .
—0+

(3.14)

Denoting S (z) = o3+ 2C [e7?] (2) 0T, using the representation (3.4) of the
resolvent R and the fact that (FL(X) | FR(u)) = tr [| FE(u) ) (FE(N) ],
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we get

0 dz .
O logdet [ + V] =i— 7{ == inu(z)

X/qu<EL<A>\S<z>\2ER<A>>}
—q (Z - )‘) n=0+

on o) A

L1 Z\ER<u>><FL<u>\}
X<)‘Z )‘M>S() (,U_Z)Q 77=0+‘

(3.15)

. q
—iatr{ 7{ &2 imutz) / dXdp | FE(N)) (EX () |
INGG) —q

1

Using the integral expressions (3.6) for x and x ', we obtain

; q EL(\) |8 ER (X
n | Jreg) 47 —q (z—=N)

.0 j{ dz | q
—i—tr em“(z)/ du (x(p) — x(z
an [ ey 7 . e (x (1) = x(2))

v S(e) LERW) (FhW) »”
n=0%

(n—2)°

_ 0 42 inu(z)g; S (2) vt (2
_ 8n{f}(<@)47r mE e {0,x (2) S (2) x ()}} ;

n=0"
(3.16)

where we used (3.7). The proof of identity (3.9) goes along very similar
lines. O

4 The first set of transformations on the RHP

We now perform several transformations on the original RHP. We first sim-
plify the form of the oscillating functions F appearing in the formulation of
the RHP. This step in carried in the spirit of [28]. Then, we map this new
RHP into one whose jump matrix can be written as the identity plus some
purely off-diagonal matrix. Finally, we apply the non-linear steepest descent
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method by deforming the contour so as to obtain jump matrices that are a
O (z7°°) uniformly away from +q and Ag. These last steps are a standard
implementation of the Deift-Zhou steepest descent method [16,17].

4.1 Simplification of the function E

1

In order to replace the complicated function E by e™*, we perform the

substitution
x(A)=x(\) (IQ +otC [672] ()\)) , (4.1)

where C' is the rational Cauchy transform with support on ¢ defined in
(3.10).

It is readily checked that this new matrix x is the unique solution to the
RHP

e Y is analytic on C\ %r and has continuous boundary values on

e\ {*d};

e ¥(\) =L+ A0 (1 1

11) uniformly in A — o

e x(\)=0 G 1) log‘)\2 —q2’ for A — =+q;
) %—&- ()\) Gf{ ()\) = )2_ ()\) for \ € cgE

The jump matrix for ¥ takes two different forms

ef2i7r1/()\) 0
Gy (\) = 2 (V)2 () (672171'1/()\) _ 1)2 Q2mr(N) | 7 for A€]—q;q]
(4.2)
and
1 e 2(A
Gsz(/\)=<0 ‘ 1( >), for A€ €p\ [—q;q]. (4.3)

The existence and uniqueness of solutions for the RHP for Y ensures that
there is a one-to-one correspondence between y and X.
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4.2 Uniformization of the jump matrices

We now carry out the second substitution that will yield an RHP with
upper or lower diagonal jump matrices whose diagonal is the identity. For
this purpose, we define

a(A) =r (N (“q)”w, where logk (A) = — /M

—v
dyt.
A—q —q AT H g

(4.4)

The function a () is holomorphic on C\ [—¢;q], a ()\) N 1 and satisfies
—00

to the jump condition
Then we set

The matrix Z () is the unique solution to the RHP:

e = is analytic on C\ %z and has continuous boundary values on

e\ {£q};
¢ 20 =0 (] 1) =0 (g | | for A
e ZE(\)=L+A10 i i uniformly in A — oo;

e = (N)Gz(\) =E_(\) for A € €.

The new jump matrix G= (\) reads

G

[1

-2 -2
<(1) “ 16 ) AeCe\[—q;q] and

1 0 rel ql
e2i7rl/a+a_62 (e—2i7r1/ _ 1)2 1 q;9q|-

G

[1]

Again, there is a one-to-one correspondence between = and .
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4.3 Deformation of the contour

We now perform the third substitution that will result in a change of the
shape of jump contour. Due to the fact that e*! (\) are exponentially small
in x in appropriate regions of the complex plane, we will end up with an
RHP for an unknown matrix T whose jump matrices are Iy + O (z~>°) and
this for A uniformly away from the points +q and .

4.3.1 The time-like regime

We first introduce three auxiliary matrices M (\) and N&/B) ())

= (o TV —nroyen (17)
1 0
VOO0 = (o 2y (=2 1)? ) =R+ @D W
1
NE () = <ai (A) e e2 (\) (-2 — 1)* 1> =L+QMW(\)o~
(4.8)

Note that although the matrices N%/E) (\) have different expressions, they
coincide on U due to the jump conditions for a(A). It is clear from its
very definition that N (X), resp. N ()), has an analytic continuation
to some neighborhood of [ —¢; ¢] in the lower, resp. upper, half-plane. Also,
the matrix M (\) has an analytic continuation to U \ [ —¢; ¢] starting from

e \[—q;q]

The functions P and Q) and QY have the local parameterizations
around +gq

ic o) e2im/()\) _
P(\) =e5[¢] NCOINE for A € 0D_g s,
i 20(\) e2i7rl/()\) -1
P (X)) =e[(] C(T()\), for A € 9D, (4.9)

QW () = 0" (N) e [ (™ 1) and
QU () = CUI (n) el [ 2 (7 — 1), (4.10)



1676 K.K. KOZLOWSKI

Figure 2: Contour Xy = F%L) U FEL) U F%R) U FER) appearing in the RHP for
T (time-like regime).

There (_g =2 (u(\) —u(—q)) and {; = x (u(g) — u(N)) and we have set

2 —g(\)—izu(— 2v(X)
C(L) ()\) _ K ()\) e g(N) (—a) ( Atgq ) (6_217”,()\) . 1)’
[z (g — AW \u(N) —u(-q)
2 2v(A)
By A (uN)—ulg) .4
N = e g 0
x [z (A + q)]2™ (e~2m N _ 1), (4.11)

We now define a piecewise analytic matrix T according to figure 2. We

will be more specific about the choice of the contours I' %LfR)

around the
points +q and g when we will be constructing the local parametrices. Here,
we only precise that the jump contour for Y remains in U and that all

jump curves are chosen so that, for a fixed z € F%L) U F%R) \ {£q, \o} (resp.

z € FEL) U FiR)), e%(2) (resp. e 1*%32)) is exponentially small in z. The

matrix T is discontinuous across the curve v = F%L) U I‘EL) U F%R) U FER).
One readily checks that the matrix T is the unique solution of the below
RHP (and hence there is a one-to-one correspondence between x and Y):

e T is analytic on C\ ¥y and has continuous boundary values on

Y\ {£aq};
¢ T =0 (1 1) = 0) ™0 (4 " log |2 = ] for A g
e Y(\)=L+A10 } i uniformly in A — oo;

e T (A)Gy(A\)=T_()\) for A € Iy \ {£q, o}
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With
L R L
Gr(N) =M on TP U™ Gr()=NB ) on T and
Gy (A) = N® (3) on 1. (4.12)

4.3.2 The space-like regime

We introduce two matrices M and N
—2 -2
M= <(1) “ > —L+P(\)o" and

1 0 _
N = <a2_€2 (efQim/ _ 1)2 1) =L+Q(\)o. (4.13)

The matrix M (\) has an analytic continuation to U \ [ —q;¢] starting from
¢r \ [—q¢;q]- The matrix N (\) has an analytic continuation to U NH_.

This allows to write convenient local parameterizations around +¢ for
P and Q:

e, () e2imr(N) _q i s e—2im(\) _ q .
P (>\) =el¢ [C—q] 2 m — i€ [Cq]Q C’(T()\) with
(g =x(u(d) —u(=q)), »
{Cq—m(“(A)—U(Q))- (4.14)
Similarly,
Q(\) = CD) (\) e7Ca [¢_ 2D (2N _ 1)
— W) (\) o [Cq]fm/(/\) (e—2i7rl/()\) ~1). (4.15)

Here, we bring to the reader’s attention the difference of signs in the
definition of (; in the time-like and space-like regimes. Also, the functions
CL/R) ()\) have been defined in (4.11). The sole difference is that, in the
space-like regime, the +i0™ regularization plays no role.

The matrix Y (A) defined in figure 3 is the unique solution to exactly the
same RHP as formulated for the time-like case but with the contours being
defined in figure 3 and the jump matrix being now given by

L R R L
GrN) =M\ on TV ur®urt® and Gr(\)=N(O) on 1"

(4.16)
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5.1.2 The parametrix at q

The parametrices for the local RHPs at+q are well known. They have
already appeared in a series of works [4, 11, 32] and can be constructed from
the di erential equation method [22]. Here, we recall their form.

The parametrix Pgq around Sq reads

Psq( )= ( JLO)x()Su@q) O 2ed =7, (5.4)

( )= (), LSix[u()Su(Sqn
Sibp1( ) 1+ (), L;Six[u()Su(Sa))

(S (). Lix[u()Su(Sq) ’ '
()= ST 2@s () v
L cw() , sothat bia( )ba()=8 ().
2O S (1 28 O
(5.6)
c®) () is given by (4.11) and
I, &/ 2<arglu( )Su(dgI</ 2
1 0 . .
L()= 0 & O [ 2<argfu( )Su(sSg]<, 5.7)
eZIO() Cl) S < arglu( )Su(Sg]<S/ 2

Psq is an exact solution of the RHP:

&
€ Psq is anglytic on Dgq, \ ) with continuous boundary

valueson & O \18 g

€Pso()=0 1 1 ( +0*®Vlog| +q, $5 g

_ 1 11 : o
€ Psq( )= l2+ z—O 7 | ,uniformlyin Dsq, ;
[Psql, ( )M () =[Psqls ()  for O Dy

[Psql, ( )NO () =[Psqls () for © Dy, .
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$1 v (s)
Pq (s) I2"'n O(n+l)![x(séq)]n+1,
< < d™ (s)
pat | S . 5.14
0 (S) 2%t . OXn+%(S§ O)2n+1 ( )
where
(5:n) o &aan+l s+ q n+1
VEEE =) 9 uEg
SO™ (S )2, i+ b AS )2
Sitn+1) b1+ )J ()on ’
(5.15)
5 ) L snel SS q n+1
M O ETIC)
SO ()ayy T+ bp(SH™ (+ )2
Si(n+1) (18 )2 (S )an ’
(5.16)
N LM (@ /2+n) €l7
dm (s) = § ( . )h2n+l (s)b21(s)' (5.17)

We remind that ( )=( S o)h( ) and we have used the conditions
det [P+ 4] = 1 = det[ Po] so as to invert the parametrices and then infer their
asymptotic expansion from the one of CHF (A.2). Also, we have not made

explicit that by, b and are functions ofs.

5.3 The space-like regime

The discussion of the space-like regime resembles, up to minor subtelties, to
the previous one. Therefore, we make it as short as possible.

5.3.1 The parametrix around 0

The parametrix Po on D ; for the local RHP around ¢ reads

Po( )= 125 bra( )eu(z)iX 1

bia( )= S2( )exuCoral), (5.18)

Six 2() * with

NI W
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matrices and S?! admit the below uniformly convergent Neumann series

dNz (zn)... (1)

( )=1l2+ T : : (6.1)
N 1 N (2i )N ( S zl)wfl(zsé Zs+1)
= av
)= 12t ™) (2i )ZN - (21“)*51 (fN) 6.2
N1 ( Szy) . (2s S Zs+1)

The convergence holds irL  (O) sense for O, with O any subset ofC
such thatd (O, ) > 0. Also, it holds for . in the L?( ) sense.
Finally, the matrices and that are integrated along the inslotted contour

(™) should be understood according to de“nition6.1.

Proof. We de“ne two linear operators on 2x 2 L?( )-valued matrices

ds

c M]()= mM(S)(S) and
tc MI()= z.(dSsS) ()M (5). 6.3)

Using that for su ciently regular, not necessarily bounded, contours ,
the £ limits of the Cauchy transform with support on are continuous
operators onL?( ) with norm c( ) [31], it is easy to see that that the
two above operators are also continuous on the spaceM, L2( ) of
2 x 2 matrices with L2( ) entries:

+ +
++c [M]ILZ( b2 ) Ly Mo (6.4)

There we made use of the fact that is the transpose of the adjugate
matrix to so that L ()= L ( )and L2( )= L2( )

It is a standard fact [5] that there is a one-to-one correspondence between
the solution to the RHP for (or  S1) and the unique solution to the

2By interchanging the roles of and M, it is easy to see that C is continuous on
M2(L ( )) since L2( ).



1690 K.K. KOZLOWSKI

singular integral equations

+ Ux

.8C [ +]=1, and 1gtc St =y,  (6.6)

Indeed, provided that . is known, the matrix (or él) admits the below
integral representation for away from

ds

( )=1l2+ m+(5)(5) and
SOzt sy O SO 67)

The estimates for the jump matrices on the boundary of the discs D. 4, and
D ,, and the speci“c choice for the shape of the contour  at in“nity
lead to L2 )t L ( y=0(x®¥) with w=min(1/2,1S )>1
and de“ned in (5.8). This implies that for x-large enough the operators
I SC andl S'C are invertible and that their inverse can be computed

by a Neumann series expansion converging ih?( ):

$ %
+ ()= 12+ c [121( )
N 1
dNz (zn)... ((z2)
=+ 2 6.8
2 N1 (2| )N . NS 1 . ( )
(+Sz) L [zs]y S zs
S=
& $ Uy
)= 12+ ‘c [121()
N 1
dNz (z1)... (zn)
=1+ = 6.9
2 v 1 (2| )N . NS 1 . ( )
(+S2z) [zs], S Zs+1
s=1
& 'y
Where C =C --- C stands for the composition ofN operators

C . In(6.8)...(6.9) the integration runs across the Carthesian product dfl
copies of X e X

The fact that **( ) admits a uniformly convergent Neumann series for
belonging to any open set O at “nite distance from follows from the
L2( ) convergence of the series (6.8)...(6.9), the fact that
M, L2( ) LY( ),andthatd(O, )> 0.
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then proceeds inductively in this way up to zy. As is assumed to lie
uniformly away from the original contour  , there is no problem to deform
the integration contour for z; in the vicinity of as the pole atz; = is
lying farZ away.

It remains to threat the integration on the intersection points of the disks
D[z] with the curves %’R )[Zj]. We “rst reduce the most interior disc
(the one over whichzy is integrated and then the procedure is repeated by

induction) to smaller a one. The jump matrices have di erent analytic
continuations from the right and left of the points ¢ (this corresponds to
the discontinuity lines of Pg and P.). Taking this di erence into account
produces the small extensions of the contours (',‘/R ) [zn] as depicted on
the right part of “gure 13 together with smaller discs D [zy]. It is in this
way that the matrix integrated over [zn] is identi“ed with the one
stemming from the jump matrix for when the latter is de“ned as in (5.13)
but with jumps on [zn] (what corresponds to slight deformations of the

curves (5/R )).

Proposition 6.1. The matrix admits the series expansion

( )=1l2+ E'(I\f) (6.10)
N 1

that is valid uniformly away from and also on the boundary in the
sense ofL?( ) boundary values. The coe cients y of this expansion
take the form

N/ 2] gxm[u(@)Su(Sa) (m)

V()= A+ A @ @ W
m=S[%]
w2 b [5]Se

gxm[u(@)Su(Sq)

* <2l (@+ (3]

1 p=0 m=pS ]
b @x [bu( 0)Spu(@)+( pPSbu(Sa)

(m, b, p)
X x2 (bSp) (59)S2p () N (), (6.11)

and one should set =1 in the space-like regime and = S1 in the time-
like.

The matrix Ay () contains only exponentially small corrections, i.e.,
[An]y ()= O (x> ) with a O that is uniform for -uniformly away from
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The matrices (™ ( ) and (™ ( ) admit the asymptotic expansion

NO()= T with
r 0
log X N+rS moS2m
M(y)=0 (logx) - M, 6.12)
b, _ ,b, .
MoP ()= WP () with
r 0
N+rS2(m+b)
b, log x
o (=0 Q9T Ty (6.19)

The estimates hold for uniformly away from

The matrix M appearing in the variousO estimates takes the form:

M = - x2 (9 eé%M(éq) X
M aga@ " M52 G9 F Mg o

g (0
M

+ rng)(2 (SQ)eiXU(éq) + mo feixu( 0) /
1

(6.14)

There my, mg, ms and mg are x-independent coe cients. Moreover, nec-
essarily, mg = 0 in the time-like regime and mg = 0 in the space-like one.

We postpone the proof of this asymptotic expansion to Appendix B as
it is rather cumbersome and long. However, at this point, we would like to
make several comments in respect to the form of the asymptotic expansion.

The above asymptotic expansion is in a form very similar to the one of the
functionals H, [, €9, u] given in Theorem 2.2. In fact, the largex behavior of
the matrix y contains various fractional powers ofx, each appearing with
its own oscillating pre-factor. Once that one has “xed a given phase factor

and fractional power ofx, then the corresponding matrix coe cients f\lm) or

f\lm’b’p) admit an asymptotic expansion in the more-or-less standard sense.
That is to say, each of their entries admits an asymptotic expansion into a
series whosen™ term can be written as Py +n (logx) /x ™ with Py, being
a polynomial of degree at mostN + n. One of the consequences of such a
structure is that an oscillating term present in x5" () may be in fact
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dominant in respect to, say, a non-oscillating term present inxS" |, ()
wheren <n.

We would also like to point out that the asymptotic expansions of y and

n+1 Share many oscillating terms at equal frequencies (e.g. g4 (@Su(Sal jg
presentin ny and n+1 forany N 2). However, those issued from y+1
have an additional dumping pre-factor logx - x>1 in respect to the same ones
issued from . Finally, there may also appear additional oscillatory terms
etxu(@) z=+qor o (and their associated fractional powers ofx) in the

o -diagonal parts of (™ and {(™™P) cf. (6.14).

There is also another way of writing down the asymptotic expansion of
(). Although it is more compact, it is also less explicit and provides one
with weaker estimates for the remainders.

Proposition 6.2. The matrix  admits the asymptotic expansion
N

M) 11 g .
( )=1l2+ X +O0 7 1 xS(NFDW - with
n

W = min %,1.?. , (6.15)

that is valid uniformly away from

For belonging to any connected component of in C\ , the “rst few
terms appearing in this expansion read
. dO . (:0)
o)=L o= YL 6
=+ S q
@(y= 9900 V9@ &V 9(q
_, 0S4 S o Sq
g 2 d® (s)
527 &8s _ (6.17)
= 0

The expression for © is a bit more involved.
00" VO(q . VEISqVI(q)

VD (s)S2v0 (q) v (s)
Ss

@ ()=

(08
NI =
w

(6.18)

1
I+

S=(q
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There = * in the space-like regime and = S in the time-like regime.

This form of the asymptotic expansion is the closest, in spirit, to the one
appearing in the literature, cf eg[15]. However, it does not represent a swell-
orderedZ asymptotic expansion in the sense that each matrix (™ depends
on the various fractional powers ofx and oscillating corrections. Some terms
present in the entries of (P) are dominant in respect to the ones present

(), <p. Moreover, the expansion (6.15) does not provide one with a
precise identi“cation of these terms. This form is however very convenient
from the computational point of view, and having explicit expressions for
the matrices () easily allows one to identify the various matrices entering
in the «well-orderedZ asymptotic expansion (6.10)...(6.11).

Proof. The unique solution + to the singular integral equation (6.6) equiv-
alent to the uniquely solvable RHP for provides an integral representation
for on C\ . Namely,

ds

( ): l2+ m + (S) ( 5), for C\ . (619)

The only places where the jump matrix for is not exponentially close
to the identity are the three boundaries of the discsS D.q andS D .
There one has

«PSl= s on8 D.q, and .PS'= s onS D, . (6.20)

Note that the minus sign refers to the clockwise orientation of the boundary
of the discs in “gures 10 and 7.

By using the estimate

N ()= Ly )t L ( y=0 x®¥ with w=min

=

18
(6.21)

é)

and equation (6.6), one shows by standard methods (see e.g. [15]) the exis-
tence of the asymptotic expansion (6.15) for ( ). This expansion is valid
uniformly away from the jump curve

We would like to stress that for computing the coe cients of the asymp-
totic expansion, we can drop the integration contours other then the bound-
aries of the disks D.q ,. . Indeed as ( + S12) L2( ), cf. (6.1), and
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L2 L) = O(xé ), it is clear that the integration along in (6.6) can
only produce exponentially small corrections. Then, it cannot contribute
to the asymptotic expansion (6.15). As a consequence, the matrix coe -
cients (™ in (6.15) can be computed by plugging the asymptotic series
into the integral equation (6.19), dropping there all the exponentially small
corrections (stemming from the integration along ) and replacing the jump
matrices P031, Pfc} by their asymptotic expansions which are valid uniformly
on the boundaries of the three discs. This leads to the formal (in the sense
that valid order by order in x) equation,

() 1,8 1 ds + (s) dM (s)
' ’ 2 D o * é S n 0 (SS 0)2n+1 Xn+%
- (n)
s as OVITE) 60
2l _, Dy +S5SS_ 4(n+1)i(sS gq)" x"*L

It now remains to equate the coe cients of equal inverse powers inx. This
yields sets of recurrence relations between the various terms appearing in
the asymptotic expansion for . A straightforward residue computation
leads to the result for (M, n=0,...,3, for belonging to any connected
component of in C\

6.2 Proof of the leading asymptotics of the determinant

We now prove Theorem 2.1. We divde the proof into three part. First, we
obtain a modi“ed version of the integral representation (3.8) for
x logdet[l + V] that will be more suited for our further computations.
Then, we use this integral representation so as to compute the “rst few
x-dependent terms in the asymptotics. Finally, we “x the constant,

x-independent part of the asymtptotics.

€ Modi“cation of the integral representation

The “rst few terms of the asymptotic expansion of det[l + V] can be
obtained by using the identity (3.8) between the x-derivative of log det [| + V]
and the RHP data , together with the asymptotic expansion for . As a

31t is possible to insert the asymptotic expansion, which a priori is valid only uniformly
away from in (6.15) in as much as one slightly deforms the contour in the + direction
what is allowed in virtue of the analytic properties of . and the local analyticity of .
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starting remark, we observe that one can always choose the contour Cg)
appearing in (3.8) in such a way that it only passes in the region where

()=( ) S3()I+C €2 () * . (6.23)

Then, plugging this exact expression for into the trace appearing in (3.8),
one gets that

e () sr2c ()t s1()?

=tr ()3 5%() 82 (log )(). (6.24)

It remarkable, but also important from the computational point of view,

that the matrix allowing one to simplify the complicated functions E ( )
(1.2) appearing in the formulation of the initial RHP, does not play a direct a
role in the computation of the asymptotics of the determinant. In particular,

one does not have to deal with integrations on (Cg) of Cauchy transforms
C €52 (). Inserting (6.24) into (3.8), one obtains that the contribution of
S2 (log )( ) can be separated from the rest, so that

xlogdet[l + V][,u,g]

=ag, Si— —duOu () 3 51() . (6.25)
(Ce) =0+

where we have set

o Yd 5()
asi = 52 u ()log . 0)

= | vqu() ()d. (6.26)
Sq

Note that one cannot exchange the -derivation and the -integration
symbols in (6.25) yet. To be able to do so, we deform the most exterior parts

of the contour ( Cg) in (6.25) to ) and (R), cf. “gure 14. We denote
©) the resulting interior loop. The integrand along © remains unchanged.

However, when integrating along the contours (yR ), one should replace

tr ( ) 3 SI() by the dierence between the two boundary values:

r s() 3 £%() Str ()3 $N() . (6.27)

We remind that not only the + boundary values themselves, but also theses

of es derivatives do exist on (&/R ). This is a consequence of the fact the

(LIR)
/

jump matrix I,+ for on admits an analytic continuation to a
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the function G given by
G()=u(){lw()+2 52()e2 ()1 0w ()} (6.30)

is integrable. Here, 15 stands for the characteristic function of the setA.
Once that the -derivative is computed, we get the below integral represen-
tation

dogdetl + VILugl=asi+  S-GOT () () SH().
(6.31)

The “nal contour is depicted in “gure 14 and the matrix-valued function
reads ()= 3lo()+ 1w w()

€ Extracting the “rst few X -dependent terms

tr ( ) * S() is bounded on ) (R and G L ® W)y =
O (x> ). Hence, we can drop the part of integration over (L) (R) when

computing the asymptotic expansion of logdet[ + V]. It thus remains to
treat the integration along ©.

As follows from Proposition 6.1, has a uniform asymptotic expansion
on © given by (6.10). In order to obtain the leading asymptotic expansion
for the x-derivative of the determinant, it is readily seen that it is enough
to plug in the more compact expansion (6.15) to the desired order and then
drop all the terms that are irrelevant. This is simpler from the point of view
of computations and justi“ed a posteriori by the form of the well-ordered
asymptotic expansion (6.10). Therefore, we get

() s 5]
= L O10) b+ Sl @108 OO @1()
S OO s

ot @1 ()8 OO O1()) s

gt K u@SuSal @ xlu( )Sual (jogx)

YO e @ Gawet T [ F 2 kg x2

(6.32)

uniformly on  © . There the o refers to sub-leading terms that have been
ignored. It distinguishes between the various oscillating and non-oscillating
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corrections that have been ignored. Also one should set =1 in the space-
like regime and = S1 in the time-like regime. Note that due to the com-
pactness of @ | the order of the o-remainder is preserved by the integration
along ©@.

Note that, in (6.32), we have been able to simplify certain products by
exploiting that, regardless of the time or space-like regimes [©]2 = 0 and
that traces of matrices proportional to  (with = * depending on the

space to time-like regime) vanish gg @ @O  © ).

We now insert the explicit form of the “rst few matrix coe cients appear-
ing in the expansion of and then integrate the expansion (6.32) along ©
with the appropriate weight. At the end of the day, by using the precise
estimates provided by the expansion (6.10), we get

a logx agse logx
ogdetl + V]=ag1+ 2+ 3 140 299X + 2. 1+0 09X
X x3 X X X
aj° logx a agse
+ 2 140 09X 4o A 4o 2
X X XW+§ XW+2

Above the last O corresponds to higher order oscillating correction with big-
ger phases than those involved in the de“nition ofa; and a3%¢. The term
responsible for the logarithmic contribution to the determinant coincides
with the one appearing in the time-independent case (the so-called general-
ized sine kernel) considered in [32]:

a=S5 2(q+ 2(3q . (6.33)
The “rst g-dependent term is an oscillating correction

©) M (;0)
:id (o) (03 q) r{v*7(a)l s I} (6.34)

ags¢ contains the oscillating term coming from the boundaries* g

0SC _ & Su(s &0 + S0 &
ad =swtr VD (q),vEO(Sqg 5 . (6.35)
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Finally, a5° corresponds to the “rst non-oscillating corrections issued from
the endpoints = g

i . 0 L
a°=, u(ar ViP(g)s vi9(q s

=t

o 1 0 1
+u(g)tr vOD (q)S2viO(q) vi9 (q) 5  (6.36)

Here, we precise thatu = u,u = Z2uand V(2 = v(a),

It now remains to insert the explicit expressions forV &%) as well asd™
S0 as to obtain the expressions for the coe cientsay, k =1, 2.

We get that, independently of the time-like or space-like regime,

agse (@ (S0 Ss « S.

%y S u(Sa) - .
2~ (@S u(Sa) (U (50 2007 S+SSé (6.37)
As for a;, we have
a__ 1
X% 2 —h(o)X%
x i (Sq)_[U(SQ)éu(o)]SoSi (q)_[U(Q)§U(o)]§

u(Q)( oS a?Ss
(6.38)

u(Sq)( o+ 9% Ss

in the time-like regime, and

a1
Xg 2 —h(o)X%
e M()SUBAISs & o [L(9)Su(@lS:
Y Ea( o’ @080 S

(6.39)

in the space-like one. We remind thatS, and Sp have been de“ned in (2.7)
and (2.8)

€ The constant term

The x-derivative cannot “x the constant in x part of the leading asymptotics.
We use the o-derivative identity so as to “x the o-dependent part of this
constant. Then, in the space-like regime one obtains the g-independent
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part of the constant term by sending ¢ (the asymptotic expansion is
uniform in ¢ lying uniformly away to the right from q). In such a limit, the
determinant can be related, up to O (x° ) corrections, to the generalized
sine kernel determinant studied in [32]. In this way, we are able to “x
the constant in this regime. In the time-like regime, in order to fully “x
the constant, one has also to compute theg-derivative of the determinant
asymptotically.

We already know from the above analysis that logdet[ + V] = xag1 +
logxag+ C[,u,g]+0(1). Using (3.9), we get

dz tr VO (q) s
© 7 (W@ ., (28 9)?

. % g . %
S o, ?(dlog u(d + *(Sqlogu (Sq) .  (6.40)

The absolute value has been chosen so as to treat the space-like and time-like
regimes simultaneously.

oCl,u,g]

In the space-like regime, the asymptotics are uniform in o, as long as
o remains uniformly away from gq. Hence, one can set ¢ = in the
asymptotics so as to “x the constant term. When o=+ , the function u
has no saddle-point, a straightforward computation shows thatV (,p ) =
Vask (1) +O (x> ), with

& "1 & "1 81 S 51
& aa 2 () <2 @ z € ()ese(we()
Vesk (bu)=S8 1S¢ 154 25 (51

)

(..
with e()=e() % )S§1

N[

1
2

Moreover, the big O symbol is uniform on [Sq;q]. This means that

det [I + V]= det [l + Vgsk]- 1+0 x5 . (6.41)
[Sa:al [Sa;al

This last identity stems from the fact that the resolvent of a generalized sine
kernel is polynomially bounded in x, and this uniformly on [ Sq;q], cf [32].
Using thex + asymptotic behavior of detgq.q;[I + Vesk ] obtained in
[32], we get that

Cl[,u,g]=35 ?(glog 2q u(g+ i0* S 2(Sqg)log 2qu (Sq)
+log G(1, (@G, (Sg)+ Ci[]
q

- )
+ ng() ()S d ()log €% ()S1 . (6.42)
Sq Sq
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The functional C1 has been de“ned in (2.4) and we agree upon the short-
hand notation G(1,z) = G(1+ z) G(1 S z) for the product of two Barnes
functions. Note that the i0* regularization only matters in the time-like
regime whereu (g) < 0. Of course, for the moment we have only proven
the value of the constant term in the space-like regime. To see that the
constant term is indeed given byC [, u,g] (6.42) in the time-like regime as
well, we apply the so-calledq derivative method [32]. Namely, starting from
the identity

qlogdet[l + V]= R(q,9+ R(Sq,Sq), (6.43)

one replaces the resolvenR by its leading in x part corresponding to sending

= |, inthe reconstruction formulafor FR( ) intermsof . The leading
resolvent around + g is then expressed in terms of CHF with the use of
identities (A.6). Then, following word for word the steps described in [32]
one obtains that, in the time-like regime, (C[,u,g]is indeed given by the
partial g-derivative of (6.42). This “xes the ¢ and g-dependent part of the
constant term in this regime. As the remaining ¢ and g-independent part
has to be the same in both regimes, the constant term is fully “xed.

The form of the asymptotic expansion given in Theorem 2.1 follows once
upon applying the identity

S Sqloa (2 81 () 51 (g)G(L, (39)
— oz ( Ad3 ASa) ) (S9S (9 g2 1+ (9)G°@AS (Sg). (6.44)

This identity is a direct consequence of (A.8).

7 Natte Series for the determinant

In this section, we derive a new series representation, that we call the Natte
series, for det[ + V]. Just as a Fredholm series is well adapted for comput-
ing the determinant of the operator | + V perturbatively when the kernel
V is small, the Natte series is built in such a way that it is immediately “t
for an asymptotic analysis of the determinant. The form and existence of
the series is closely related to the fact that the asymptotic behavior of this
determinant can be obtained by an application of the Deift...Zhou steepest-
descent method.
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Let | + be the jump matrix for . Then, according to Sections 3 and 5,
has an asymptotic expansion that is valid uniformly on the contour

(n)(z'x)
(2) e
n 0 X
(n)
(n)(z;x) = 7?' (2) for z D
(ZS )2n+1 0,
where RS (7.1)
VEN(z)
(M(z;x) = for z  Dug,

(n+1)!(z "

and everywhere else (" (z;x) =0. In other words ( z;x) is a O(x°® )
everywhere else on the contour. Moreover, one can convince oneself that
this O (x> ) holds inthe LY L (C) sense, for any curveC that is lying

su ciently close to Cg. Finally, we remind that = * in the space-like
regime and = S in the time-like regime.

7.1 The leading Natte series

We start the derivation of the Natte series by providing a convenient integral
representation for logdet] + V].

Lemma 7.1. LetV be the kernel de“ned in(1.1) and ( ) ( ;x) bethe
unique solution to the associated RHP. Then, the logarithm of the Fredholm
determinant admits the below representation

logdet[l + V][,u,g] = logdet[l + V]?[,u,g] + logdet[l + V][, u,g]

(7.2)
where

logdet[l + V]9 [,u,g]

= ix vqu() ()d $ g+ *Sq) logx+C[,ug]l (7.3
Sq

and C[,u,g] has been de“ned in(6.42). Also

jogdetll + VI®D[,u,gJ=  dx ?TG()IF[ X () St ox ]

+

! dztr ®D(z;x) 3

X p2i (5272

(7.4)
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The contour is as de‘ned in “gure 14 and D=S Dg S Dsq
S D, . The function G has been de‘ned in(6.30), @ in (7.1) and
weremindthat ( )= 31 ( )+ 1w w().

The convergence of this integral representation is part of the conclusion
of the lemma.

Proof. The formula for the x-derivative of the determinant (3.8) is the start-
ing point of the proof. By re-ordering the terms we get, exactly as in the
proof of Theorem 2.1,

«logdet[l + V][,u,g]= xlogdet]l + V]9[,u,g]+ R, (7.5)
in which
— & d ju() . S1, .
R=Si— — ¢ tr ( 5x) 3 27 ;%)
(ce) 4
#

dztr @D (z;x) 3
p 2i x( S z)?

(7.6)
=0+

Here the matrix (Y appears in (7.6) as its contribution has already been
taken into account in 4 logdet[l + V]©. It had thus to be subtracted.

Now, performing exactly the same steps as in the proof of Theorem 2.1,
we recast the integral in such a way that the -derivative can be moved
inside of the integration symbol. Note that the operation of squeezing the
contour ( Cg)in(7.6)to does not a ect the term coming from @ asiitis
holomorphic outside of D. Once that the -derivative has been computed,
the result follows by an x-integration. This integration is licit as, due to the
presence of @ the -di erentiated integrand behaves as O logx/x 2 for
X + ,inwhat concerns the non-oscillating contributions and as &Y x>W
for the oscillating terms. Here,v and w are constants such thatv R and

(w) > 0. The oscillating contributions are thus also integrable, at least in
the Riemann-sense.

We are now in position to derive the logarithmic Natte series representa-
tion for logdet[l + V1.
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Theorem 7.1. There exists a sequence of functionalfy [, u, €9](x), such
that

logdet]l + V][,u,g]=logdet[l + V]9 [,u,g]+  Fn[,u, e](x).
N 1
(7.7)
There exists a positive N-independent constant m(x) such that

[Fn[,u, €9](x)] [m COIN. m(x) is such thatm (x) = O(xs"") where, for
> 0 but small enough

w = gmin ﬂ2,1Sw§2rQ§x| [ (9)]] and

w=2max sup| [ S ()] . (7.8)
=+ D

q,

The functionals Fy [, u, €9](x) admit the integral representation

N X N
Fn[ou, €9](x) = dx % (N ) d ZN
r=1 k=0 =, + { } ' (2I )
iE 1,0
N
Hye LAz oG [l erd@®) (7.9)
p=1
in terms of the auxiliary functionals
Hue o {z S {3 [Lul
éG( )DN,F ) {Z]}JN:11X1{ j}jN:]_ [lu]
= —— N . (7.10)
( $z0°( Szu) (2S5 2pm) (2p S Zp+1)
p=1 p=r+l

The “rst summation in (7.9) runs throughzall possible choices of the vari-
ables 1 {£ 1,0} subject to the constraint k = 0. Then, one sums over

integrals running over the upper/lowgr part / of the contour and also

(rnN)

over the associated inslotted contour
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For N 2, the functionals Dy are de“ned as the functionals of and u
that appear in the expansion of

rf(Cz)... (z) () (Z+1)... ()]

N N _ p9(2Zp)
= Dnr v {z}jz . % { j}jza [Lu] e , (7.11)

k=0
k {£ 1,04

into di erent powers of €9(Z2), For N =1 one has

0] 5 ) 1
Di(,z1,X)=tr (z)Sx>t W(z) 3 10(). (7.12)

Above, is the adjugate matrix to : = Comat[] !, so that I+
corresponds to the jump matrix for 3. Finally, / denotes that part

of the curve which lies above/below of . Let P4, P, stand for the two

intersection points between and , cf. “gure 14. Then, s the
contour equal everywhere to  except in a small viginity ,of the points Py,

: . . (rN) .
where it avoids these points by below/above. Then ! is realized

s the Cartheséan product gf twq inslotted contours of lengthr and N Sr:
/ (rN) _ / (r) o / (NSr)

Starting from the de“nition 6.1 of the matrices and on inslotted

contours (N),one de‘nes the matrices and on ' [z«] as the analytic
continuations of from [z«]

Proof. The functional Fy [,u,g] will be constructed by merging the inte-
gral representation (7.4) with the Neumann series for (6.1) and St (6.2).
These series converge uniformly in (and every “nite-order -derivative)
on every open setO such that d(O, ) > 0. However, in (7.4), one inte-
grates tr ( ) () S) with aweight along , where the contour
is depicted in “gure 14. The latter contour intersects . Hence, it contains
points that are not uniformly away from . However, we have already
argued that tr +() () fl( ) can be analytically continued to a
small neighborhood of  located to the right/left of . Such an analytic

continuation can be also performed on the level of the Neumann series for
+1

In order to have a Neumann series representation for or S1 that is
uniformly convergent in ""\{ P1,Ps}, we use the local analyticity of
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the jump matrices for so as to deform the original jump contour
appearing in the RHP for and 51! (6.1)...(6.2) into the contour

~ dz NS1
( )=1l2+ T & C, [ (2 and
N 1
_ NS1
S1( )= 1,+ Wy, 1A

v 1 A (sy)

According to these formulae , S1 are holomorphic on some small vicinity
of ! . However, we do stress that these analytic continuation from above

and below Py dier at Px. Hence, for F\{ Py, Ps}, we get
r () () SY) = fu(.x) (7.13)
N 1
with
NS1 =
fn (x)= N2 S?ng =
o= @) (S2)°( Sy)
r$1 NSrS1 #
xtr C [21(2) (zx) () (v.x) ‘C, (121 (y)
" y #
Sdz NS1
+ / m-tr C , 212 ( z,x) () . (7.14)

Above, we have insisted on the dependence ox of the matrices and
The representation (7.13) allows us to de“ne the functionalFy [, u, €9]:

X 1 dztr O(z:x) 3 d
F , U, eg = dx f , X + — - = : G —
1l ] . ! X p2i ( §2)72 ()3
(7.15)
and, forN 2,
X d
Fn[,u, €= dx fn ,x G ,x T (7.16)

+

We remind that G is given by (6.30) and above, we have explicitly insisted
on its x-dependence.

In the following we justify that (7.15)...(7.16) are well de“ned and that one
can exchange the integrals over and [x;+ [in (7.4) with the summation
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(7.13). Then, we provide explicit bounds forFy [, u, €9] and “nally outline
the steps leading to the derivation of the representation (7.9) forFy .

Exchange of symbols

Building on the identities:

ltr(AB)| maxjx (IBjx|) [Aj| and

Ik
+ +

faB), 1
j,k

LL(C) Ai Lzcy Brotzey 4 ALz B Lo

and after some algebra one obtains that

fn Loy 4 Ena:)i{dSk( )
k=2,3
NS1 E& g $ $ &t " NS1ST E
X + C [|2] 27+ +7 C [|2]+
=, r=1 L2( ) LZ( )
te + + o+
+ 3 HE
S S S
L2( ) L2( )

In the intermediate calculation we have used () | ()=1 By using the
estimates (6.4)...(6.5), one gets that for = or

I & sl i
+C [|2]+L2( ) 2c( ) Lf ) +C2 [] )
{ 2c( )}r rLSl( ) L2( )
and
i&tC Irl i 2 r rS1
+ D,y L2eC N Py )
Also, one has
S & 3
+ C [12] +L2( ) 2 L ()Y C [I2]+L2( ) (7.17)
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The estimates and asymptotic expansions of ensure that there exists an
x-independent constantC, such that

max& + | Ca_ysw
T L) C) e )

wherec( )= n{1ax}c( ).

Hence,
& ' N
2N Sk 2C2 gl
fN L () C( ) r{na',x} d ( ’ ) xW +C( )
k=2,3
with w = Zmin(l/ 2, 1SwSs 2max. | (xQ)]). (7.18)

It follows that for x large enough and forN  Ng (with Now> 1)
(,x) g‘zNOG(,x )fp(,x ) is bounded on ><]x;+v [ by an
integrable function. The terms corresponding top=1,...,NgS 1 are also
integrable as will be shown below. Hence, by the dominated convergence
theorem one can exchange the summation and the integration symbols lead-

ing to (7.7). It now remains to provide sharper estimates for each summand.

Sharper estimates for Fy [, u, €]

It follows from Proposition C.1 applied to the jump contour ! , that for
! one has the representation
[N/2] b [N/ 2]Sb

mS p b

e(q; x) e(_o0;X)
N()=AN()T = PYZ-TY
b=0 p=0 m=bS[N/ 2] e(Sgx) e(Sax)
3 b, S8
x le(v 17 0P ()le(vx)]° 2
& 1,0}
where  e(q,x) = e™(@x52 (@ e(8q,x) = e uSay2 (Sa) and
e( o0,x) = el 0xSz. Also, we remind that = 1 in the space-like regime
and = S1in the time-like and we agree uporvg = o andv:q= *q. The

matrix Ay ( ) contains exponentially small corrections inx and the remain-
ing part represents the algebraically small ones.
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This representation ensures that for

N/ 2l+1 p N/ 2]+1Sb S
()= A Cx) 1 AR TR (g g e e
' N N &
X X b=0 p=0 m=bS[N/ 2]S1 e(Sa.%)
b
e( 0,X) (m.b,p)
— ” . 7.19

The functions c&m'b‘p) (,x) and ay (,x) can be expressed as traces

involving appropriate combinations of the matrices Ay and f\l”}'b’p). We
have included all the exponentially small corrections stemming from the
Ajes,j =1,...,Ninto ay (,X).

It follows from the properties of Aj( )and ™ (), j =1,...,N that
these functions are smooth in and x. Moreover, by using the estimates
for the L norms of the aforementioned matricesAy and f\,";’b‘p) (C.9),
after some algebra one shows that, forx-large enough, given anyk N
there exists anN -independent constantC > 0 such that

N

C
lan (%) XK and

MY (,x )y cNxNY, uniformly in s (7.20)

These estimates remain unchanged when considering “rst-order partial deri-
vatives in respect to x of these functions. Hence for all integeram, b, p of
interest the function

. mS p
GY)  mepCy)= vyt ;gqqy)y)
b
SOy " dmen (G ( cy) (7.21)

e(Sq,y)

is Riemann-integrable on x ]x;+ [. Suppose thatm, b or p is non-zero.
Then, for N 2 an integration by parts leads to the estimate

+ N
dy mop(y)  SIIG( 0, (7.22)
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with w being de“ned as in (7.18). Whenm = b= p=0 one simply deals
with a non-oscillating integral. In that case,

’ [ :
dy mbp(,Y) mm( X)) (7.23)

X

There are two cases of interest to consider. v = 3/ 8, then sincew = O( ),
taking su ciently small we get that Nw N (1S w)S 1. It remains to
treat the case when, for all > 0 small enoughw < 3/8. In other words,
1SwS2max. | (x0q)| < V2. Therefore

ls max| (£9)]. (7.24)

+

Ny
N =

Thus, taking small enough, so thatw 1/10 one gets max | (£0Q)|
1/5. Hence, forN 2

+ N
By mop(Y) o IGCI. (7.25)

X

Thus, once upon the integration over = , we get that there
exists a constantm (x) = O ( xS%) such that |[Fyn [,u,g](x)] [m (x)]N for
N 2. The fact that |F1[,u,g](x)] m(x) follows from a direct calcu-
lation based on the representation (7.15) and the “rst few terms of the
asymptotic expansion of the matrix .

Justi“cation of  (7.9)

We conclude this proof by explaining how one can obtain a slightly more con-
venient representation for each individual functional Fy [,u,g](x). Start-
ing from the Neumann series representations (6.8) and (6.9), it follows that
for /

r () () SH()

g N dNz
=S /'(T,N)(Zi )N
N 1r=1
ULz (2) O @) @) oo

. w1 NS 1 3
( Sz1)°( Sz+1) (2SS zpr1) (2o S Zp+1)
p=1 p=r+l



RIEMANN-HILBERT APPROACH 1713

& 1
(nN) . .
Above, / is the Cartesian product of two inslotted contours

& & "N S
G ; (NS : - :
X . To obtain (7.26) it is enough to multiply out the
two series for (), S1( ) and then take the trace. One can convice
oneself that the matrices and  are such that

(=e"%" 1o (@™ and  (2)=e’ T 4 (1S5
(720

This means that there exists functionalsDy, , {z}}%;,x;{ j}}5 [, u]
such that

[ z)... (z) () (Z+1)... ()]

. )
= Dnr o {g}jza . xi{ j}j=1 [ ulexp pd9(zp) . (7.28)
k=0 p=1
k {£ 1,0}

Above, thezsum is taken over all possible choices df integers ¢ {x 1,0},

such that ’121:1 k =0. We replace the trace in (7.26) by (7.28) and then

insert the result into the integral representation for log det [l + V]s”b. One
can exchange the and x -integrals with the summation over N in virtue
of the previous discussion. One can also pull-out the “nite sum over

{£ 1,0} out of the integrals. Indeed, given any choice of{ «}, the func-
tion(,x ) G(,x )Dn, isRiemann...integrable along x ]x;+ [. This
stems from the fact that Dy, is bounded in , and as follows from the previ-
ous discussion, is at least Riemann-integrable ix as an oscillatory integral.
Moreover, it is clear that by harping on the steps that allow one to prove
the expansion for y given in Proposition 6.1, one can just as well prove a
similar type of expansion forFy [, u, €9].

Lemma 7.2. Under the assumptions of sectior2.1, the Fredholm determi-
nant of | + V, with V being given by(1.1), admits the below, absolutely
convergent for x-large enough, Natte series representation:

det[l + V][,u,g]=det[l + V]9 [, ug] 1
)0

(
+ Hn Xl{k}i{ t}[ J{k} su1
N 1kK n{ (JE (k)

19(zt)

(7.29)
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The nt" term of this series is aO([m(x)]"), with m (x) = O ( x5%) w being
given as in (7.8) and the O beingn independent. The fungtionalH, appear-
ing above is a linear functional in respect to the function I et9@) of
the n-variables z;. It produces a weighted integration of this function over
curves lying in some small neighborhood of the real axis:

)0 1
Hn X, {k}.{ t}; I ,u, et9(z)
_ da X dx d g ddlzd,j "1
- d 4 fd, - d k!
ra=l1 4=/ d Dy d 4 { d}(ddl) (2| ) 1j=1 kj.
Haprg @ {Zaj 2 xai{ aj}f% [ul- e19(@),
(7.30)

In (7.29), the sum is carried out over all the possible choices af-uples of
integersk = (Kky,...,kn) belonging to

Kn= k=(ki....,kn) N": sks=n (7.31)

s=1

Each suchn-uple of integers de“nes a set of triplets

& .
Jpg = (s.pJ)s [1inlp [1:kslj [1;s] (7.32)

and a set of doublets
& 1
Dy = (ssp.s [1inlp [1iks] . (7.33)

A triplet (s, p,]j) belonging toJ;,; is denoted byt and a doublet(s, p) belong-
ing to Dy is denoted byd = (s,p). The notation d; stands for the “rst
coordinate of d, i.e., if d =(s,p), then s= d;. Once that a choice ofk is
made, one sums over all the possible elements of

dy
E(k)= {t} T -t {+ 1,00 and dj =0 foralld Dyy
j=1
(7.34)
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The sums and integrations in (7.30) are also ordered by the sets of triplets
Jiky and doubletsDyy;. One “rst starts to sum up over rq, where d runs
through Dy, . There are # Dy, such sums in total, corresponding tod run-
ning through the setDy,,. Finally, for each d Dy, there is one integral
over the correspondingxq, one over the corresponding 4 and d; integrals
over the subordinate set ofz-variables {zq }jdil.

Proof. We de“ne an auxiliary function

A()= NEn[ugl(x), (7.35)
N 1

which is holomorphic in  on the open disc of radiusmgl(x), with m (x) =
O (x5W) and w given by (7.8), as follows from the estimates on the growth
of Fy with x. This means that €*( ) is holomorphic on the same disc. The
radius of convergence of its Taylor series around = 0 has its lower bound
given by mS*(x).

The series for the Fredholm determinant is obtained by using the Faa-di-
Bruno formula so as to compute thenth derivative of eA() at =0

n n 0 () 9

1 d a0 2 s 1 AVO

ntidn PR AT
sks=n
1 d [4m (x)]" d" 1
19 A0 [4m (1" d" :
TEELAR nl dnoP 28 -

(7.36)

Where we used that|Fy [,u,g]] (m (x))N, with m (x) = O (x>W). The
last estimates allow one to see explicitly that the Taylor series at =0 for
e*() has a radius of convergence that scales as®* (x). It is in particular
convergent at =1 leading to

det[l + V][,u,g]=det[l + V]9 [,u,g]

n n
x 1+ (kD% [F[Lu,g] ()18
n 1 sks=nj=1 j=1
(7.37)
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In this language of doublets and triplets, the expression for the product
in (7.37) reads

n

(Fj [,u,g](x)
j=1

_ " * . d " d
rd:1 =/ dD d 4 { d}(rd'dl)jzl (2I )
91 d {k}
d Dy dj =0
j=1
d, {i 1,0}
( dy . dg
X Hdl,rd dl{zd,j}j:]_!Xd!{ d,j}j:l [!u]exp tg(Zt)

(7.38)

The result follows.

The expression (7.30) for the functionals involved in the Natte series is
more explicit then as it was given in Theorem 2.2.

7.2 Proof of Theorem 2.2

The “rst part of Theorem 2.2, i.e., the very form of the expansion (2.9) is
a consequence of Lemma 7.2. The latter provides moreover a more explicit
form for the functionals H, [, €9, u].

The well-ordered asymptotic expansion in x for each functional
Hn[, €%, u], as given in (2.12), is a direct consequence of the existence of
a similar representation for Fy [, u, g] together the correspondence (7.37)
betweenFy [,u,g] and det[l + V]. Finally, the existence of a representa-
tion for Fy [, u,g] in the spirit of (2.12) can be readily obtained by insert-
ing the well-ordered series representation for and S! (we remind that

S1= tComat() since det[] = 1) given in Proposition 6.1 into the inte-
gral representation for Fy, (7.14), (7.15), (7.16).

7.3 Higher order Natte series

The higher order Natte series is a generalization of the Natte series derived
in the previous sub-sections. It gives a direct access to part of the asymptotic
expansion without having to compute the e ective form of the functionals
Dn, and then carry out the contour integrals. Indeed, even if it is possible
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in principle to compute explicitly, order-by-order the functionals Dy, and

thus Hy,, this task becomes very quickly monstrously cumbersome. In order
to get the corrections, it is more desirable to apply the procedure below (or
its obvious extension to higher order asymptotics) if one wants to access to

the higher order correction then those contained in det[ + V](O) [,ugl
Proposition 7.1. The Fredholm determinant of | + V admits the below
convergent Natte series representation:

det[l + V][,u,g]=det[l + VIO [,u,g]

X

S 3
X exp dx x “Za;x + x 2 a¥ x +aP x
+
0
x 1+ Ho (6, {kE{ 11) ou, gy, et
n 1kK n{(}E (k)
(7.39)

There Hy, is de“ned as in (7.30), (7.10), but with the minor di erence that
the functionals Dy in (7.10) should be replaced by the functional®y as
given in (7.41). Also, aj, a3°¢, a3°*° are given by (6.36), (6.37), (6.38),
(6.39). Note that here we have explicitly insisted on their dependence on
the large-parameterx . The fundamental di erence between the higher order
Natte series and the one discussed previously is that for large enough and
for an n-independentO:

Hn (x, {k}.{ ¢}) .u, e 9
cmin o % o log?x ajlogx ad*logx a;  ag°

The constantw is as de“ned in (7.8).

Proof. One starts by performing the decomposition
logdet[l + V][,u,g]

X 0sC no
=logdet[l + V]9 [,u,g]+ dy a (3y) + 2 (Y);Z ay° (¥)
+ yf

+logdet[l + V][ u g].
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There, logdet]l + V]®®2[ u,g] corresponds to that part of
logdet[l + V]I®® [, u,g] (7.4) where all terms that give rise to the inte-

gral involving a; and a3 " have been subtracted. Namely,

logdet[l + V]2 [ u,g]= " dx Z—G( )
) ; 0 1
< tr ()()Sl()él“y()tr M ()

1 0 1 0 1
r @ ()8 O0) @ ()s W) O ()

. 3
yi

1 0.1 . 0yl

s (;2( )tl’ (3) ()8 (l)( ) 1) () 3 . (7.40)

We stress that the variable of integration x corresponds to the large param-
eter (denoted by x before) that enters in the formulation of the RHP for
and on which depends implicitly.

The expansion of logdet[ + V](S“b> [,u,g] goes along the same lines
as before, with the minor di erence that the functionals Dy, are de“ned
slightly di erently. Indeed one has to subtract from the Neumann series
like expansionfortr () () S( ) allthe subleading contributions
that appear in (7.40). For this purpose, we de“ne

tr[(z)... (z2) () (z+a)-.. (z2n)]1SRnr ({23,X)
( N N _ p9(zp)
- Dne Az} o MY Lulen T (7.41)

k=0
k {£ 1,0}

In order to de“ne Ry, ({z},x) we represent the asymptotic expansion of
( z) slightly di erently then in (7.1).

( 2) xSEM® (z,x)  with
p 1
dP(z)
(ZS 0)2p+1
2 v(GrSY(z)

M (2p+1) (z;x) = ‘1p 02D | (2)

(7.42)

M @P)(z;x) = Ip,, w0, (2.
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There we took small enough and > > 0. In terms of such matrices one
has

5
4 . 0 1
Rne {23.X)= naw 4 xPztr MP(zy,x) 5 6
p=1
N3 3, O
+ - vxzrv tr M (1)(23’)() M (2)(22,)() M (l)(Z]_,X) 3
3 5
2 = 2 & p+p 0 1
+ N2 (S1)4 xSz tr MP(z1,x) 3sMP)(z;,x) 6.
r=1 pp =1

Finally, de“ning H, as in (7.30), (7.10), but with the minor di erence that
the functionals Dy in (7.10) should be replaced by the functionalD y given
in (7.41). One gets the desired representation.

A similar Natte series can be obtained for other quantities that are also
related with the correlation functions in integrable models.

Proposition 7.2. Let F; be as de“ned in (3.3), then the below Fredholm
minor admits a Natte series representation:

420y "9 asi?r (NFL()E() detl + VI[,ug]
Ce 2 Sq2 3
Sohar (o), (@) gs15 (50
S2xu (o) xu (g " T xu(Sq

0 1
+ H® (k. {}) ,u, 3. e9)  (743)

{k}
N lg Ky {(} E(K)

=det[l + V]9, u,g]

S1
Sg

There the summation runs through all the possible choice of integers
Ki,...,kn+1 belonging to

Kn= k=(Kg....,kn+1) : ks N,s=1,...,n and

n
kne1 N knez+  Sks=n . (7.44)
s=1
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The remaining summation run through sets that are labelled by doublets and
triplets belonging to

&
‘]{k}:&(sipvj)vs [[1;n+1]|1 p I[l,.kS]I’J I[:I-ysé s,n+1n]|

Diyg = (s,pj).s [1;nl,p [1:;ks] .
Indeed, then
dy
E(k): {t}t Ik Tt {i‘ 1,0}, d,j =0 with d D{k} and
j=1
kn+l
Kn+1,p,1 = 1 (7_45)
p=1

Finally, the functionals Hr(fr) (%, {k} ,{ t}) read

HEO (o fkb{ ) u erd®
" dz (
+1,p,1
= ) %Cn {Zn+1,p,1}B:1,{ n+l,p,1}B:1;X [,U]
p=1
n
x @n+l.p, 19(Zn+1 p, 1)_
p=1

whenkn+1 = n and in all other cases,

H®) (X {k},{ ¢} u et9(z)
n 1 1 t t ‘]{k) 1 U
d; X di5 .
- d ¢ 4 { d}('d’dl) (2i )dl

rd:]. d= / d D{k}
k +1 n
Uz p1 1
(kn+1) 2i ) kJ |
p=1 i=1
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k k
X Ckn+1 {an+l vpyl} pg;.l ) X, { Kn+1 ,p,l} pgil [ »u ]

d : d
Hayrg  di{Zajlj2s Xas{ o}y [Lul- e 92,

Note that we have used above the notation introduced in Lemma.2. Also
we have set

. 2 . )
[ zn)... (z1) °1S na b1 X 2tr M®)(z,x) S

i
NST,, & .
p=1 (Zp S Zp31)

N
= Cn {3V {3Y [Lu]l  erd®
s=1 p=1

~ N$1 §
it (zv)... (z1) ° - (S zps1)™t
p=1

N
- Cn {z}) % {3} [.u] e r9(2p)
s=1 p=1

The sums in the two equations aboye run over all choices of the variableg
_ ; N _
s=1,...,Nwith 5 {# 1,0t and ; s=1.

Proof. By using the integral representation for (3.6), one readily gets that

LD m ()%= SasiPl (NF()E(). (746)

Sq

Also, it is easy to convince oneself that

[ lp=il I+ &%()° (7.47)

The claim follows by expanding [ ];, into a higher order Natte series
(where the “rst few terms of the asymptotics have been taken into account)
and then taking the product of this series with the Natte series for the
Fredholm determinant. The details are left to the reader.

It follows from the leading asymptotics given in (7.43) that, in the case of
the time-like regime, the saddle-point ¢ does not contribute to the leading
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order. It can how%ver be checked that it does e\jentually contribute. Its
contribution is a O x55/2 x352 xS (@ 4+ xS (Sa) 2

8 Conclusion

In this paper we have obtained the “rst few terms in the leading x

+ asymptotics of the Fredholm determinant of a class of integrable inte-
gral operator that provide a starting point for the analysis of the large-
distance/long-time asymptotic behavior in integrable models away from
their free fermion point. Also, we have derived a new series representation
for the Fredholm determinant, the so-called Natte series. This series is well
adapted for an asymptotic analysis of the Fredholm determinant and can
thus be thought of as being an analog of the Mellin...Barnes integral repre-
sentation for hypergeometric functions. In two subsequent paper, the Natte
series will appear as a central tool in computing the large-distance/long-time
asymptotic behavior of the correlation functions in the non-linear
Schrddinger model away from its free Fermion point [34, 37]. As a byproduct
of our analysis, we have been able to bring a little more order to the struc-
ture of the asymptotic expansion of Fredholm determinants of operators
belonging to the class of the generalized sine kernel. It would be interesting
to extend/push forward the form of the full asymptotic expansion of the
determinant given in Theorem 2.2, in particular by providing a closed form
(i.e., the explicit values of coe cients/functionals), at least in the case of
some particular kernel such as the sine kernel.
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Appendix A. Several Properties of CHF
One can check that forz R

1,§;Se'0 z § 1,38¢%z =2i EeSZ. (A.1)
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( a,¢ z) has an asymptotic expansion atz given by
M (@), (aSc+1), &z S\ &
( a,c;z)= (él)n n nZSaSn +0 ZSMSa ’
=0 n!
for S 37 < arg(z) < % (A.2)

It also satis“es to the monodromy properties

. L 2ije Sia+z . .
(alzé )= ( alz)e?? + W(l Sa1Sz), (<0,
(A.3)
L ) . zieia +z . .
(alze? )= ( a12)e”? S W(l S a,1;S2), (z2) > 0.
(A.4)
Tricomies CHF can be expressed in terms of Humbertes CHF
N 1Sc , cS1 _15c < <
(acz)-= asc+1 (acz)+ q Z (aSc+1,2Sc2).
(A.5)

There exists a similar formula expression Tricomies CHF (a, ¢, z) in terms
of Humbertes one

(acz)= _ (9 ga (acz)+ Egei @S9tz ( ¢S a,cSz),

(cSa)
(A.6)
where =sgn( (z2)), and
(a)n 2"
a,cz)= —. A7
(acn= (50 (A7)
The BarneseG function satis“es to the re”ection property

V4
G(1S2z2)-= (;((;?exp X cot[x]dx |, (A.8)

0

which holds for (z) < 1 in the usual sense (and also everywhere else by
analytic continuation).
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Appendix B. Proof of the asymptotic expansion for
B.1 Two lemmas

We “rst need a technical lemma

Lemma B.1. Let the matrices ; take the form

o $F - & bg
i q 2 = CJ qsl dJ , (Bl)
where the entriesaj, y, ¢, d; do not depend ong. Then

Aj@ &ABj@ g8,

N--- 1= 1
a:Oj(a) B an % CJ (@) Dj(a) Q1 t 'q2aS1

. (B.2)

Above, the sum runs through all choices ofa-uples of integersj (@ =
(j1,...,j2a) with j @ belonging to
& '
Ban = (j1.-...j2a) [NT*:1 ji<--<jaa N . (B.3)

The entries of each matrix appearing in the sum are linear polynomials the
entries of the matrices .

This lemma allow us to trace back all the dependence on the fractional
power of x in the products ( zy)... ( z1) of the non-trivial parts of the
jump matrices for .

Proof. The result clearly holds for N =1 as then, the only possibility is to
take a = 0.

We prove the induction hypothesis for the 11 entry. It goes similarly for
all the others. By applying the induction hypothesisto y ... 1 and then
explicitly multiplying out with N+1, We get that

[%]

[ ] —_ QZ"'QZa
N+1 .-+ 1]17 — 7q q ]
a=0 ] (a) B an 1 2aS1
EN+1
X an+Aj@ t —— G
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[Z] Q,...q
= _Jz2r 12 aN+1Aj(a)
azoj(a)Ba;N QI 2a81
[Z]
I 80 8uW g,
a=0 (A B ,\s; 818251
.. a" +
+ 2 2a52 h\|+le(a)- (B.4)

azlj(a)Ba;N Ql"'q2a§la\l

j2a=N

The result follows as the above sums can be seen organized in respect to the
partition

[NgL/2] [y 2]
Ba;N+1 = Ba;N
a=1 a=1
g [y2 §
{1 ji<-<j2a NSILjoara =N, joar2 = N +1}
a=1
g g2 5
{1 j1<-<j2ag1 NS1I1 jaa=N+1} . (B.5)
a=1
Lemma B.2. Let Fyn(z1,...,2zy) be a holomorphic function on

D=Dy, ,x---xDy ., Wwhere 0< y<:--< ;7 and v C. Let
D= Dy, ,x---x Dy, be the skeleton ofD and n, a set of positive
integers. Then, for lying outside of D, ,, one has

dNZ FN(Z]_,...,ZN) N 1
© \N B NS 1 B ) & \Np+l
D (2 ) ( Sz (zx S zx+1) P72 (% SV)
k=1
'N r k k
1 1« 1 N
kn=0  ki=0 2z, N* ZN |zp=v
where we agree upon
N N
rp = n+NSpS k and ng=0. (B.7)

=p =p+l
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The proof is a straightforward induction. Note that the total highest
possible oréier of derivatives ofFy that is produced by the above contour
integral is _1 n + N S 1. It corresponds to no-derivation miespect to
thevvariables Z,,...,2N and a derivative in respect toz; of order _1 n +
N S 1. All other choices of the integers{k,} lead to a total order of the
partial derivatives that is strictly smaller.

B.2 Proof of Proposition 6.1

We are now in position to prove Proposition 6.1.

Here, we will only discuss the case of the time-like regime. The proof in
the case of the space-like regime goes very similarly, so that we omit it here.

We have already established that, forx-large enough, ( ) is given in
terms of a uniformly convergent Neumann series (6.8):

():|2+Nl ié) with
N
N ()= x" (N) (2d| ) ( ZNr\P?Sl (v21) (B.8)
( S v4)) L (Zp S Zp+1)
p=

Above each N-fold integral runs across the inslotted contour (N) as de*ned
n “gure 11 and the equality holds for uniformly away from the boundary

. We remind that in this Neumann series the matrices ( zx) are sub-
ordinate to the jump matrix I+ () for ( ) solving the -type RHP
associated with the jump contour  [z], cf. De“nition 6.1.

To prove the claim of Proposition 6.1, we build on (B.8) so as to obtain
a more precise form of the asymptotic expansion of y ( ).

Recall that each contour  [z] entering in the de“nition of the inlsotted

contour ™) can be divided into its exterior part [ z«] and three circles

Dq,, Dsq,« Dy, . ThereO< y < :--< jand ;issmall enough,
in particular it is such that ; < | o g|/2. However, the very choice of the
contour implies that

— S
L (tz) Y (ta) T iz O X7 - (B.9)
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Hence, from the point of view of the asymptotic expansion, one can drop all
contributions to  n () stemming from those parts of the multiple integral
in (B.8), where at least one variable is integrated along. Indeed, due to
the estimates (B.9), such an integration would only produce O &> ) terms.

The matrix An( ) appearing in (6.11) contains exactly these contribu-
tions, and henceAy () = O(x® ) uniformly away from

It thus now remains to focus on the e ect of the integration on the bound-
ary of the three disks centered at: g and ¢. In other words,

d"z (). (z1)

e, D@L (&s1Sz)

where zp= . (B.10)

N ()= An( )+ xN

The above sum corresponds to summing up over all the possible choices of
the integration contour Dy o k for each variablesz,. More precisely, one
sums over all theN -dimensional vectors belonging to

Bv={ =Cawn.... n) " « £ LO}}. (B.11)

We also agree upon the shorthand notationvs = ¢, vs = Sqand vo = o.
Finally, the integration contour D in each summand corresponds to the
Cartesian product of N-circles D = Dy, x---x Dy, of decreas-
ingradii0 < N < ---< 71, with 71 small enough.

N

We stress that there exists natural constraints on the possible choices of
the . Indeed, if z; and zj+; both belong to a su ciently small neigh-
borhood of o, then ( z) ( z+1)=0. Hence, choices ofN -dimensional
vectors having two neighboring coordinates (; and j+; for somej) equal
to zero do not contribute to the sum in (B.10).

The asymptotic expansions of ( z) on each of the three disks all take the
generic form:

[e(Z; )]73 . (I’l)(z) '[E(Z; )]g73
X1+l (z § v )N@SI I

(2

n 0
uniformlyin z Dy 2 \D {= 1,0}. (B.12)

The radii are such that > > 0 and is taken su ciently small, but are
arbitrary otherwise. (B.12) is to be understood in the sense of an asymptotic
expansion, i.e., up to a truncation to any given order inx. The detailed
expression for the matrices (") (z) and e(z; ) dier on each of the disks



1728 K.K. KOZLOWSKI

(i.e., for = =1 or 0). However,e(z; ) are holomorphic on any su ciently
small neighborhood of+ q or . Also, the matrix (" (z) does not depend
on x anymore. The function e(z; ) contains a fractional power ofx and also
an oscillating term:

eixu(q)xsz (2) for =1,
e(z; )= uBAx2@ for = &1, (B.13)
du 0xS:  for =0.

We are now in position to establish the asymptotic expansion of the second
term in (B.10).

Expanding each matrix ( z,) into its asymptotic series (B.12), using
that the latter is uniform on the compact domain of integration we obtain
the asymptotic expansion of :

N () i,

r 0 ENnN,E‘r)
Nz [en]? (@) [evsd et el el 09)(z)[el®?
p (2i )" n N s, ne@Sl

( Sz1):  (zs1Sz)- Z,Sv,
k=2 p=1

(B.14)

There appears a summation overN -dimensional integer valued vectorsn
belonging to

3 N %
Ny’ = n=(ng,...,nN) @ Nk N, p=iNp=1T1 . (B.15)

Note that in order to lighten the notations slightly, we have set e  e(zx; «)-
Also, just as in (B.12), we did not make the remainder explicit.
Lemma B.1 ensures the existence of holomorphic functionAj(?a)) {z}),

Dj('(‘a)) ({z}) of z1,...,zn such that

[en]? (W(zy) NSL T . T () e F
[ AR Wz) aBll{ad),  ,.q, y

a=0 j @B a;N eEIlCJ(?a)) ({ Zk}) Dj(?a)) ({ Zk}) Q1 et QZaél
(B.16)
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Due to the form taken by the matrices (" (z), not all con“gurations
of the 2a-uples j @ appear in (B.16). Indeed, whenzz D , , (e,
« = 0) the matrix (W (z) is proportional to S (cf. (5.14)). It appears
in (B.14) with a pre-factor efl. Therefore, for z D ,, . the only non-
vanishing terms in the sum overj® B an are those corresponding to
choices of 2-uplesj @ = (j1,...,jz2a) such that j, = k for somep. In other
words, each time an integration variable belongs to D , , for somek, the
associated oscillating exponente®X( o;0) is always present. Moreover, all
matrix entries in the expansion (B.16) that appear (after taking the matrix
. . +1 +1 .
products) in front of the monomials (g,...§,,) "/ §,...§,,5,  vanish
whenever a functiong, e z,; j, corresponding toz;, D, ; would
appear in the numerator. More precisely, if there exists g such that j, = k
then

€forp 2N+1(i.e.,
€forp 2N (e, j

=0 for some ), one hasBj(”) = Dj(”) =0;

j2 +1 (a) (a)

= 0 for some ), one hasAj(”) = Cj(”) =0.

2 (a) (a)

Putting together (B.14) and (B.16) leads to the below form of the asymp-
totic expansion for

1 0 1
Nn() X lin Mj@ - (B.17)
r 07 N j@B .y Ew

There Mj (a) Stands for the matrix appearing in the expansion (B.16) andl -,
is a functional depending on the choices of the entries of th&l -dimensional
vectors and n. It acts on holomorphic functions (or matrices in the sense

of entrywise action) D = D, L, X% Dy - according to:
I n [FN]
_ d'y Fn (Y1,---5YN)
p (2i )N N N 28] s])ns+1

( Sy ' (yss1S Ys) . (ysSv,)
(B.18)

The functional 1,,. can be estimated by computing the residues av .. This
produces partial derivatives of Fy at the points ys = v .. From now on,
we focus on the analysis of the action of,. on the 11 entry of the matrix
Mj . The case of all the other entries can be treated similarly.

Depending on the choice of the components of the N-dimensional vector
and hence of the evaluation pointsv , after performing the integration
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induced by I,. (and having computed the eventual derivatives) the ratio
(§,...-8,)/ §,...9,,5, presentinthe 11 entry of (B.17) reduces to:

€"(q; +) . .
m fovr S(imevSa m a

e o T@H) €°P(SqS)  dgH)
&( 0;0) &Sq;S)

forsomel b m, 0 p bS@Sh m aSh

Hence, we get that there exists two sets of constanc](m), and cj(m'b‘p),

| OOM ( )l l_ a e(q+) ™ m
n; j @ = oSS i (a)
nN (0 En : 1 m=Sa &(SqS) J
b Sb Sp/& A &
.\ T @y €PSaS) - G " mbe gag)
&( 0;0) «Sqgs) 1% 7 '

b=1 p=0 m=bSa

Each derivative of the factor g in respect to zx, when zy is in a neighbor-
hood of + g, produces one power of log. This logx term appears due to a
di erentiation of the exponent x>2 « (z) |t thus follows that the coe cients

cj('(r;g and <:J_“(‘;3b' P) are polynomials in logx. In the following, we determine

the degree of these polynomials. This will allow us to show that

( (m)) & &
max deg G =T+ NS2mS mo and
max deg cj(r(‘;’)b'p) =r+NS2(b+m) (B.20)
where the sup is taken over all possible choices of, , j (®. Once that (B.20)

is established we get the claim.

The degree of CJ(TB

As already argugd, when =0, there necessarily appearse(z;0) in the
denominator of Mj(a) " As no function e(z ;0), = k, can appear in
the numerator, this implies that in such a situation e( o, 0) appears with
some strictly positive exponent after computing the integrals. Therefore,
one ends-up with a term that does not corresponds to the coe cientc™

j(a)'
(m)

Hence, contribution to the coe cients C @ can only stem from these choice

of N-dimensional vectors whose entries are in{x 1}. This means that
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when focusing oncj(r(r;g, all sadmissibleZ choices of theN -dimensional vector
can be parameterized as

s=(81)01 , ; {+ 1} forsomep N. (B.21)

We now compute explicitly the action of the functional | ., corresponding
to some given by (B.21). For this purpose, it is convenient to relabel the
integration variables y; appearing in (B.18) in a form that is subordinate to
such a representation of the vector . Namely,

$ %
(Yo, 0 YN) = Za1, 020, 05 220,028ty - o0 2p,, o 1€,
~ sS1
Zst = Y iy where <= r. (B.22)
r=1

We relabel the entries of the vectorn in a similar way, i.e., ngt = n ot
Then, the functional | ., reads

00 11
l'n M
U Nt 0 1
dN 7 M; @ 11({2})
B 2 )N ® . S
o (21) Zs51, 51 S Zs1 (zst S Zst+1)
s=1 t=1
P s
1
: - : (B.23)
s=1 t=1 (Zs,t Sv s)ns'l +
Here we agree upon =0 and zppo= . The above integral is directly
computed by an inductive application of Lemma B.2:
00 11
L Mj@
Fst p S 1 Kst
= | ks,
kee=0 s=lt=1 St ZgY #
0 1 p 3 &
M; @ ll({z}) Zs81, 5, SV, 7 : (B.24)

s=1 Zst =V g
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In (B.24) one sums over integerks; with s=1,...,pandt=1,..., swhere
eachks is summed from O to

rs,t = ns,j + S S t S ks‘[ Wlth nS’O = O (825)
j=t j=t+l

It follows that each block of variables (zs1,...,Zs, s)?ssociated to the
same s, is subject to partial derivatives of total order 2, kst. Hence,
the maximal total ordgr of all the derivatives that may act on this block
of variables isrd'{* = ;%) ngj + s S 1. The unique way of realizing this
maximal order is through a single derivative of orderr ®* with respect to the
variable zs 1. We stress that in this case, all the other varlables of the block
are simply set equal tov .. Very similarly, the maximal total order of all the
partial derivatives that may act on azsub block of variables (zs¢, ..., Zs, )
associated to the sames is r{f* = iZtNsj + s S t. The unique way of
realizing this maximal order is by a derivative of order r ' with respect to
the variable zs;. Then zgt+1,...,Zs, , should be set equal tov .

As we have already mentioned, the functiong,  e(y;,; «) depends onx.
Hence, its derivative in respect toy;, generates powers of log. Therefore,
the highest degree in lox appearing inl ., Mj @ Wwill be generated by a
derivative of the highest order possible in respect to the variableg;, , with
k=1,...,2a.

Hence, to be able to determine this maximal degree in log, we “rst have
to order the indicesj according to the block to which they belong. For this
purpose, we set

$ - - % ,
As= Kk :jk [st+l; ss1] and as=min{k : k A s}, (B.26)

see “gure 15 for an example. Suppose that one deals with a block of variables
(zs1,...,2s, ;) such that # As = 0. Then the highest possible power of Inx
that an integration over the variables of this block can produce will be issued
by the action of a derivative of the highest order possible on the variable
Z5;,.8 Thence, an integration over this block of variables generates a
polynomlal inIn x of degreermjax 5, . Clearly, if # As = 0, its associated set
of variables and functions cannot generate, once upon being integrated, any
power of logx.

0 1
We now characterize the oscillating term appearing inl Mj @ . Ifa

given block (zs1,...,2zs ) corresponds to a setAs having an even number
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Given a “xed number of "ips p in (B.21), one maximizes the degree in
(B.29) by choosing the lengths s is such a way that #As = 0 for any s and
such that j,, = s+ 1. One can do so for alls, but s=1. Indeed, in the
latter case one necessarily hags, = j1 1. Therefore, for such a choice
of lengths s, once upon choosingnyy =0 for t =0,...,j1 S 1 one obtains
that this maximal degree of isr + N S pS (j1 S 1). Note that, we have used

stNst=rand ¢ s=N.

There is also a condition on the number of "ips that are necessary to
generate the oscillatory factors €(q;+) /e(Sq;S))™. Due to the form of the
oscillatory factor in (B.29), we get that one sequence (s,..., s) generates
at most one factor [e( sQ; s)] , = x1. Hence, ifm =0 there are at least
2m "ips necessary to generate the factors €(q;+) /e(Sq;S))™. If m =0,
then one still has one sequence {,..., 1) of length 1 = N. Therefore, one
hasp max(2m, 1). Taking the lowest possible value, i.e.p = max(2m, 1),
we get that

i (a) o o .
max deg P(;Jn ) —neNS2m$ mo+(j1S1). (B.30)

In order to obtain estimates for [ n];; one should still sum up over all
the possible con“gurations of Z&-uplesj (@ . Therefore the highest degree in
logx of m) 11 Is obtained by settingj; = 1. That is, we reproduce (B.20).

The degree of ¢,”P
j

It follows from the previous discussions that each time an integration over
D ,, occursin (B.17)...(B.18), there appears, once upon integrating, a fac-

tor (—:Sl( 0, 0). Hence, the oscillating factor in front of cj(?l’)b’ P s necessarily

generated by these choices oN -dimensional vectors where preciselyb
entries are equal to zero (i.e., there are exactly integrations over D ).

Taking into account the fact that, as previously argued, two neighboring
entries of the vector cannot simultaneously vanish, we get that such vectors
can be parameterized as

:(92:.;.,_%...,9&:._.,_&,0, I b,O,...,gll:._.,_%),
1 1 p
p ~
where r=NShb. (B.31)
r=1
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We relabel the integration variablesy; appearing in (B.18) in a form subor-
dinate to (B.31):

%
(y111yN)= 21,11"'23, a’ a!Za+1,1"-lzp,p ’
i€, Zst=Y- .,y a= Y- .4 (B.32)
where we agree upon
B sS1
s = r+# {k: g<s}. (B.33)
r=1

We also relabel the entries of the vectom in a similar way, i.e., nst = n -,

and ngo) =n- . The action of the associated functionall ., takes the
form

| OOM 11 ~ g\ Sby db P 1
n J(a) 11 D (2| )N Sb (2| )b 1 ZSSl, &1 S ZS,l
v s= a61 1
P sS1 1 . l\ﬂi(a) 11({2};{ })
s=1 t=1 (Z6t S Zstr1) 5y (& (zsx Sv )™ +1
° 1 b 1
a=1 Z as a S a ( a S V4 a+]_|]_) a=1 ( a é O)Zn(ao) +1 .
(B.34)
The integrals over 5 are readily computed. We set
3 0 1
b & Mi@ ({z}:{ })
1 2ny j@
Gusp({z}) = { ) -4 —11
. < anO)l | gnéo) z, . S a(aSz a4.1,1) .
(B.35)
Then, the analysis boils down to the case previously studied:
00 11 NSb P
d" ="z 1
| . M. a = - & Z _
n J( ) 11 Dred (2| )N SbGN Sb({ }) o ZSS]_' . g ZS‘]_
S= atl
y p sS1 1 P s 1
s=1 t=1 (ZS’t S ZS,t+l) s=1t=1 (ZS,t g v S)ns,t e

(B.36)
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The integrals runs over the contour D', which corresponds to that part
of the initial contour D where the integrals over the variable , have been
suppressed. Therefore

00 11
l'n M@
11 n #
Ist p
_ 1 ke Gusm ({2})
ke +)! Ks,t * . r
kst =0 s=1 t=1 ( S't) Zgt Zs31, o5 Sv s 0 [zst =V ¢
s=1
s= atl

(B.37)
The sum over the integersks: runs from O to

S S
rs,t: ns’j + S é t é kS,t'
i=t j=t+1

Similarly to the previous analysis, we set
$ - - % _

It is then easy to see by using similar arguments to those invoked focj('(‘;',g

that

i (a)
00 1 1_ Pg})(ng). p

I M = "109%) (31)%

[e(ve; s)

#As 2N+1
( (i (a))) p s
in =

where deg P Nsk+ sS jaaS s . (B.39)

s=1 - &
#ARs=0 KTlasSs

In order to obtain the maximal degree in logx associated to the oscillating
term
@(a,+) €°P(Sa,5)  eq+) "
&( 0;0) «Sq;S)

(B.40)

presentin[ n];;, we should maximize the degree of the previous polynomial
in (B.39) under the constraint that the sequence , in (B.31) ought to change
its value at least b+ m times (this in order to produce the sought form of
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the oscillatory term with its associated power-law behavior) and that these
changes are such that eventually (B.40) is generated.

We should also maximize this degree in respect to all the possible choices
of 2a-uplesj @ of various lengths 2 and over the allowed vectorsn N ,E,r).
In order to obtain this maximal degree, one should choose a minimal number

of "ips (m + b), choose the lengths  and the ji in such a way that j 5, =

“s+1. Finally, one should also take ngo) =0 for all a. This leads to the
conclusion that the maximal degree inInx isr+ N S 2(m + b).

Appendix C. Fine bounds on N

In this appendix we provide bounds for the matrices E\,m’b’p) entering in the

decomposition for  given in Proposition 6.1.

Proposition C.1. Let be a contour appearing in the RHP for and U
any open set such thad (U, )> 0. Let p be as de“ned by(6.10) and,
agreeing upon =1 in the space-like regime and = S1 in the time-like
regime, let

@u@xS2 (@) for =1,
e(z; )= euBax2@ for =81, (C.1)
gxu( xS 3 for =0.

Then the matrix N ( ) admits the representation

N()=An()

N2l b [N/ 2]Sb _ S ) b
e(+) ™ P el 0) (mbp) (
S\ N .

¥ e(5q;3) (55, %)

b=0 p=0 m=bS[N/ 2]
(C.2)

For x-large enough, the matrices ﬁ,m’b'p)( ) and Ay () depend smoothly on
x and holomorphically on U. One has the decomposition

NP () = e(v: N7 WP (O)lev: I°7
{+ 1,0}
where vz = +£q andvg= o. (C.3)

The matrix f\:";’b’p) () is such that it does not contain any oscillating factor
in its entries. Moreover, for all k N there exists an N-independent constant
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C > 0 such that

cN d i (m,b.p)i N, wN

AN L (U) XT an + N: +|_ (U) C X

with w=2max sup| (S (q)| . (C.4)
=+ D

q,

These estimates also hold for the “rst-order partial derivatives (in respect to
X or ).

Proof. Recall that the matrix § can be represented in terms of Cauchy
transforms (or their + boundary values) on

$ . %
n()=C - C [I2J()= C [l2]( ). (C.5)

Above and in the following, G- [M]( ) for C corresponds to the case

where in the integral representation (6.3) for this operator we substitute the

+ boundary value with C. This is clearly a well de*ned expression.

We decompose the jump contour for according to = D with
D= Dq, Dsq, D, .

The exponentially small in x terms gathered in Ay can be written as

NS1 Uy & 1 & ' %
av()= e ek o e Ry (e
k=0
whereas
n()SAN()= Cp, - Cop, (o)
En

There, the sum runs through En={ =( 1,..., n) : s {£ 1,0}}.
One can r@adi}y convince oneself that for any matrix functionM such that

M L2 there exists a constantc such that
I I
+C [M ]+L2( D) Cc M L2( ) (C8)

Thence settingc=max {c,c( ),c( D)} (we recall that for a curve ,
c() stands for the norm of the + boundary value of the Cauchy operator
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on L2()), one gets
[N ()] NS

2d(U, ) N0
with  Nc ()= Lyc) ¥ L (C)"

Thus, the claim follows for Ay as, by construction,N () =0( xS ).

It remains to obtain estimates for the remaining, algebraically small inx,
part. For this we set

T 2=[e( @; @N°7 (e (@; @N7

()= 0l p, Sql pg, + ol

with =
(Z)= 1 Dg, S1 Dsq,

o

Then, by carrying out similar expansions to (B.14) and (B.16) it is easy
to convince oneself that

0 (m,b )1 2 Kok “x k
PRI P ()= Cp2t ... C DVN+N1'N[|2]. (C.9)

k1,Kn+1 Ey kel 1
oz

Above =g, stands for the ab entry of = Also, there appears Zinstead of
as the oscillating factors have been already pulled-out, as in (C.2)...(C.3).
Also the primes in front of the two sums are there to indicate that these are
constrained. Namely, one should sum-up only over those choices of E y
and ka { 1,2}, a=2,...,N which, upon the rgplacemgent = would

give rise to the oscillating factor associated with ,(\l"?’b'p) e By using
1,KN +1
the continuity of the + boundary value Cauchy operator on L?( D), one
shows that there exists a constantc such that forany , {* 1,0} and any
f L2( D)
T i
+d2DV‘ il 2]+L2( o ) cf o, ) (C.10)
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Then,
T mopt oVt I
N: kaoky
L dUu, ) E L\ Kot L2 Dy,
NS1+ + + +
S = T
Ka+1 Ka L Dy Kn +1 kn L2 D,
a=2 a, N
(ZC)N S1 ( _)
— N = . c.11
Since there existsc > 0 such that || = [|.2( py c¢Xx", the claim follows.

Also, we stress that, by construction, f\:".’b’p) does not contain any oscillating

terms in x in its asymptotic expansion whenx  +
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