HEIGHT FLUCTUATIONS FOR THE STATIONARY KPZ EQUATION

ALEXEI BORODIN, IVAN CORWIN, PATRIK FERRARI, AND BALINT VETO

ABSTRACT. We compute the one-point probability distribution for the stationary KPZ equa-
tion (i.e. initial data H(0, X) = B(X), for B(X) a two-sided standard Brownian motion) and
show that as time T goes to infinity, the fluctuations of the height function H (7T, X) grow
like T'/3 and converge to those previously encountered in the study of the stationary totally
asymmetric simple exclusion process, polynuclear growth model and last passage percolation.

The starting point for this work is our derivation of a Fredholm determinant formula for
Macdonald processes which degenerates to a corresponding formula for Whittaker processes.
We relate this to a polymer model which mixes the semi-discrete and log-gamma random
polymers. A special case of this model has a limit to the KPZ equation with initial data
given by a two-sided Brownian motion with drift 5 to the left of the origin and b to the
right of the origin. The Fredholm determinant has a limit for 8 > b, and the case where
B = b (corresponding to the stationary initial data) follows from an analytic continuation
argument.
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1. INTRODUCTION

In their seminal 1986 paper [62], Kardar, Parisi and Zhang (KPZ) proposed the stochastic
evolution equation for a height function H(7, X) € R (T" € R, is time and X € R is space)

O H(T, X) = JOXH(T, X) + L (0xH(T, X))* + £(T, X).

The randomness £ models the deposition mechanism and it is taken to be space-time Gauss-
ian white noise, so that formally E[¢(T, X)&(S,Y)] = 6(T — S)6(X —Y). The Laplacian
reflects the smoothing mechanism and the non-linearity reflects the slope-dependent growth
velocity of the interface. Using earlier physical work of Forster, Nelson and Stephen [52],
KPZ predicted that for large time 7', the height function H (7, X') has fluctuations around its
mean of order T/? with spatial correlation length of order T%%. Since then, the exact nature
of these fluctuations has been a subject of extensive study. For additional background, see
the reviews [33,71,75].

For general initial data, it is expected that the solutions to the KPZ equation are locally
Brownian in space [306, 56, 72]. Therefore, making direct sense of the non-linearity in the
equation is a challenge [13,56]. The physically relevant notion [3, 14,33,39,56,71,74] of a
solution to the KPZ equation is therefore defined indirectly via the well-posed stochastic heat
equation (SHE) with multiplicative noise,

OZ(T,X) =103 Z(T, X) + Z(T, X)&(T, X)

with initial condition Z(0,X) = Zy(X) = %% The Cole Hopf solution of the KPZ
equation is then defined as H(7, X) = In(Z(T, X)). On account of this definition, we will
talk about the SHE and KPZ equation interchangeably, stating most of our main results
(with the exception of those in this first section) in terms of the SHE.

By a version of the Feynman—Kac formula, the solution of the SHE can be formally written

Z(T,X)=Erx {Zo(b( D exp : { /g H

where the expectation Er x is over a Brownian motion b(-) going backwards in time from
b(T) = X, and where : exp : is the Wick ordered exponentlal [33, Section 4.2]. This provides
an interpretation for Z(T, X) as the partition function of the continuum directed random
polymer (CDRP) [2,3].

Formally, the spatial derivative U (T, X) = OxH (T, X) of the KPZ equation satisfies the
stochastic Burgers equation

OrU(T, X) = $0%U(T, X) + Lax (U(T, X)) + 0x&(T, X),

which can be thought of as a continuum version of an interacting particle system [11, 11].

Let B(X) be a two-sided Brownian motion with B(0) = 0 and zero drift. Stationary (zero
drift) initial data H(0, X) = B(X) for the KPZ equation corresponds with SHE initial data
Z(0,X) = B and stochastic Burgers equation initial data 2/(0, X) = 0xB(X). This is
called stationary, because for any later time 7', U(T),-) is marginally distributed as another
spatial Gaussian white-noise. In terms of the KPZ equation, for fixed T" > 0, H(T,-) is
marginally distributed as B(-) +H (T, 0) where B(-) is a two-sided Brownian motion (though
not independent of B or H(T,0)).

as
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The first rigorous confirmation of the 7%/% fluctuation scale prediction for the KPZ equation
was provided by [11], showing that there exist constants ¢cp > 0 and 0 < ¢; < ¢ < 00 such
that for all T" > ¢,

a1 T?3 < Var (H(T, O)) < o T?3,
A similar fluctuation scale result was demonstrated recently in [36] (and applies equally well
for a broad class of KPZ initial data) based on the KPZ line ensemble construction.

The present work provides an exact formula for the one-point probability distribution of
the stationary solution to the KPZ equation, and a limit theorem for H (7', X) after proper
centering and scaling by T'/3. The following theorem and corollary are special cases (drift
b =0 and position X = 0) of Theorem 2.13, Proposition 2.14 and Theorem 2.17.

Theorem 1.1. Let H(T, X) be the stationary (zero drift) solution to the KPZ equation and
let Ko denote the modified Bessel function [1]. Then, for T >0, o = (2/T)"? and S > 0,

E {QUKO (2\/5 exp { L +H(T, 0)})} — =(5,0,0),

where the function Z is given in Definition 2.11. Equivalently, for any r € R, we have

H(T,0) + % 11 a¢ .
P < (T/2)1/3  — r 022mi J_s.m D(=ET(=E+1) /Rdllfe (6 ,O,a>

for any 6 > 0.

Theorem 1.2. For anyr € R,

, H(T,0)+ L B
Jim P (W < r) = Fo(r),

where Fy is given in Definition 2.16 with 7 = 0.

Inherent in the work of KPZ was the premise that a larger class of growth processes than
just their eponymous equation should display the same T3 and T%? scaling exponents.
The class of such models is referred to as the KPZ universality class. Generally speaking,
the universality belief is that a growth model will belong to the KPZ class if it has the
same physical properties as the KPZ equation, namely local growth dynamics, a smoothing
mechanism and irreversibility arising from the condition that the speed of growth as a function
of the slope has non-zero second derivative.

It took a quarter of a century to prove that the KPZ equation was in the KPZ universality
class itself (via demonstrating the 1/3 and 2/3 exponents) [3,11,15,16,36,38,71]. Before this,
starting with the 1999 work of [6,60], a few growth models in the KPZ universality class were
rigorously analyzed. These models were the polynuclear growth model (PNG), totally asym-
metric simple exclusion process (TASEP) and last passage percolation (LPP) with special
exponential, geometric or Bernoulli weights. Beyond the 77/3 and 7% scaling, the limit dis-
tributions and spatial processes for these models were determined. These statistical properties
agreed between the models, but depended non-trivially on the type of initial data or geometry
for the growth models, such as curved [6,10,21,22 60,61,68], flat [10,21,23-25 43,48, 73] or
stationary [7-90,47,49,57,69]. All these results strongly used the underlying determinantal
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structure that these models all enjoy (see the reviews [26,33,44-16] for further references and
details).

The KPZ equation does not seem to have a full-blown determinantal structure (as opposed
to PNG, TASEP and LPP). However, in the last few years a number of new exactly solvability
methods have been developed which have led to explicit formulas for the one-point marginal
distribution of the solution to the KPZ equation with specific types of initial data and verified
the 1/3 exponent for general initial data (also the 2/3 exponent has been verified for specific
initial data). With the exception of the non-rigorous replica method (method 2, below), the
other (rigorous) methods have all proceeded via analysis of exactly solvable discretizations
or regularizations of the KPZ equation such as the (partially) asymmetric simple exclusion
process (ASEP), the ¢g-deformed totally asymmetric simple exclusion process (¢-TASEP), or
the O’Connell-Yor semi-discrete directed random polymer (see the review [35] and references
therein). These stochastic processes converge to the KPZ equation under special weakly
asymmetric or weak noise scaling. It should be emphasized that the developed methods are
presently only adapted to study certain types of initial data (except in the case of method
5, the KPZ line ensemble). As we summarize them below (for a partial list of references to
subsequent developments and extensions, see [35]), we will first focus on narrow wedge initial
data for the KPZ equation, which means starting the SHE with Z(0, X') = dx—o.

(1) [79-81] used Bethe ansatz to compute transition probabilities for the N-particle
ASEP, extracted a one-point marginal distribution formula suitable for the N to in-
finity limit corresponding with step initial data, and manipulated the resulting formula
into a Fredholm determinant formula amenable to asymptotic analysis. This served
as the starting point for the rigorous derivation in [3] of the one-point distribution
for the KPZ equation with narrow-wedge initial data (see also [74] for a parallel and
independent, though non-rigorous, derivation of this).

(2) [10] and [32] computed exact formulas for moments of the SHE with Z(0, X) = dx—¢
using the connection with the delta Bose gas and the Bethe ansatz. From these
moments they derived a formula for the Laplace transform of Z(T, X) and hence,
by inverting the transform, the distribution of H(7', X'). This physics replica method
derivation suffers from being quite non-rigorous since the moments, in fact, grow too
fast to determine the Laplace transform and distribution.

(3) [15] introduced Macdonald processes and connected them to certain 2d growth pro-
cesses (and 1d marginals like ¢-TASEP) as well as provided exact Fredholm determi-
nant formulas for one-point distributions amenable to asymptotic analysis. A limit
transition connects these processes to the Whittaker processes which, in [65], had been
introduced and related to the O’Connell-Yor semi-discrete directed random polymer
via a geometric lifting of the RSK correspondence. This method was used in [10] to
rederive the narrow wedge KPZ one-point distribution formula.

(4) [20] used Markov dualities of ASEP and ¢-TASEP, as well as the Bethe ansatz to
compute explicit formulas for expectations of a large class of observables of these
models, when started from step initial data. From these expectations, they derived
a formula for a g-deformed Laplace transform of the one-point distribution. This
provides an alternative to the methods of [79-81] as well as a rigorous regularization
of the replica method used in [10] and [32].
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(5) [36] constructed a line ensemble extension to the fixed time 7" solution to the narrow
wedge initial data KPZ equation which enjoys a distributional invariance called the H-
Brownian Gibbs property as well as certain uniform regularity under 73, 7%/ scaling
as T goes to infinity. From this they proved the validity of the 2/3 spatial exponent for
the narrow wedge initial data KPZ equation and proved the 1/3 fluctuation exponent
for a wide class of KPZ initial data.

A brief review and comparison of methods 1, 2 and 4 can be found in [34], whereas some
aspects of method 3 are reviewed in [20,28]. See also the review [35].

Besides the narrow-wedge initial data, there are a few other types of initial data for which
these methods have proved successful in computing exact formulas for KPZ equation one-
point distributions.

(1) Half Brownian KPZ initial data corresponds with Z(X,0) = e 1x-, B(-) being
a one-sided Brownian motion. It was rigorously analyzed via method 1 in [38] and
method 3 in [16], as well as non-rigorously analyzed via method 2 in [58]. A family
generalizing half Brownian initial data was further rigorously analyzed via method 3
in [16].

(2) Flat and half-flat KPZ initial data corresponds with Z(X,0) = 1. It was non-
rigorously analyzed via method 2 in [30,31,42]. No rigorous confirmation of these
results have appeared yet.

(3) Stationary KPZ initial data, the subject of this paper, corresponds with
Z(X,0) = ePX) | B(.) being a two-sided Brownian motion fixed at B(0) = 0. It
was non-rigorously analyzed via method 2 in [59]. In Remark 2.10 we address the
question of comparing the formula derived therein to that proved in Theorem 1.1.

Using these exact one-point formulas, it has further been confirmed in all of the above cases
of initial data that the large T one-point distribution converges to the same distribution as
observed in the determinantal models of PNG, TASEP and LPP. Presently it is only for
determinantal models that multi-point distributions and limit processes have been computed
(see, however, nonrigorous work of [11,70]). Besides the specific types of initial data discussed
above, using method 5, [36] proved that up to certain rather weak hypothesis on initial data,
the KPZ equation always has order T/? fluctuations as T goes to infinity.

1.1. Outline. In this paper we build on method 3, Macdonald processes, in order to prove
Theorem 1.1. It is not clear presently how to arrive at this result via the other rigorous
methods (1, 4, or 5). Let us outline the main steps to prove Theorem 1.1 as well as make
note of some of the other results of interest which we attain herein:

Section 2: We introduce the O’Connell-Yor semi-discrete directed random polymer with log-
gamma boundary sources and the associated multi-path extensions to its partition functions.
Theorem 2.1 provides a Fredholm determinant formula for the Laplace transform of the
partition function of the polymer model. Theorem 2.9 gives the analogue of Theorem 2.1, but
for the SHE/KPZ equation; Theorem 2.13 gives a corresponding formula for the stationary
version of the model; and Theorem 2.17 demonstrates the KPZ universality (7"/3 scaling and
limiting one-point probability distribution) of the stationary model.
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Theorem 1.1 is, in fact, a special case of Theorem 2.13. As such, the rest of the paper
divides naturally into two parts. The first part, comprised of Sections 3, 4, and 5, provides a
proof of Theorem 2.1. The second part, comprised of Sections 6, 7, and 8, provides asymptotic
analysis of our semi-discrete directed random polymer results to prove the SHE /KPZ equation
results of Theorems 2.9 and 2.13, as well as Theorem 2.17.

Section 3: We introduce the ¢-Whittaker processes (equivalently, ¢ = 0 Macdonald pro-
cesses) with ¢ € (0,1). These are measures on interlacing partitions or Gelfand-Tsetlin

patterns {)\g-k)}lgjgkg ~. For a certain class of g-Whittaker nonnegative specializations of the
processes (indexed by &, f and 4 parameters) we prove Theorem 3.3, a Fredholm determinant

formula for the e,-deformed Laplace transform of the random variable q_)‘gm. This is done
following the general approach introduced in [15] and used there to prove a similar type of

) . ) s ), .
formula for q’\NN . Unlike for q’\NN , studied in [15], q_’\lN is an unbounded random variable
which only has finitely many moments. This would appear to be a major impediment in
implementing the approach of [15] since it relies upon taking a generating function of explicit
A

formulas for moments E [(q_ )k} in order to recover the distribution. This issue of moment

divergence does not arise for the so-called pure B specializations, and so in that case we can
follow the approach of [15] to prove this special case of Theorem 3.3 (this is recorded as
Proposition 3.11). It is the &, 7 specialization (for which moments diverge) which, however,
we are really after due to its relationship with the semi-discrete directed random polymer
with log-gamma boundary sources. In order to extend Theorem 3.3 to those specializations
as well, we observe that the equality of the 3 specialization e,-Laplace transform with the
corresponding Fredholm determinant actually implies a formal series (in Newton power sum
symmetric polynomials) identity. The &, % specialization of this identity yields convergent
series on both sides and hence proves the equivalence of the a, Bﬁ specialized e,-Laplace
transform with the claimed Fredholm determinant in Theorem 3.3. In this way, we see the
power of relating our observable of interest, q_)‘gm, to the larger structure of ¢g-Whittaker
processes and symmetric polynomials.

This rigorous e,-deformed Laplace transform derivation should be contrasted to the non-
rigorous derivations (in method 2) of the Laplace transform of Z(7,0) from the moments

E [(Z (T, O))k} which grow too quickly to uniquely identity the distribution. Under the various

o . . (N) .

limit transitions which relate q‘AlN to Z(T,0) (i.e. Theorems 4.3 and 6.2) we lose the tools
of symmetric functions which saved us. In particular, it is not clear how the § specialization
behaves under these limit transitions, and the notion of formal series identities seems to be
lost.

Section 4: We introduce Whittaker processes, measures on {Tj(k)}lgjgkg ~. Theorem 4.3
uses results of [37,65] to relate these processes to the O’Connell-Yor semi-discrete directed
random polymer with log-gamma boundary sources from Section 2. In particular, this implies
that the random variable et (for a suitable Whittaker process specialization) and the

polymer partition function Z™*(7) have the same distribution. Theorem 4.6 shows how
the &, specialized g-Whittaker processes converges as ¢ — 1 to the Whittaker processes
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(under special scaling), and thus (up to scaling) how q_’\gN) converges to e The pure 7

specialization version of this convergence result was proved as [15, Theorem 4.1.21], and the
pure & specialization version was proved (modulo a decay estimate which was not checked)
as [15, Theorem 4.2.4]. By combining these specializations, it becomes unnecessary to check
the omitted decay estimate from [15, Theorem 4.2.4]. So as not to be too obtuse, we provide
the steps in this proof, even though they closely mimic those from [15].

Section 5: We prove Theorem 2.1 by combining Theorem 4.3 with Theorem 5.1. Theo-
rem 5.1 provides a Fredholm determinant formula for the Laplace transform under Whittaker

processes of YTt s proved in this section by asymptotic analysis of the corresponding

Fredholm determinant formula for the e,-Laplace transform under g-Whittaker processes of
Y

¢

Section 6: We turn here to studying the asymptotic behavior of the semi-discrete directed
random polymer with boundary sources, as relates to the SHE/KPZ equation. Theorem 6.2
records a result of [51] showing how the semi-discrete model converges to the SHE/KPZ
equation. Theorem 6.3 then provides the corresponding asymptotic analysis of the Fredholm
determinant for the semi-discrete model with log-gamma boundary sources coming from
Theorem 2.1. These considerations prove Theorem 2.9 which gives the Laplace transform of
2, 5(T, X), SHE/KPZ equation solution with initial data Zy(X) = exp(B(z)) where B(X)
is a two-sided Brownian motion with drift 5 on the left of 0 and drift b on the right of 0 for
£ >b.

Section 7: We now take the limit as 5 N\, b in order to recover Z,(7T, X), the solution to
the SHE/KPZ equation with stationary initial data Z,(X) = exp(B(z)) where B(X) is a
two-sided Brownian motion with drift b (on both sides). Taking the corresponding limit of
Theorem 2.9 requires some care (in particular an analytic continuation argument similar to
that used previously in the rigorous analysis of stationary TASEP in [17] and in the non-
rigorous replica analysis of the KPZ equation in [59]) and is given as Theorem 2.13.

given as Proposition 5.3) along with the process convergence result of Theorem 4.6.

Section 8: We prove Theorem 2.17, which demonstrates a universality result, namely that
in the large time limit we recover the 7/3 fluctuation scaling and the one-point probability
distribution function previously obtained previously for stationary PNG and TASEP [9,47,
57,69).
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FiGUre 1. Illustration of the semi-discrete directed random polymer with log-
gamma boundary sources. The thick solid line is a possible directed random
polymer path ¢ from (—M,1) to (7, N). Its energy is given by (2.1). The
random variables w_y ,, are distributed as —InI'(ay — a,,), while the Brownian
motions By, ..., By have drifts aq, ..., ay respectively.

2. MODELS AND MAIN RESULTS

2.1. Semi-discrete directed random polymer with boundary sources. To obtain our
main result, the one-point probability distribution functions for the stationary KPZ equa-
tion (Theorem 1.1 and more generally, Theorem 2.13), we start by studying a semi-discrete
directed random polymer model with log-gamma boundary sources. This is a mixture of
models introduced by O’Connell and Yor [(7] and Seppéldinen [70]. Indeed, taking M = 0
and 7 > 0 recovers the semi-discrete directed random polymer of [65] while taking M > 0
and 7 = 0 recovers the log-gamma discrete directed random polymer of [76].

For # > 0, a random variable X is distributed as ['(f) (written X ~ I['(#)) if it has density
with respect to Lebesgue measure given by

d 1 0 .
—P<X < .CL’) = 1{x>0}@$ 0 16

dx
and a random variable W is distributed as —InI['(f) (written W ~ —InI['(f)) if W = —In X
for X ~ I'(6).

Fix N > 1and M > 0. Let a = (ar,...,ay) € RY and a = (aq,...,an) € (Rso
be such that a,, —a, > 0forall 1 <n < N and 1 < m < M. Consider the setting as in
Figure 1, where the horizontal axis is discrete on the left of 0 and continuous on the right of
0, while the vertical axis is discrete. In this semi-discrete setting we introduce randomness
in the following way. For all 1 < m < M and 1 < n < N let w_y,,, ~ —InT' (v, — ay,)
be independent log-Gamma random variables specified by the parameters a, a; and for all
1 <n < N let B, be independent Brownian motions with drift a,,. The w_,,,, can be thought
of as sitting at the lattice points (—m, n) while the B,, can be thought of as sitting along the
horizontal rays from (0,n). We denote by P and E the probability measure and expectation
with respect to these random variables.

)M
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A discrete up-right path ¢? from (i1, 1) to (ig, jo) (written as ¢? : (iy,51) 7 (i, jo))
is an ordered set of points ((i1,/1), (i2,J2), ..., (ie, je)) with each (ix,jr) € Z* and each
increment (i, jr) — (ir_1,jk—1) either (1,0) or (0,1). A semi-discrete up-right path ¢
from (0,n) to (7, N) (written as ¢*? : (0,n)  (r,N)) is a union of horizontal line seg-
ments ((0,n) = (s,,n)) U ((sn,n+ 1) = (Spq1,m+ 1)) U+ ((sy—1,N) — (7, N)) where
0< 5, <841 < -+ <sy_1 <. Itisconvenient to think of ¢*? as a surjective non-decreasing
function from [0, 7] onto {n,..., N}.

As we are working with a mixture of a discrete and semi-discrete lattice, our up-right paths
¢ will be composed of discrete portions ¢¢ adjoined to a semi-discrete portions ¢*? in such a
way that for some 1 <n < N, ¢¢: (=M, 1) 7 (=1,n) and ¢*? : (0,n) (7, N). To such a
path we associate an energy

Z w” /OdBfi)Sd(S)(S)

(i.5)€¢?
Z wi,j + BN(SH) + (Bn-i-l(sn-i-l) - Bn-i—l(sn)) +...F (BN(T) — BN(SN_l)).
(i.3)€P o)

This energy is random, as it is a function of the w; ; and By random variables. We associate
a Boltzmann weight e”(®) to each path ¢. The polymer measure on ¢ is proportional to this
weight. The normalizing constant, or polymer partition function, is written as Z¥(7) and
is equal to the integral of the Boltzmann weight over the background measure on the path
space ¢. Explicitly it can be written as

ZN’M(’T) _ Zi\f’M Z Z / E(¢)d¢sd
A (—1m) :(0,n) /(r,N)

n=1 ¢d:(—M,1) /

where d¢*® represents the Lebesgue measure on the simplex 0 < s, < Spqq1 < -+ < Sy_1 < T
with which ¢*? is identified. Though we do not pursue it, let us note that for M fixed, as
a function of 7 and N, ZVM(7) satisfies a semi-discrete SHE (for more on this, see [15,
Section 5.2] or [20, Section 6]).

In the spirit of the geometric lifting of the Robinson-Schensted-Knuth correspondence
considered in [37,65] (and for later use in the statement of Theorem 4.3) we define a multi-
path extension of this polymer and its partition function. For M > Ofixedand 1 < j <k < N
define

z;?’M(T) — Z Z / . B+ +B(8) qgpsd .. .d¢§,d

1<ny<--<n;j<k 7¢d ¢Sd ED T(n1,m5)
¢dﬂ¢>b —@ for a#b
¢3:(=M,a) /(0,na)

where D;i”(nl, ..., n;) is the set of (¢3¢, ... ¢3%) with ¢35 : (0,n,) (7, k— j+a) such that for

all a # b and s € [0, 7], ¢%4(s) # ¢3%(s) (1 e. the paths are non-intersecting). Each ¢*¢ can be

identified via the jumping times 0 < sf{f} < < 8;(:_)]'+a < 7, and d¢j? - - ~d¢jd is the Lebesgue
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measure on the Euclidean set (35111), . SS)]H, s 8122_)].+2, . sﬁfj, c s%)). Note that
28 () = 23 (7).
Finally, for M > 0 fixed and 1 < j < k < N define

F*M(7) = In <Z§ ’M(T)> (2.2)
! Zi (7)

with the convention that ZZ" (7) = 1.

The following Fredholm determinant formula for the Laplace transform of Z¥:*(7), proven
in Section 5, is based on the developments of Sections 3 and 4. The restriction that N > 9
is likely purely technical and arises in the proof of Proposition 3.11 as helpful in establishing
certain convergence bounds. Since all of our asymptotics based off of this theorem involve
sending N to infinity, this restriction becomes inconsequential.

Theorem 2.1. Fiz N > 9, M > 0 and 7 > 0. Let a = (a1,...,ay) € RY and
a=(ag,...,ap) € (R>0)M be such that o, —a, >0 for all1 <n < N and 1 <m < M.
For1<m < M and1 <n < N let w_p,,, ~ —Inl'(a,, — a,) be independent log-Gamma

random variables and for all 1 < n < N let B, be independent Brownian motions with drift
a,. Then for all u € C with positive real part

E [e_uzN,Mw} = det(1 + Ku)12(Carnip)

where the operator K, is defined in terms of its integral kernel

N s uTs+T82/2

mezgémm@m+ﬂhﬂ“w ] How == we

i (stv—ay,) 22 Dlam—v) v+s—v

n=1

The contour Coa,p is given in Definition 2.4 with any ¢ € (0,7/4), as is the contour D,.

Remark 2.2. Let us make clear our usage of the notion of a Fredholm determinant. Fix a
Hilbert space L?(X, i) where X is a measure space and i is a measure on X. When X =T, a
simple (anticlockwise om'ented) smooth contour in C, we write L*(T") where for z € T, du(z)
is understood to be 3 3. When X is the product of a discrete set D and a contour T', du
is understood to be the product of the counting measure on D cmd ;i on I'. Let K be an
integral operator acting on f(-) € L*(X) by Kf(z) = [, K y)du(y). K(z,y) is called
the kernel of K and we will assume throughout that K(x, y) 18 contmuous in both x and y.
Assuming its convergence, the Fredholm determinant expansion of 1 + K 1is defined as

00 1 . n
det(]].+K>L2(X) =1 +Zﬁ/){/xdet [K(IZ,SL’))]ZJ:lHdM(LUZ)
n=1 " i=1

Note that we do not require K to be trace-class, and only use the notation det(1 4 K)r2(x)
as a shorthand for the right-hand side of the above equation.

Remark 2.3. The condition that 7 > 0 is important to ensure that the integral defining
the kernel K, is finite (cf. the estimates in Section 5.3). It seems that as long as M > N,
it is possible to take the limit T — 0. By continuity of the function ZNM(7) in 1, this
provides a Fredholm determinant formula for ZV-*(0), or in other words, the log-gamma
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! R

FIGURE 2. (Left) The contour C,,, (dashed) where the black dots symbolize
the set of singularities of K, (v,v’) in v at Uj<p<n{an,a, —1, ...} coming from
the factors I'(v —a,,). The contour v+ D, is the solid line. (Right) The contour
D, where the light gray dots are the singularities at {1,2,...} and the dark
gray dots are those at Uj<p<m{om — v, + 1 — v,...} coming from
Doy, —v—3s).

polymer partition function. A similar formula to this appeared in [19], though involving a
small (finite) contour in place of Coayy (See also [75]). That formula was used therein for
asymptotics of the free enerqy, though only for a certain range of parameters. The large
(infinite) contour formula we arrive at here may be useful in removing that parameter range
restriction in a parallel manner as [10] used such contours to remove similar restrictions
present in [15].

The contours in Theorem 2.1 are defined as follows.

Definition 2.4. Let a = (ay,...,ay) € RY and a = (ay,...,ap) € (R>0)M be such that
Oy —ap > 0 foralll < n < Nand1l < m < M. Set u = %max(a)—l—%min(a)
and n = imax(a) + 3min(a). Then, for all ¢ € (0,7/4), we define the contour
Cooip = {p+ ey} ycp, U{u+ ™Dy} r.. The contours are oriented so as to have
increasing imaginary part. For every v € Cuqa, we choose R = —Re(v) +n, d > 0, and
define a contour D, as follows: D, goes by straight lines from R —ico, to R—id, to 1/2—1id,
to1/2+1id, to R+id, to R+ico. The parameter d is taken small enough so that v+ D, does
not intersect Cq.q.p. See Figure 2 for an illustration.

To eventually access the stationary KPZ equation, we need to choose our a and « param-
eters appropriately.

Definition 2.5. For what follows, we set M =1, a1 = a, a, =0 forn>1, a; = a > a and
define Z(t, N) as the semi-discrete directed random polymer partition function in which the
weight w_1 1 1s replaced by zero.

Corollary 2.6. For a > a,

E [2 (uZ(r, N))%K_(a_a( wZ(r, N))} —T(a—a)E [e—uzwﬂ (2.3)
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where K, is the modified Bessel function of order v, cf. [1].

Proof. Since all polymer paths ¢ must go through the point (—1, 1), it follows that
ZV (1) = e~ (T, N). (2.4)

By the definition of the log-gamma distribution, e~“~! has gamma distribution with param-
eter o — a and density 7% 'e™*/T'(a — a) on R,. Using this along with the independence
of w_q; and Z(7, N), we may rewrite the Laplace transform of ZV:'(7) using (2.4) as

E |:e—uZN’1(T)] o) [e—uew*1’1Z(T,N):|

() e—uZ(T,N):cflxa—a—le—x
/ dx
0 I —a)

- ﬁﬂz [2(uZ(T, N)) T K (o ( uZ(r, N))] ‘

The last equation follows from the identity

/ Y 267K, (2//¢), c>0,
0

=E

which can be derived from the integral representation 9.6.24 of the modified Bessel function
in [1]. O

Remark 2.7. If we further specialize Z(T, N) so that o = a, we arrive at a model which is
stationary. This fact can be gathered from the results of [77] and is explicitly explained in
Appendiz A.

At this point we have a choice to make. We seek to study the stationary SHE/KPZ equa-
tion. One way to access that is through a suitable scaling limit of the stationary semi-discrete
directed random polymer with log-gamma boundary sources, described in Remark 2.7. Al-
ternatively, we could take a suitable limit of the semi-discrete directed random polymer with
log-gamma boundary sources with « > a. This leads the SHE/KPZ equation with nearly
stationary initial data (in fact, two sided Brownian initial data with drifts 8 > b). Subse-
quently, we can take 5 — b to recover the stationary SHE/KPZ equation. We opt for taking
the second route. In either case, there is a technical challenge which we must overcome.
Let us presently illustrate this issue for taking the limit o — a, even though it is the other
route which we actually pursue. The expectation in the right-hand side of (2.3) is given by a
Fredholm determinant in Theorem 2.1. In the limit a« — a, this Fredholm determinant goes
to zero linearly in o — a, compensating the divergence of I'(aw — a) so as to have a non-trivial
limit. To take this limit, however, it is necessary to analytically continue our formulas in the
quantity o — a (initially in R-() and use uniqueness of analytic continuations to justify the
extension to o — a = 0.

Remark 2.8. In principle, Theorem 2.1 could be utilized for a variety of other asymptotics
which we do not pursue here. For instance, it should be possible to access some of the one-
point probability distribution functions which were previously studied in the case of last passage
percolation with boundary conditions in [27]. It should also be possible to take limits to study
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analogous situations for the SHE/KPZ equation which would involve two-sided version of the
initial data considered in [16] with the inclusion of extra log-gamma weights (see also, [59]
for a special case of such initial data).

2.2. SHE/KPZ equation with two-sided Brownian initial data. Theorem 6.2 (a result
quoted from [51]) describes the special scaling under which the (M =1, a; = a, a, = 0 for
n > 1, and a; = o > a) semi-discrete directed random polymer with log-gamma boundary
sources converges to the SHE/KPZ equation with two-sided Brownian motion initial data.
The following analogue of Corollary 2.6 is proven in Section 6.

Theorem 2.9. Let us denote by Z,5(T,X) the solution to the SHE/KPZ equation
with initial data Zy(X) = exp(B(X)), where B(X) is a two-sided Brownian motion
with drift B to the left of 0 and drift b to the right of 0, with B > b, that is,
B(X) = 1x<o(BY(X) + BX) + 1x0(B"(X) + bX) where B' : (—o0,0] — R is a Brownian
motion without drift pinned at B'(0) = 0, and B" : [0,00) — R is an independent Brownian
motion pinned at B"(0) = 0. Then, for S >0,

—b

) B=b
2 (Se};_TJr%Zbﬁ(T,X)) i (2\/562‘—#%26,6(@ X))]

= P(ﬁ — b) det(]l — Kb—i—X/T,B-i—X/T)L?(RJr) (25)

where K,,(2) is the modified Bessel function of order v and the kernel on the right-hand side
s given by

U7TSU =w)  2/3=2 (8 — gz) ['(cw — b
Ky 5(z,y) 27?1 /dw/ (8 ) I( ) (2.6)

sin(om(z —w)) e?*/3~w* ['(gz — b) ['(8 — ow)

where

o= (2/T)"3. (2.7)
The integration contour for w is from —é —ioco to —% ~+ioco and crosses the real axis between
b and 3. The other contour for z goes from ﬁ —ioco to ﬁ + 100, it also crosses the real axis

between b and [ and it does not intersect the contour for w.

Remark 2.10. Let us compare the above result to that derived (non-rigorously via the replica
method) in [59, Proposition 1]. The initial data considered therein is two-sided Brownian,
plus a log-gamma distributed (independent) height shift. We may use Theorem 2.9 and reverse
the proof of Corollary 2.6 so as to prove a one-point formula for this initial data. Inspection
reveals that the resulting formula matches that of [59]. As we soon explain, in order to go
from this formula to the stationary initial data formula requires work and the final formula
shown in [59] is not as readily compared to the final formula proved herein as Theorem 2.13.

2.3. SHE/KPZ equation with stationary initial data. The stationary initial conditions
for the KPZ equation are the two-sided Brownian motions with a fixed drift. For the SHE
this means to let Z(X) = exp(B(X)) with B a two-sided Brownian motion with drift b € R.
Call the resulting solution to the SHE Z,(T, X). We can get the result by carefully taking
the 8 — b limit in Theorem 2.9. This limit is accomplished by analytically continuing the
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expressions on both sides of (2.5). In order to be able to state our main result of the paper
we need a few notations.

Definition 2.11. Forb € (—i, i), define on R, the function
1 omShow 3 [(ow — b)
- d —w? 34wz = \Y ¥ Y
(@) 27i /—4i+iR wsin(w(b - Uw))e ['(b— ow) (2.8)

and for b € R, let
ry(z) = b/ (30%)—bx/o (2.9)
Further, for b € (—i, %), define the kernel

- 1 orS7Ew) 2’32 (b — g2) [(ow — b)
K, = — d d . (2.10
o(2,) (2mi)? /4L+11R v /%HR Zsin(mr(z —w))ew’/3~wrP(gz — b) T'(b — ow) ( )

Finally, letting vg = 0.577 ... represent the Fuler—Mascheroni constant, define
=(S,b,0) = — det(1 — Kp) [62 /0 + (2 + 10 9)

) ) ) (2.11)
+ (1 — Kp) N(EKyr—p+ @), ro) + (1 — Kp) " (r_p + qp), q_b>] .

where the determinants and scalar products are all meant in L*(R,).
Remark 2.12. By using the general identity
det(1 — K){(1 - K)7'f,g) =det(1 - K) —det(1 — K — f®g),
it is also possible to write = as a linear combination of Fredholm determinants:
=(S,b,0) = det (IL — Ky — (Kyr—y + @) ® rb) + det (IL ~Ky—(rp+q) ® q_b)
—det(1 — K3)[2+ 0% /0® + 0(295 + In 9)].

Note that Z also depends on S implicitly through K, and qsy,. The right-hand side of (2.11)
is well-defined for any admissible choice of the parameters, see Remark 7.2.

The following result (which implies Theorem 1.1 when b = X = 0) is proven in Section 7.

Theorem 2.13. Let Z,(T, X) be the solution to the SHE with initial data Z5(X) = P&
with B a two-sided Brownian motion with B(0) = 0 and drift b € R. Let K, denote the
modified Bessel function and consider X € R, T'> 0 and b € R such that b+ % € (—%, i)
For S >0,

X
E l2aK0 (2\/Seé‘—?+%zb(ir, X))] = (S, b+ a) (2.12)
where the function = is defined in (2.11).

We remark that the condition b+ 5 € (—1, 1) could be weakened to b+ 2 € (—1,1) in
a slightly more technical way, but the formulation (2.11) is not convergent outside the latter
regime. See Remark 7.4 for more details.
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The integral transform that appears on the left-hand side of (2.12) is the Mellin trans-
form [64] of the stationary (drift b) KPZ equation solution

Hy(T, X) = In Z,(T, X). (2.13)

It is possible to recover the distribution function from (2.12) using a double inverse Mellin
transform (proven in Appendix E).

Proposition 2.14. Consider T >0, X € R, and b € R such that b+ % € (—i, i) For any

reR,
2
p (Ml X)+5+97
(T/2)"? -
]_ 1 dg 4T X
= de e/ (e b+ =
U22Wi/_5+iRF(—§)F(—§+1)/R e <€ a T’U)
for any 6 > 0.
Proof. This follows from applying Proposition E.1 with R = o(H,(T, X) +T/24 + X?2/(2T))
and r = —oInS. The finite negative exponential moment E(exp(—0R/c)) is ensured by
Lemma 7.1 for any ¢ > 0. U

This formula should be compared to [59, Theorem 2] in which the non-rigorous replica
method was utilized to study the stationary KPZ equation (see Remark 2.10).

Remark 2.15. Comparing (2.12) for different values of b and X shows
2
Zy_xr(T, X) = €727 Z,(T,0) (2.14)

in distribution. This rotational invariance property can be explained directly from the defini-
tion of the SHE, as in [10, Section 3.2].

In the large T' limit one expects, by the universality belief, that limiting one-point proba-
bility distribution functions for the KPZ equation should converge to those previously deter-
mined in the context of TASEP or in the polynuclear growth model for analogous types of

initial data [9,17,57,69]. Here we use the same notations as in [7, Theorem 1.2] specialized
to the one-point setting.

Definition 2.16. Recall the Airy function Ai, cf. [1]. For t,s € R, define
R = s—l—e_gTa/ dx/ dy Ai(z 4+ y + 7%) e 7@,
s 0

2

U(y) = esTTY _ / dr Ai(z +y + 13 e,
0

O(z) = €—§73/ d)\/ dyAi(z + 72+ N Aily + 7+ N e ™ —/ dy Ai(y + = + 7°) e™.
0 s 0
Let P, be the projection operator Py(x) = Lizsy, the Airy kernel with shifted entries by

Rz, y) :/ AN A(z + A +72) Aiy + A+ 72), (2.15)
0
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and define the function
g(r,5) =R — {(1 — P,Kn;P,) ' P,®, P,¥). (2.16)

Finally, let
0 ~
F(r) = Z | g(r,r) det (1 _PK iPT> . 2.1
1) = g (atrir) o ). (2.17)
In the large T limit, the fluctuations of H,(T, X) are governed by F,, as shown in the

following result (proven in Section 8).

Theorem 2.17. Let b € (=1, 1) be fived and consider any T € R. Define o = (2/T)"? and

T 11
consider the scaling

2T
X =-bT + pol (2.18)

Then, for any r € R,

lim P

T—o00

Hy(T, X) + L (1 +120%) — 23677/
DL <r|=F./(r).

3. ASCENDING ¢g-WHITTAKER PROCESSES

3.1. Defining the processes. The ascending ¢g-Whittaker processes Mg, are special cases
of the ascending Macdonald processes [15] in which the Macdonald parameters t = 0 and
q € (0,1). The ¢-Whittaker measures MM, are marginals of the ascending ¢-Whittaker
processes. We provide a brief account of these objects as well as the ¢g-Whittaker (or Mac-
donald ¢ = 0) symmetric functions used to define them. For a more involved discussion and
background, see [15, Sections 2.2 and 3.1].

Fix N > 1. The g- Whittaker process Mg, is a probability measure on sequences of inter-
lacing partitions

(equivalently Gelfand—Tsetlin patterns, or column-strict Young tableaux) parameterized by
positive reals' @ = {ai,...,ax}, a single ¢-Whittaker nonnegative specialization p of the
algebra of symmetric function, and the Macdonald parameter ¢ € (0,1). The probability
measure is given by

Pyay(a1) P jao (@2) -+ - Pxovy jaov-n (an) @ (p)

M, - anip) |
We write Eyg, , for the expectation with respect to this measure (though sometimes may
drop the Mg , subscript when it is clear).

Some explanation of notation is in order. A partition A is an integer sequence
A= (A1 > Ay >...>0) with finitely many nonzero entries, and we say that pu < X if the
two partitions interlace: p; < A\; < p;—1 for all meaningful ¢’s. In Young diagram terminol-
ogy, it < A is equivalent to saying that the skew partition \/u is a horizontal strip.

M, (AY, . A =

IThe reason we use tildes for the parameters of this measure is because they will eventually be expressed in
terms of parameters without tildes, when we perform a ¢ — 1 scaling limit to their Whittaker counterparts.
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The functions P, and @, are ¢-Whittaker symmetric functions (i.e. Macdonald symmetric
functions with parameter ¢ = 0) which are indexed by (skew) partitions and implicitly depend
on the Macdonald parameter ¢ € (0, 1). The remarkable properties of Macdonald symmetric
functions are developed in [63, Section VI, and all of the relevant facts to which we appeal
are also reviewed in [15, Section 2.1]. The evaluation of a ¢-Whittaker symmetric function on
a positive variable a (as in Py/,(a)) means to restrict the function to a single nonzero variable
and then substitute the value a in for that variable. This is a special case of a ¢-Whittaker
nonnegative specialization p which is an algebra homomorphism of the algebra of symmetric
functions Sym — C that takes skew ¢-Whittaker symmetric functions to nonnegative real
numbers (notation: Py.(p) > 0, @x/u(p) > 0 for any partitions A and p). Restricting the
g-Whittaker symmetric functions to a finite number of nonzero variables (i.e. considering
g-Whittaker polynomials) and then substituting nonnegative numbers for these variables
constitutes such a specialization. We will work with a more general class of specializations
which can be thought of as unions and limits of such finite length specializations as well as

dual specializations. Let & = {al}l>1, = {BZ}Z>1, and 4 be nonnegative reals such that
S (& + B;) < co. Let p = p(@; f;7) be a specialization of Sym defined by
. 1+ Byu -
gnppu = || ———— = (u; p(&; 5;7)). 3.1
; g E (Gu; @) o (1 ) (3.1)

Here u is a formal variable, g, = Q) is the g-analog of the complete homogeneous symmetric
function h,,, and (a; q), = /= (1—¢‘a) is the g-Pochhammer symbol (with obvious extension
when n = o0). Since {g,}n>0 form an algebraic basis of Sym, this uniquely defines the
specializations p. Such p are g-Whittaker nonnegative (see [15, Section 2.2.1] for more details).
Alternatively, one can specify the above specializations p(& : B; 7) in terms of the values they
take on the Newton power sum symmetric functions p, = Z(xl)k via

pr(p(@: ;7)) = 1—qv+z(az (1-a)B).
pi(p(&; ;7)) — Z <(O~‘i)k+( D1 = ¢")(3) ), k> 2.

We can also express I1(u; p) in terms of these Newton power sum symmetric functions as
ok
u” pi(p)
[(u; p) = ex — .
o= (3 201
When it is clear which specialization we are discussing, we will just write p rather than
p(a; ;7).

The normalization for the ascending ¢-Whittaker process is given by

Z Py (@)@ (p) = L(a; p) = Hﬂ(an50)>

AN)

as follows from a generalization of Cauchy’s identity for Schur functions (corresponding to
the case ¢ = 0). It is not hard to see that for p = p(@; 8;4) the condition of the partition
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function II(a; p) to be finite is equivalent to a,d,, < 1 for all n,m, and hence we will always
assume that this holds.

The projection of M, to a single partition AR ke {1,..., N}, is the - Whittaker measure
given by

Py (ay, ..., a)Qrm (p)
H(alvadk7p) .

MM, ()\(k)) =
In what follows we will be concerned primarily with the marginal distribution of )\gN)

3.2. Fredholm determinant formula. In order to state the main theorem of the section,
we must specify parameters for the g-Whittaker measure as well as various contours which
participate.

Definition 3.1. For N > 1 consider non-negative reals a = {ai, ...,ay}. We will work with
q- Whittaker non-negative specializations p = p(& B 7) as in (3.1) where a={da,...,ou,},
B = {Bl, . ﬁMB} and A 7 satisfy that for all i, &;, B;,7 > 0 and max(a@), max(ﬁ) < min(a™ "),
where a~* —{a1 N

Definition 3.2. For a, & and ( as in Definition 3.1 and an angle ¢ € (0,7/2] define
C&&B ={a+ e‘iwsg“(y)y y € R} (om'ented so as to have decreasing imaginary part) where
o= —max(a Up)+ 3 tmin(a™!). Forw € CaaﬁW we choose R,d > 0 and the contour D,
as follows: D, goes by straight lines from R — ioco, to R —id, to 1/2 —id, to 1/2 +id, to
R+1id, to R+ico. We choose R and d such that the following holds: For all s € 15w, q°w lies
to the left of 5&;@,@@ and encloses all & and §; and for |w| large, R ~ In|w| and d ~ |w|™!
(here = means up to a positive constant bounded from zero and infinity). See Figure 3 for
an illustration of these contours.

We are prepared to state the central result of this section. The (most likely technical)
condition that N > 9 (which comes from some convergence estimates used in the proof of
Proposition 3.11) is not much of a limitation since we will ultimately be concerned in studying
the large N limit of this formula.

Theorem 3.3. Fix N > 9 and a, &, 3,7 as in Definition 3.1. Then for all ( € C\ R,

1
EM&,/J(&;B;’Y) [ (Cq_)\gN) . q)

where (2;&75;@ as in Definition 3.2 with any ¢ € (0,7/2]. The operator K¢ is defined in terms
of its integral kernel

] = det(L + K() 2 (3.2)

aaﬂv)

Ro(w,w) = 5 [ DT 490 ue?) ds 33)

27
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q-w

FIGURE 3. The contour (2;&75;@ (from Definition 3.2) is depicted along with

the contour corresponding to ¢*w for w € (i’;a B and s € 751,).

exp (yw™'(¢™* — 1)) ﬂ (g*was; 9o 71 _((w)'0irg ﬁ 1@
¢w —w o (was e 7 ((gPw)osig) 1 (w)

~ (3.4)

the contour D,, is as in Definition 3.2 and the function 11 is defined as in (3.1).

Remark 3.4. This formula bares many similarities to that for the e,-Laplace transform for
N in [15, Theorem 3.2.11] and [16, Theorem 4.13]. The AN are closely related to the
particle system q-TASEP [15, Section 3.3.2], and hence these formulas served as the starting
point for large time asymptotic analysis of q-TASEP [12,50]. It was shown in [29] that Y
relates to the particle system q-PushTASEP. The above theorem may (in a similar manner
as in [12,50]) be of use in asymptotic analysis of this system.

The remainder of this section is devoted to the proof of this theorem. The starting point for
this proof is the approach described in [15, Section 3.2] to compute the e,-Laplace transform
of q’\SVN). Rather quickly, though, we encounter challenges not previously present requiring

. . . (™)
new ideas. The approach from [15, Section 3.2] for the random variable q’\léV starts by
utilizing Macdonald difference operators to compute nested contour integral formulas for

the moments E[qk)‘%v )] (the subscript M ;5.5 is suppressed here). Since the random

. ( . ., . .
variable q)‘léV : € (0, 1], its moments determine its distribution, and its e,-Laplace transform
can be computed via a suitable moment generating series. Plugging the explicit formulas for
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these moments into the e,-Laplace transform moment generating series results (after further
manipulations) in a Fredholm determinant.

( . . . . . . .
For q_’\lN), this approach (of [15, Section 3.2]) runs into a major issue in the first step.
The random variable )ng) is part of a partition and hence a non-negative integer. Since
. (M) . C .
q € (0,1), it follows that q_’\lN > 1. Moreover, if any of the specialization parameters &

are non-zero (i.e. a; > 0 for some 7) then q_)‘gm will only have a finite number of finite
moments (Lemma 3.5). Therefore, recovering the distribution or e,-Laplace transform from
these finitely many moments is impossible. But we need the case where some of these &
parameters are strictly positive as it relates after various limit transition to the stationary
KPZ equation. Therefore, we must overcome this apparent obstacle.

—kAl

In this case (where some a; > 0), for k small enough E[q } < oo and there still exist

nested contour integral moment formulas (coming from Macdonald difference operators).
These formulas involve k in a straightforward manner and one can try to extend the formula
for k to be an arbitrary integer. For those k for which the moments are infinite, there fail to
exist suitable choices of contours upon which to integrate. If one neglects this (important)
impediment, it is possible to mimic the approach of [15, Section 3.2]. The outcome of this
formal calculation is the statement of Theorem 3.3 (with some additional guess to work out
which contours to use in the final answer). Of course, this is not a mathematically justified
calculation since it involves summing infinitely many terms which are themselves infinite and
ill-defined. The outcome, however, is an equality between two finite quantities.

The challenge is to turn this into a meaningful rigorous result, and hence prove Theo-
rem 3.3. This is done in two steps:

Step 1: Apply the approach of [15, Section 3.2] to prove a Fredholm determinant formula
for the e,-Laplace transform of q_)‘gm in the special case where all &; = 0 (we also take ¥ =0

for this step). By studying the ¢-Whittaker measure under the pure § specialization, we can
prove a priori that )\gN) < Mp (recall, Mg is the number of non-zero entries in #). This bound

) _ .
shows that E [q"“gN } < ¢ ¥Ms  and hence we may adapt the approach from [15, Section 3.2]
to prove the pure B specialization Fredholm determinant.

Step 2: Interpret the pure /3 specialization Fredholm determinant formula for the eq-Laplace
transform as a formal series identity in the Newton power-sum symmetric functions. Then,
apply the p(&; ;%) specialization to this formal series identity and observe that both sides
of the identity form convergent series, hence proving the desired numerical identity which is
Theorem 3.3.

The key fact which lets us succeed here is that we are working with symmetric functions.
This situation should be compared to the non-rigorous physics replica method. There, the
problem is to compute the distribution (via the Laplace transform) of the solution to the
stochastic heat equation Z(7, X). It is possible to compute similar sorts of moment formulas
as those above for E[Z(T), X)*]. These moments remain finite for all k£, but grow like e’ for
some constant ¢ > 0. This means that the moment problem is ill-posed and these moments
do not determine the distribution of Z(T', X'). However, in the replica method calculations
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(e.g. [32,10]) one can still try to compute E[eCZ(T’X)} through these moments via expanding
the exponential and interchanging the expectation and infinite summation. Though the
Laplace transform is necessarily finite, the associated moment generating series (coming
from the mathematically unjustifiable interchange of expectation and the summation in the
Taylor expansion of the exponential) is divergent. After some additional manipulations, this
divergent generating function is ‘summed’ to a finite expression — a Fredholm determinant.
At least in the case of Zy(X) = dx—o, the resulting formulas agree with those proved in [3].

In light of these similarities, one might hope to find a way to implement a variant of
the rigorous justification we provide in the study of q_)‘gm into the setting of the SHE.
However, this seems unlikely. The justification we provide draws heavily upon the relationship
between our observable q_)‘gm and the g-Whittaker processes / symmetric functions. Such
structures do not clearly survive the limit transitions which eventually relate to the SHE (see
however [36,66] for some trace of these structures). Furthermore, the pure /3 specialization
which is used to justify the formal identity we prove, does not (as of yet) have any analog
(or limit) in the SHE (or even semi-discrete directed polymer) setting.

3.3. Step 1: Pure 3 Fredholm determinant formula. For this step, we will focus on
the g-Whittaker proceses with specializations p = p(0; 5;0) and 8 = (51, ... By) with M > 1
arbitrary (note that in Step 1b and lc we return to considering general specializations to
provide moment formulas). For these specialization, the ¢-Whittaker function Q(p) = 0
unless A\; < M (see [15, Section 2.2.1]). This provides the a priori bound that under the

g-Whittaker process, q_)‘gm < ¢ M. Due to this bound, we will assume in Steps la-1le that
<l < (1—q)q", (3.5)

though in Steps 1d—1le we will impose an additional condition on ||.

3.3.1. Step la: Relating e,-Laplace transform to moments generating series. Observe that
for ¢ satisfying (3.5), the function

1
(N)
(Ca™M 7 9)

(N)

(which can be rewritten as ¢, (¢(1—¢)~'¢™* '), cf. Appendix G) is always finite and analytic
in (. Using the ¢g-Binomial theorem (cf. Appendix G) we may expand

(>

[e's) k
1 o (C/(l - Q)) EENC)
ey e (36)
(Cq_’\l o7) PSS — k!
where the g-deformed factorial is defined as

(43 9

k) = ———.
o=t

Due to (3.5), it follows that each summand on the right-hand side of (3.6) can be bounded
deterministically by a corresponding summand of a convergent geometric series. This justifies
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the interchange of expectation and summation necessary to establish the equality

! = (¢ -9) e
EM&*”(O?E?O) [W] - Z TEMa,p(o;B;o) [q . } (3.7)

) k=0

for those ( satisfying (3.5).

3.3.2. Step 1b: Nested contour integral formulas for moments. In Step 1b-1c, we temporarily
return to the general p(&; 5;7) specialization and prove nested contour integral formulas for
moments (when they exist). Let us first describe conditions on a, &, f under which moments

(N) . . .
of ¢~ are finite, or infinite.

Lemma 3.5. Fiz N > 1 and a,a, 3,75 as in Definition 5.1. For k > 1, if max; ; a;; < g,

then
[ kAN
EMfz,p(a;Bﬂ) _q ] < F00.
On the other hand, if max; ; a;é; > ¢*, then
[ (M
EM&,p(&;B;‘/) _q = +oo.

Proof. We first address the case that max; ; a;0; < ¢". We can bound

N R —EAY N
[T =D My a5 (A1)
AN

—k )| oW
<. Mg a5 (A7)
AY)

_ ~ N
- Z Mq*kd,p(&;ﬁﬁ)()‘( )> < 00

AY)

E _
M&,p(&;ﬁ;‘/)

The equality on the first line is by definition; the inequality on the second line is from the
fact that )\gN) < |AM)|, where || = S_A;; the equality on the third line comes from the
fact that cPy(p) = Py(cp); the final inequality on the third line comes from the fact that the
g-Whittaker process M ;. p(G:5:5) 18 well-defined as long as ¢ *a;a; < 1.

Turning now to the case that max; ; a;&; > ¢*, assume (without loss of generality) that
1 = max(@) and & = max(a). By the interlacing inequalities, A"’ < A™. This means
,p(&;B57) [q_k)\gl) .p(&3557) |:q_k)‘§N)] = +o0. To
further simplify considerations, observe that the ¢g-Whittaker process Mg, ,,;0,0) is stochas-
tically dominated by the ¢g-Whittaker process M o(G:5:7) " This can be seen, for instance,

in light of dynamics [15, Section 2.3] which maps the first process to the second process by
only increasing coordinates. Owing to this stochastic domination, it suffices to prove that

that if we show EM& ] = 400, then so too must EM&

EM, | a0 [q_k’\gl)] = +o00. This expectation, however, is computable quite explicitly since

- - M - 6N . L _
P)\gl)(al) = ()M, QA§1>(CY1) = (@)™ (g:q) 4 and I(@y; &) = (@1d1; )5 Therefore, we

)\;1) [e’]
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find that
—kA(M —kA{M 1
EMﬁl,p(&l;O;O) [q ! } = Z q Mﬁl,P(dl;O;O)()‘g))
AV >0
- oM (1015 9) s
:Zq A (@16 A1(1.1Q) ’
which is seen to diverge to 400 under the condition that ¢ *a,&; > 1. O

The following proposition provides explicit formulas for those moments which are neces-
sarily finite due to Lemma 3.5. It should be observed that suitable contours in the statement
of the proposition exist under the same conditions as the finiteness of moments.

Proposition 3.6. Fiz N > 1 and a,&,83,5 as in Definition 3.1. For k > 1, if
max; ; a;0a; < q" for some n > 1, then

k(1) i
Ey [q_kkgw)} _ k / / H ZA— 2B H g ZZ dZZ (3.8)
a,p(&:5:7) 271'1 Ch1<icpeap “A T 978 9(qzi) z
where
M,
9(=) =1 1 : :ﬂ e”lﬁ(azl'q) ﬁi{ .
=1 (5%27(])00 H(( ) ( /6 7) i=1 al’z q i=1 7 i=1 ]_ —I— 57;2_1

(3.9)
The contours Cy,...,Cy are defined by C; = ¢"*=)Cy where Cy, = {c + e ¥%W ¢ € R}
(oriented so as to hcwe decreasing imaginary part) with any ¢ € (0,7/2] and with any ¢ € R
satisfying ¢~ max(a) < ¢ < min(a~1).

Proof. We provide a brief proof, as this result has essentially appeared before in [15, Re-
mark 2.2.11] and [17, Theorem 4.6] (in the more general Macdonald processes language).
The proof is based on a simple observation. Assume we have a linear operator D on the
space of functions in N variables whose restriction to the space of symmetric polynomials
acts diagonally in the basis of ¢-Whittaker polynomials: DP, = d)P, for any partition A
with length /(A) < N. Then we can apply D to both sides of the identity (acting in the a
variables)

> PA@)Qx(p) = 11(a; ).

Dividing the result by II(a; p), we obtain
DIl(a; p)
M(a; p)
This equality is valid so long as the expectation on the left-hand side is finite. If we apply D
several times, we obtain

EM&,p [d)\] -

DMI(a; p)

B, [(d)'] = I1(a; p)
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If we have several possibilities for D we can obtain formulas for averages of the observables
equal to products of powers of the corresponding eigenvalues. One of the remarkable features
of Macdonald polynomials is that there exists a large family of such operators. These are the
Macdonald difference operators.

We will consider a slight variant of the t = 0 (N — 1)-st difference operator. For any u € R
and 1 < ¢ < N define the shift operator T,, ,, via its action

(Tuu, F) (1, ...,zn) = F(21, .. uzy, ..., xN).

The operator D which we utilize is given by

The ¢-Whittaker polynomials diagonalize this operator [15, Remark 2.2.11], so that for all A
of length ¢(\) < N,
DP)\(«Tl, s ,LUN) = q_)\lp)\(xlv s 7:1:]\/)'

Thus, using the procedure described above, we find that

F, , [q_mgw _ DkH~(C~l§P) .
" 11(a; p)
This equality is true assuming that the left-hand side is finite. Lemma 3.5 provides the
conditions for p = p(& : B; 7) such that this expectation is finite.

To complete the proof we must identify the right-hand side of (3.8) with the right-hand
side of (3.10). This identification follows from residue calculus. The contour C}, (along which
2 1s integrated) can be deformed to cross the set a=!. This deformation crosses poles and
the integral is thus expanded as a sum of residues at these poles and a remaining integral
over a new contour which lies to the right of the @~!. The remaining integral evaluates to
zero, as can be seen by using Cauchy’s theorem and the at least quadratic decay of the
integrand (as z; goes to infinity in the right half of C). Each of the residue terms involves
k — 1 integrals, and this procedure can be repeated for the z;_; through z; integrals. The
resulting residue expansion of the integrals match exactly the formula on the right-hand side
of (3.10). See [15, Section 2.2.3] for more details of this type of residue bookkeeping. O

(3.10)

3.3.3. Step 1c: Unnesting the integrals. Proposition 3.6 provides a nested contour integral

formula for the moments of q_)‘gm under the general p(& B 7) specialization. Here we record
the effect of deforming all of the contours to lie upon the same fixed contour.

Proposition 3.7. Fiz N > 1 and a,&,83,5 as in Definition 3.1. For k > 1, if
max; ; a;&; < ¢ for some n > 1, then

kALY 1 (1-— q W g(w;)
E - P = det ———2 _dw;
M&m(&;ﬁ%‘/) |:q ] Z m1'm2 27-(1 / / € |:qu#1 —w;j :| ii=1 1;[ g(q“] w]) Wi

uHk

where p is a partition of k (hence the notation p + k) of length {¢(u) and
multiplicities m; = [{j : p; =1i}|, the function g is gwen by (3.9), and the contour
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C = {c+ e %W o c R} (oriented so as to have decreasing imaginary part) with any
¢ € (0,7/2] and with any ¢ € R satisfying max(a) < ¢ < min(a™").

Proof. This is essentially proved as [15, Proposition 3.2.1], or [18, Proposition 7.4]. The
contours Cj_; through C7 (on the right-hand side of (3.10)) are sequentially deformed to
lie along Cy. This deformation involves crossing certain strings of poles (recorded by the
partition u). The resulting formula comes from bookkeeping these residues. Note that once
all integration contours coincide with C}, these contours can be simultaneously deformed
(without crossing any poles or changing the value of the integrals) to any choice of contour
C' as specified in the statement of the proposition. O

3.3.4. Step 1d: Summing the moment generating series. We return now to studying the case
of the pure § specialization. Equation (3.7) of Step la shows that the e,-Laplace transform

of q_’\gN) is equal to a generating series of the moments E [q_k’\gm] provided |¢] < (1 —q)¢"

Proposition 3.7 of Step 1c (in the pure 3 specialization) provides explicit formulas for these
moments. The following proposition shows how plugging these formulas into the moment
generating series results in a Fredholm determinant formula. In order for this sum to converge,
we must impose some further restrictions on |(|. We also assume N > 2 here as it is helpful
for the technical aspects of the argument of the proof to proceed.

Proposition 3.8. Fiz N > 2, a, 3 as in Definition 3.1, ¢ € (0,7/2], and a contour 5&;0,5@
as in Definition 3.2. Specialize g from (3.9) to the pure B specialization as

M
1
H (@w; ) oo ((w)—l;p - 30 H H 1 +Biw—1

i=1 z1”°°i:1

Define f(w) = 2 and the constant

9(qu)
C, = sup | f(q"w)]. (3.11)
ng’wecd;O,B;g)
Then for all ¢ € C\ Ry, such that |¢| < min {(1 —q)¢™,C "},

1
EM(—L ,p(03;0) [(Cq_A;N); q) _] = det(ll + KC)LZ(Z>OX5&;O,B;¢)'

The operator K. is defined in terms of its kernel
¢ g(wr)
qmw — wa g(gmw)

Proof. In light of (3.7) and the bound [¢| < (1 — ¢)¢™, it suffices to prove that

Kg(n1,w1;n27w2) =

S /(1= C_I NG
Z Mﬁyp(O;B:,O) [q } - det(ﬂ + KC)LQ(Z>0 ><C
k=0

Oﬁw)
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Using Proposition 3.7 for the pure B specialization, we can rewrite (see [15, Proposition 3.2.8]
or [16, Proposition 4.12]) the k-th term in this moment generating series as

(¢/0-9)" )
kq! EM& p(05;0) |:q ]
L L

-yl / / 3 det[wqm_w]] HCW%%

L>0 aOﬁtp aOﬂ(pnl ,,,,, 7LL>1 2.7 1] 1

>oni=k

Summing over k yields

= C/ (1-— q @
Z EM&,/J(O;B;O) [q ' }

k=0
= g(w;) dw;
—ZL, / 1 D SRR 3P [[co 2 90 (319
L>0 aOﬁ«pTLl np>1 Zq Z_w] i,j= 1] 1 g(q Jw‘]) m
which is the Fredholm determinant expansion of det(1 + K¢) 2« o)
a;V,05¢
The convergence of this Fredholm determinant expansion, as well as the manipulations used
in reaching it require some justifications. (After all, the manipulations involved rearranging

an infinite summation.) Note that by assumptions on the contour @;075;@, the function
¢"w;/w; — 1 remains bounded from 0 uniformly as w;,w; € 5&;0,5@ and n; > 1 vary. It
follows then from Hadamard’s inequality that there exists a constant By > 0 such that for
all w,wj € G5, and Lyng, ... ,ny > 1

L
1
det [7]
Wig™ — Wy | 5y

< BELL/?,

We may also show that for all w; € 5@075;@ and n; > 1,
‘ g(w;)
9(q"w;)
where C} is defined in (3.11) and
Cy= Oy sup fw)w?.

weC

S CILJ ngj_N

;0,80

This is shown by writing (recall f(w) = g(w) )

D) ) f(quy) - Fla )
g(q™iw;)

and using the definition of C} and C5. The finiteness of these constants is easily verified.
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Combining these observations, we may bound in absolute value the L-th summand in (3.12)

by
du) '
_BLLL/2 / —'UJ _N
(ZCBCHC Tl

n>1

As we have assumed N > 2, the integral in |dw| is bounded by a constant By, > 0. Since, by
hypothesis, [(| < C;! we can also bound the summation in n by another constant By > 0.
Therefore, the above expression is bounded by

1
E(CgBlBng)LLL/?

Since the summation of this over L > 0 is finite, the Fredholm determinant expansion (3.12)
is absolutely convergent. Using similar bounds as described above, we can also justify all of
the interchanging of summands necessary to complete the proof of the proposition. (]

3.3.5. Step le: Rewriting as a Fredholm determinant of desired type. We will now prove
Theorem 3.3 in the case of pure [ specialization subject to the condition that ( € C\ R,
satisfies |¢| < min {(1 — ¢)¢™,C7 '}, with C} from (3.11).

Proposition 3.9. Fiz N > 2 and a, 3 as in Definition 5.1. Then for all ¢ € C\R, satisfying
|| < min {(1 — q)qM,C’l_l}, with Cy from (3.11),

1 ~
En, 0(0:6:0) [(gq—AEN)-—q) ] = det (1 + KC)LQ@&;O’BW)
with 571;075;80 as in Definition 3.2 with any ¢ € (0,7/2]. The operator fQ 1s defined in terms
of its integral kernel given in (3.3) with guw.(¢*) from (3.4) explicitly given in the pure j3
specialization by

1 ﬁazqwqm 1+quw1
/ (@;w; q) oo Z114-@ '

Proof. The convergent Fredholm expansion of det(1 + K¢),» (Z0xCy 0 5,,) COLL be written as
a;u,p5¢

wur(@®) = 1
Guw,w (4°) cw—w Ll (3.13)

L
duw, dwy, " )
det(]].+K<)L2 Z>()><C 05% Z / 27T1 -./(’i ) %det [ZC gw“wj ]
a :0,83;0 a;0,p; 7]’:1
where g,,.,/(¢°) is from the statement of the proposition.
We will have proved the proposition if we can show that
- n mn 1 S S
ZC G (q") = o |- L(=s)I'(1 + $)(—=C)*guw,ur(¢°) ds. (3.14)
— mi /B,

To show this, we will apply the following Mellin—Barnes representation.
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Ck

]

0 2d 0
. klk+1
2

FIGURE 4. Left: The contour C} composed of the union of two parts — the
first part is the portion of the contour D,, which lies within the ball of radius
k + 1/2 centered at the origin; the second part is the arc of that ball which
causes the union to be a closed contour which encloses {1,2,...,k} and no
other integers. Right: The symmetric difference between C) and D, is given
by two parts: a semi-circle arc which we call C}"* and a portion of R+ iR with
magnitude exceeding k + 1/2 which we call C}“.

Lemma 3.10. For all functions g, all negatively oriented (with respect to the points 1,2, ...)
contours Cy o and all ¢ € C\ Ry which satisfy the conditions below, we have the identity

Zg = [ TR (-0l ds
where the function ( — (—C)* on the right-hand side is defined with respect to a branch
cut along ¢ € Ry. The conditions which must be satisfied are as follows: for k large, there
must exist positively oriented contours Cy which enclose the points 1,2, ..., k, which do not
enclose any singularities of g(q®), and which are such that the integral above taken along the
symmetric difference of C1 o and Cy, goes to zero as k goes to infinity.

Proof. The identity follows from R_esF(—s)F(l +5) = (=1)1. O

We apply Lemma 3.10 to prove (3.14). Let Co = D,, and let C). be composed of the
union of two parts — the first part is the portion of the contour D,, which lies within the
ball of radius k + 1/2 centered at the origin; the second part is the arc of the boundary of
that ball which causes the union to be a closed contour which encloses {1,2,...,k} and no
other integers. The contours (', are oriented positively and illustrated in the left-hand side of
Figure 4. We may assume k is large enough so that the circle of radius k + 1/2 intersects D,
on its vertical component. By the definition of the contours 5@07 5., and D,, we are assured
that the contours C}, do not contain any poles of (—()*guww(¢®). This is due to the fact that
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the contours have been chosen such that as s varies, ¢°w stays entirely to the left of (2;07&@
and hence does not touch w'.

In order to apply the above lemma we must estimate the integral along the symmetric
difference of C 5, . and Cj. Identify the part of the symmetric difference given by the circular
arc as C{"¢ and the part given by the portion of R+ iR with magnitude exceeding &+ 1/2 as
Cy? (see the right-hand side of Figure 4). We will estimate the integrand on each of these
contours.

Concerning the term (—()*, we may write —( = re’ with o € (—7,7) and r > 0. Then we
have (—()* = r*e'*?. Writing s = z+iy we have |(—()*| = r®e¥°. Note that our assumptions
on ¢ imply r < min {(1 — ¢)¢", Cl_l}, with C; from (3.11), and o € (—m, 7).

Concerning the product of Gamma functions, one readily confirms that there exists ¢ > 0
such that for all s with dist(s,Z) > 1/2

C

(=81 +5)| < e

Focusing on s € C;%, the above bounds imply
P(=)P(1 + 8)(=¢)

as dist(s,Z) > 1/2 and x = R along C}? (recall s = z+1y). As s varies along C;“/, ¢*w cycles
around a circle of fixed radius containing the origin and hence we may bound |gy,.(¢%)] < C
for some constant C' > 0 independent of s € C;“Y and k. That implies

< CTRe—yU—WM

L /Cseq L(=s)I'(1 4 5)(—¢)*Guw,w (¢®) ds

27

|ds|

< —ZCerfevomll,
- Czeq 2

Since o € (—m,m), the integrand decays exponentially as |y| increases (recall s = x + iy).
This means that as k goes to infinity, the above integral converges to zero.
Focusing on s € C}'"¢, the earlier bounds imply

ID(=)L(1+ s)(—¢)°| < erte v

as dist(s,Z) > 1/2 along C;“?. By inspection, we may bound |g, ./ (¢*)| < C'¢~" for some
constant C' > 0 independent of s € C{™ and k. To see this, observe that as s € C"* and
k varies, (¢*w — w')~! stays uniformly bounded, and since |a;q*w| stays uniformly bounded
strictly below 1, each term (a;q°w;q)s remains uniformly bounded by a constant (the de-

nominator (a;w; ). remains constant as s and k vary). The term 1 + qfiv is bounded by a

constant times ¢~* where s = x + iy (and the corresponding term in the denominator 1 + %
remains constant as s and k vary). Combining these considerations leads to the claimed

bound.
This bound implies

1 /ck L(=8)T(1 + 8)(—C)*guw(q*) ds

27

ds —aM —yo—
< | |C/C’f’xq xMe yo—mly| ]
CgT'C 27r

By assumption, r¢g~™ < e™¥ for some v > 0, implying that r%¢=*M < e7**. Plugging this in,
and using the fact that o € (—m, 7), we see that the integrand decays exponentially as both
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ly| and x increase. This means that as k goes to infinity, the above integral converges to zero.
This completes the verification necessary to apply Lemma 3.10 and hence (3.14) follows and
the proposition is proved. ]

3.3.6. Step 1f: Analytic continuation. We show that for a, [ fixed, we may use analytic
continuation to extend the domain of applicability of Proposition 3.9 to hold for all ¢ € C\R,.
This proves Theorem 3.3 in the case of a pure 3 specialization.

Proposition 3.11. Fiz N > 9 and @, 3 as in Definition 3.1. Then for all ¢ € C \ Ry

1
a,p(0;/3;0) [ (Cq_)\gN) . q)
) [

with 5?1;075;93 as in Definition 3.2 with any ¢ € (0,7/2]. The operator K. is defined in terms

Em ] = det(IL + K'C)LQ(CT&AO 50) (3.15)

of its integral kernel given in (3.3) with guw.(¢°) from (3.4) explicitly given in the pure f3
specialization by (3.13).

Proof. In order to prove this result, we demonstrate that both sides of (3.15) are analytic in
( as it varies within C\ R,. The identity for |¢| small enough follows from Proposition 3.9
and the general ( result then follows from uniqueness of analytic continuations. Throughout,
let d,B be fixed and let D C C\ Ry be any compact domain bounded away from R, . Also,
let ¢ € (0,7/2] be fixed as well as the contours 5&;0,B;¢ and D,, for each w € 5&;0,&@-

To establish the analyticity of the right-hand side of (3.15) observe that

1 ]_iM,p050)(>‘(N):n)

a@,p(0;53;0) [m n =0 (Cq 14 )oo

is analytic over ¢ € C\ {¢*}sez. This follows from the fact that for any region of C bounded
away from {¢‘}sez, the function ¢ — (¢;q)s is uniformly bounded from zero and analytic.
This means that the above series is uniformly convergent in any such region. Since each term
is analytic in (, the series is as well.

To establish the analyticity of the left-hand side of (3.15), we show that
¢+ det(1 + KC) 2@, 5.) is an analytic function of ¢ in any domain D bounded away from

Enm

R, . Consider the Fredholm determinant expansion

dw dw ~ L
det(1+ Ko)ae, = D07 / 27“1 [ UL et [Re(wsw))]! . (3.16)

27 ,
L>0 Ca,p 4T

We will show that for each L > 0, the corresponding summand is an analytic function of
¢ € D and that uniformly over ( € D, the above series in L is absolutely convergent. From
this it will follow that the series itself is also analytic. Let us write F(¢) for the L' summand
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1 dw dw ds ds 1 L
R N E——
! C&;O,B; Tl C&;O,B; Tl D“’l Tl Dy, 1 qrw; — ’LUJ .

i,j=1

N J J 1
XH( e+ 5)(-0 IT Jﬁ@fﬂyﬁlwﬁ>-

i=1 i Bi w]

We utilize the following readlly proved estimates for the integrand in (3.16). There exists
Cy > 0 such that for allweC 0.5 and all s € D,

N . M N
H(q]wjaHQ)oo 1+ Bi(¢7w;) ™t

—Nz/2 _ Mo
/ - Co(lwlg)"q
iy (w5053 q) oo 1 1T+ Bi(wy) ( )

where we recall the notation s = x + iy and M = Mg is the number of non-zero elements
of 5. Note that the constant Cy depends on a, 8 and the exact choice of contours. We may

bound I'(—s)I'(1 + s)(—¢)* as in Step le. For s on the vertical portion of D,, (with real part
R), there exists a constant C; > 0 such that

‘F( s)I(1+ s) ‘ < Cyy~Lrfemvo—lyl
where we write ( = re'” with ¢ € (—m, 7). For s on the rest of D,,, there exists a constant
(5 > 0 such that
T(=s)T(1 + ) ()"

where d comes from Definition 3.2.
Finally, from Hadamard’s inequality and the conditions we have imposed on D - there
exists a constant C'5 > 0 such that

1 L
et ]
¢ Wi — Wi 14 j=1

< ckpte.

Let us see how these bounds imply the analyticity of the fixed L summand in (3.16) as
well as the uniform absolute convergence of the series. The integrand in (3.16) is clearly
analytic in ( € C\ R,. Likewise holds true for the integral in (3.16) when wy, ..., w; and
S1,..., S, are restricted to compact portions of their respective contours. To show that the
entire integral in (3.16) is analytic over ( € D (for some compact domain D bounded away
from R, ) it suffices to show uniform integrability of the integrand as ( € D varies. See also
Lemma B.3.

Writing ¢ = rel?, let 7* represent the maximal r over ¢ € D and o* represent the o which
is closest to 7 over ( € D. Then (with possibly modified values for Cy, Cy, C5 to account
for the approximations that for |w| large, R ~ In |w| and d ~ |w|™!) we find that for s on the
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vertical portion of D,, (with real part R) there is a constant C'y > 0 such that

s H (?wucf“q)oooo 11++523(.C(]w1;)

S Cocfly—le—\y“ﬂ—g*) (’l“*|w|_N/2q_N/2_M)C4 1n|w\’

whereas for s on the rest of 25

rortn oo TGt T

< CoCalun] (5" o] /2g~ /21

Performing the integrals over si, ..., sy we find that some constants Cs, Cg > 0,
ds ds 1 L
e
Do, 2mi Doy, 2mi QWi — Wy |, g

L

X H [(—s)T(1 4 s;)(—¢)> ﬁ W;i; )oo H 14 Bi(g¥w;)™!
’ ! (w]a'u [e’) 1 —|— 51 w])

j=1 i=1 i=1

L

o |=N/2,—N/2—M\1/2
LrL 2H | |=N/2_—N/2—M)Caln|w] (r |w;|~N/2q )
s <C5 o) + ol In(r*|w;| ~N/2q=N/2=M)
i=1 )

The right-hand side above decays in large |w| like |w|'=™/* (up to logarithmic corrections).

Thus, given that N > 9, we find that for some constant C'; > 0,

1 duwy / dw, [ ds / dsy, | o { 1 ]L
_— - DR —_— — o .. - e e —
L . ﬂ;v 2mi Cro s 2mi Jp,, 2mi By, 2T g w; — Wi |,y
N
Jw al Oo 1+ Bz Jw -1 CLLL/2
H ( i)(=¢) H (W;5; @)oo H 1+ B;(w;)- ) o7

This implies F1,(¢) is analytic, and it also shows that |F,(¢)] < & f!L/z C'7 uniformly over
¢ € D. Hence follows the uniform absolute convergence and analyticity of the full series
det(1 + KC)LQ@AO 5. 8 well by Lemma B.3. O

3.4. Step 2: Formal series identity. In this step, we will complete the proof of Theo-
rem 3.3 for general @, 3,7 specializations. Recall that the algebra of symmetric functions
Sym in formal variables X = (z1,xs,...) is algebraically generated by Newton power sums
(for more background, see [63, Chapter 1])

pr(X) =) (x)f,  k=12...
For any partition A, set p\(X) = [[, pa,(X). These form a linear basis for Sym.
In order to prove the theorem, we must show that the identity in (3.2) holds for general
specializations satisfying the conditions of Definition 3.1. We do this in three lemmas. In
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Lemma 3.12 we establish that the left-hand side of (3.2) can be expanded into a series in the
p(é; B;7) specialization of py(X) functions with coefficients £, (¢, ¢, @) which are independent
of said specialization. In Lemma 3.13 we do the same for the right-hand side of (3.2) with
coefficients 7,(¢,q,a). In Lemma 3.14 we observe that since Proposition 3.11 amounts to
the identity (3.2) for all pure /3 specializations, this implies the equality of all coefficients
0x(¢,q,a) = r\(C,q,a) in the p; expansions. This along with the two previous lemmas, how-
ever, implies that (3.2) holds for all specializations for which the p; expansions are absolutely
convergent — in particular for the general p(@; 3;7) specialization satisfying Definition 3.1.
This completes the proof of Theorem 3.3.
What remains, therefore, is to state and prove the three lemmas.

Lemma 3.12. There exist coefficients £y = (\(C,q,a), depending on ¢ € C\ Ry, ¢ € (0,1)
and a (but not p(&; 5;7)) such that, for all specializations p(&; 5;7) satisfying Definition 3.1,

1

EM, i) [m] = ;fx pa(p(d; B; 7).

Moreover, the right-hand side is an absolutely convergent series for all such p(@&; B; 7).

Proof. Let us first work in terms of the formal variables X and the algebra Sym. Since the
py form a linear basis of Sym, there are coefficients ¢, , with |[A| = |u| such that

QX)) = D aun(X).

pilul=|A

Similarly, we can express II(a; X) = >, Px(a@)Qx(X) via the py(X) basis as

oy — Px(@)pr(X)
k=1
Using these expansions in py(X) functions we can write

1 Py(a)Qx(X) _
%(CQ_AEN);Q)OO AH(&;;() ZXA:EA(Q%@)I?A(X)- (3.18)

To establish the equality, we have used the above expansions of () and IT into the p, functions.
It is easy to see that for each p,(X) there are only a finite number of terms from these
expansions which combine to form the coefficient ¢, (¢, ¢, a).

This determines the value of the coefficients ¢,((, ¢, a). It is, moreover, evident that the
expansions are absolutely convergent for specializations p(&; B;’y) satisfying Definition 3.1.
The specialization of the right-hand side of (3.18) is identified with

1
EM, a0 [Wl :

hence completing the proof of the lemma. O
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Lemma 3.13. There exist coefficients 1y = r1((,q, @), depending on ¢ € C\ Ry, g € (0,1)
and a (but not p(&; 5;7)) such that, for all specializations p(&; 5;7) satisfying Definition 3.1,

det(L+ K)oy =) mpa(p(d: 7))
A
Moreover, the right-hand side is an absolutely convergent series for all such p(@&; B; 7).
Proof. Recall that the Fredholm determinant means the expansion
~ 1 dw1 de ~ L
det(1 + KQ)LQ(CT&@BW) = Z 7 /5 Coom /5  om det [Kg(wi,wj)]i7j:1.
L>0 a;a,B;¢ a;&,B;p
The kernel is defined in (3.3) as

Relww) = 5 [ DT+ 9)(=0 g0 () ds

where, as in (3.4),

o 1 T(wsa) T((g°w)"sp(a: 5;7))
Juw() ¢w —w' U(g*w;a) T((w);pla; ;7))

For specializations p(&; B ;) satisfying Definition 3.1, we can choose the contours 5 a3 and

D,, as in Definition 3.2 in such as way that

s - -
Ggw| |w| |gw| |w
for all w € 5@;@,3;30 and s € ﬁw. These conditions imply that the p(a; B;ﬁ) specialization of

the identities in (3.17) remain valid (with convergent right-hand sides). In particular, we find
that the term in the formula for g, ./ (¢®) is

I((q*w)™% pla; B; 7)) ~ exp ipk((qSW)_l)pk(p(@;B;:y)) k(@) e (p(d5 5 9))
I((w)~% p(&; B 7)) (1—q"k (1—¢")k ‘

We can substitute this convergent expansion into g, .(¢*) and thus express the Fredholm

k=1

determinant expansion in terms of a convergent series in the p) (p(d; B ; ﬁ)):

det(L+ Ko)pae, 5= D m(C.0,@) palp(ds 5:7))-
A

@

It is easily checked that the L term in the Fredholm determinant expansion contributes to
pa’s with |[A| > L, and hence each coefficient is well-defined and finite. The convergence of
this sum follows from the convergence of the expansion into the pj (p(d; B: ’y)) as well as the
convergence of the Fredholm determinant expansion. O

Lemma 3.14. For any ( € C\ Ry, ¢ € (0,1) and a, we have
g)\(gv q, &) = TA(Cv q, &)

for all partitions \.
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Proof. Proposition 3.11 implies that the left-hand sides of the identities in Lemmas 3.12
and 3.13 are equal for all pure f specializations. The right-hand sides of the identities in
Lemmas 3.12 and 3.13 are therefore also equal under these specializations:

D 0(Ca:@) pa(p(0;550)) = D ra(Ca,@) palp(0; 5; 0)).

View both sides as power series in individual Bj’s. The equality implies equality of parts of
fixed degree. Moreover, py(p(0;3;0)) for fixed |A| are linearly independent for sufficiently

many nonzero 5] s. Therefore, since this equality holds for general /3 specializations, it implies
equality of the expansion coefficients. O

4. WHITTAKER PROCESSES
4.1. Defining the processes. Let us introduce some notation. Write 71" for the triangu-
lar array (Tj(k))1< noy With entries in R. Alternatively, write T = (T(l), e ,T(N)) with
Tk = (Tl(k), . ,T,gk ). Also, write v = (11,...,vy) € RV,

Definition 4.1. As shown by Givental [55], the class-one gly-Whittaker functions admit the
following integral representation:

?/JV(T(N)) - /N(Nl) e H de(k)
R™2 1<j<k<N-1

where the integral is over all T with fized T™), and where

T) - iiyn (il Ti(n) - nZ_lsz(n 1) ) Z i ( (n) T(n+1) te i(ﬁrl)_Ti(n)) .

n=1 i=1

We now define a class of Whittaker processes which are composites of those which arose
in [37,065].
Definition 4.2. Fiz integers N > 1, M > 0, vectors a = (ay,...,an), @ = (oq,...,an),

and T > 0, such that a,,, > 0 for all1 < m < M and o, + a, > 0 foralll1 < n < N

and 1 < m < M. The Whittaker process corresponding to these parameters is a probability
N(N+1)

measure on R with density function (with respect to Lebesgue measure) given by

a2
W(a;a,r)(T) = 7l 12 H H a +a ‘E“(T)QQJ-(T(N))
n=1m=1 m n
with
Our(TM) = [ 4 (TM)e 0= T H Hr — i) mu(v)du, .. duy,
RN n=1m=1

and the Skylanin measure my defined as

1 1
mv(v) = GoF 11 T(ivy — i)

1<j#k<N
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The Whittaker measure WM(Q;QJ)(T(N)) is the marginal of the Whittaker process
W (aa,r) (1) on TW) as defined in [15, Definition 4.1.16].

4.2. Whittaker processes and the semi-discrete directed random polymer. The
following result connects the developments of Sections 3 and 4 with the study of the partition
function for the semi-discrete directed random polymer with log-gamma boundary sources.

Theorem 4.3. Fiz integers N > 1, M > 0 and 7 > 0. Let a = (a,...,ax) € RY and
a=(ag,...,ap) € (R>0)M be such that o, —a, > 0 for all1 < n < N and1 < m <
M. Recall Fk’M( ) defined in (2.2). Then {F?M(T)}1<j<k<N
Whittaker process W (_ga,r), where —a = (—aq, ..., —ay).

15 distributed according to the

Proof. This result relies on a combination of the work of [65] on the semi-discrete directed
random polymer and of [37] on the log-gamma discrete directed polymer. Those papers use
geometric liftings of the Robinson—Schensted—Knuth correspondence to relate the polymer
partition functions to pure 4 and pure & specialized Whittaker processes. The present result
follows by combining [37, Theorems 3.7 and 3.9] with [65, Theorem 3.1]. See also [15, Sec-
tion 5.2.1] for the M = 0 case. O

Remark 4.4. It follows from Theorem 4.3 that the Whittaker process is positive and inte-
grates to 1. It should also be possible to show this directly in the manner of [15, Proposi-
tion 4.1.18].

4.3. Convergence of ¢g-Whittaker processes to Whittaker processes. We start by
recording how ¢-Whittaker polynomials limit to Whittaker functions. Note that in the scal-
ings which we describe below, it is understood that when it is necessary to work with integers,
we take the integer part of € dependent expressions.

Proposition 4.5 (Theorem 4.1.7 of [15]). For N > 1, consider the scalings

2
T 1.«

and for1 <n < N
2y = € AN = (N —2n)e toge™ + 71T,

n

Define rescaled (and index, variable flipped) q- Whittaker functions by

Y (TW)) = ¢ Py (2).
Then, for all v € RN, we have the following:
(1) For each o C {1,...,N — 1}, there exists a polynomial Ry, of N variables (chosen
independently of v, ..., vy and ¢) such that for all T™) € RN with

o=0o(T™):={ne{l,....N-1}: 7™ 1) <0},

n

N(N N(N
(21) (+2) A(e)

e

we have the followmg estimate: for some ¢* > 0

) _
WE } < Ry, T(N))(T(N)) H exp{—c'e” (T3 =T, ) )2
n€a(TW))
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(2) For (T™)) varying in a compact domain of RN, 5(T™)) converges (as e goes to zero)
uniformly to 1, (T™)).

Theorem 4.6. Fiz integers N > 1, M > 0, vectors a = (ay,...,ay), @ = (aq,..., )
and T > 0 such that oy, > 0 for all 1 < m < M and o, +a, >0 forall1 <n < N and
1 <m < M. Introduce the following € > 0 dependent scalings:

£

qg=-¢e°, 5 =712, ap, =€ ™, 1 <n <N, Q=€ 1 <m< M,

4.1
)\g'k) =712+ Me 'lne™' + (k+1—25)e  ne™! +Tj(k)5_la 1<j<k<N .

The q-Whittaker process Mg ,(a:0:7) ()\(1), e )\(N)) induces an e-indexed measure on T which
converges weakly, as € — 0, to the Whittaker process W (g;a,7)(T').

Remark 4.7. The above theorem only deals with convergence of the &,7 specialized
q- Whittaker process. It is presently unclear whether the B specialized process admits a non-
trivial limit as g — 1.

Proof. This proof is quite similar to that of [15, Theorems 4.1.12 and 4.2.4] which work with
(respectively) the pure 4 and pure & cases. It should be noted, however, that the pure &
case [15, Theorem 4.2.4] was stated modulo a decay estimate which was not checked. By
combining the 4 with the & specialization, the necessary decay is easily shown to hold. On
account of the similarities to those theorems, we only include the steps of the proof and refer
to the proofs from [15] for the justification of the estimates.

The g-Whittaker process which we seek to asymptotically analyze is given as

Py (@) Py jao (@2) - - - Pyovy jpov-n (an) @xem (p(&; 05 7))
I1(a; p(c; 0; 7))

Through the association of the )\g-k) with the Tj(k) given in (4.1), this measure is pushed
forward to one on T'. It suffices to show that for any compact set D € RS , the convergence

(as £ goes to zero) is uniform as 7" varies in D. This is due to the positivity of the measure
and our independent knowledge (see Remark 4.4) that the limiting density integrates to 1. In
order to estimate the behavior of the g-Whittaker process, we split it up into three lemmas,
the combination of which proves the theorem.

Ma o) (AY, - AY)

N(N+1)

Lemma 4.8. Fix any compact subset D € R—=2 . Then
Py (@) Pyey jaw (G2) - - Pyov jaov-n (@) = (6_W"‘(€)6_571725¥:1 g Lo “”) Fia(T)e
where the o(1) error goes uniformly (with respect to T € D) to zero as € goes to zero.
Proof. This is proved by combining the computations of [15, Lemmas 4.1.23 and 4.2.5]. [
Lemma 4.9. We have

o N M 1 o LN M
H(d; p(a; 0; f~y)) = (eTNE femeTiTE  an H H —eA(a)gl—am—an>eT2n:1 an/2 H H F(ozm—i-an)eo(l)

n=1m=1 n=1m=1

where the o(1) error goes to zero as € goes to zero.
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Proof. This is proved by combining the computations of [15, Lemmas 4.1.24 and 4.2.6]. [

N(N+1)

Lemma 4.10. Fiz any compact subset D € R~z . Then

M
Qv (p(&;o;fy)) = (e(Nfl)z(waA(5)67N5*26N(1\27+1) H 8N(am_n)90177(T(N)>€o(1)

m=1
where the o(1) error goes uniformly (with respect to T € D) to zero as € goes to zero.

Proof. This is proved by combining the computations of [15, Lemmas 4.1.25 and 4.2.7]. How-
ever, since the result of [15, Lemma 4.2.7] was stated modulo a decay estimate, we will provide
the steps to prove the above result. That decay estimate is readily confirmed in the present
case because of the presence of the 4 specialization, which provides ample decay. In [15], the
proof of these analogous lemmas split into four steps. It is only in the fourth step where a
bit more justification is needed, which we give.

We employ the torus scalar product [15, Section 2.1.5] with respect to which the Macdonald
polynomials are orthogonal (we keep ¢ = 0 and use the notation TV to represent the torus

{z: |z, |lan| = 1}):

N
— dz, 1 _
T ne1 “n T 1<jAh<N
Note that taking ¢ = 0 [15, equation (2.8)] yields
v
(P Py )y = [ [ @ 000
n=1

Recalling the definition of II, we may write

1
<P)\(N), P)\(N)MV <H(zla -+ -3 AN; p)’ P)\(N)(Zla SR ZN)>N‘
Therefore, in order to study the asymptotic behavior of Q) (p(d; 0; ﬁ)), we will study the
torus scalar product above. Let us introduce one additional scaling to those in (4.1) that for
1<n<N, z, = e,

In Step 1 we show that (Py, P\)y = ¢’ where the o(1) error goes uniformly (with respect
to T € D) to zero as € goes to zero. The proof from [15, Lemma 4.1.25] applies just as well
here.

In Step 2 we find that for any compact subset V C RY,

Qv (p) =

N M
M(z1,. .., 2x; p(d0;7)) = Eye ™ Zn=1 /2 TT T rem — v,

n=1m=1

N M
B gNe2 re e, v 111 1
I eAE) gl—am+ivy’

n=1m=1
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and, using Proposition 4.5, we find
P)\(N)(Zlv R ZN) = EP ¢V(T(N))eo(1)7

N(N-1) _ (N-1)(N+2) 1 N N
Ep=¢c "2 e B A(5)675 DD VRE—MZn:N”n

where the o(1) error goes uniformly (with respect to 7' € D and v € V') to zero as € goes to
zero. The proof from [15, Lemma 4.1.25] applies just as well here.
In Step 3 we find that for any compact subset V' C RV,

N
dz,

N
miy(z) = By () [[dae?®, By, = VNN -DAG
n=1

Z.
n=1 "

where the o(1) error goes uniformly (with respect to v € V') to zero as € goes to zero. The
proof from [15, Lemma 4.1.25] applies just as well here.
In Step 4 we find that

<H(Zlv B ZN;p), P)\(N)(zlv .- '7ZN)>/N

M
B (Nfl)(N72)A( ) TNe—2 N(N+1) 1 (N)\ ,o(1)
= (6 2 elegThve £ 2 H gN(l—Ocm)> HT(T )6

m=1
where the o(1) error goes uniformly (with respect to T' € D) to zero as ¢ goes to zero. The

proof from [15, Lemma 4.1.25] applies just as well here, though we need to check that the
following inequality still holds: for all v, € [ 'm,e7 7], 1 <n < N,

‘H(zl, NP | ey v (4.2)

En

This was checked in Step 4 of the proof of [15, Lemma 4.1.25] for p = p(0;0;7). It is, however,
easily confirmed that including the & specialization as well as the 7 one does not increase the
left-hand side of (4.2). In particular, this amounts to showing that for all v € [—e~'7 e 7]
(and o > 0 fixed),

Ale) ~1—a+iv

eee

(e—saeeiu; 6_5)00
is bounded by a constant (cf. Appendix G for more on the ¢-Gamma function). This is easily
checked, hence Step 4 proceeds and the lemma is proved as in [15, Lemma 4.1.25]. O

=l (a—1iv)

As in the proof of [15, Theorems 4.1.12 and 4.2.4], the above three lemmas (along with

the Jacobian factor of £ 3 coming from the rescaling of the ¢-Whittaker process) implies
Theorem 4.6. O

5. SEMI-DISCRETE POLYMER WITH BOUNDARY SOURCES — PROOF OF THEOREM 2.1

Theorem 5.1. Fixr N > 9, M > 0, 7 > 0 and vectors a = (ai,...,ay) € RY and
a=(ay,...,ay) € RM so that ayy —a, > 0 for alll < m < M, 1 <n < N. Then
for all uw € C with positive real part

(N)

—ueTl
EW(*E;%") [6 ] - det(]l + Ku)L2(CG;a;s&) )
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where the operator K, is defined as in Theorem 2.1 and the contour Cua., is given in Defi-
nition 2.4 with any ¢ € (0,7/4).

Before proving this theorem, let us see how, combined with the earlier result of Theorem 4.3,
the above theorem yields Theorem 2.1.

Proof of Theorem 2.1. Theorem 4.3 implies that ZNM(T) is equal in distribution to e’ "

where 7" is distributed according to the Whittaker process W (_,.4,7). Theorem 5.1 provides a

Fredholm determinant formula for the Laplace transform of e’ 7™ which implies Theorem 2.1.
O

Proof of Theorem 5.1. The proof of Theorem 5.1 follows a similar line as that of [16, Theo-
rem 4.5]. We proceed in two steps. In the first step we prove:

Lemma 5.2. Under the scalings from (4.1) and with { = —eM*Ne=¢ T, for all uw € C with
positive real part

1 —ueTl(N)
W Ear o) W =Ew [e ] (5.1)

In the second step we prove:

Proposition 5.3. Under the scalings from (4.1) and with ( = —e™*Ne~ "', for allu e C
with positive real part
lim det (L + K¢) o, )= det(L+ Ku)ree

a;(wp)'

Combining these two results along with Theorem 3.3 (which shows the equivalence of the
left-hand sides of these two results) immediately yields Theorem 5.1. O

5.1. Step 1: Proof of Lemma 5.2. Rewrite the left-hand side of equation (5.1) as

1
ll—% EM L p(a;0:9) [W] N hr% EM ,p(&30:%) [eq(xq)]

E—
where
= (1—q) ¢ = —ue /(1 - q)
and
B 1
) = (1 =q)asq)
is a g-exponential (cf. Appendix G). Combine this with the fact that e,(z) — e* uniformly

(N)

N e T :
), eq(xy) — e ' uniformly

onz € (—o0,0) to show that, considered as a function of Tl(

over Tl(N) € R. By Theorem 4.6, the measure on 7" induced from the ¢-Whittaker process on
A AW converges weakly in distribution to the Whittaker process W —a:a,r). Combining
this weak convergence with the uniform convergence of e,(x,) and Lemma F.2 completes the
proof of Lemma 5.2.
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5.2. Step 2: Proof of Proposition 5.3. Employing the change of variables w = ¢* and
w’ = ¢¥, the kernel in the left-hand side of Proposition 5.3 can be rewritten as

det(]l + [N(C)Lz( ‘so) - det(:ll + KE)LQ(CS;QW)'

Ca—ta0;

Here, the kernel K is given by

KE(v,0) = —— / h9(s) ds (5.2)

21 5.,

where (cf. Appendix G for the definition of I'))

_ _C ’ qv hlq 547 (g5 —1)
hi(s) =T(—s)I'(1 + s) <(1 — N ) g e’ e

The contour on which this kernel K acts is the image of the contour @71@@ under the
map z — Ingz and the contour Dy is as in Definition 3.2. There was some freedom in

specifying the contour (271;@;@. It will be convenient for us to fix a particular contour in
performing asymptotics. Let u = § max(a) 4 3 min(). Then we define the contour C;,. ., as
the image of ¢* + e*¥ R, under the map x — In,z. This contour is illustrated in Figure 5.
Note that as e — 0 this contour converges locally uniformly to Cq;q., from Definition 2.4, as
can readily be seen by Taylor expanding the map = — In, .

It follows from the above observation that the contour on which the kernel K is defined
converges as € — 0 to the contour Cq,q,, on which the kernel in Theorem 5.1 is defined. Let
us now likewise demonstrate the pointwise convergence of the integrand in the integral (5.2)
defining kernel K¢ to that of the kernel K,.

Consider the behavior of each term as ¢ — 1 (or equivalently as ¢ — 0 as ¢ = ¢~ ):

Tse~ 1 _C ’ s
q"Ing 1

5.5
qs-i—v_qv’—)U_l_s_vl’ ( )
Ly(v—am) F(v—ay) (5.6)

F,v+s—an) T(s+v—ay)’ ’
y(am —s—v) . Doy, — s —v) | (57)

Iy(am —v) Doy, —v)

6—755*1 exp (;}/q—v(q—s . 1)) s ev'rs+7-s2/2 ' (58)

Combining these pointwise limits together gives the integrand of the kernel K, given in
Theorem 2.1. In order to prove convergence of the Fredholm determinant, one needs more
than just pointwise convergence.
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There are four things we must do to complete Step 2 and prove convergence of the de-
terminants. In proving convergence of Fredholm determinants it is convenient to have the
contour on which the operators act be fixed as € varies.

In Step 2a we deform Cg,., to a contour Cg ... with a portion Cy.a.p<, (of distance < r

to the origin) which coincides with the limiting contour Cq.q.

Then in Step 2b we show that for any fixed x > 0, by choosing ¢y small enough and 7
large enough, for all ¢ < gy and r > ry the determinant restricted to L*(Cy..p<,) differs from
the entire determinant on LQ(C;OW;T) by less than . Thus, at an arbitrarily small cost of &,
we can restrict to a sufficiently large radius on which the contour is independent of €.

In Step 2c we show that for any x > 0, for ¢ small, the Fredholm determinant of K
restricted to L?(Cyyasp:<r) differs by at most  from the Fredholm determinant of K, restricted

to the same space.

Finally, Step 2d shows that for ry large enough, for all » > ry the Fredholm determinant of
K, restricted to L*(Cy.n.p:<r) differs from the Fredholm determinant of K, on L*(Cy.n.p») by
at most k. Summing up the steps, we deform the contour, cut the contour to be finite, take
the ¢ — 0 limit, and then repair the contour to its final form — all with error at most 3« for
+ arbitrarily small.

Step 2a: We must define the contour to which we want to deform C¢ and then justify

a;;p0
that this deformation does not change the value of the Fredholm determinant.
Definition 5.4. Fiz ¢ € (0,7/4), r > 0, and real numbers a = {ay,...,any} and
a={aq,...,apn} such that oy —a, > 0 for all1 < n < N and 1 < m < M. Define
the finite contour Copuper to be {p+te™o1 1 0 <t < r}U{p+te™ 10 <t <7}
where we have set p = %max(a) + %min(a). The mazimal imaginary part along Cea;pi<r 15

rsin(p). Define the infinite contour Cg.,...,. (oriented with increasing imaginary part) to be
the union of Coazpicr With Cgp sy and Cg ... Here, the contour Cg,.,.~, is the portion
of the contour Cg.,., which has imaginary part exceeding rsin(p) in absolute value; and the
contour Cg..,._, s composed of the two horizontal line segments which join Cyap<r with
Coraspisr- These contours are illustrated in Figure 5.

Now we justify replacing the contour C¢. . by C¢

a;o;p a3

Lemma 5.5. For any r > 0 there exists g > 0 such that for all € < ey,
det(]l + KZ)LQ( ) = det(]l + KZ)LZ(Ce )-

a;a;p;r
Proof. The two contours differ only by a finite length modification. We can continuously
deform between the two contours. We will employ Lemma C.1 which says that as long
as the kernel is analytic in a neighborhood of the contour as we continuously deform then
the Fredholm determinant remains unchanged throughout the deformation. The only things
which could threaten the analyticity of the kernel are the poles coming from the left-hand
side terms of (5.5), (5.6) and (5.7). On account of the condition satisfied by the contour D»
(see Definition 3.2), it follows that these poles are avoided. By choosing ¢ small enough, the
two contours we are deforming between can be made as close as desired. Taking them close
enough ensures it is possible then to deform between them while avoiding poles of the kernel
in v or v' — hence proving the lemma. 0

€
Coiase
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CE

a;op; >

FIGURE 5. Left: The infinite contour Cg,., and the limiting contour Cya;gp-
Right: The infinite contour C; (which we deform from C¢,.,).

a;a;p;r a;osp

Step 2b: We must now show that we can, with small error, restrict our Fredholm determinant
to acting on the finite, fixed contour Cy;a;p:.<r- This requires us choosing r > ry for ry large
enough, and also choosing € < gy for gy small enough.

Proposition 5.6. Fiz ¢ € (0,7/4). For any k > 0 there exist ro > 0 and g9 > 0 such that
for all r > rg and ¢ < g9

a;a;<P;<7") S K.

det(IL + KZ)Lz(CE;a;(p;r) - det(IL + KZ)LQ(C
The proof of this proposition is fairly technical and is given in Section 5.5.

Step 2c: Having restricted our attention to the finite contour Cgqa;p, < Which does not change
with e, we may now take the limit of Fredholm determinants on the restricted L? space as
e —0.

Proposition 5.7. Fiz ¢ € (0,7/4). For any k > 0 and any r > 0 there exists g > 0 such
that for all € < g

‘det(IL—I—KZ)Lz(C y —det (1 + Ky)r2c <k

;0595 <T a;a;¢;<7")

where K, (v,v") is given in Theorem 2.1.

The proof of this proposition is also fairly technical and is given in Section 5.4.

Step 2d: Finally, we show that post-asymptotics we can return to the simple infinite contour

Ca;a;eo'

Proposition 5.8. Fiz ¢ € (0,7/4). For any k > 0 there exists 1o > 0 such that for all
T >Tg

}det(]l + Ku)LQ(Ca;a;Lp;<r) — det(IL + KU)LQ(CQ;QW)‘ < K.

The proof of this proposition is given in Section 5.3. It is a fair amount more straightforward
than the previous two proofs and hence is given first.
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Having completed the four substeps, we may combine Propositions 5.6, 5.7 and 5.8 to show
that for any k > 0, there exists g9 > 0 such that for all € < ¢,

det(1 + KC)LQ(gafl;&w) —det(1 + K,) 12(Comn) | < 35

where det(1 + K’C) is as in the right-hand side of Proposition 5.3. Since x is arbitrary this
shows that

li_}ng) det(1 + Kg)LZ(grl;dyw) = det(1 + Ky)r2(c

a;(wp)'

The above result completes the proof of Proposition 5.3 modulo proving Proposi-
tions 5.6, 5.7 and 5.8.

5.3. Proof of Proposition 5.8. By virtue of Lemma C.2, it suffices to show that for some
c,C' >0,
| Ko (v, 0)| < Ce (5.9)

as v, v varies along Cg.q.p.

Before proving this let us recall the contours with which we are dealing. The variable v lies
on Cg.a;p and hence can be written as v = 1 — K cos(p) * ik sin(p), for k € Ry where the +
represents the two rays of the contour. The s variables lie on D,, which depends on v and has
two parts: The portion (which we denote by D, ) with real part bounded between 1/2 and
R and imaginary part between +d for d sufficiently small, and the vertical portion (which we
denote by D,,)) with real part R. Recall that R = — Re(v)+n where 7 = : max(a)+2 min(a).

Let us denote by h(s) the integrand through which K, (v,v") is defined. We split the proof
into two steps. Step 1: We show that the integral of h(s) over s € D, is bounded by an
expression with exponential decay in |v|, uniformly over v'. Step 2: We show the integral of
h(s) over s € D, is bounded by an expression with exponential decay in |v|, uniformly over
v'. The combination of these two steps imply the inequality (5.9) and hence complete the
proof.

Step 1: We deal with the various terms in h(s) separately and develop bounds for each. Write
s = = + iy and note that along the contour D,., y € [—d,d] for d small, and x € [1/2, R].
Let us start with e*™**7*/2. The norm of this is bounded by the exponential of the real

part of the exponent. For s along D,

72 y?
Re(vs + s%/2) = 2 Re(v) + 5 yIm(v) — 5
Given our choice of R = — Re(v) + n, by taking d sufficiently small and using the bound

Re(v) < & — |v] for some constants ¢, & (depending on ¢), we may deduce that
Re(vs + s?/2) < & — c|v|
for some constants ¢, ¢ > 0. From this it follows that

2 _
|6v7's+'rs /2| < Ce cﬂv\x‘

Turning to the other terms in A(s), we have that

‘us‘ < v In |u|—y arg(u)
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and we may also bound
L(v—an) Foy, — v —s)
F(s+v—anm)|’ (o, —v)

for some constant const > 0. The first two bounds come from the functional equation for the
Gamma function, and the last from the fact that s is bounded away from Z. Let us explain
in some further detail the first bound (the second follows in a similar manner). Just for this
argument, call o = v+ a,,. It follows that o = i — k cos(p) ik sin(p) with fi real and strictly
positive. We can write s = t + r where t € Z>( and r has real part bounded in [0,1) and
imaginary part bounded between +d. The functional equation for the Gamma function then
implies that

1

v+ s—

. |T(=s)'(1+s)] < const (5.10)

L) 1 1 1 ['(0)
T(s+0) s—1+0s—24+0 r+ol(r+0)
s_;M, Jj € Z>1, are bounded in norm by a
constant (uniform as © and s vary along their contours), and, in fact, all but two of those
factors are bounded in norm by 1. This implies that the product of these factors is bounded

by a constant (uniform as © and s vary along their contours). As for the remaining factor

1“?7«(2)7 as 1 varies with real part in [0, 1) and imaginary part in [—d, d], and as © varies along
its contour, this ratio remains uniformly bounded by a constant. This implies the first bound
in (5.10). The second follows in a similar manner.

Combining the bounds from (5.10) together shows that for |v| large, the portion of the

integral of h(s) for s in D, is bounded by (recall s = z + iy)

As v varies along its contour, all of the factors

/ |ds|const - e~cTIvleteinjul—arg(w)y < Crp=cl]
Do

for some constants ¢, C' > 0.

Step 2: As above, we consider the various terms in h(s) separately and develop bounds for
each. Let us write s = R+iy and note that s € D, corresponds to y varying over all |y| > d.
As in Step 1, the most important bound will be that of euTstTs?/2,

Observe that

B2y (y+Im(v)? | Im(v)? R

2 /9y _ _ oy _ v
Re(vs + s°/2) = Re(v)R — Im(v)y + 5 5 5 t— Tt Re(v)R.
Observe that because ¢ € (0,7/4) and R = — Re(v) + 7,
I 2 2
m;w + % + Re(v)R < é— clv]?
for some constants ¢, ¢ > 0. Thus
(y + Im(v))?

Re(vs + s%/2) < — +&— vl (5.11)

2
Let us now turn to the other terms in A(s). We bound

|us| < eRln |u|—yarg(u) )
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By standard bounds for the large imaginary part behavior, we can show

Nay, —v—23)
I, —v)

< Ce Gl < ¢

’ T(v — am)
T(s+v — an)

< Ce%ly\7 ’

for some constant C' > 0 sufficiently large and € > 0 small enough. Also, |1/(v+s—v")| < C
for a fixed constant. Finally, the term

IT(=s)I'(1+49)| < Ce~

for some constant C' > 0.
Combining these together shows that the integral of h(s) over s in D, is bounded by a
constant times

I 2
/exp <—7w — 7clv)? + Rln |u| — yarg(u) — w|y| + N%\y\) dy. (5.12)
R

We can factor out the terms above which do not depend on y, giving

L

exp (—7c|v|? +Rln|u|)/ 5

s
~ yarg(u) + N3 o) do
R

Notice that the prefactors on y and |y| in the integrand’s exponential are fixed constants. We
can therefore use the following bound that for a fixed and b € R, there exists a constant C'
such that

/ eVl gy < Cell s ) (5.13)
R

For a < 0 this inequality is obvious, so let us assume a > 0 and consider which y maximizes
the exponential in the integrand on the left-hand side of the inequality. Without loss of
generality, we may take b > 0 as well. It is clear that the maximizing y will be negative,
so we are looking for the maximum over y < 0 of —v(y + b)?> — ay. This is achieved when
y + b = —45; which means that the maximal argument of the exponential is % + ab. It is
easy to see that there is rapid decay away from this maximal value and hence the integral

a2
is bounded by a constant time eir . Since a is fixed, this is itself like a constant time e?.

The argument for b < 0 likewise produces a bound by a constant times e, hence inequality
(5.13) follows.
Using inequality (5.13), we find that we can upper-bound (5.12) by

exp (—7cv]* + Rln|u| + ¢|v]) .

For |v| large enough, the Gaussian decay in the above bound dominates, and hence integral
of h(s) over s in D, is bounded by

Ce<ll

for some constants ¢, C' > 0.
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5.4. Proof of Proposition 5.7. Fix x,r > 0. We are presently considering the Fredholm
determinant of the kernels K; and K, restricted to the fixed finite contour Cynpicr. By
Lemma C.3, we only need to show convergence of the kernel KZ(v,v") to K,(v,v") as e — 0,
uniformly over v,v" € Cyq.p.<,. This is achieved via showing that for all " > 0 there exists
g9 > 0 such that for all € < ¢ and for all v,v" € Cyazpi<r,

| K (v,0") — K, (v,0")] < K. (5.14)

The kernels K¢ and K, are both defined via integrals over s. The contour on which s
is integrated can be fixed for (¢ < g¢) to equal D,, which is the s contour used to define
K,. The fact that the s contours are the same for K and K, is convenient. The proof of
(5.14) will follow from three lemmas. The first deals with the uniformity of convergence of
the integrand defining K¢ to the integrand defining K, for s restricted to any fixed compact
set.

Before stating this lemma, let us define some notation.

Definition 5.9. Let D,.~; = {s € D, : |s| > L} be the portion of D, of magnitude greater
than L and similarly let Dy« = {s € D, : |s| < L}. Let us assume L is large enough so
that Dy.~p, is the union of two vertical rays with fived real part R = — Re(v) +n (recall n =
L max(a) + 2 min(w)). Assuming this, we will write s = R+1y. Then for y, = (L* — R*)'/?2,
the contour Dy~ = {R+1iy: |y| > yr}.

Lemma 5.10. For all " > 0 and L > 0 there exists g > 0 such that for all € < &g, for all
0,V € Coazpar, and for all s € Dy,

hq(s)—F(—s)F(1+s)ﬁ (v=an) ﬁr _”_S) R PP (5.15)
S T(s+tv—an) -5 T(a vts—v | '

where h? is given in (5.3).

Proof. This is a strengthened version of the pointwise convergence in (5.4) through (5.8). It
follows from the uniform convergence of the I', function to the I' function on compact regions
away from the poles (cf. Appendix G, as well as standard Taylor series estimates. The choice
of contours is such that the pole arising from 1/(v+s—v') is uniformly avoided in the limiting
procedure as well. 0

It remains to show that for L large enough, the integrals defining KZ(v,v’) and K, (v,v)
restricted to s in D,.~r, have negligible contribution to the kernel, uniformly over v, v’ and
¢. This must be done separately for each of the kernels and hence requires two lemmas.

Lemma 5.11. For all ' > 0 there exist Ly > 0 and 9 > 0 such that for all € < &g, for all
0,0V € Conipicr, and for all L > Ly,

‘/ dshi(s)| <k
Dv;>L

Proof. We will use the notation introduced in Definition 5.9 and assume L is large enough
so that D,.~r, is only comprised of two vertical rays.
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Let us first consider the behavior of the left-hand side of (5.8). The magnitude of this term
is bounded by the exponential of

Re(—7e s + 721 (¢~ — 1)).

This quantity is periodic in y (recall s = R+iy) with a fundamental domain y € [—me™!, we™!].
For e7!'7 > |y| > yo for some y, which can be chosen uniformly in v and e, the following
inequality holds
Re(—7e's+e2rq7 (¢ % — 1)) < —19*/6.

This can is proved by careful Taylor series estimation and the inequality that for x € [—m, 7],
cos(x) — 1 < —x?/6. This provides Gaussian decay in the fundamental domain of y.

Turning to the ratio of ¢-Gamma functions in (5.6), observe that away from its poles, the
denominator

1

Ly(s+v—ap)
where ¢, ¢ are positive constants independent of € and v (as it varies in its compact contour).
This establishes a periodic bound on this denominator, which grows at most exponentially
in the fundamental domain. The numerator I',(v — a,,) in (5.6) is bounded uniformly by a
constant. This is because the v contour was chosen to avoid the poles of the Gamma function,
and the convergence of the ¢-Gamma function to the Gamma function is uniform on compact
sets away from those poles.

Similarly,

< ¢ecdist(Im(s),2me~12) (5.16)

ILg(om —s—v)| < ce— ¢ dist(Im(s),2m 1 Z) <

where ¢, ¢’ are positive constants. This is from the uniform convergence of the g-Gamma
function to the Gamma function which implies that I'; (o, — v) remains uniformly bounded
from below as v € Cg;qp;<, varies.

Finally, the magnitude of (5.4) corresponds to |u®| and behaves like e~ lultvars(w)  Thys,
we have established the following inequality which is uniform in v, v and € as y varies:

s v N M ~
< —( ) ¢"Ing e;/qv(qS_l)H Ly(v+1Ing(a; Hf‘q (Ing(&; —s—v)
(1—q)V) ¢tv—¢” el § (s+v+lnq i) — )

J [y (Ing(a

<ée (dist(lm(s)72ﬂ5712)) /6+CIN‘diSt(Im(S)’zwailz)‘ (517)

for some constant ¢ > 0. Notice that this inequality is periodic with respect to the funda-
mental domain for y € [—me™!, me71].
The last term to consider is I'(—s)['(1 + s) =

like e=™1¥l for y € R. Since D, is only comprised of two vertical rays, we must control the
integral of hi(s) for s = R + iy and |y| > y,. By making sure L is large enough, we can
use the periodic bound (5.17) to show that the integral over y; < |y| < e ' is less than x
(with the desired uniformity in v,v" and €). For the integral over |y| > ¢~ 'm, we can use the
above exponential decay of T'(—s)I'(1+ s). On shifts by 2re™'Z of the fundamental domain,
the exponential decay of I'(—s)['(1 + s) can be compared to the boundedness of the other
terms (which is certainly true considering the bounds we established above). The integral of

Sm(m which is not periodic in y and decays
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each shift can be bounded by a term in a convergent geometric series. Taking ¢y small then
implies that the sum can be bounded by «" as well. 0

Lemma 5.12. For all " > 0 there exists Ly > 0 such that for all v,v" € Cyn.p<r, and for
all L > Ly,

N M 2
v —ay) I(ay, — v — 8) u®e’™s+7s°/2
dsI'(—s)I'(1 !,
/DU->L ° e 1;[ s+v—an)7£[1 Doy —v) v4+s—0

Proof. The desired decay here comes easily from the behavior of vs + s?/2 as s varies along
Dy.~1. As before, assume that Ly is large enough so that this contour is only comprised of
two vertical rays and set s = R+1y for y € R for |y| > yr. As in the proof of Proposition 5.8
given in Section 5.3, one shows that

|em—s+7—32/2| < C6_Cy2
uniformly over v, v’ € Cy0:0:<r, and for all L > L,. This behavior should be compared to that

—7|Yy|. S —Rln|u arg(u). I'v—an ™
of the other terms: |['(—s)['(1 + s)| a& e ™V, |u®| = e~ Rinlul+yars(w), ’m < Celvln/2;

< Celm/2=9); and |1/(v+ s +v')| < C as well. Combining these observations we

’ T'(am—v—s)
I'(am—v)

see that the integral decays in |y| at worst like Ce~*+<'ll Thus, by choosing L large enough
so that y;, > 1, we can be assured that the integral over |y| > y. is as small as desired,
proving the lemma. 0

Let us now combine the above three lemmas to finish the proof of the Proposition 5.7.
Choose k' = r/3 and fix Ly and €| as specified by the second and third of the above lemmas.
Fix some L > Ly and let ¢ equal the length of the finite contour D,..j. Set x” = ’3‘—; and
apply Lemma 5.10. This yields an gy (which we can assume is less than &f) so that (5.15)

holds. This implies that for e < gy, and for all v,v" € Cy . <,

Z:v;<L
S, UTS+TS /2

il F('U_a> MF(O[ —’U—s)ue
/i;v;<L ( S) ( +S)7£[1F(S+U—an)ng F(O{]—U) U_l_s_,U/ dS —'l{'/3

From the triangle inequality and the three factors of £'/3 we arrive at the claimed result of
(5.14) and thus complete the proof of Proposition 5.7.

5.5. Proof of Proposition 5.6. The proof of this proposition is essentially a finite ¢ (recall
q = e~ ¢) perturbation of the proof of Proposition 5.8 given in Section 5.3. The estimates
presently are a little more involved since the functions involved are g-deformations of classic
functions. However, by careful Taylor approximation with remainder estimates, all estimates
can be carefully shown. By virtue of Lemma C.2, it suffices to show that for some ¢, C' > 0,

|KE(v,0)| < Ceme, (5.18)
Before proving this, let us recall from Definition 5.4 the contours with which we are dealing.

The variable v lies on C for ¢ € (0,7/4). The s variables lies on D, from Definition 2.4

;o
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which depends on v and can be divided into two parts: The portion (which we denote by
D, ) with real part bounded between 1/2 and R and imaginary part between —d and d for d
sufficiently small; and the vertical portion (which we denote by D, |) with real part R where
R = —Re(v) +n and n = $ max(a) + 2 min(a).

Let us recall that the integrand in (5.2), through which K¢2(v,v’) is defined, is denoted by
hi(s). We split the proof into two steps. Step 1: We show that the integral of hi(s) over
s € D, is bounded for all ¢ < gy by an expression with exponential decay in |v|, uniformly
over v'. Step 2: We show that the integral of h%(s) over s € D, is bounded for all € < ¢ by
an expression with exponential decay in |v|, uniformly over v’. The combination of these two
steps implies the inequality (5.18) and hence completes the proof.

Step 1: We consider the various terms in h?(s) separately (in particular we consider the left-
hand sides of (5.4) through (5.8)) and develop bounds for each which are valid uniformly for
e < go and gy small enough. Let us write s = x + iy and note that along the contour D, -,
y € [—d, d] for d small, and = € [1/2, R].
Let us start with the left-hand side of (5.8) which can be rewritten as
exp (T(—e's+e ¢ "(¢° - 1))).

The norm of the above expression is bounded by the exponential of the real part of the
exponent. For ¢ € (0,7/4), one shows (as a perturbation of the analogous estimate in Step
1 of the Proof of Proposition 5.8) via Taylor expansion with remainder estimates that

TRe(—e s +e2¢ (¢ — 1)) < é—Tclulx
for some constants ¢, ¢. The above bound implies
lexp (r(—e~'s + 72 (q = 1)))| < Ce—melvle
Let us now turn to the other terms in h%(s). We bound the left-hand side of (5.4) as

67—36*1 < —C )8
1=

We may also bound the left-hand sides of (5.5), (5.6) and (5.7), as well as the remaining
product of Gamma functions by constants:
Ty(v+1Iny(a,')) Ly(Ing(dm) — s — )
Ly(s +v+1Ing(az") |’ Lg(Ing(dim) —v)
for some constant const > 0 (which may be different in each case). The first two bounds
come from the functional equation for the ¢-Gamma function (cf. Appendix G), and the last

from the fact that s is bounded away from Z.
Combining these together shows that for |v| large,

/ hi(s)ds
DU,E

for some constants ¢/, C’ > 0, while for bounded |v| the integral is just bounded as well.

< C|us| < Cemln\u|—yarg(u).

¢"Ing
qs—l—v _ qv’

, |I(=s)I'(1+s)] < const

< Ce—Tc\v\ Re(s)+z In |u|—y arg(u) ‘dS‘ < Cle—c’|v|
DU,E
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Step 2: As above, we consider the various terms in h?(s) separately and develop bounds for
each. Let us write s = R + iy and note that s € D, corresponds to y varying over all
ly| > d. Four of the terms we consider (corresponding to the left-hand sides of (5.5), (5.6),
(5.7) and (5.8)) are periodic functions in y with fundamental domain y € [—7e™!, me~!]. We
will first develop bounds on these four terms in this fundamental domain, and then turn to
the non-periodic terms.

We start by controlling the behavior of the left-hand side of (5.8) as y varies in its funda-
mental domain. For each ¢ < /4 there exists a sufficiently small (yet positive) constant ¢
such that as y varies in its fundamental domain

TRe(—e's+e2¢ (¢ % — 1)) < 7 Re(vs + s%/2).

On account of this, we can use the bound (5.11) from the proof of Proposition 5.8. This
implies that

TRe(—els+e g (¢~ 1)) <7 <—M — c\v|2> .

Let us now turn to the other y-periodic terms in h9(s). By bounds for the large imaginary
part behavior of the ¢-Gamma function, we can show
Ty(v +1Iny(az,"))
Iy(s+v+In,a;!))
for some constants ¢, C' > 0. Note that as opposed to (5.16) when |v| was bounded, in the
above inequality, we write dist(Im(s + v),2me~'Z) in the exponential on the right-hand side.
This is because we are presently considering unbounded ranges for v.
One has similarly the bound
[y(Ing (&) — v —s)
Ly(Ing(am) — v)
for other positive constants C' and ¢
Also, we can bound

i —1
Cle dist(Im(s+v),2ne~1Z)

< Ce—c’dist(lm(s-{—v) 2me17)

¢"Ingqg

qs—l—v _ qv S C

for some constant C' > 0.
The parts of h9(s) which are not periodic in y can easily be bounded. We bound the
left-hand side of (5.4) as in Step 1 by

IT(—s)T(1 + s)| < Ce™ ™

< C|u5| < Cexln\u|—yarg(u)‘

Finally, the term

for some constant C' > 0.

We may now combine the estimates above. The idea is to first prove that the integral on the
fundamental domain y € [—me~!, me~!] is exponentially small in [v]. Then, by using the decay
of the two non-periodic terms above, we can get a similar bound for the integral as y varies over
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all of R. For j € Z, define the j shifted fundamental domain as D; = je~ 27+ [—c 7, e 7.

Let
I; ::/ h'(R +iy) dy
Dj

and observe that combining all of the bounds developed above, we have that

—1

Ll<C [ By)F(y)dy
where
I 2
Fi(y) = exp (c'T <—w — c|v|2> + 'dist(Im(s + v), 2me ' Z) + zln |u|) ,

Fy(y) = exp (—(y + je'2m) arg(u) — wly + je~'2n]).
The term Fi(y) is from the periodic bounds while Fy(y) from the non-periodic terms (hence

explaining the je~!27 shift in y). By assumption on u, we have —arg(u) — 7 = § < ¢ for
some 0. Therefore Fy(y) < Ce= "1l for some constants ¢, C' > 0. Thus

—1

I < Cee / Fi(y) dy.

—e 1

Just as in the end of Step 2 in the proof of Proposition 5.8, we can estimate the integral

—1

/ Fi(y)dy < Ce el

—e 1

for some constants C, ¢ > 0. This implies || < CCee=lile=élvl Finally, observe that

/ﬁ hi(s)ds

v,

< Z |I;| < CCe el Z e~ il < et

= JEZ.

where C’ is independent of € as long as ¢ < gy for some fixed 3. This is the bound desired
to complete this step.

6. SHE/KPZ EQUATION WITH TWO-SIDED BROWNIAN INITIAL DATA — PROOF OF
THEOREM 2.9

6.1. Convergence of the Laplace transforms. Recall the special semi-discrete directed
random polymer considered in Definition 2.5 in which M =1 and a; = a, a,, = 0 for n > 1,
and oy = a > 0. We denoted by Z(7, N) the semi-discrete directed random polymer partition
function in which the weight w_; ; is replaced by zero. We will now observe how, by scaling
7, N, a,a accordingly, it is possible to show convergence of this partition function to the
solution to the SHE with initial data related to the scalings of a,«. Towards this end, let
T > 0 and X € R represent the limiting time and space variables for the SHE and define the
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following N dependent scalings

T X
Y 6.1
FEVN TN (6.1)
r= KN = VTN + X. (6.2)

Definition 6.1. Let U(z) = L InT(2) be the digamma function. For a given § € R, define

R(0) = T'(0), [(0):=0V'(0) —W(b), c6):=(-0"(0)/2)"".
We may alternatively parameterize 8 € Ry in terms of k € Ry as

0, = (V) ' (k) ER,, f.:= %Eg(mt —U(t) = f(6,), c:=c(by).

As given at the beginning of Section 6 in [10], the large 0 asymptotics of k and [ are
1 1 1

f(0) =1—1n(0) + % + ﬁ +0071). (6.4)

Theorem 6.2 ( [01]). Fiz T > 0, X € R and real numbers b < [3. With Definition 6.1,
let ¥ = 9\/T/—N ~ /N/T + % Consider the semi-discrete directed random polymer in Def-

inition 2.5 with partition function Z(t,N). Let the a and « parameters of the polymer be
defined as
a=v+b a=19+p. (6.5)
Define the scaling factor
1 1
O(N,T, X) = exp <N +5(N = 1) In(T/N) + 5 (\/TN + X) + X\/N/T) .
Then, as N goes to infinity,
Z(VTN + X, N)
C(N,T,X)

The convergence is in distribution and 2, 3(T, X) is the solution to the SHE given in the
statement of Theorem 2.9.

= Zbﬁ(T, X)

Instead of ¥ in Theorem 6.2, we choose our scaling parameter for the analysis and for (6.5)

to be
N X 1
0 =0c~ 1\ — =+ 3 (6.6)

which is the 6, given in Definition 6.1 that corresponds to x given in (6.1). We rewrite (6.5)
as
a=0+b+X/T, a=0+p+X/T.

The scaling factor that appears in Theorem 6.3 below is

1 T 1 N, T X, 6 x2
w— Se~N-3(O-1)In F—IVIN-x\/F+L-F+37 (6.7)
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By comparing the exponents of C(N, T, X) and u and by Theorem 6.2,

2
uZ(r,N) = Sexr 2 2, 4(T, X) (6.8)

in distribution as N — oo where 2, 3(7, X) is the partition function of the continuous
directed random polymer (CDRP) with boundary drift b and 5. The convergence of the
Fredholm determinant is the following.

Theorem 6.3. Fix S with positive real part, T > 0, b < [ real numbers and assume that
X =0. Setk and 7 as in (6.1) and (6.2), o as in (2.7) and 6 as in (6.6). Define the
parameters

a=0+b a=0+70, (6.9)
and use u given in (6.7). Then

]\}1_{1(1)0 det(IL + Ku)LQ(C ) = det(IL - Kb,B)LZ(R+) (610)

a+;a;7r/4

where ay = max{a,0} and K, is defined in (2.6).

Remark 6.4. The Fredholm determinant in the left-hand side of (6.10) is a special case of
the one in Theorem 2.1 where we specialized to a1 = a, as = a3 =...=0, a1 = a, M = 1.
The condition ¢ € (0,7/4) in Theorem 2.1 is to ensure that the Fredholm series converges.
w = m/4 is the borderline and depending on where the line crosses the real azis, the series
might converge or not. In Theorem 6.3, we use ¢ = 7w/4 and the crossing at the axis is chosen
to be the critical point. For this case, as one can see from the estimates in the proof (see e.q.
Lemma 6.6), the Fredholm series converges.

In order to keep the notation simpler, we prove the theorem above for X = 0; in the X # 0
case, one can simply substitute b by b+ % The condition on the parameter S comes from its
appearance in the argument of the logarithm and as base of powers with complex exponent.
In order to avoid the different branches, we restrict it to the halfplane with positive real part.

In order to prove Theorem 2.9 and 2.13, we need some bounds on the modified Bessel
function which are contained in the following lemma.

Lemma 6.5. Forv >0 and x € R, it holds:

(a) x+— x"K_, () is positive, continuous and decreasing in x € Ry,

(b) 0 < 2"K_,(z) < C(v) with C(v) =2"T(v) ~v ' asv — 0,

(¢) 0< =LK, (z) = 2"Ki_p(z) < C|1 — v|a? with f = max{1,2v — 1},
(d) K_,(z) ~ Ce 272 as x — oo where C is independent of v.

Proof. By the integral representation 9.6.24 of [1],
K, (x) :/ dt cosh(vt)e @bt
Ry

properties of (a) are trivially verified. To get (b), we bound the cosh by simple exponential
and obtain

'K, (z) < / dtz’e’ e /2 = 2T (v, 2:/2)
Ry



HEIGHT FLUCTUATIONS FOR THE STATIONARY KPZ EQUATION 56

where I'(a, z) is the incomplete Gamma function (where the last equality is obtained by the
change of variable 7 = ze’/2). In particular, I'(r,0) = I'(v). As 2"K_,(z) is monotone, (b)
is shown. The bound in (c) is obtained using (b), subdividing the cases v € (0,1] and v > 1
taking into account that K, (z) = K_,(x). Finally, the bound (d) is formula 9.7.2 of [1]. O

Proof of Theorem 2.9. We start with (2.3). By Lemma 6.5, 2"K_,(x) is a continuous and
bounded function. Then, the convergence in distribution (6.8) implies that the left-hand side
of (2.3) converges to that of (2.5). The convergence of the right-hand side of (2.3) to that of
(2.5) is exactly Theorem 6.3 which is proved below. O

The rest of this section is devoted to the proof of Theorem 6.3.

6.2. Formal critical point asymptotics. By using (6.6) and comparing (6.7) with (6.4),
we have

S _

u = 2 e NIHOWNTY2)
0
that is, we can work with
S
u = 5e—Nfﬂ (6.11)

instead to get the same limit.
To rewrite the kernel K, first we apply the identity I'(—s)['(1 — s) = —n/sin(ws). Then,
we do a change of variable Z = s + v, to get

N ) 7r T(w)N~texp (3702 —vlnu) 1 T(v—a)T(a—3)
Kulo.v) = 55 /Uwvdzsm(w(z —0))T(E) ¥ Texp (4722 — Zlnu) 2 — ' (2 —a) T(a — )’
(6.12)
Let ,
G(2) =InT(2) — k— + f.z. (6.13)

2
We are looking for the critical point of GG, hence we are to solve the equation

G'(2)=¥(2) —kz+ f. =0.

It follows from Definition 6.1 that 6, is a double critical point, i.e. G'(6,) = G”(6,) = 0 and
the Taylor series is

cx)?

3

With the present choice of k, we have ¢, = ¢~ 'N~1/3, hence

@Q
—
N
~—
I
@Q
—
>

=
~—
|
—~

(z—0.)+ 0 ((z— 9,04) :

1 4
NGO+ ow) = NG(0) — gw?’ +0 (%) . (6.14)
We can rewrite the kernel in (6.12) using (6.11) and (6.13) as
Z—v NG(v)-NG(2) _ _ =z 2\ Qv
Ko(0,0)) = _i‘ A5 7TS~ e F(zj a)(a—2)T(2) 9_
27 Joup, sin(n(Z—wv)) Z—v TI'(Z—-a)(a—v)I(v)0?
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We do the change of variables v = 0 4+ ow, v/ = 0 4+ ow’ and Z = 0 + oz and substitute (6.9)
to get

1 O.,]TSo(z—w) 6NG(G—{—crw)—NG(G—}—crz)
Ky(w,w') = ——,/ Z—
27 Jo,  sin(om(z —w)) z—w
y F(ow—=0)T(f—0z) T(0+0z) 07
C(oz—0) (B —ow) (0 + ow) 677
As 0 goes to infinity with N, for the last two factors,
[0+ oz) 07
[0 + ow) 672

Along with the Taylor expansion in (6.14), we get that

— 1.

Ko(w,w') = =Ky p(w, ')
where
Ko s(w, w') = i/ . onSIEw) BB (g — b) T(B — 0z) |
: 27 Jo.  sin(om(z —w)) z—w' T(oz—b) (8 —ow)

The Fredholm determinant of this kernel is rewritten in terms of a Fredholm determinant on
L*(R,) in Lemma 6.11.

(6.15)

6.3. Rigorous asymptotic analysis. Let us first assume that

1 1

We will relax this assumption at the end of Section 6.4.

We follow the lines of the proof of Theorem 3.3 in [16]. We have to determine
limy o0 det(1 + Ky)r2¢c,) where the contour C, is defined below and it is different from
the contour given in Theorem 2.9. This change of notation only applies for this section, so it
will not cause difficulties. The contour C, is chosen as

Co={0—1/4+ir|r| <ryu{fe,t* < |t| <m/2} U{0 — |y| +1iy, |y| > 6}

where
0 1 1 1
== — — = i — — . 1
r 5~ T t* = arcsin < 59 166’2> (6.17)
The contour C; is set as
¢
C:={0+p/4+if, 5 € R}U | J Bos (6.18)

k=1
where B, is a small circle around z clockwise oriented and p € {1,2} depending on the
value of v, see Figure 6. More precisely, for given v, we consider the sequence of points
S = {Re(v) + 1,Re(v) + 2,...} and we choose p = p(v) and ¢ = {(v) as follows:
(1) If the sequence S does not contain points in [0, 60 + 1/2], then let £ € Ny be such that
Re(v) + ¢ € [0 —1,60] and we set p = 1.
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NG C: NGy C.

\\»\ - v \“~\\\\w \
e o o o o \.\\®® e o o o e o o o o \.\\®® e o o o

| s |
a. 8] o o

.—H—H—H—H—H—o—o:—}— H—H—H—o—o—o—o—o—o—ol—}——o—o—o—o—r»

0 VATIRN _o VTN

1 j4 g 1
9_1 | 9+Z E /\ ﬁ
A A

FIGURE 6. Left: Integration contours C, (dashed) and C; (the solid line plus
circles at v + 1,...,v + {) where the small black dots are poles either of the
sine or of the gamma functions. Right: Integration contours after the change
of variables C,, (dashed) and C. (the solid line plus circles at w+1,...,w+{),
with p = p(w) € {1,2}.

(2) If the sequence S contains a point in [0,0 + 3/8], then let ¢ € N such that
Re(v) + 0 € [6,0 + 3/8] and set p = 2.
(3) If the sequence S contains a point in [6 + 3/8,6 + 1/2], then let ¢ € N such that
Re(v)+ (€ [0 —5/8,0 —1/2] and set p = 1.
With this choice, the singularity of the sine along the line 6 + p/4 + iR is not present, since
the poles are at a distance at least 1/8 from it. Also, the leading contribution of the kernel
will come from situation (1) with £ =0 and p = 1.

This choice of the contours is identical to the one made in the unperturbed case in [16].
If condition (6.16) holds, these contours can be used, since the extra singularities coming
from I'(v — a) are on the left-hand side of C, and the poles coming from I'(ow — Z) are on
the right-hand side of C;. Otherwise the contours have to be locally modified. This is made

precise later.
With o defined in (2.7), we do the change of variables

{v,v", 2} ={®(w), ®(w'), ®(2)} with ®(z) =0+ z0
and
Ky(w,w') := o K, (®(w), (w)) =
1 / onSolz—w)  NG(O+ow)-NG(0+02) P(O”w _ b) F(ﬁ _ O'Z) 1—‘(9 + O'Z) gow
c

Zsin(mr(z —w)) z—w . L(oz—0) (B —ow) (0 + ow) 6%
(6.19)

27
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After this change of variables, the contours C,, = ®7'(C,) and C, = ®~!(C;) are given by
Co = {=1/(40)+ir/o, |r| < }U{(e" =1)0/0,t" < |t] < 7/2}U{~|y|+iy,|y| = 0/0} (6.20)

and

¢
CZ = {p/(40) + lya Y € R} U U Bw—i—k/a
k=1
with 7* and t* defined in (6.17), and B, is a small circle around z clockwise oriented. Then
we have
det(]l + Ku)L2(CU) = det(IL + K@)LZ(CU,)-

Thus, we need to prove that

lim det(IL + KQ)LZ(CU}) = det(IL - Kb,B)LZ(R+)

N—o0

with K 5 given in (2.6). The convergence of the kernel follows by Proposition 6.8 and the
exponential bound by Proposition 6.9. We then obtain

Jim det (L + Ko)2(c,,) = det(1 — Ky 5)12(c0) (6.21)
—00

with K, 4 given in (6.15). Note that by definition (6.20), the contour C,, itself depends on 6.
With a slight abuse of notation, we will denote by C,, also the contour on the right-hand side
of (6.21) that appears in the § — oo limit, which is —i +iR with a possible local perturbation
close to 0 that will be given later. Lemma 6.11 shows that the limiting Fredholm determinant
is equal to det(1 — Kj g)r2(r,) and thus completes the proof of Theorem 6.3 for the case of
(6.16).

6.4. Pointwise convergence and bounds. Proposition 6.8 and 6.9 in this section are the
analogues of Propositions 6.1 and 6.2 in [16]. For the sake of completeness, we give the
proof of them putting emphasis on the new factors that appear in the kernel. These are the
following gamma ratios in the definition (6.19) of Kj:

F(low—0b)T(B—0z) T(0+0z) 07
I(oz—0) (B —ow) (0 + ow) 6%
As in [16], the scale of the steep descent analysis is N = O(N?/?). The main contribution
of the Fredholm determinant det(1 + Ky)r2,) comes from the regime when the variables

v,v" and Z are in the neighbourhood of 0, i.e. w,w’ and z are in the neighbourhood of 0. The
function that gives the leading contribution to the integral in the steep descent analysis is

G(2) = @

It has a double critical point at 0, and for further derivatives, it holds
GP0)=-1+0(07Y),
GM0)=0(1), n>4

We will denote the real part of G by
3(z,y) = Re(G(x +iy)). (6.23)

(6.22)
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The statements of the following lemma are completely taken from Lemma 6.3, 6.4 and 6.5
of [16].
Lemma 6.6.
(1) For any fized X > 0, the function Y — g(X,Y') is strictly increasing for Y > 0 with
(2) For X >0,
GXY) > G(X,0)+ Y412+ O(Y4/0,v*).
(3) The function t — g(cos(t) — 1,sin(t)) is strictly decreasing for t € (0,7/2]. For
t € [0,7/2] and @ large enough,
g(cos(t) — 1,sin(t)) — g(0,0) < —sin(t)*/16.
(4) The function Y w— g(=Y,Y) is strictly decreasing for Y > 0. ForY — oo, we have
HF(-Y,Y)~ —InY.

Notational remark: O(Y*/6,Y%) in Lemma 6.6 is the error term coming from Taylor
expansion around Y = 0.
We will also use the following properties of the gamma function.

Lemma 6.7.
(1) For any u,v € R,

[(u+ iv) 2 ~ TPlu+iv)l(u—iv) o0 1172 ~1
C(u) | T(u)? - EO (1 + (u+n>2) : (6.24)
(2) For any u,v,w € R,
‘%’ =l s ful = oo (6.25)

where >~ means that the ratio of the two sides converges to 1.
Proof. Part (1) is Formula 6.1.25 in [1]. To get (2), we use Formula 6.1.45 in [1]
Tim (2) 2D (o iyl 2y 2 < 1
y|—o0o

for x and y real. (6.25) is a straightforward consequence. O
Proposition 6.8. Uniformly for w,w’ in a bounded set of C,,,

lim Kp(w,w') = —I?bﬁ(w,w')
N—o00

where K, 5 is given by (6.15).

Proof. The dependence on N of the kernel Ky in (6.19) appears in the factors

NG(O-+ow)—NG(o+02) L (0 +02) 67 e(N=1)G(0+ow) =5 (0+ow)*+fu(0+ow)+owino

F(@ + Uw) oz e(N—1)G(0+02)— 5 (0+02)*+fx(0+02)+02In0

e

SN=1)0G(22) =28 (1422 ) 0 (1422 ) 402 1no (6.26)

((N-DOG(57)— =5 (1420 ) 4400 (1427 ) 405 o
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One can already see that the scale of the steep descent analysis is N*/2. By (6.3) and (6.4),
we have k0?/2 = O() and f.0 = O(0), which shows that we have to investigate the real part
of GG along the contour C..

For N large enough and for w in a fixed bounded subset of C,,, Re(wo + 1) > 1/2 and
Re((z —w)o) € (0,1) so that we have £ = 0 and p = 1, i.e. in this case C, = {{= +iy,y € R}.
Taylor expansion around w = 0 give us

~ ~ ~ 3
NG(0 + ow) = NOG (%) — NOG(0) + %QG(3)(O) (%) + O(NGw* /0Y)
" 3.3
— NOG(0) — %% + O /0, Now? /%) (6.27)

~ w3
= NOG(0) — =t O(w*/0)
where we used (6.22).
We divide the integral over z into two parts: (a) | Im(z)| > 6'/3 and (b) | Im(2)| < /3.

(a) Contribution of the integration over | Im(z)| > 6'/3. We will show that the integral can
be bounded as

/ A2 NO(30.0)-3( 15,2 ) )+0(1/6) _ @(3)/ dyeN(@00-5(57.5))+00/0)  (6.28)
121561/ o-2/3

This can be seen as follows. We have to work with the z-dependent part of the left-hand side
of (6.26). Therefore,

oNG(O)-NG(O+02) _ NO(G(0)-G(%))

by the definition (6.23). Then

[0 +0z) 67  T(0+0z) 674T(0+1/4) 6
D0+ ow) 0oz T(0+1/4) 62 T(0 + ow) O1/4

By (6.24),

)

L0+ oz) 6P/
['(@+p/4) o2

and from (6.25),

ow 2
re+1/4)0 10 <(1/4—w) )
6+ ow) OV/* 0
as @ — oo which can be controlled by O(1/0) in the exponent in (6.28).
The remaining z-dependent factor I'(5 — 0z)/T'(0z — b) is only polynomial in Im(z) along
C. by (6.25). Hence using the first part of Lemma 6.6 about the decay of y — ¢(1/(400),vy),
we see that the integral in (6.28) can be bounded by

eNg(g(Qo)_g(%97972/3))_’_0(971) < €N0(§(0,0)_§(ﬁ70)_9*182/3 +O(9’11/3)) +O(O )

(6.29)
Exploiting the relation g(1/(4¢6),0) = g(0,0) + O(6~3), we get the exponential decay
(6.29) < O(1) exp(—cNY®)
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with some ¢ > 0.

(b) Contribution of the integration over |Im(z)| < 0%/3. As in [16], one can see that in the
expansion

3
_NoC (22 = _Noe < 4

NOG ( 7 ) NOG(0) + 5+ O(=*/6)

for z =1/(40) + iy, the real part
23 y? 1
Re (3) T 10 T 19208
dominates the error term O(z*/0) for large 6.
(b.1) 0%/6 < |Im(z)| < 0Y/3. From the previous observation,

1 / 4 O.ﬂ.SJ(z—w) 623/3—1113/3+O(w4/9,z4/9,1/9) F(O'w _ b) F(ﬁ _ O'Z)
— z
271 Jor/s<|tm(z)<ors sin(om(z — w)) z—w [(oz—b) T'(B — ow)

<0 (") =0 (")

for some ¢, ¢ > 0.
(b.2) | Im(2)| < /6. This contribution of the integral is
1 onSoemw) o2 3mwi/3+0W /0240 P (g — ) T'(S — 02)

3t Ly e Cein(orG-w) i-w ez -pTE—owy O

For |y| < 0Y¢, O(2*/0) = O(0~'/3). Using |e* — 1| < |z|el*l for # = O(2*/6) and then for
r = O(w'/0), we can delete the error term by making an error of order O(6~/3) = O(N~1/%).
Thus,

(6.30) = O(N~Y/6) —

1 / d orSoETw) B BT (g — b) T(S — 02)
— 2 :
211 J 1 4y 1y1<o1/e sin(om(z —w)) z—w T(oz—0) (8 —ow)

_~pl/3
") for some

Finally, extending the last integral to i + iR, we make an error of order O(e
constant ¢ > 0.
Putting all the above estimates together we obtain that, for w,w’ € C, in a bounded set

around 0,

Ky(w,w'") = O(N~Y6) —

2mi 1g sin(om(z—w) z—w' I(oz—0) (S —ow)

o

1 / & orSoETw) 23w B D (gw — b) T(B — 02)
4,

which completes the proof. O
Proposition 6.9. For any w,w’ in C,, uniformly for all N large enough,
| Ko(w,w')| < Ce™ )

for some positive constant C.
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Proof. We follow the lines of the proof of Proposition 6.2 in [16]. First, we can rewrite the
kernel as

_ _ ['(ow—0b) I'(6 +p/4) 07
n o ow NG(0+ow)—NG(0)
Kolw, w') = 57%e (8 —ow) (0 + ow) Or/4

" —_1/ q onS7* eNGO)-NG(0+02) T(gz — b) T(0 + 0z) P/
27 Jp, Zsin(mr(z —w)) z—w ['(B—o2z)I'(0+p/4) 677

(6.31)

where we have separated the dependence on w and z.

The dependence on w’ is marginal because we can choose the integration variable z such
that |z — w'| > 1/(40) and because we will get the bound through evaluating the absolute
value of the integrand of (6.31).

Case 1: w € {—1/(40) + 1y, |y| < r*/o} with r* given in (6.17). The integration contour
for z is 1/(40) + iR (p = 1) and no extra contributions from poles of the sine are present.
The factor 1/sin(om(z — w)) is uniformly bounded from above. By taking z = L +iX% we
get

0+1/4
0+ ow

0+1/4
0+ ow

6)0111
gL/4
6)0111
gL/4

~—

eNe(é(wT”)—é(o)) I

| N0(5(0,0)-g(E,Y)) g
| Kp(w,w")| < O(1) T /
R

(1+ [ Tm(w)])+9+2

(1+ | Tm(w)|)~+)-32

~—

(6.32)

~—

NO(E(%)-6o) L

<0O(1) T

—| =]

~—

where € = 1/(406). The integral over Y is finite by Proposition 6.8. The last factor above
(1 + | Im(w)])~®+D=Y2 is due to

[(ow —b)
I3 —ow)
as | Im(w)| — oo which follows from (6.25). In order to avoid the possible divergence of this
bound around Im(w) = 0, we use (1 + |Im(w)]|) instead of | Im(w)| in (6.32). The factor

(1 + [ Im(w)])~®+)=1/2 will be negligible since we prove exponential decay in | Im(w)|.
We rewrite the estimate (6.32) as in (6.26):

‘ ~ (o Im(w))~ @+ 2

No(G(22)-Go)) L0+ 1/4) 67|
L0+ ow) 61/4

N—1)0G(0)— 522+ f,.6

e(N_1)9Roé(”f;’)—L§2(1+%)2+fﬁ"(1+%) F(9+1/4)9—1/4
‘ I'(0)

el
(6.33)
Since |wo /0] = O(6'/?), we use the Taylor expansion of (6.27) to get that

_ ~ 3

(N —1)8G (E) = (N = 1)OG(0) — 2 + O(w*/0).
0 3

Substituting w = —1/(40) + iy and taking real part, we get

wo

(N = 1)0Re (G (U7) = G0)) =~ 4 + O() + O(/6).
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For |y| < r*/o = O(#'/?), the error term O(y*/0) is dominated by the y? term for 6 large
enough. Hence we can write

wo

(N — 1)8Re (é (7) - é(o)) < —Sio_yz +0(1).

For the rest of the terms in the exponent of (6.33) after substituting w = —1/(40) + iy,
we find that

Re (—K—QZ (1+E)2+%92+fﬁe<1+¥) —fﬁe)

e 1\? v\ fe ko 2

Putting these bounds together yields

|K9(w,w')| < O(l)e_éum(wﬂz < Ce—\lm(w)|‘

Case 2: w € {(e"—1)0 /o, t* < |t| < 7w/2}U{—|y|+iy, |y| > 0/c}. We divide the estimation
of the bound by separating into the contributions from (a) integration over £ 4 iR with
p € {1,2} depending on w (see the definitions after (6.18)) and (b) integration over the
circles Byyp/o, K =1,..., L.

Case 2(a). First notice that the estimate (6.32) of Case 1 still holds with the minor
difference that & = p/(460) where p € {1,2} depending on the value of w, so that we only
need to estimate the exponent.

For w € {(e* — 1)0/o,t* < |t| < 7/2}, the third part of Lemma 6.6 shows that
g(cos(t) — 1,sin(t)) — g(0,0) < —sin(¢)*/16. Replacing Im(w) = sin(t)f/o and using

| Im(w)| > 1/60/2 — 1/16 we obtain

(N — 1)0Re (é (%) - 6(0)) < —e| Tm(w)|*/0 < —ey| Tm(w)|?

if 0 is large enough and for ¢y, ¢y > 0.
Then we take w = (e — 1)0/0 in (6.33) for the other terms of the exponent to get

Re (g(—(e +ow)?+ 0%) + fu(0+ ow — 9)) = Re (g(—éﬂem +60%) + fo(0e" — 9))

2
= %(1 — cos(2t)) + fuf(cost — 1) < kf?sin*t.
Since x ~ 1/6, this term becomes small compared to | Im(w)|? = §?sin®t/0? as 0 gets large.
It follows from Lemma 6.10 below that the ratio I'(cw — b)/I'(8 — ow) decays along the
semicircle { (e — 1)0/0,t* < |t| < 7/2}.
For w € {—|y| + iy, |y| > 6/c}, it follows from the last statement of Lemma 6.6 that
Oyg(=Y,Y) ~ —InY meaning that g(—=Y,Y) ~ =Y InY for Y large. What we show is that
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the rest in the exponent is of smaller order. For w = —y + iy, we have

Re (g(—(ﬁ +ow)? + 0%) + fo(0 + ow — 9))

2

which simplifies in the leading order by (6.3)—(6.4), but it is certainly controlled by the decay
—Y InY in the exponent. The factor I'(cw — b)/T'(5 — ow) decreases as | Im(w)| increases
along {—|y| + iy, |y| > 6/0} by Lemma 6.10. This shows that for 6 large enough, we have
the bound

= Re ( (—(0 — oy +ioy)* + 0) + f.(0 — oy +ioy — 9)) = kboy — f.oy

| Kp(w, w')| < Cem Mm@l

Case 2(b). The contribution of the integration over B,/ is (up to a £ sign depending
on k) given by
SkeNG(@W)=NG(®w+k/o) (B — gw — k) T'(ow — b) T(0 + ow + k) 67
w+k/o—w Flow—b+k)T(B—ow) T(0+ow) @owtk

It is shown in the last part of the proof of Proposition 6.2 in [16] that the first ratio can be

bounded by
Gk eNG(®(w)~NG(®(wtk/7))

P Rl (634

for an arbitrary ¢ > 0 if N is large enough uniformly in k. For the rest of the factors, we
have

LB —ow—Fk)(ow—0b) 1
Dow—b+k)T(B—ow) (ow—b)u(B—ow— k) (6.35)
and
'O+ ow+k) 67 _ (04 ow)gr (6.36)

I+ ow) @Gowtk ok

where (z)g = x(z +1)...(x + k — 1) is the rising factorial.

For a fixed w, (6.36) goes to 1 as § — oo, but the error is not uniform in #.
Hence we regard (6.36) as a degree k polynomial in w. Since along the contour
{(e' = 1)f/o,t* < |t| < m/2y U{~|y| + iy, ly| > 0/c}, | Re(w)| < | Im(w)], the absolute value
of (6.36) is also at most a degree k polynomial in | Im(w)|. The leading coefficient is uniformly
small for large 6.

On the other hand, the denominator of (6.35) is independent of #, and the imaginary part
of each of the factors of the products is o Im(w), hence

1 1
< .
(0w =)k (B = ow = k)gr | — 0| Im(w)[**

This cancels the polynomial coming from (6.36), and since k < o|Im(w)|, by choosing ¢ in
(6.34) large enough, the product is still exponentially small. The sum of the k residues is
also bounded by e~ I"™®) a5 required. O
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Lemma 6.10. For the function

the following holds:
(1) Along the semicircle w(t) = (e'* — 1)0/0, it decreases for t* <t < w/2 and increases
for —m /2 <t < —t* if O is large enough.
(2) Along the halflines w(y) = —y £ iy, it decreases for y > /o if 0 is large enough.

Proof. Let us call

f(z,y) :=Re(InT'(x 4+ 1y)) = Z <n :EL . %ln ((z+n)?+4?) + ln(n)]ln>1) — VET

where the second equation appears at the beginning of Section 5.2 in [16]. It follows that

of (7,y)  ~— I rT+n B
Ou ‘§:<n+1 <x+m2+w> b

n=0
f(@,y) <~ y
oy _; (z+n)2+y?

(1) Let w(t) = (e — 1)0/0. Tt is elementary to see that

2 g (o))

ot " T(E = ou()
= —0—b+n
= fsint '
o (;((H(COSt—l)—b+n)2+92sin2t (6.37)
n 0+8+n 2 s
(0(1 —cost) + B3+ n)2+02sin’t n+1 e )

If we consider the above sum for n > 6, then it is not hard to show by dominated
convergence that

n=10] (O(cost — 1) —b+n)2 +02sin*t  (0(1 —cost) + B+ n)2+02sin*t n+1

. /OO d r—1 . x+1 2
l’ —
1 (cost — 1+ x)2 +sin*t (1 —cost+z)2+sin’t ax+1
as § — oo for a fixed t € (0,7/2]. The integrand on the right-hand side is O(z7?) as
x — 00, hence the integral is finite. On the other hand, the sum

% —0—b+n . 0+8+n
= \(0(cost — 1) —b+n)?+ 6? sin®t  (0(1 —cost) + B+ n)? + 62sin* ¢t

remains bounded as § — oo, since it converge to the corresponding integral on [0, 1].

But Zlﬁo —2- ~ 21n6 which goes to infinity. This shows that the derivative in (6.37)
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is negative for 0 large enough if t € (0, 7/2]. For negative ¢, the argument is identical.
The factor sint on the right-hand side of (6.37) makes the derivative positive. This
is sufficient for the first assertion of the lemma.

(2) We set w(y) = —y +iy. A straightforward computation yields

10 I'(ow(y) — b)
sy (7 sap)

_i( —20y —b+n 20+ B +n (6.38)
B (
n=0

— + 2vg.
—oy—b+n)?+ (oy)?  (ocy+ B +n)?+ (oy)? n—l—l) e

As in the previous part of the proof, we have

o0

Z( 20y —b+n 20y+ [ +n 2 )
(—oy —b+n)>+ (oy)>  (oy+B+n)>+(oy)> n+1

n=|y]
_}/ood —20+x N 20+ 2
x —
1 (—o+2)2+02 (c+z)2+02 a+1

as y — oo and the integral is finite, because the integrand is O(x~2). Similarly to
the first part of this proof, the first two summands on the right-hand side of (6.38)

summed over n € [0, |y]] are finite, because the corresponding integral on [0, 1] is

finite. Hence the sum ZEJZJO HLH makes the derivative negative for y large enough.

The statement for the other branch of the contour can be proved in the same way.
OJ

Proposition 6.8 and 6.9 together imply the convergence of the Fredholm determinants

Jimdet (1 + Ky e ) = det(1 — Ky 5)12(c.) (6.39)
—00

Cl2ata)/3.0

if assumption (6.16) holds. If (6.16) does not hold, then we modify locally the contours C,
and C; around the critical point # such that they cross the real axis strictly between the poles
a and «. The contours C, and C, are similarly modified. From now on, we focus on the
0 — oo limit of these contours, that is, we explain how to modify the contour C, starting
from —ﬁ + iR and C, starting from ﬁ + iR (since p = 1). In order to keep the factor

1/sin(om(z — w)) bounded in the limiting kernel K} 5, the contour C, has to be confined
between € +C,, and 1/0 — ¢+ C,, for an arbitrarily small but fixed £ > 0 which might depend
on b and f.

If 5 —0b > 1, then the distance of the poles at g and g is enough to let the two contours
run parallelly between them. In this case, for b > —%, replace the |Im(w)| < % and
|Im(z)| < 2L part of C, and C. by the parallel semicircles {ZHel* — L 2 < ¢ < 13
and {%eit + %, —% <t < 7} respectively. The case 8 < % is handled symmetrically. If
B —b < 1, then the contours will come closer together between the poles, we chose them such
that they intersect the real axis at (2b + ()/(30) and at (b + 23)/(30). This choice of the
modified contours is shown on Figure 7.

The local modification of the contours has no influence on the bounds for large z and/or

for large w. This is because NG (0 + ob) — NG(0) = O(1) and the contour for z is the same
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\\ Cw Cz

el w \

e o o o n\\.\\® @ e o o o |

FIGURE 7. A possible perturbation of the integration contours, compare with
Figure 6 (right). The dots are the singularities of I'(cw—b) at b/o, (b—1) /0, . ..
and those of I'(8 — 02) at 8/0,(B+1)/0,....

away from a distance O(1) from the origin. This shows that (6.39) remains valid for any

b<p.

6.5. Reformulation of the kernel. The following lemma about the reformulation along
with its proof is the analogue of Lemma 8.6 in [10].

Lemma 6.11. For the kernels K, 5 defined in (6.15) and for K, 5 given in (2.6), it holds
det(Il — kb,B)L2(Cw) = det(ll — Kb,ﬁ)L2(R+)- (640)

Proof. Assume first that (6.16) holds. For this choice of b and f, if w’ € C,, and z € C,, then
Re(z — w’) > 0 and one can write

LI / dhe M),
Z—w/ Ry

Ry (w0, ) = / AA(w, ) B\, )

Ry

Using this equation, we have

where A : L*(C,) — L*(R,) with

1 omSTET s s soaeDow —b) T(B — 02)
_ 1 2% /3—w3 3=z
Alw, ) =55 /c =T e P oz =b) I(5 — ow)

and B: L*(R,) — L?(C,) with B(\,w') = e "
One checks easily that

1

BA(z,y) = %/c dwB(z, w)A(w,y) = Ky s(z,y),
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and (6.40) follows since det(1 — AB) 2,y = det(1 — BA)2r,).

It remains to relax condition (6.16). By Lemma B.1, both sides of (6.40) are analytic
functions of the parameters b and S for b < 5. We have proved above that the two analytic
functions coincide if (6.16) holds, therefore (6.40) follows by analytic continuation for any

b<p. O

7. SHE/KPZ EQUATION WITH STATIONARY INITIAL DATA — PROOF OF THEOREM 2.13

To prove Theorem 2.13 using the formula of Theorem 2.9, we need the following lower tail
estimate of the solution to the SHE proven in [30].

Lemma 7.1. Fiz T > 0 and X € R and consider Z,3(T,X). For any b € R and 6 > 0,
there exist constants ¢y, ¢, c3 > 0 such that for all B € (b—0,b+0), and all s > 1
P(Z5(T,X) < e ®*) < crem

Proof. This follows the lower tail bound of [36, Corollary 1.13]. That result, however, is stated
in such a way that the constants ¢y, g, c3 depend on . The lemma we are proving asks for
constants which are independent as 3 varies in (b—d,b+0). However, the desired uniformity
follows via a simple coupling argument. The stochastic heat equation is attractive, it means
that if we couple our initial data 2, 3(0, X) = 1x<o (BI(X) + ﬁX) + 1x-0 (B"(X) + bX) to
the same Brownian motions B! and B" (here B! : (=00, 0] — R is a Brownian motion without
drift pinned at B'(0) = 0, and B" : [0,00) — R is an independent Brownian motion pinned
at B"(0) = 0), then for 5 > ' since Z, (0, X) > 2, 5(0,X) for all X € R, it follows that
Zy5(T,X) > Z,5(T,X) for all X € R and T" > 0. This immediately implies that to bound
the lower tail of 2, 3(7, X) as [ varies in (b — 0,b + ¢), it suffices to choose ¢, ¢2,c5 > 0
corresponding to = b+ 9. O

Proof of Theorem 2.15. We need to show the convergence of both sides of (2.5) to the § =1b
expression. The convergence of the right-hand side of (2.5) to that of (2.12) up to a factor
of o follows from Theorem 7.3 since limg_, I'(8 — b)(5 — b) = 1. Now consider the left-hand

side of (2.5). Denote by ¢y = 2V 56)2{_1%—’_%, = cor/Zpp(T, X), and set v = § —b. Then

Lhes. of (2.5) = E(2"K_(z)) = — /R dEE"K 1, (€)P(x < €) (7.1)

where we used integration by parts. Let ¢; be the constant in Lemma 7.1 and denote by
& = coe™ /2. Decomposing the integral into [0,&y) and [&, 00) and making the change of
variable £(s) = coe™**/2, we obtain

71) =~ [ AR (©pe < 0
0
CoC1 - —c18/2 v —c18
[ s g () K (E()B(Z (7, X) < ),
1
Using Lemma 6.5 (c) and (d), the first integral is bounded uniformly in v and we can therefore
take v — 0. The same lemma implies also that e=“1*/2¢(s)"K;_,(£(s)) is bounded by e

for some constant ¢ independent of v and by the bound on the tail of the probability of
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/ el el /
C’w 1 Cz Cz Cw

i
C// % C// C// C;/

FIGURE 8. The integration contours C,, and C, for K, g are on the left. The
other contours are: C), = —L +iR, C, = L +iR, C a small circle around b/
and C! a small circle around /0. By modifying the contours as shown here
and applying the residue theorem, one gets (7.9). The dots show the poles of
the integrands validating the manipulations of the contours.

Lemma 7.1, we also have that the second integrand is uniformly bounded by an integrable
function. Thus by dominated convergence, we can take the v — 0 limit inside and we obtain

lim Lhus. of (2.5) = - /R €KL (E)P(co/Zo(T, X) < €) = E(Ko(cor/Z(T, X))

where in the last step we integrated by parts. 0

Later in this section, we will work in L?(R. ), so the functions are defined on R, and the
scalar product of two functions is meant as

(r9)= | def@lo)
Ry
To extend the definition (2.8) for u,v € (—1,1), let us define on R, the functions

i/ dw om STV 6_w3/3+mf(aw—u)
1g Sin

Qu,v(x) -

27i in(m(v — ow)) (v — ow)
(7.2)
1 / q om ST s T (u—02)
271 J 1 p ZSil’l(ﬂ'(O’Z +0)) ‘ [(oz4wv)’

and recall (2.9). Note that r, &€ L*(R,) if s < 0.

Further, to extend (2.10) for b, 5 € (—i, i), we introduce the kernel

_ 1 onSoEmw) 232 (B — g2) T(ow — b)
Rastes) = G [ [, e S T 5 T o)
(7.3)
Note that the only difference between Kj 5 and Kj g is the two integration contours. The one
for K3 g is shown on the left-hand side of Figure 8, for K, b3, they are vertical lines. Note also
that [_(b,b = K, of (2.10) and @y = g of (2.8). Finally recall the function = defined in (2.11).

Remark 7.2. We prove in Lemma D.3 that
det(]l — Kb,b)LQ(RJr) 75 0. (74)




HEIGHT FLUCTUATIONS FOR THE STATIONARY KPZ EQUATION 71

Together with Lemma 7.5 below, it shows that the right-hand side of (2.11) is finite as follows.
In the first scalar product, if b < 0, then ry & L*(Ry) (if b > 0, then r_, & L*(Ry)), but
by Lemma 7.5, Kyyr_y decays exponentially with a faster rate than ry might blow up. The
second one is obviously finite. For the third one, we can write

<(1 — Kpp) o, 7“b> = (qvp, v) + <Kb,b(IL — Kyp) " qons 7°b>- (7.5)

Using Lemma 7.5 again, q, decays exponentially with a faster rate than r, might blow up,
hence (qyp, Tp) is finite. On the other hand,

<Kb,b(]l — Kpp) o, Tb> = <(]l — Kpp) o, K—b,—zﬂ“b>7

since the adjoint of Ky in the real L*(Ry) is K_y_;, which can also be seen from the rep-
resentation (D.3). The function K_y, 41y, is already in L*(R.), so the second term on the
right-hand side of (7.5) is also well-defined. A similar argument works for the last scalar
product in (2.11).

Fix b € (—i, i) The kernel Kj 3 is defined for all 5 € (b, i) by (2.6). The following
theorem describes the behaviour of the corresponding Fredholm determinant in the decreasing

£ — b limit which is that it goes to 0 linearly in 5 — b.
Theorem 7.3. Let b € ( L 1) be fized. For the kernel Ky 5, we have

T4

1 1
lim = det(L — Ky5) = ~=(5,b,0) (7.6)

B—b 3 —
with Z defined in (2.11). Recall that the notation g, and Ky, from Definition 2.11 are related
to that above via q, = qpp and K, = K.

Remark 7.4. Theorem 7.3 is proved with the condition b € (—i, i) for technical convenience.
One could likely extend the proof with minor modifications up to the range b € (—1,1). Beyond
this range the integration contours which appear implicitly on the right-hand side of (7.6) in
the definitions of qy, q_» and K, have to depend on b so that the w contours cross the real
azis on the right of the singularities of I'(ocw — b) at (b —1)/0,(b— 2)/0o,... whereas the z
contours cross on the left of the poles (b+1)/o,(b+2)/o,... coming from I'(b—0cz). On the
other hand, if b is not in (—1,1), then the kernel function Ky(x,y) does not decay in x or y,
hence the right-hand side of (7.6) is not well-defined via (2.11).

Before proving Theorem 7.3, we give the following decay estimates.

Lemma 7.5. For each € > 0 fixed, there is a C which only depends on € such that for all
b, € (—% + €, i — z—:), we have the following bounds:

| Ko p(z,y)| < CemaeH0), (7.7)
|@5,5(7)| < Ce™3°. (7.8)
Proof. We can estimate by taking the absolute value of the integrand in (7.3) as follows

| Ky 5(2,y)]

1 Sa(z—w) 23/3 T _ r —b
< : / du| / ] om e (B—0z2) I'(ocw —b)
(2m) -+ +iR = +iR

sin(om(z —w)) e®*/3 T(oz —b) T'(B8 — ow)

. ‘e—zy—l—wm‘ )
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The factor e’/3/¢**/3 has Gaussian decay in |Im(w)| and in |Im(z)], the other factors are
slower, in particular, see (6.25) for the gamma ratio. For any value of w € —i + iR and
z € i + iR,

}e—zy—i-w:c} _ 6—$(x+y)‘
Since the integration paths pass at least € far from the singularities of the integrand for
any given £, one can choose a uniform constant C' so that (7.7) holds. (7.8) can be proved
similarly. O

Proof of Theorem 7.3. The first step is to rewrite the kernel Kj g, since in the original form
given in (2.6), the two integration contours intersect the real axis between the pole at b/o
and the pole at 5/0, so the two contours would collide in the § — b limit, see also Figure 8.
Hence by using the residue theorem, we cross the pole at b/o with the w integration contour
and cross the pole at §/o with the z integration contour, both manipulations resulting in a
residue term.
If we assume that
1 1
1< b< < 7
then the new integration contours can be chosen to be —ﬁ + iR for w and ﬁ + iR for z as
shown on Figure 8. That is, with the notation (7.3), we can write

_ 1 orSB-ow  B°/Bo)=By/o (g — b 1
A+iR S

27i (n(B—ow)) ew’/3~wr T(8—ow)ol(8—b)

1 / d omSoFh e’y T(f—02) 1

21 J 1 g ZSil’l(ﬂ'(O’Z — b)) et?/Go)=bz/o T (g2 — b) oT(B — b)
omSBb B2/ (B0%)-By/o 1

T (3 — b)) FE T o20(3 — b)?
(7.9)
by the residue theorem.
Using the functions defined in (7.2) and (2.9), we have

Ky p(x,y) = Ky p(z,y) + qbﬂ(w)fﬁ(y)m * T—”(z)q‘ﬁ"”(y)m

omSB-b

+ mhb(z)m(y)m. (7.10)

The last equation shows that Kj s is a finite rank perturbation of K g, i.e. we could write

Kip(,y) = Ky p(z,y) + Z fi(2)gi(y)
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with appropriate f; and g;. In this case, for the Fredholm determinants, the following holds

3
det (ﬂ —Kbﬂ —Z fi®gi) = det (ﬂ — Kbvﬁ)LQ(RJr) det [5” — <(ﬂ — Kb,g)_l f,’, gj>:|
L2(Ry)

i=1

3
ij=1
. (7.11)
where 0,; is the Kronecker’s delta provided that det(1 — Kj 5)r2r,) # 0. For § close enough
to b, this follows by continuity from (7.4).
By (7.10), we define

fu(z) = —220) 01(y) = ra(y),

BECED)
ho) = s ) = o) (712

B—b
ot = D gy = O W
oT(3—1) sn(x(3 — ) T(B )
With this choice of f; and g;, the Fredholm determinant of K g is equal to (7.11). Since we
are to take the limit of (8 —b)~'det(1 — K} 5)12r,) as 8 — b, it is enough to consider the
Taylor series up to first order in the second determinant on the right-hand side of (7.11).
With the choice (7.12), this second determinant is equal to

1— Z2(Ragy5,15)  —Z=2(Raup,q-p.-s) —=2(Rap,5,75)
det -1 + O(ﬁ - b) 1-— H<‘R7”_b, q_g’_b> -1 - ?(5 + <_RKb7gT_b, 7’5) (713)
—14+0(B-b)  —Z2Rroy,qp-s)  —Z2E+ (RE,proy,75))

where we neglect all the O((8 — b)?) and higher order terms and we write R = (1 — K} 5) "
for simplicity in the above formula. The value

§E=b*/o*+ 029 +InS).
To obtain the first column of (7.13), we use that
<(1 - Kb,ﬁ)_1f2791> = (fo, 1) + <Kb,ﬁ(1 - Rb,ﬁ)_1f2791>

eB%/(30%)=b%/(30%) 1 o
=G b T ore g el Kop) o)
=1+0(8—0).

The scalar product (1 — K 5)71 f3, g1) is the same.
To get the last two entries in the third column of (7.13), we do the separation

(1= Kip) " fo,93) = (fo, g3) + (K (1 — Ky 3) " fo, g3)
where the first scalar product on right-hand side is of order 1 whereas the rest is O(5 — b):

| onSPb B (Bo®)—b(30%) /oo Loy (F-thefe
sin(7(8 —b))  D(B—-0)> Jo

=1+ (b*/o* + 207 + alnS)? +O((8—0)%).

<f2>93> =
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This argument works again for f3 instead of fs.
The other terms in the determinant (7.13) are computed easily by (7.11) and (7.12). Fur-
thermore, all of these terms are finite which can be seen by using the idea of Remark 7.2.
By expanding the determinant in (7.13) and considering the terms up to first order, one
can see that

1
5 — b det(ll — Kbﬁ)LQ(RJr)
1 - _ _
= —; det(]l — Kb,B)L2(]R+) [62/0'2 + 0'(2’7]3 + In S) + <Kb75(ﬂ — Kb,g)_lr_b, ’I“B>
+ (1= Kog) s a-ps) + (1= Kog) 'aog ) + (1= Kog) "', q-5,)]
+O(B8—b).
(7.14)

What remains to show is that the right-hand side of (7.14) converges to Z(S,b,0)/c. To
see that

det(IL — Kbﬁ)Lz(RJr) — det(IL — K[Lb)Lz(RJr), (715)
we use the Fredholm series expansion
_ > (=1)" _ "
det(1 — Kyp)r2ry) = Z ( n‘) / dzy .. / da,, det [Ky g(x;, xj)]ij:l . (7.16)
n=0 ' YRy R+ ’

The n x n determinant on the right-hand side of (7.16) is bounded by
‘det [Kb76(xi,xj)i|zj:1’ < OPe e ke /2 (7.17)

using Lemma 7.5 and the Hadamard bound on determinants with bounded entries. Hence
the integrand in the nth term on the right-hand side of (7.16) can be dominated uniformly
as [ varies in (—% + 5,% — 5). In particular, by dominated convergence, as § — b, the nth
term of the expansion in (7.16) converges to the corresponding term of the expansion of
det(1 — Kj). Further, by integrating the bound (7.17), the absolute value of the nth term
of the series (7.16) is at most (20C)"n™2/n!. Since it is summable, a repeated application of
the dominated convergence yields the convergence of Fredholm determinants (7.15).

The last step is to show the convergence of the scalar products in (7.14). For this end, we
first show that the resolvents converge in operator norm in L?(R.).

Lemma 7.6. If limg ., | Ky — Kyl = 0 and [|(1 — Kyp)~'|| < oo, then
lim H(ﬂ — Kbﬁ)_l — (IL — Kb,b)_lH =0.

B—b
Proof.
(1= Kyp) ™ = (L= Kyp) Y| = H [(1 — (1= Kyp)  (Kyp — Kip)) ™ — 1} (1 - Kbvb)_lH
<@ = Kop) M D T = Kop) ™ (Kos — Ko ||”

which goes to 0 as § — 0. U
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To finish the proof of Theorem 7.3, we first check the conditions of Lemma 7.6 and then
we show that the right-hand side of (7.14) goes to Z(S,b,0)/o.

To verify the convergence condition of Lemma 7.6, one can write Kj 5 — K35 as a common
double integral with a difference of gamma ratios. This difference goes to 0 pointwise as
£ — b, hence the Hilbert—Schmidt norm of Kb75 — Kb,b goes to 0 by dominated convergence
as # — b. The finite norm condition for the resolvent is a direct consequence of (7.4).

Since

®wp = o and  gopg b= G
as 8 — bin L*(R,) by dominated convergence, we have

(1= Kip) ", 0-5.-0) = (1= Kop) " @b ¢-b5)- (7.18)

In the other scalar products, the functions r, and r_, appear in the limit which may not be
in L?(R,), therefore, as in Remark 7.2, we use again the identity

(1 — Kpp) ' =1+ (1 — Kyp) ' K

and note that f(b’brb and K'b,br_b are already in Lz(RJr), so the rest of the argument is
the same as for (7.18) and the use of dominated convergence. This completes the proof of
Theorem 7.3. 0J

8. SHE/KPZ EQUATION UNIVERSALITY — PROOF OF THEOREM 2.17

In this section, we prove Theorem 2.17. Let

f(t) = Ko(2¢") (8.1)
where Kj is the modified Bessel function and set
7'2+7‘

S=e "7 . (8.2)
Then using the scaling (2.18) and the notation (2.13), we have

0 2.7

o E [%KO (2\/ Searta1 Z,(T, X))]

- ( 1 (m(T,X) %
20

200 (i (Hb(T,XH%

0
= o E

1+ 120%) — 23b7T%/3
(8.3)

( - T
(T/2)/%

(1+ 120%) — 2Y/3prT2/3
(T/2)'7? B )

=E

or

In the last step, we used the following property of the function f given in (8.1) along with

Lemma 7.1.

Lemma 8.1. If H is a random variable with exponential negative tail, that is, if Elexp(—uH))]
1s finite for some u > 0, then

%Ef(—erH) _E Lif( r+H)] (8.4)

for the function f given in (8.1).
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Proof. The left-hand side of (8.4) is written as

1
ImE |—(f(=(r+h)+H)— f(—r+H))|.
h—0 h

Since f’ € [0,1] and f’(¢) has a double exponential decay for large ¢ and it is bounded, the
dominated convergence applies and yields the equality with the right-hand side of (8.4). O

To conclude the proof of Theorem 2.17, we use the rotational invariance formula (2.14)
with b — b+ X/T and with the parameter setting (2.18):

2
Sexrta Z,(T, X) 2 Sexn Z,,(T,0).
Substituting this on the left-hand side of (8.3), we see that

(9 T o a:, o _7'2+r-
(8.3) = EE {201{0 <2\/S€24Z7-0(T, 0))] =5 (S =e ° ,70, a)

where we applied Theorem 2.13 in the last step with S = e (/7 and b= 10 (which is in
(=3, %) for T large enough). Then using Lemma 8.2 below and the definition (2.17), we see
that the right-hand side of (8.3) converges to F,(r) for each r € R. The functions { fr}r=o
with fr(z) = —f'(z/(20)) are strictly decreasing in x with a limit of 1 at x = —oo and 0
at © = oo, and for each § > 0, on R \ [—4, 0], fr converges uniformly to 1(xz < 0). Hence
by rewriting the right-hand side of (8.3) with fr which converges to F;(r) and by using a
continuous version of Lemma F.1, we conclude the proof of Theorem 2.17.

Lemma 8.2. We have

2, ~
lim = (e_ =10, U) = g(1,7)det(1l — P, KaiP) r2r) (8.5)

T—o00

where g is defined by (2.16), the shifted Airy kernel Ka; is giwen by (2.15), and Py(z) = Liz>s-

Proof. Let us introduce the following notation for this proof. Consider the operator
B.(z,y) =Ai(z +y+7)
acting on L?(R,) as an integral operator and the functions
eo(x) = e

for @ € R. Note that e, ¢ L*(R,) if a < 0, but since it will always appear in this proof
together with B,., the fast decay of the Airy function makes all the integrals convergent.

We take the T'— oo limit on the left-hand side of (8.5) by using (2.11) with S = ¢~ (7*+7)/2
and b = 7o. If we take the T' — oo limit of I_(mm, we observe that

oT 1

sin(om(z — w)) T i w

1

since ¢ — 0. On the other hand, because I'(z) ~ 27! as z — 0, we also have

[(ro0 —0z)'(ow — 70) 1

Doz —710) (10 — ow)
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Substituting (8.2), one obtains

K 1 q 4 o2 [3=z(y+r+77) 1
TO,TO bl % N N0
7 (I y) (27’(’1)2 /;%-i-iR w/i—i-i]R Zew3/w—w(:c+r+72) —w

4o

= Kpa(z+r+75y+r+72) =Bz + 14y +77)

pointwise. By using the same argument as in the proof of (7.15), we see that we also have

convergence in trace norm and hence the convergence of Fredholm determinants. Moreover,

by applying the analogue of Lemma 7.6, we obtain the convergence of the resolvents.
Similarly, we have

5 1 e—w3/3+w(x+r+72)
T =Tr d
qTo,Tcr(x) — —C w
— = +iR

27 T — W

3 3

= —e 7 _”’/ AANAi(z +r+ 724+ N e = - " (Be_,)(z + %)
0

and
(ro—ro(T) = —673+T’"(BreT)(:B + 7).

The convergence holds also in L*(R,) by the dominated convergence theorem.

_4

By writing 7,0 (2) = €3 e_,(z + 72) and r_.o(z) = e 37 e, (z + 72), we get
<(]]- - KTO’,TO’)_:LQTO’,TO'? q—TJ,—TJ>

— /000 dx /000 dy(1 — B) Yo+ 7%,y +7°)(Bre_r)(y + 72)(Bres)(x + 7°), (8.6)

<(]]- - KTU,TU)_quU,Tcru TTCT>

e (e [Ty = B4y ) By e (o4 1), (5)
0 0

(1 = Krorra) ' Toroy G—ro—70)
Ly /3 /OOO dz /OOO dy(1 = BY)(x + 7%,y + 7°)e-(y + 77)(Bres) (x + 7°)  (8.8)
and
(Kroro(L = Krorg) ' 10, 770)

—>/ d:E/ dy/ dzB*(x + 7%,y +7°) (1 - B)  (y+ 7%, 2+ e (2 + 7%)e_r (v + 72).
0 0 0

Finally observe that by (8.2)
(tr0)*/0* + o2y +InS) — —r. (8.10)
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To get a similar formulation on the right-hand side of (8.5), we substitute s = r to the
ingredients defining the function g:

I?Ai(ijr,y—i-r) = Bf(x+7’2,y+7'2),

R=r+4e 3 / dz(Bre_,)(z + m8)e_ (x + T7),
Y (8.11)
O(x+7r)= e /3T / dny(a: +72 y+ 7'2)6_7(’3/ + 72) — (Brer)(x + 72),
0

Uy +7)=e " e (y +72) — (Bre_,)(y + 7).

To obtain (8.5) one needs to substitute the limits (8.6)—(8.10) to (2.11), comparing the result
with the right-hand side of (8.5) using the expressions of (8.11), and rewriting the scalar
product in the definition of the function g in (2.16) as an integral. O

APPENDIX A. STATIONARY SEMI-DISCRETE DIRECTED RANDOM POLYMER

Though we will not draw upon this, it is worthwhile to explain why we used the term
‘stationary’ to describe the partition function Z(7, N) described in Remark 2.7 (in which
M =1, o = a; = a and all other a; = 0). The following explanation goes back to O’Connell
and Yor [67] in the case of N = 2 and to Seppélainen and Valké [77] for general N. Consider
two-sided Brownian motions By, ..., By where By has drift o and B; for ¢ > 1 has drift 0.
By a two sided Brownian motion with drift a, we mean that for s < 0, B;(s) = B; (s) + as
and for s > 0, Bi(s) = B;"(s) + as where B* are independent Brownian motions. Denote

by Bg(s,t) = Bi(t) — Bi(s) the increment of the Brownian motion k between time s and t.
Define

Z(r, N) = / exp [Bu(s1) + Ba(st, 53) + -+ By (sy1,7)].
00<81< " <SN_1<T

and, recursively, 7(7) by
Zr] — [ T, k:+1)} + Bi(7) — 2a7. (A1)

Let r(7) := {ri(7), ... ,’I“N_l(’T)}.
The following result is a subset of the results proved in Theorem 3.3 of [77] and is an exten-
sion of the Output Theorem for M /M /1 queues (sometimes called the Burke-type property).

Proposition A.1 (Theorem 3.3 of [77]). For a given 7, the random variables in each com-
ponent of the vector (1) are independent and identically distributed as (1) ~ logT'(a); and
as a process in T, v(T) is stationary.

As a consequence of this, we have the following.

Corollary A.2.
(1) In law, Z(t, N) = Z(r,N),
(2) E[InZ(7, N)] = —N(«) + at, where ¢ is the digamma function,
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(3) The ordered set of U(7, k) := InZ(1,k+1)—InZ(1, k) for1 <k < N—1 is stationary
in T with product measure of log'(«v) distributions in each coordinate.

Proof. To prove (1), we consider 7 > 0 and note that we can partition the integral defining

Z (7, N) based on for which k € {1,..., N} the event {s;_; < 0 < s} occurs (as convention
set sg = —o0). Thus
) N
ZSE exp [Bi(s1) + Ba(s1,52) + -+ Bilsi-1,0)
k=1 0081 < <851 <0

X / exp [Bk(O, Sk) -+ BkH(sk, 8k+1) + -+ BN(SN—h T)] .
0<sp < <SN_1<T

By Proposition A.1, the first integral above equals exp [Zf;ll Tk (O)} and by the independent

increment property of Brownian motion, the second integral is independent of the first. Using
the fact that the r4(0) ~ log I'(a) completes the identification of Z with Z.

To prove (2), take expectations of both sides in (A.1) and recall the mean of a Log-Gamma
distributed random variable, as well as the fact that By has drift a. To prove (3), subtract
equation (A.1) with k from (A.1) with k—1 and use the stationarity and product distribution
of the 7. (t) coming from Proposition A.1. O

APPENDIX B. ANALYTICITY OF FREDHOLM DETERMINANTS

Lemma B.1. The Fredholm determinants det(1 — Ky g)r2m,) and det(1l — Kv'b,ﬁ)LZ(Cw) are
analytic functions of the parameters b and B as long as b < [3.

The proof of the above lemma consists of two steps: first we show that the kernels are
analytic functions of b and [, then we prove it for the Fredholm determinants. We use the
following two complex analysis lemmas and Lemma B.4 for the decay bound on the kernel
Ky 5. The first one is a slight modification of Theorem 7.37 in [54], hence for completeness,
we give it with proof.

Lemma B.2. Let f(z,() be a complex function in two variables and suppose that

(1) f is defined on (z,{) € A x C where A is an open set and C is a (possibly infinite)
contour.

(2) For each z € A, define the contour v = {z +re' : 0 < t < 2r} with a sufficiently
small r such that also the disc around z with radius r lies in A. Suppose that for each
z €A,

/c / 1, €] |du] |dC] < oo (B.1)

(3) For each ¢ € C, z — f(z,() is analytic in A.
(4) For each z € A, ( — f(z,() is continuous on C.

Then
/ i

is analytic in A with F'(z fc 5.
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Proof. By Cauchy’s integral formula for the analytic function z — f(z, (), we get

o [

where v is defined in condition (2) of the lemma. If we choose h such that |h| < /2, then
|lu—z| =r and |u— z — h| > r/2. From (B.2), we also have

F(z+h) = / fu(du

U—Z—

so that

F(z+h) - / / f u,C
h T omi (u—2)(u—2z—
/ /f ; du / / hf u, () du
T omi 2)? Tom (u—2)%2(u—2—nh)
The second term on the right-hand side of (B.3) is bounded as

o L8 [ | < g [ [ oo

which tends to 0 as h — 0, because the double integral on the right-hand side is finite by
condition (2). Hence (B.3) converges as h — 0, that is,

“m [ L

where we used Cauchy’s differentiation formula in the last step. O

(B.3)

The second complex analysis lemma is due to Weierstrass and it is proved in [5] as Theo-
rem 7.12, so we omit the proof here.

Lemma B.3. Suppose U is an open subset of C and that {f.} is a sequence of analytic
functions on U that converges uniformly to a function f. Then f is analytic on U.

We provide the following bound on the kernel Kj 3.
Lemma B.4. Fiz b < [ so that 3 — b < 1. There is a finite constant C' such that

b
| Ky s(z,y)| < Cexp (—éy + —x)
g ag

forxz,y € R,.

Proof. In the general b < (8 case, the contours C, and C, are vertical lines with local mod-
ifications at the origin, see Theorem 2.9 where the contours are defined. At least one of
b < 0 and f > 0 is true. Suppose that § > 0. The other case is similar. We chose an
integer £ > 0 such that the shifted contour C,, — f lies completely on the left-hand side of
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the imaginary axis. Using the residue theorem for the poles at w = g, b;—l, cee %‘H and at
1 2

W=2—2,2—2,...,2— k , we get

1 (77TSU emw) 22 (B — 02) T(ow — b)
K d d
b.8(7,Y) (27?1 / w/ Zsm (om(z —w)) ew’/3~wr D(gz — b) T(B — ow)
N Z 1 1597~ (b—-1) 23/3—zy 1’*(5 _ O'Z) 1
— 2i sm (02— (b—1))) e=D?*/Go*)=(b=Dz/o T(gz — ) T(B — (b—1))

i 2’ /3=y 'B—oz)T(cz—b—m)
dz( mSm :

i Z 27i / A (2= m/0)3/3—(2—m/0)$ [(oz—=b) T(f—0oz+m)

" (B.4)

The contour C,, — § intersects the real axis at a negative position. Without crossing any
pole coming from the sine in the denominator, we can replace the contours C,, — f and C, by
vertical lines crossing the real axis at the same positions as C,, —f and C, in (B.4) everywhere.

Since C, is confined between C,, and C,, + % up to an arbitrarily small error £, and because
B —b < 1, we can move the vertical integration contour for z to the right-hand side of the
pole at z = B picking up a residue term from the Gamma fuction but not from the sine.
The new Vertlcal contour crosses the real axis at g + ¢ for a small enough ¢ > 0, and a new
residue term appears in each summand of (B.4) due to putting the contour on the other side
of the residue at z = g

Then the largest z-dependent term comes from the residue at w = g resulting in the bound
e/ in the exponential order. The largest y-dependence comes from the residue picked up
at z = 2 giving e=#%/7 in the exponent. O

Proof of Lemma B.1. It is a consequence of Lemma B.2 that the kernels K, 3 and kb,ﬁ are
analytic functions of b and ( as long as b < 8 holds. To apply the lemma, the only non-trivial
condition to check for K, 5 is (2). But e*’/3 decays along C, as e~I™)  From (6.25), we
get that

‘F(ﬁ B UZ) ~ |Z|B+b—2URe(z)’ (B5)

[(oz —b)

so if we vary (8 in a small circle in the complex plane, we still have a uniform polynomial
bound in (B.5) which is enough to ensure the finiteness of the integral in (B.1) for K s.
Checking the conditions of Lemma B.2 for [~(b,5 can be done similarly.

What remains to prove is that the Fredholm determinants are also analytic. We start with
K 5 and the series expansion

det(ﬂ — Kb,ﬁ)LQ(R+) = Z (_n') /0 .. /0 dz; ...dz, det [Kb’ﬁ(l’i, xj)}:tj:l' (B6)

We are to apply Lemma B.3 with the sequence of analytic functions {f,} being the partial
sums of the series on the right-hand side of (B.6).
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If we rewrite the n x n determinant in the series on the right-hand side of (B.6) using the
same C' that appears in Lemma B.4, then we have
det [Kyg(xi, 25)], . = Crea" Zitimi det [C_leng_gx"Kb,g(zi,:zj)]n

ig=1’

j.fj: (B.7)
The entries in the determinant on the right-hand side here are at most 1 in absolute value due
to Lemma B.4, hence the determinant is at most n™? by the Hadamard bound. Therefore

00 00 " 571 n/2
/ .. / dxy ...dx, det [Kb,g(l}', xj)]ij—l < n
0 0 s

n!

with C = Co /(3 — b) which is a summable upper bound, hence the series in (B.6) converges
uniformly. For the analyticity of the individual terms of the series, we use Lemma B.2 again
for the integrand det [Kb,g(zi,a:j)}?jzl for which (B.7) provides the integrability condition
(B.1). By using Lemma B.3 for —b < 1, this proves the analyticity of det(1 — Ky ) r2(r,)
inband 5. If 3 —b > 1, recall from the end of Section 6.4 that C,, and C, intersect the real
axis at b+ ﬁ and at b+ % respectively. Hence in the bound of Lemma B.4, g and g in the
exponent are replaced by b+ % and b+ % respectively, but the rest of the proof remains the
same.

The argument for det(1 — [?b,g) r2(c,) is similar, but instead of the bound in Lemma B.4,
one can see the stronger bound

1
n!

| 2

| Ky p(w, w')| < Cemelm®)

for w,w’" € C,, even more directly without modifying the contours. O

APPENDIX C. FREDHOLM DETERMINANT BOUNDS COMING FROM KERNEL ESTIMATES

Lemma C.1 (Proposition 1 of [81]). Suppose t — 'y is a deformation of closed curves and
a kernel L(n,n') is analytic in a neighborhood of T'y x T'y C C? for each t. Then the Fredholm
determinant of L acting on I'y is independent of t.

Lemma C.2 (Lemma B.2 of [10]). Consider the Fredholm determinant det(1 + K)r2ry on
an infinite complex contour I' and an integral operator K on I'. Parameterize I' by arc length
with some fized point corresponding to I'(0). Assume that |K(v,v")| < C for some constant
C and for all v,v" € T and that the following exponential decay condition holds: there exists
constants ¢, C > 0 such that

|K(D(s),I(s")] < Ce sl

Then the Fredholm series defining det(1 + K)p2(ry is well-defined. Moreover, for any x > 0
there exists an ro > 0 such that for all r > r

| det(1 + K) 2y — det(1 + K) 2| < &
where ', = {T'(s) : |s| < r}.

Lemma C.3 (Lemma B.3 of [16]). Consider a finite length complex contour T' and a se-
quence of integral operators K¢ on I', as well as an additional integral operator K also on
. Assume that for all k > 0 there exists gy such that for all ¢ < g9 and all z,2" € T,
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|K¢(2,2") — K(z,2")| <k and that there is some constant C' such that |K(z,2")| < C for all
2,2 €. Then

lim det(IL + KE)L2(F) = det(]l + K)LZ(F)-
e—0

APPENDIX D. INVERTIBILITY OF THE KERNEL 1 — K},

Let us define the function
1 I'(— b
Aipert(x7 b, O') _ _/ dz ez3/3—zx ( oz + )
271 Jsiim I'(oz —b)
where ¢ > 0 and b € (—1,1) are parameters such that 0 < § < (b+ 1)/o. Note that the
integrand above has poles only at (b+ 1)/0, (b+2)/0,.... Recall that the Airy function Ai
has the integral representation

1
Ai(z) = —/ dz e’ /35
271 Jsyim

for any 6 > 0.

Lemma D.1. Fiz 0 > 0 and b € (—i,i). The family of functions, indexed by A,

AP (2 + N\, b, 0) satisfy the completeness relation
/ dX AP (2 + X, b,0) AP (y + N\, b,0) = 6,y (D.1)
R
Remark that since the function Ai***(x + X, b, o) is a function of the sum of z and ), the
completeness relation is equivalent to the orthogonality relation.

Proof. For this proof, we adapt an approach from [58] (Appendix A). Let H = —9? + x be
the Airy operator. It is known that for ¢ > 0,

(e ) (z,y) = /R dX e Ai(z + A) Ai(y + \)

and in particular, for t — 0,
/ dX Ai(z + N Ai(y + A) = 04—y
R

Consider now a 0 <t < (b+ 1)/o. Then,
3321 (=02 + b+ at)

1
/ dX e AP (2 + N, b+ ot, o) AP (y + N\, b,0) = — / dze
R t/2+iR

27i I'(oz—b—ot)
> i/ dw €w3/3—wyr(_gw + b) / d\ e—)\(w—l—z—t)
271 Jiir D(ow —b) Jg,
+i. dw e®*/3~wy 7F(—aw +b) / d)\ e AMwtz=t 1
211 t/4+iR Llow —0) Jr_

(D.2)
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Integrating over A gives (w+ z —t)~! in the first case and —(w + 2z —¢)~! in the second one.
Joining the two integration contours over w, we get

1 I'(— 1 I'— 1
(D.2) = L 4o o232 (—oz+ b+ ot) L 7{ dup /3w (—ow + b)
271 Jijotim [(oz—b—ot) 2w Flow—0b) w+z—t
1 .
== dz 2 /370~ (:=0)/3+(=t)y / dX e Ai(z + ) Ai(y + \)
2mi t/2+iR R

where the last equality comes from the fact that we can redo the computations without the
I' function and left-hand side of (D.2) is the right-hand side of this last equation and where
I',_, is a small counterclockwise oriented circle around ¢ — z.

Thus we have shown that

/ dX e AP (2 4+ N\, b + ot, o) AP (2 + N\, b, o) = (e ) (2, y).
R

By taking t — 0, we obtain the statement of the lemma. 0

With the above notations and by using the identity
Sou S —u\
o _ / QI e

sin(omu) S+ e Mo
which holds for 0 < Re(u) < 1/o, we have
- S
— =  Ajpert o :pert
Kyp(z,y) = d)\S ypeve APz 4+ N, —b,0) AP (y + A\, b, 0) (D.3)

Lemma D.2. Ky, as operator on L*(R) has operator norm 1.

Proof. For given ¢ > 0 and b € ( i,i) the sets {Ai*"(- + X\, b,0),A € R} and
{APP* (- + X\, —b,0), X € R} are two orthonormal bases by the completeness relation (D.1).

Hence the kernel

Uesola,y) = / AN AP (1 + X, —b, o) AP (y + \, b, o)
R

defines a unitary operator which corresponds to a change of basis. Then Kj; can be written
as B
Kyp =Ly yU_pp (D.4)

where the operator L_; _; is defined by the kernel

Ly p(z,y) = AP (2 + N\, —b, o) AiP" (y + \, —b, ). (D.5)

S
dA\———
S+ e Mo
Since {AiP*(- + X, —b,0), A € R} is an orthonormal set of functions, (D.5) is the spectral
decomposition of L_; 4, and the function z — Ai**"*(z + p, —b, o) is an eigenvector of L_;
with eigenvalue ﬁs,wg Thus, by using (D.4), we get that

1Kyl = sup K fll = sup ([ Loy sUppfl| = sup |[[L_p sg]] = SUD e
1fll= If]=1 lgll=1 S+e
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Finally, we show that 1 — Kj, restricted to R, is invertible.
Lemma D.3. Let Fy be the projection onto R,. Then,
| PoKy Pyl < 1,
which implies that 1 — PyKy Py is invertible and det(1 — Kb,b)L2(R+) #0.

Proof. The proof is inspired by the one of Appendix B.3 of [47]. It consists in a reductio ad
absurdum. Assume that there exists an eigenvector ¢ of FPyK;,Fy with eigenvalue 1. Then
PoKyy Pt = (D.6)

implies that ¢(x) = 0 for all x € R_. Fy is a projector, thus ||Fy|| = 1. This together with
| Kpp|| =1 from Lemma D.2 yields

[l < ([ KopPotll < (19

Thus || Ky, Poto|| = ||¢0]|. Now let ¢ be the vector such that
KypPotp = ¢ + 6.

From (D.6), we have that Py¢ = 0, meaning that ¢ and 1 are orthogonal. Thus, we have

K Pt |* = 1911 + llglf*
and from the relations above, we have ||¢|| = 0. Therefore, we have shown that

Kb,bp oY = 1.

From the integral representation of K, it follows that (z) is analytic in x (as complex
variable). But since ¢(z) = 0 on R_, then we conclude that ¢(z) = 0 for all z € R, i.e. ¢ is
not an eigenvector. This ends the proof of the lemma. OJ

APPENDIX E. INVERSE MELLIN TRANSFORM

Proposition E.1. Let R be a random wvariable and o > 0 a constant such that
E(exp(—dR/0)) < oo for some § > 0. Assume that we have a formula for

Q(z,0) = E[20K,(2 T2/ )],
Then, the distribution function of R is given by

F(r) =P(R <r) = %2% /_MR P(_é_);(f_g — /Rd:c Q@ o). (E)

Proof. This formula was contained in [64], although not so explicitly written. Let us show
that this holds. We have

Q(z,0) :/dy20K0(26(y_m)/(2”))iF(y).
R dy

We use the identity 9.6.27 of [1], namely diyKo(y) = —K;(y), and integrate by parts with the
result

Q(r,0) = / dyF(y)Qe(y‘x)/(z")Kl(26(@/‘””)/(2")) _ / dy F(y + $)26y/(2a)K1(2€y/(2o))'
R R
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The boundary terms vanishes since Ky(e®) — 0 as z — oo and Ky(e®) ~ —z as z — —o0
(see 9.6.8 of [1]) and by assumption on the distribution of R, the distribution fuction F' goes
to zero more rapidly than 1/(—z) as z — —oo. Therefore, we have

/dxerﬁ/oQ(:L’—l—r, o) :/dx /dyemg/oF(y+x+T>26y/(2U)K1(2€y/(20)>
R R R
(E.2)
= / dz F(Z—}—’l“)ezg/g/dy 269(1—2@/(20)}(1(2631/(20))
R R

where we changed the variable = z — y. From Formula 11.4.22 of [1], one has the identity
(after a change of variable)

/dy 2eVH/ 2K, (2e¥/27)) = T <,u+ V) r (,u _ V)
v 2 2
R

whenever Re(p £+ v) > 0. Applying this formula for 4 =1 — 2§ and v = 1, we get

(E.2) = /Rdz F(z+7)e/7oT (=€ + 1T (=€)

whenever Re(§) < 0. If R has negative exponential moments as assumed, then (we also
changed the variables £ — £0)

1
RHS of (E.1) = —/ d£/ dz F(z +r)e® = F(r)
Tl J _54iR R
where the last equality holds since the middle expression is the inverse Laplace transform of
a Laplace/Fourier transform. O

APPENDIX F. PROBABILITY LEMMAS

Lemma F.1 (Lemma 4.1.39 of [15]). Consider a sequence of functions {f,}n>1 mapping
R — [0, 1] such that for each n, f,(x) is strictly decreasing in x with a limit of 1 at x = —c0
and 0 at x = oo, and for each 6 > 0, on R\ [—0, 0], f, converges uniformly to 1,<o. Consider
a sequence of random variables X,, such that for each r € R,

E[fn(Xn = 1) = p(r)

and assume that p(r) is a continuous probability distribution function. Then X, con-

verges weakly in distribution to a random wvariable X which is distributed according to
P(X <r)=p(r).

Lemma F.2 (Lemma 4.1.40 of [15]). Consider a sequence of functions {f.}n>1 mapping
R — [0, 1] such that for each n, f,(x) is strictly decreasing in x with a limit of 1 at x = —c0
and 0 at x = oo, and f, converges uniformly on R to f. Consider a sequence of random
variables X, converging weakly in distribution to X. Then

E[fn(Xn)] = E[f(X)].
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APPENDIX G. USEFUL Q-DEFORMATIONS

We record some ¢-deformations of classical functions. Section 10 of [1] is a good references
for many of these definitions and statements. We assume throughout that |¢| < 1. The
classical functions are recovered in all cases in the ¢ — 1 limit, though the exact nature of
this convergence is explained below.

The g-Pochhammer symbol is written as (a; q), and defined via the product (infinite con-
vergent product for n = 00)

(@;@)n=(1—a)l-aq)(l —ag®) - (1—ag"™"),  (a50)s = (1 —a)(1—ag)(l—ag’)---.

The g-factorial is written as either [n],! or just n,! and is defined as

| — (%q)n - (1—Q)(1—q2)...(1_qn)

ng = = :
-9 (1-qg-q (19
The g-binomial theorem [1, Theorem 10.2.1] says that for all |z| < 1 and |¢| < 1,

o0

(@ 4 _ (ax5q)
;(q;q)f (@)

One corollary of this theorem [4, Corollary 10.2.2] is that under the same hypothesis on x

and g,
— k! ((1=quwq)

There are two different g-exponential functions introduced by Hahn [55]. We will only need
the first which is denoted by e,(z) and defined as

1
1—q)z;q),

For compact sets of x, e,(z) converges uniformly to e* as ¢ — 1. In fact, the convergence is
uniform over = € (—o00,0) as well.
The ¢g-Gamma function is defined as

eq(I) = ((

(¢ @) -
F(x)=—""—(1—-¢q) "
/0=l gt Y
For x in compact subsets of C\ {0, —1,---}, I',(z) converges uniformly to I'(z) as ¢ — 1.
Owing to its definition, the ¢-Gamma functions satisfies I'j(z + 1) = %F ().
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