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ABSTRACT

Riemann-Hilbert Approach to Gap Probabilities of Determinantal Point Pro-

cesses

Manuela Girotti, Ph.D.
Concordia University, 2014

In this work, we study problems related to gap probabilities of certain universal deter-
minantal point processes. The study of gap probabilities can be addressed in two directions:
derivation of a Lax formulation of PDEs, as in the first two works presented here, and study
of asymptotic behaviour, as in the last work. In order to achieve such results, the powerful
theory of Riemann-Hilbert problem will be widely implemented.

We first consider the gap probability for the Bessel process in the single-time and multi-
time case. We prove that the scalar and matrix Fredholm determinants of such process
can be expressed in terms of determinants of integrable kernels in the sense of Its-Izergin-
Korepin-Slavnov and thus related to suitable Riemann-Hilbert problems. In the single-time
case, we construct a Lax pair formalism and we derive a Painlevé III equation related to the
Fredholm determinant.

Next, we consider the problem of the gap probabilities for the Generalized Bessel pro-
cess in the single-time and multi-time case, a determinantal process which arises as critical
limiting kernel in the study of self-avoiding squared Bessel paths. As in the Bessel case, we
connect the gap probability to a Riemann-Hilbert problem (derived from an ITKS kernel)
on one side and to the isomonodromic 7-function on the other side. In particular, in the
single-time case we construct a Lax pair formalism and in the multi-time case we explicitly
define a completely new multi-time kernel and we proceed with the study of gap probabilities
as in the single-time case.

Finally, we investigate the gap probabilities of the single-time Tacnode process. Through
steepest descent analysis of a suitable Riemann-Hilbert problem, we show that under appro-
priate scaling regimes the gap probability of the Tacnode process degenerates into a product

of two independent gap probabilities of the Airy process.
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Chapter 1
Introduction

The work presented in this thesis springs from a specific class of stochastic processes, called
Determinantal Point Processes, which arises in many mathematical and physical contexts.
Nevertheless, the probabilistic setting is just the starting point for a study that involves tools
from many other fields of Mathematics, like Analysis and Complex Geometry.

Many models in Mathematical Physics rely on the notion of Determinantal random Point
Processes. A few examples are offered by the statistical distribution of the eigenvalues
of random matrix models pioneered by Dyson ([31]), certain models of random growth of
crystals ([7], [34], [79]), and mutually avoiding random walkers, usually referred as Dyson’s
processes.

To give an intuitive idea of what a Determinantal Point Process is, we can consider the
following toy-model. Consider a given number n of points (or particles) on the real line R,
moving in a “chaotic” and random way, say as a Brownian motion, maintaining nevertheless
their mutual order (see Figure 1.1).

We introduce now a probability measure on the space of configurations, in other words

a function (called probability density)
pe(z1,...,x,) Vk=1,...,n (1.0.1)

that evaluates which scenario is the most probable and which one is the least probable for
a subset of k points (k = 1,...,n). Moreover, assume that the initial configuration of the
points as well as the final configuration, after a certain time 7', are known (see Figure 1.2).

A fundamental theorem due to S. Karlin and J. McGregor states that such probabil-
ity density has a very specific shape as the determinant of a suitable function K, called

correlation kernel.

Theorem 1.1 (Karlin-McGregor, 1959; [68]). The probability density of the physical system
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Figure 1.1: Visual realization of the toy-model for a determinantal point process.

under consideration is equal to

pe(x1, ..., x) = det [K (2, :Uj)]szl VE=1,....n (1.0.2)
where K(x,y) is a function of two variables which can be built out of the law regulating the

particles’ motion.

From this result it is clear why such system of points was called “determinantal” in the
literature. This toy-model is just an example of a very general notion that will be detailed
in the following Chapter 2 of this thesis.

From Theorem 1.1 it follows that every information about the system of points is con-
tained in the function K and all the quantities of interest, in particular how much a given
configuration is likely to happen or not, can be expressed in terms of K. Our focus, in
particular, will be on the so called “gap probability”, i.e. the probability that there are no
points or particles in a prescribed region of the space, e.g. an interval on the real line R
in our model above. The reason for considering this type of probability is because it is a
natural first step to study a particle system. Moreover, as it will be clear in the next Chapter
(Chapter 2), all the other quantities can be derived from the so called “generating function”,
of which the gap probability is a particular value.

We point out that the same considerations hold true whenever we consider an infinite
number of particles, which means that we can also consider a limit physical system where
the number of particles n tends to infinity. In this case, the discrete system becomes a
continuum. The precise description of this limiting procedure is explained in Section 2.1.2
of the coming chapter.

The original motivation for studying this particular class of point processes dates back
to the Fifties and it is due to the physicist E.P. Wigner.

In the field of Nuclear Physics, Wigner wished to describe the general properties of the



A b, by by by
! E >
i: p)
> E 25 > { E; Ey
{ / S
\ > )
R
f:l t;z 33 ay X

Figure 1.2: Visual realization of the toy-model for a determinantal point process. The points
{ar}r=1, ~ are the starting points and {bg}r—1__n are the ending points after a given time
T. A quantity of interest may be the probability that each particle z; belongs to a given
interval E;, for all ¢’s.

energy levels of highly excited states of heavy nuclei, as measured in nuclear reactions ([109]).
In particular, he wanted to study the spacings between those energy levels. Such a complex
nuclear system is usually represented by a Hermitian operator H, called the Hamiltonian,
defined on an infinite-dimensional Hilbert space and governed by physical laws. However,
except for very specific and simple cases, H is unknown or very hard to compute. On the
other hand, the real quantities of interest are the eigenvalues of H, which represent the

energy levels, defined by the so called Schrodinger equation
Hv = v (1.0.3)

where v is the eigenfunction associated to the eigenvalue A.

Wigner argued that one should regard a specific Hamiltonian H as behaving like a large-
dimension random matrix (i.e. a matrix with random entries). Such matrix is thought as a
member of a large class of Hamiltonians, all of which would have similar general properties
as the specific Hamiltonian H in question ([108]). As a consequence, the eigenvalues of H
could then be approximated by the eigenvalues of a large random matrix and the spacings
between energy levels of heavy nuclei could be modelled by the spacings between successive
eigenvalues of a random n X n-matrix as n — +o00.

The ensemble of the random eigenvalues is precisely a Determinantal Point Process.

Therefore, studying the spacings or gaps between eigenvalues means studying the gap prob-



abilities of the determinantal system. Furthermore, the distribution of the largest eigenvalue
obeys a different law on its own and is governed by the so called “Tracy-Widom” distribu-
tion ([100]), which can still be considered as a gap probability on an interval of the type
la,+o0], a € R (the eigenvalues, or in general the points of a Determinantal Process, are
always confined in finite positions on the real line).

This was the starting point of a powerful theory in Mathematical Physics called Random
Matrix Theory, which was developed since the 1960s by Wigner and his colleagues, including
F. Dyson and M. L. Mehta, and many other mathematicians (see [85]).

The theory of Determinantal Point Processes has not only applications in Physics, but
also in many other areas. As an example, we can cite a diffusion process called Squared
Bessel Process (BESQ), which will be analyzed in Chapter 6. A set of non-intersecting
particles undergoing diffusion according to BESQ describe a determinantal point process.
The BESQ is the underlying structure for the Cox-Ingersoll-Ross (CIR) model in Finance,
which describes the short term evolution of interest rates, and for many models of the Growth
Optimal Portfolio (GOP; [44], [91]). Moreover, a collection of non-intersecting BESQ play a
very important role in the so called “principal components analysis” (PCA) of multivariate
data, a technique that is used in detecting hidden patterns in data and image processing
([110], [42], [92])-

The purpose of the present thesis is to establish a connection between certain gap prob-
abilities and a particular class of boundary value problems in the complex plane, generally
referred to as “Riemann-Hilbert problems” (see e.g. [18]), or Wiener-Hopf method in older
literature.

This is the first basic step that we will perform in all our works. Indeed, reformulating the
study of gap probabilities as a suitable boundary value problem allows an effective analysis
of such quantities. In particular, we can perform either a quantitative or a qualitative study.

Starting from the Riemann-Hilbert problem, it will be possible to derive a system of
differential equations whose solution describes the behaviour of the gap probabilities as the
gaps themselves vary. More specifically, it will be possible to express the gap probabilities
in terms of the theory of equation of Painlevé type; this relationship is quite well-known
originally in two dimensional statistical physics ([83]) and it was extensively studied in the
Eighties and Nineties ([53], [54], [57], [94], [100], [LO1]).

In order to frame our results in a narrower context, we recall the Tracy-Widom distribu-
tion ([100]), which, as we wrote earlier, expresses the fluctuations of the largest eigenvalue
of a random matrix with Gaussian entries; such distribution is defined in terms of the so-
lution of a specific nonlinear ODE, the Painlevé IT equation. Similarly in [101] the authors

connected the fluctuation of the smallest eigenvalue of another set of random matrices called



“Laguerre ensemble” to the third member of the Painlevé hierarchy. Our results are closely
related to these and they will extend this connection to two cases: the “Bessel process”
(Chapter 5) and the “Generalized Bessel process” (Chapter 6).

We will first consider the gap probability for the Bessel process in the single-time and
multi-time case. The multi-time Bessel process is simply a multi-dimensional version of
the “single-time” process where we introduced a new parameter representing the time (see
Section 2.2 of the following chapter). We will prove that the scalar and matrix Fredholm
determinants of such process, which coincide with the respective gap probabilities, can be
expressed in terms of Fredholm determinants of integrable operators in the sense of Its-
Izergin-Korepin-Slavnov (IIKS). Such types of operator are related to a Riemann-Hilbert
problem in a natural way. In the single-time case, we will construct a Lax pair formalism
from the given Riemann-Hilbert problem and we will derive a Painlevé II1 equation related
to the Fredholm determinant. Similar calculations are performed for the Generalized Bessel
process.

On the other hand, the presence of a Riemann-Hilbert problem may allow also a qual-
itative study of gap probabilities in certain critic regimes using the method of (non-linear)
Steepest Descent (see Chapter 4). The focus in this case is not to give an exact form to the
gap probabilities, but rather to study their asymptotic behaviour in the limit as a given pa-
rameter converges to a critical value. A straightforward example is the asymptotic behaviour
of the Pearcey process ([2], [11], [12]): in the setting of a large finite gap, the Pearcey gap
probability factorizes into a product of two gap probabilities of the Airy process for semi-
infinite gaps. Along the same lines as [11], our work will investigate the limiting behaviour of
the gap probabilities of the tacnode process (Chapter 7). We will firstly show that the Fred-
holm determinant of this process can be described by the Fredholm determinant of an ITKS
integrable operator, as in the Bessel and Generalized Bessel case, and through the steepest
descent analysis of the associated Riemann-Hilbert problem, we wil show that under appro-
priate scalings the gap probability of the tacnode process degenerates into a product of two
independent gap probabilities of the Airy process.

The present thesis is organized as follows. For the sake of completeness and self-containedness,
in the first coming Chapters 2, 3 and 4 we will review all the crucial results that will be
used in order to achieve our study of gap probabilities. In particular, we will formally define
a determinantal point process and describe its properties in Chapter 2, while in Chapter 3
we will explain the connection between a specific class of integral operators (to which the
Bessel, Generalized Bessel and tacnode process belong) and the well-known Jimbo-Miwa-
Ueno 7-function via a suitably constructed Riemann-Hilbert problem. In Chapter 4 we will

recall the powerful technique of Steepest Descent, first introduced by Deift and Zhou ([21]),



for the study of asymptotic behaviour of a given Riemann-Hilbert problem, that will in turn
allows to draw meaningful conclusions on the asymptotic behaviour of the gap probabilities
we started with.

The new and original results which represent the core of this thesis are exposed in Chapter
5 for the Bessel process, Chapter 6 for the Generalized Bessel process and Chapter 7 for the
tacnode process. Conclusions and important remarks are discussed at the end of every
Chapter and collected in the conclusive Chapter 8. In the appendix A, we briefly describe
some numerical methods that have been used to obtain some of the figures appearing along
the thesis.



Chapter 2
Determinantal Point Processes

In the present chapter we will review the main concepts about Determinantal Point Processes
in timeless and dynamic regimes.

Determinantal point processes are of considerable current interest in Probability theory
and Mathematical Physics. They were first introduced by Macchi ([$2]) and they arise natu-
rally in Random Matrix theory, non-intersecting paths, certain combinatorial and stochastic
growth models and representation theory of large groups, see e.g. Deift [18], Johansson
[58], Katori and Tanemura [71], Borodin and Olshanski [10], and many other papers cited
therein. For surveys on determinantal processes, we refer to the papers by Hough et al. [18],
Johansson [(1], Kénig [73] and Soshnikov [96].

2.1 Point Processes

Consider a random collection of points on the real line. A configuration X is a subset of R
that locally contains a finite number of points, i.e. #(X N[a,b]) < 400 for every bounded
interval [a,b] C R.

Definition 2.1. A (locally finite) point process on R is a probability measure on the space

of all configurations of points {X'}.

Loosely speaking, given a point process on R, it is possible to evaluate the probability
of any given configuration. Moreover, the mapping A — E[#(X N A)], which assigns to a
Borel set A the expected value of the number of points in A under the configuration X', is a
measure on R.

Let us assume there exists a density p; with respect to the Lebesgue measure and we call



it 1-point correlation function for the point process. Then, we have

E[#(X NA) = /Apl(x)dx. (2.1.1)

and p;(x)dx represents the probability to have a point in the infinitesimal interval [z, x+dx].
In general, a k-point correlation function p; (if it exists) is a function of k& variables such

that for distinct points

pe(1, .. xp)dey .. day (2.1.2)
is the probability to have a point in each infinitesimal interval [z, z; + dxz;], j = 1,... k.
Thus, given disjoints sets Ay, ..., Ay, we have
k
E H#(X NAj)| = / . / pre(x1, .. xp)dey .. day (2.1.3)
j:1 Al Ak

i.e. the expected number of k-tuples (z1,...,2;) € X* such that z; € A; for every j. In
case the A;’s are not disjoint it is still possible to define the quantity above, with little

modifications. For example, if A; = A for every j, then

1
—/.../pk(xl,...,xk)dxl...dxk (2.1.4)

is the expected number of ordered k-tuples (x1,...,x;) such that z; < o < ... < x} and
xz; € Aforevery j=1,... k.
If P(z1,...,x,) is a probability density function on R", invariant under permutations of

coordinates, then we can build an n-point process on R with correlation functions

n!
pk<$1, ce ,.Z'k) = m/R N P(.fl:l, ce ,xn)daij c. dl’n (215)

The problem of existence and uniqueness of a random point field defined by its correlation

functions was studied by Lenard in [30] and [31].

Definition 2.2. A point process with correlation functions pj is determinantal if there

exists a kernel K (z,y) such that for every k and every zy,...,z; we have

pr(z1, ..o ) = det[K (2, 2;)F

1,j=1"

(2.1.6)

The kernel K is called correlation kernel of the determinantal point process.

Remark 2.3. The correlation kernel is not unique. If K 1is a correlation kernel, then

8



the conjugation of K with any positive function h(-) gives an equivalent correlation kernel

K(z,y) := h(z)K (z,y)h(y)™" describing the same point process.

Determinantal processes became quite common as a model describing (random) points
that tend to exclude one another. Indeed, it is possible to show that in a determinantal
process there is a repulsion between nearby points and this is the reason why in physics
literature a determinantal point process is sometimes called a Fermionic point process (see
e.g [32], [32], [97)).

Examples of determinantal processes can be constructed thanks to the following result.

We refer to [90] for a thorough exposition.

Theorem 2.4. Consider a kernel K with the following properties:
o trace-class: Tr K = [, K(x,x)dz = n < 400;
o positivity: det[K (x;, x;)]

n y y .
ii—1 18 non-negative for every x1,...,x, € R,

e reproducing property: ¥ x,y € R

K(z,y) = /RK(gc, s)K (s,y)ds. (2.1.7)
Then, .
P(xy, ... x,) = o det[K (s, 7))} -, (2.1.8)

18 a probability measure on R™, invariant under coordinates permutations. The associated

point process is a determinantal point process with K as correlation kernel.

In a determinantal process all information is contained in the correlation kernel and all
quantities of interest can be expressed in terms of K. In particular, given a Borel set A, we
are interested in the so called gap probability, i.e. the probability to find no points in A.

Consider a point process on R with correlation function p, and let A be a Borel set such
that, with probability 1, there are only finitely may points in A (for example, A is bounded).
Denote by pa(n) the probability that there are exactly n points in A. If there are n points in
A, then the number of ordered k-tuples in A is (Z) Therefore, the following equality holds

1 = /n
M pe(1, .. xp)dey .. dag = Z (k)pA(n). (2.1.9)

n=~k



Assume the following alternating series is absolutely convergent, then

o0 o k o [o.¢] n
Z( k}') /A pu(x, .. xp)day .. day, = ZZ(—l)k<k)pA(n)

k=0 ’ k=0 n=k

-y (i(—l)k(@)m(n); (2.1.10)

n=0 \k=0

on the other hand, ZZ‘;O(—l)Wn

k) vanishes unless n is zero. In conclusion,

pa0) =" (—kl!) /A pe(an, .. w)day ... dzy, (2.1.11)

k=0

where we call ps(0) gap probability, i.e. the probability to find no points in A. In

particular, when a point process is determinantal, we have

00 1 k
pa0) =3 % /A det [ (x5, )]} _, day .. da, (2.1.12)
k=0 ’

which is clearly the Fredholm determinant

det (Id -K

A) (2.1.13)

of the (trace class) integral operator K defined by

K(6)(z) = / K (2, 5)8(y)dy (2.1.14)

and restricted to the Borel set A.
It is actually possible to prove a more general result, which reduces to the one above

when considering zero particles.

Theorem 2.5 (Theorem 2, [96]). Consider a determinantal point process with kernel K.
For any finite Borel sets B; C R, j = 1,...,n, the generating function of the probability
distribution of the occupation number #p, = #H{x; € B;} is given by

E (ﬁ szﬂ) = det (Id— En:u — 2K ) . (2.1.15)

i=1
In particular, the probability of finding any number of points £; in the correspondent set

B; Vj is given by a suitable derivative of the generating function at the origin. We refer

10



again to [90] for a detailed proof of the Theorem.

2.1.1 Examples of Determinantal Point Processes

In this section, we will briefly review some of the main examples of Determinantal point
processes, which also provide a physical motivation for the study of such type of processes.
For more details, we cite standard references as [32] and [97] for the Fermi gas model and
[18] and [85] for the Random Matrix models.

Fermi gas. Consider the Schrodinger operator H = —% + V(x) with V' a real-valued
function, acting on the space L*(E), E is a separable Hausdorff space (for the sake of
simplicity, £ will be R or S'), and let {¢x}32, be a set of orthonormal eigenfunctions for
the operator H. The n'" exterior power of H is an operator A" H := > | —% + V(xz)]
acting on A\" L?(F) (the space of antisymmetric L?-functions of n variables) and it describes
the Fermi gas with n particle, i.e. an ensemble of n fermions.

The ground state of the Fermi gas is given by the so called Slater determinant

Vena) = o= Y SR

: O'ESn

_ % det [pi 1 (2]l (2.1.16)

It is known that the absolute value squared of the ground state defines the probability

distribution of the particles. Therfore, we have

(@1, .. ) = [y, .. 2] = %det (Ko (i, 25)]7 54 (2.1.17)
n—1

Kn(z,y) = Z%—l(iﬂ)%fl(fy) (2.1.18)
=0

and K,(z,y) is the kernel of the orthogonal projection onto the subspace spanned by the
first n eigenfunctions {¢;} of H.
The formula above defines a determinantal process. Indeed, it can be shown (see [85])

that the correlation function are

n n!
p](g )(xl, CeTE) = =) /pn(xl, oy Tp)dTpgy - dy, = det [K (24, $j)]ﬁj:1 . (2.1.19)

To give some practical examples, let’s focus on two special cases of H. The first case is

11



the harmonic oscillator on the real line R

d2
H=-—5+ z%; (2.1.20)

its eigenfunctions are the Weber-Hermite functions

) oppyt 2 A
~——(2"k)2e s (2.1.21)

and the correlation kernel is (using the Christoffel-Darboux formula)

1 —
Ko (2,y) = (ﬂ)z Pu(@)Pn-1(y) = nly)Pn-1(2) (2.1.22)
2 T —y
The second case is the free particle on a circle S!
d2
H=—— 2.1.2

and its correlation kernel is (ng

Ko (0,n) = 222 (6~ ) (2.1.24)

27 sin ((’LT”) '
The two examples above can also be interpreted as the equilibrium distribution of n
unit charges confined to the line R or to the unit circle S* respectively, repelling each other

according to the Coulomb law of two-dimensional electrostatic.

Random Matrix Ensembles. The probability distribution in the previous example al-
lows another interpretation.

Consider the space of n x n complex Hermitian matrices
N, ={M € Mat,(C) | M = M"}. (2.1.25)

This is a n-dimensional vector space with the real diagonal entries {M;;}! ; and the real and
imaginary part of the upper diagonal elements {RM;;, SM;;}i<; as independent coordinates.

The flat Lebesgue measure on §,, is

n n—1 n
dM = [JdM [T J] drMi;dSM;;. (2.1.26)
i=1 i=1 j=i+1

12



Definition 2.6. The Gaussian Unitary Ensemble (GUE) is the probability measure

1
pu(M) = Z—e—TdeM (2.1.27)

on the space $),,.

The above definition is equivalent to the requirement that all the entries {f0M,;;, SM;;}ic;

and {M;;} are mutually independent random variables; more precisely, ®M,;, SM,; and M;;

are normal random variable with zero mean and variance equal to }1, }l, % respectively:
%Mi]’, %MU ~ N (0, le) and M“ ~ N (0, %)
Definition 2.7. A Unitary Ensemble is the probability measure
1
(M) = Z—e*TWW)dM (2.1.28)

on the space §),,, where V' : R — R is a given function, called the potential, with suitable

growth condition at +oo to guarantee that the probability measure above is well defined.

Remark 2.8. A sufficient condition for the probability (2.1.28) to be well-defined is that V (z)
grows faster than In(1 + x?), for |x| > 1, which is certainly satisfied if V is a polynomial of

even degree, with positive leading coefficient.

In general, the entries of a Unitary Ensembles are not independent, but strongly corre-
lated. The name “Unitary Ensemble” comes from the fact that the probability distribution
(2.1.28) is invariant under conjugation with a unitary matrix M — UMU~', U € U(n).

In random matrix theory, one is interested in the distribution of the eigenvalues of the
(random) matrix M. For the case of GUE, the eigenvalues are real random variables.

According to the spectral theorem, any Hermitian matrix M can be written as M =
UAU™!, where A = diag{\,...,\,} is the matrix of eigenvalues and U € U(n). Therefore,

we can perform the following change of variables

M — (A U)
{Mii; 1= 1, N (S ?RMZ']',%MU, 1< j} —> {)\1, . ,)\n, uij}7 (2129)

where u;; are the parameters that parametrize the unitary group. Under such transformation,

the Lebesgue measure reads (thanks to the Weyl integration formula)

AM = ¢, [ [ = Aj)%dNs .. dX,dU (2.1.30)

i<j

13



where ¢, is a suitable normalization constant and dU is the Haar measure on U(n).
Since Tr V(M) = >, V(};), we can conclude that the probability measure on the space

of matrices (2.1.28) induces a joint probability density on the eigenvalues given by

1 o o1 "
= [T =2 eV = — det (Ko (i, 2))]7, (2.1.31)

n i< j=1

with Zn a normalization constant and

n—1
Ku(wy)=e 503 y(2)d5(y) (2.1.32)
j=0

vQ)
2

In particular, in the GUE case (V(x) = 2?), the polynomials ¢; are the Hermite poly-

{¢;} being the set of orthonormal polynomials with respect to exp {—

nomials and the kernel K, is the Hermite kernel already described in the previous example
(2.1.22).

Non-intersecting path ensemble. Let p;(x;y) be the transition probability density from
point x to point y at time ¢ of a one-dimensional strong Markov process with continuous
sample paths. A classical theorem by S. Karlin and J. McGregor [68] gives a determinantal
formula for the probability that a number of paths with given starting and ending positions
fall in certain sets at some later time without intersecting in the intermediate time interval

(see Figure 1.2).

Theorem 2.9 ([68]). Consider n independent copies X1(t), ..., X,(t) of a one-dimensional

strong Markov process with continuous sample paths, conditioned so that

for given values ay < ag < ... < a, € R. Let p;(z,y) be the transition probability function of
the Markov process and let Ey, ..., E, C R be disjoint Borel sets (more precisely, we assume

sup B; < inf Ej11). Then,

1
Z_/ . / det [pi(a;, ;)]; ;_; da ... dx, (2.1.34)
n £y n

is equal to the probability that each path X; belongs to the set Ej at time t, without any

intersection between paths in the time interval [0,t], for some normalizing constant Z,.

14



Sketch of the proof (a heuristic argument). Let n = 2, then

1
7/ / pe(ar, x1)pe(ag, x2) — pr(ar, v2)pr(asz, 1) drde,
2 JE| JEs

- P(Xl(t> S El) P(X2<t> c EQ) - P(Xl(t> S EQ) P(X2<t> c El)
— P(A)— P (B). (2.1.35)

On the other hand,
P(A)—P(B)=P(A)+ P(Ay) — P(By) — P(Bs) (2.1.36)
where A;, B; represent the following events:

Ay = { X;(t) € E; respectively and the paths did not intersect }
By ={Xi(t) € Ey, X5(t) € Ey and the paths did not intersect }
(

)
t) € E; respectively and the paths did intersect at least once }
)
By = { X1(t) € Ey, X5(t) € Ey and the paths did intersect at least once }

Clearly P (B;) = 0. Moreover, consider the event As: at the first time when the two path
collide, we can interchange the labels. This is a bijection ¥ : Ay = By. Since the process is

Markovian and the two particles act independently, we have

P(As) = P (Bs). (2.1.37)
In conclusion,
1
7/ / det [pi(ai, z;)]; ;_, 5 dzidzy = P (A1) (2.1.38)
2 JE JE,
O

However, this is not a determinantal process, since the correlation functions are not
expressible in terms of the determinant of a kernel. If we additionally condition the paths to
end at time 7" > 0 at some given points b; < ... < b,, without any intersection between the
paths along the whole time interval [0,77], then it can be shown (using an argument again
based on the Markov property) that the random positions of the n paths at a given time
t € [0,T] have the joint probabilty density function

1 n n 1 n
Z_n det [pt(ai, Ij)]i7j:1 det [pT—t(l’n bj)]i,jzl = Z_n det [Kn(l’z, Ij)]i7j:1 (2139)
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Figure 2.1: Numerical simulation of 50 non-intersecting Brownian paths in the confluent
case with one starting and one ending point.

with a suitable normalizing constant Z,, and kernel

Kn(z,y) = Z 05 ();(y) (2.1.40)

¢; € span{pi(ar,x), ..., p(an, v)} (2.1.41)
Uy € span{pr_¢(x,b1), ..., pr—¢(x,b,)} (2.1.42)
/Rcbj(x)wk(x)dx = Ok (2.1.43)

Remark 2.10. The model we just constructed is known in the literature as biorthogonal

ensemble. We refer to [15] for a thorough exposition on the subject.

Of interest is also the confluent case when two or more starting (or ending) points collapse
together. For example, in the confluent limit as a; — a and b; — b, for all j’s (see Figure

2.1), applying I’'Hopital rule to (2.1.39) gives

1 i1 " ! "
A det {—pt(a, 3:3)1 det [Wth(xi’b)} (2.1.44)

i1
da ij=1 ij=1

which is still a determinantal point process with kernel derived along the same method as
in (2.1.40)-(2.1.43).
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2.1.2 Limit of Determinantal processes and universality.

Suppose that for each n we can construct a (finite) determinantal point process P, with
correlation kernel K. If the sequence of kernels {K,} converge in some sense to a limit
kernel K as n — oo, one can expect that also the point processes P, will converge to a new
determinantal point process P with correlation kernel K.

This is indeed the case provided some mild assumptions.

Proposition 2.11. Let P and P,, be determinantal point processes with kernels K and K,

respectively. Let K, converge pointwise to K

lim K,(z,y) = K(z,y) (2.1.45)

n—oo

uniformly in x, y over compact subsets of R. Then, the point processes P, converge to P

weakly.
Remark 2.12. The condition of uniform convergence on compact sets may be relaxed.

Suppose we have a sequence of kernels K,, and a fixed reference point z,. Before taking

the limit, we first perform a centering and rescaling of the form
z— Cn®(x — x,) (2.1.46)

with suitable values of C, o > 0. Then in many cases of interest the rescaled kernels have a

limit

x LY
— Ty
Cne’ Cne

Therefore, the scaling limit K is a kernel that corresponds to a determinantal point process

K, (x + ) — K(z,y) (2.1.47)

lim ——
n—oo C'n

with an infinite number of points.

The physical meaning of this scaling and limiting procedure is the following: as the
number of points tends to infinity, one is interested in the local (microscopic) behaviour
of the system in specific points of the domain where the particles may lie, upon suitable
rescaling: for example, in an infinitesimal neighbourhood entirely contained in the domain
(the so-called “bulk”) or in an infinitesimal neighbourhood only including the left-most or
right-most particles on the line (the so-called “edge”).

In many different situations the same scaling limit K may appear. The phenomenon is
known as universality in Random Matrix Theory. Instances of limiting kernels are the sine
kernel ([99])

sin(x — y)

Ksine -
m(z —y)

(2.1.48)
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and the Airy kernel ([100])

K — Ai(a:)Ai’(yq): : ;Ai/(x)Ai(y), (2.1.49)

where Ai is the Airy function. Other “universal” kernels are the Bessel kernel, the Gen-
eralized Bessel kernel and the tacnode kernel, which will be exhaustively described in the
present thesis.

The sine kernel appears, for example, as a scaling limit in the bulk of the spectrum in
GUE (see [85, Ch. 5]) and the Airy kernel appears as a scaling limit at the edge of the
spectrum in GUE and at the soft (right) edge of the spectrum in the Laguerre ensemble
(introduced by Bronk [17]), while the Bessel kernel appears at the hard (left) edge in the
Laguerre ensemble (see [100], [101]).

2.2 Multi-time processes. Introduction of time

In this last section on point processes, we want to propose a generalization of the model of
non-intersecting random paths, introducing a time variable in the physical process. In this
way, the model will not only describe a static model in timeless thermodynamic equilibrium
(as before), but also a dynamical system which may be in an arbitrary non-equilibrium state
changing with time.

The first implementation of this dynamic regime was proposed by Dyson in [31] for the
study of the random eigenvalues of a Gaussian Unitary Ensemble.

Let consider again N non-intersecting moving particles X;(t),..., Xy (t) on R with a
certain transition probability, conditioned to start at time ¢ = 0 from points {a;} and to end
at final time ¢t = 1 at points {b;}.

Now, consider a set of times 0 < 7, < ... < 7, < 1 and corresponding Borel sets
Ey, ..., E, C R. The quantity of interest is the joint probability that for all k =1,... ,n no
curve passes through Ej at time 7. We call again this quantity “gap probability” and it is
still a Fredholm determinant for a (matrix) operator, generalizing the one used in the scalar
case (formulee (2.1.13)-(2.1.14)).

More precisely, the joint probability distribution of the N paths is described in terms of
product of n + 1 determinants, as proved by S. Karlin and J. McGregor.

Theorem 2.13 ([68]). Consider N independent copies X1(t), ..., Xn(t) of a one-dimensional
strong Markov process with continuous paths and transition probability p,(z,vy), conditioned
so that

X;(0)=a; and X;(1)=0b; (2.2.1)
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where {a;}Y and {b;} are given values.

Then, the joint probability density of the process can be written as a product of n + 1

determinants:
p<)?(71) =7, ..., X(r) :fn> =
L DY TTa Eabh)Yd roN (222
ZN,n et [p‘f‘l (ai?mj)}i7j:1 ' IH et [kaJrl*Tk('xi?xj )]i,jzl - det [plan(sz j)]@j:l ( L )
with ' = (x%,. .., 2%) € RY the vector of positions of the particles.

This structure does not change in the limit case a; — 0, b; — 0; we simply have to
modify with some caveat the expression of the first and last determinants.

Applying a classical result due to B. Eynard and M.L. Mehta ([33]), it is possible to
prove that such point process is actually a determinantal process and its gap probability is

a suitable Fredholm determinant.

Theorem 2.14 ([33], [16]). A measure on (RN)" of the form (2.2.2) induces a (determi-

nantal) point process on the space {1,...,n} x R with correlation kernel entries

Kij(z,y) = Kij(z,y) — @i;(2,y)di<; (2.2.3)
with
N
Kpy(z,y) = Z Gpnt1(T, $?+1) (A_l)ij ¢0,q($2, Y) (2.2.4)
ij=1

Aij = ¢o,n+1($?,$?+l), Cbz’j(x?y) = p(z,y; Ty — ;) (2.2.5)
%‘j(xa Y) = (Gijig1 * ... * ¢j—1,j) (x,y). (2.2.6)

Remark 2.15. We denote by x the usual convolution operation between two or more kernels
wy, ..., wg (see [0S, Formula 2.7]):

(wy *...xwy) (&) = /]Rkl w1 (&, &)we(61,62) - wi(Ep—1,m)dEr .. A& (2.2.7)

Once verified that this point process is indeed determinantal, our quantity of study (i.e.

the gap probability) is simply a Fredholm determinant, as in the scalar case.

Theorem 2.16. In the previous hypotheses stated in Theorems 2.153 and 2.14, given a col-
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lection of sets Ey, ..., E, CR, the gap probability of the process is

(2.2.8)
Er,....,Fn

with [K;;] the matriz operator with kernel entries defined in (2.2.5)-(2.2.6).

The study of gap probabilities of some relevant determinantal point process is the topic of
the present thesis. Such investigation can be addressed into two directions: finding a system
of differential equations that explicitly describe the gap probabilities themselves or studying
their asymptotic behaviour in some critical scaling regime. As claimed in the introduction
(Chapter 1), the common starting point for both of the goals is the formulation of a suitable

Riemann-Hilbert problem as it will be explained in the following Chapters 3 and 4.
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Chapter 3

Isomonodromic Theory and

Integrable operators

In the present chapter we will review the main results on the Theory of Systems of Ordinary
Differential Equations with rational coefficients and Isomonodromy Theory, that will be used
in the following Chapters 5, 6 and 7. The main references are the book by Fokas, Its et al.
[36] and the papers by the Japanese School [53], [54], [57].

We will show how it is possible to effectively study and explicitly calculate the gap prob-
ability of a determinantal point process via results borrowed from Isomonodromy Theory.
The connection bridge is the Riemann-Hilbert formalism.

On one hand, the Riemann-Hilbert formalism is an integral part of the Monodromy
Theory. It is fundamental for the study of the direct and inverse monodromy map, i.e.
the map associating the set of so-called “monodromy” data to the set of singular data of
a system of ordinary differential equations. The Hilbert’s twenty-first problem, which is
about the existence of a linear differential equation having a prescribed monodromic group,
is commonly called Riemann-Hilbert problem, precisely for the massive use of the Riemann-
Hilbert formalism in the developments of such problem.

On the other hand, we will see that for a particular class of integral operators (called
“Integrable” operators) there exist a natural Riemann-Hilbert formulation which will allow
to study the variation of their Fredholm determinant. Many universal determinantal point
processes are defined through correlation kernels that belong to such types of integral op-
erator, therefore their gap probabilities (i.e. the Fredholm determinants of the respective
integral operator) can be linked to a suitable Riemann-Hilbert problem and can be explicitly
described in terms of a solution to a systems of ODE.

Generally speaking, we define a Riemann-Hilbert problem as a jump problem for piecewise

analytic functions. Consider an oriented smooth contour C in the complex plane. The contour
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might have points of self-intersection and it might have more than one connected component.
The orientation induces a +-side and a —-side on C, where the +-side lies to the left and
the —-side to the right if one traverses the contour according to the orientation. Suppose,
in addition, that we are given a map J : C — GLy(C), where GLy(C) is the set of N x N
invertible matrices. A Riemann-Hilbert problem consists in finding an N x N matrix-valued

function I' = I'(\) with the following properties
e analyticity: I' is analytic on the whole complex plane off C.

e jump: the limit ['_ of [ from the minus side of C and the limit I, from the plus side
of C are related by
CL(A)=T_(N)J(N) AeC. (3.0.1)

e normalization: I tends to the identity matrix as A — oo (in general, it is possible to
fix the value of I at a given point zo € C\C: I'(zy) = 'y, Iy € GLy(C)).

More details on specific Riemann-Hilbert problems will be given in this chapter, in par-

ticular in Section 3.3 and 3.4, and in the next Chapter 4.

3.1 Systems of ODEs with Rational Coefficients

We will state here the first results on existence of a solution to an ordinary differential equa-
tion with rational coefficient in the complex plane. The main reference will be [36, Chapter
1] The main purpose of this section is the introduction and definition of the “monodromy
data” which will play an important role in the subsequent section on Isomonodromy Theory.

Let consider a first-order linear ODE in the complex plane

dw
o AN)T(N) (3.1.1)
where W(A) and A()\) are both N x N matrix-valued functions and, in particular, A is a
meromorphic function with rational entries. The (local) behaviour of the solution W near a
given point \g € CP! depends on the type of point we are considering. We have three types
of scenario.

The first case occurs when the coefficient matrix A(\) is holomorphic at the point Ag
and, if \g = 0o, A(\) has a zero of second order or higher. In this case, existence of solutions

can be easily proved
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Theorem 3.1 ([11]). Let A(\) be a N x N matriz-valued function holomorphic in a suitable
neighbourhood By, of N\o. Given a constant matriz W, there exists a unique solution W(\)
of the equation (3.1.1), holomorphic in By, and such that W(\g) = Y.

The second case occurs when the coefficient matrix A(A) has a simple pole at Ay or,
if \y = oo, A(A\) has a simple zero. Let assume, for the sake of simplicity, that all the

eigenvalues of the residue matrix Ay := limy_,,(A — A\g) A(\) are distinct modulo Z\{0}, i.e.
Pilep = Ao, (A(J)'LJ = Oéi(sij, Qp — @ ¢ Z\{O} (312)

Then, the following result on existence of a solution holds.

Theorem 3.2 ([107]). Given A(X) a N x N matriz-valued function holomorphic in a suitable
punctured disk By,\{\o} and let \y € CP' be a simple pole for A(N\), in the generic non-
resonant hypotesis (3.1.2), then there exists a fundamental solution W(X) to the equation
(3.1.1) of the form

T(A) = T(N)eho (3.1.3)

where \i’()\) is holomorphic and invertible in a By, and & is a local coordinate: £ := X\ — Ao
if o €C or&:=1/\if \g = c0.

Remark 3.3. In the general case, where the eigenvalues of A(N\) may coincide modulo a
non-zero integer, the fundamental solution shows an extra term involving a constant nilpotent

matrix determined by the eigenvalues themselves.

The last case occurs when the coefficient matrix A(A) has a multiple pole at Ag or, if
Ao = 00, A(\g) does not vanish; in particular, the order of the pole minus 1 is called Poincaré
rank of the singularity \g. Let assume, again for the sake of simplicity, that the coefficient
A_, (where r is the Poincaré rank) of the leading order of singularity in the Laurent series

of A(\) in the neighbourhood B,, of Ay has distinct eigenvalues, i.e.
P_IA_TP = A_T, det P 7é 0, (A—r)ij = Oéiéij, (673 7é % for ¢ 7é ] (314)

Then, we have the following result.

Theorem 3.4 ([57], [L07]). Under the generic condition (3.1.4), there exists a unique formal
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fundamental solution W(\) to the equation (3.1.1) of the form

T\ =P <§: \Ifkfk> MO Wy =1 (3.1.5)
k=0

A(g) = —&F 4 Apl 3.1.6
(©) kZ_Tkuoné (3.1.6)
where all the matrices Ay, k = —r,...,0, are diagonal and A_, is the Jordan form of the

coefficient matriz A_,.; moreover, all the coefficients ¥y and the diagonal exponent A(€) can

be determined recursively from the Laurent expansion of A(X) in the neighbourhood By,.

In general, the series in (3.1.5) does not converge (thus the denomination “formal”).
Nevertheless, it can be interpreted as the asymptotics of a genuine fundamental solution of
(3.1.1) as A — \g along any path belonging to specific sectors €2 of B), called Stokes sectors,

which will ensure uniqueness of of the solution:
U(A) ~ Us(N) A— Xy, AeQ. (3.1.7)

Remark 3.5. By asymptotic behaviour, we mean the following (see [107]). Let W¢(\) :=
Yo U AF be a formal power series. We say that V; is the asymptotic series (or expansion)
of the function W(\) at a point Ao, i.e.

U(A) ~ Wp(N), A= N, AEQ (3.1.8)
being 0 a given subset of CPL, if for every positive number m € N there exists a positive
constant C, o such that
—1

TA) = Y AP

k=0

< Crald — Xo|™ (3.1.9)

or every A within a compact subset Q' C Q.
J Y p

A neighbourhood of a singular point A\g with Poincaré rank r can always be covered by
2r different Stokes sectors, in a canonical way. For sufficiently small § > 0 any sector of the
form

Q={£cC|0< ¢ <p, O <argé <0y} 92—9122” (3.1.10)
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is a Stokes sector; then, each of the sectors

Q,={&e€C|0< [ <p, 91—1-;(71—1) <arg£<92+g(n—1)}
O =1, 2r (3.1.11)
Ql = QQT+1 - Q (3112)

is a Stokes sector as well. Therefore, we can associate to a given formal solution (3.1.5) 2r

genuine solutions U, 7 =1,...,2r (one for each Stoke sector) such that
TN ~ TN Ao Ay, AEQ;, j=1,... 2 (3.1.13)

Moreover, these solutions differ by a non-trivial matrix S; (Stokes matrix) whenever two
consecutive Stokes sectors overlap

S =0t Y\ d=1,...,2r (3.1.14)

J

For more details on the Stokes phenomenon we refer to [36] and [107].

Theorems 3.1, 3.2 and 3.4 guarantee the existence of a local solution to the system
(3.1.1) in a neighbourhood of either a regular point or a singular point. We will now state
the fundamental Monodromy Theorem, which will allow us to build a global solution to a
given system of ordinary differential equations with rational coefficients, and we will then
focus on the concept of monodromy data.

Given a linear ODE of the form (3.1.1), let denote o, € CP', v = 1,...,m, the poles

.....

following result holds.

Theorem 3.6 (Monodromy theorem, [11]). Let W(\) = Y77 W,.EF be the germ of a solution
of equation (3.1.1) at the point a = v(0). Then, W(A) can be analytically continued along
to the point b = (1), the continuation depending only on the homotopy class of .

Even more,

Corollary 3.7. Let W(\) be a germ of solution of equation (3.1.1), then W(\) can be analyti-

.....

Recapping all the results described so far, given a linear ODE as (3.1.1), to each of the

singular points of A(\) we can associate a certain set of data. In particular, we have

e the formal monodromy exponent A (formula (3.1.3)), which may be paired with a

nilpotent matrix in the general case, as in Remark 3.3, if a, is a simple pole;
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e the Stokes phenomenon (formulee (3.1.6)-(3.1.14))
S0 = {A(_”Q, LA A S .,SQT} (3.1.15)

where S; are the Stokes matrices, if a, is a singular point with Poincaré rank r.

All these quantities are called “local monodromy data” for each singular point a,.
If we fix a point ag € CP'\{a,},-1..
to the equation (3.1.1) W(ag) = Wy, then Theorems 3.2 and 3.4 it is possible to build

a local solution to (3.1.1) in a neighbourhood of each singular point a, and, thanks to

m and matrix ¥y € GLy(C) as initial condition

the Monodromy Theorem 3.6, each of these solutions admits analytic continuation on the
universal covering of CP*\{a,}. Therefore, all these solutions must differ from each other
by a constant (right) matrix multiplier called “connection matrix”, i.e. denoting W(\) the

fundamental solution determined by the initial condition ¥(ay) = ¥y, then

T(\) = TW(N)C, = (@(A)@Ao) O, ifa, = simple pole (3.1.16)
v\ =N, if a, = sing. point with rank »  (3.1.17)

where \Ifgy)(k) ~ W%(A) (as A = a,) is the canonical solution in the first Stokes sector {2

and C, is the connection matrix.

Definition 3.8. Given a linear ODE (3.1.1) with ay,...,a, simple poles and a,41, ..., an
singular point with Poincaré rank r, (k =p+1,...,m), the global monodromy data is

the set of the following data
M = {al,...,am;Ag“,...,Agp>;$<p+1>,...,5<m>;cl,...,0m}. (3.1.18)
The global monodromy data M completely characterizes the global behaviour of the

solutions of a linear system of the type (3.1.1) and determines uniquely the system itself.

3.2 Isomonodromic Deformations

In this section we will briefly illustrate the theory of Isomonodromic deformation. We will
report only the main facts that are stategic for our purposes (see Chapters 5, 6 and 7), since
the subject is very wide. We refer to the triad of papers [53], [54], [57] as well as to the book

[36, Chapter 4] for an exhaustive exposition.
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Consider again a linear ODE with rational coefficients of the form

v

= = AT (3.2.1)

Let assume that the coefficient matrix A(\) depends holomorphically on certain additional

parameters si, ..., S, called “times”, belonging to some parameter space S C C:
AN = AN 3 F=(s1,...,8), ¢>1, FeS (3.2.2)

Definition 3.9. The holomorphic family (3.2.2) is an admissible deformation of the
linear equation (3.2.1) if

1. the number of singular points does not depend on the times: a,(5) # a,(5), V pu,v V 5.

Moreover, we require the points to be always separable:

3 disks{B,} such that a,(3) € B, (V5), B,NB,=0 u+#v; (3.2.3)
2. the type of Jordan form of the leading coefficient of the Laurent series of the matrices
A(\, §) at each singular point a,(s) does not depend on § € S,

3. at each singular point a,(S) with rank r,, the set of Stokes sectors {QSLV)}”:L.”’QTV is

holomorphically equivalent under the map A — A — a,(5);

4. canonical solutions are holomorphic with respect to the times and the asymptotic
condition (3.1.5) at a singular point with positive rank holds uniformly with respect

to §.
Moreover, we highlight the following important class of deformations.

Definition 3.10. An admissible deformation is called isomonodromic deformation if the

set of canonical solutions can be chosen in such a way that
- the formal monodromy exponents Ag,
~ the Stokes matrices S,
- the connection matrices C,

are independent on the times 5 € S.
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The fundamental fact about isomonodromic deformations is that they can be described
by suitable systems of nonlinear differential equations.

Consider the logarithmic derivative with respect to times

G
U(N\,5) :=dvw d¥ = %dsj. (3.2.4)
j J

Without lost of generality let assume a,, = a,, = 0o. Then, the following result holds.

Theorem 3.11. The differential form U(\,S) (3.2.4) is a rational matriz-valued function
with respect to the variable \. Its poles coincide with the singular points a, (v =1,...,m —
1,00) and U(\, 5) is determined uniquely and explicitly as a differential matriz-valued form
on the manifold A of the linear systems having the given number m of singularities (with

given Poincaré rank r, at each point):
U\ =U ()\; (A, {al,}) (3.2.5)

where the matrices Agy) are the coefficients of the decomposition of the rational function A(\)

over its principal part, i.e.

AN = AN + ) AV (3.2.6)
v=1
ry+1
AN =Y (A —a,) A, v=1,...,m-1 (3.2.7)
k=1
Too—1
AP = = D ARA) if reo >0 (3.2.8)
k=0
AN =0 if reo=0. (3.2.9)

Therefore, the function W()\, §), in addition to the basic A-equation (3.2.1), also satisfies

an auxiliary linear system with respect to the parameters s

dU(\) = U\, 8V (3.2.10)
or, equivalently,
oV
— =U;(\¥ 2.11
55, = Ui (32.11)

given U(A) = >, U;(N)ds;.
Cross-differentiating the overdetermined system (3.2.1)-(3.2.10), we find the following
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compatibility conditions, also called “zero curvature equations”:

dA — 8—U +[A, U] =0 (3.2.12)
o\
identically in A. Since the above equation is a rational function in ), it is possible to find
a finite system of non-linear differential equations for the matrix coefficients Ag/) = A,(:) (5)
by simply equating to zero the corresponding principal parts. The system obtained is also
called isomonodromic deformation equations.

The equation (3.2.12) is an overdetermined system of nonlinear differential equations. It
is possible to show (see [57]) that such system is integrable in the sense of Frobenius and that
the largest independent set of deformation parameters § can be chosen as the set of singular
points aq, ..., a,_1 plus the matrix entries of the diagonal matrices A,(:) (k=1,...,r, >0,
v=1,...,m—1,00).

Moreover, in the overdetermined system

g—\/I\] = ANV dV = UN)W (3.2.13)
we can recognize a Lax representation for the nonlinear system (3.2.12), thus linking the
theory of isomonodromy deformations to the Soliton Theory (see e.g. [30]).

The use of the Lax pair above in the analysis of the solutions of the isomonodromic
deformation equations (3.2.12) follows from the fact that the monodromy data of the A-
equation, i.e.

(A8 B, }, (3.2.14)

forms a complete set of first integrals of the system (3.2.12). Therefore, the problem of the
integration of the nonlinear equations (3.2.12) is reduced to the analysis of the direct and
inverse monodromy maps of the system (3.2.1), i.e. the map that associates to the ODE
(3.2.1) the global monodromy data M (3.1.18) and viceversa.

The 7-function

To each solution of the deformation equations (3.2.12) it is possible to canonically associate

the following 1-form, introduced for the first time by M. Jimbo, T. Miwa and K. Ueno in
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-
()}

3

W= E Wy

v=1,....m—1,00

()
w, = — tes Tt (w<”><A>1%<A>dA<”>(A>> (3:2.15)

A=ay,

where A™) is defined in (3.1.6) and d is the exterior differentiation with respect to the times

S.

The fundamental property of the 1-form w is the following theorem.

Theorem 3.12 ([57]). For any solution of the isomonoromic deformation equations (3.2.12),
the 1-form (3.2.15) is closed dw = 0.

Therefore, there exists a scalar function of the deformation parameteres 7 satisfying
w=dlnr. (3.2.16)

Moreover, the 1-form w enjoys the Painlevé property (the only movable singularities are
poles), which in turns translates to the fact that the 7 function is holomorphic everywhere on
the universal covering manifold of C?\), where ¢ is the number of deformation parameters

and V is the set of following critical varieties

a,(5) = a,(5) for some p # v, for some § (3.2.17)
ag”) — ag.”) e Z\{0} if a, = simple pole (3.2.18)
ozgu) = ozj(.V) if a, = sing. point with rank r, (3.2.19)

which we excluded at the beginning of our exposition: see (3.1.2) and (3.1.4) together with
point 1. in Definition 3.9. We refer to the article by T. Miwa [36] for a detailed proof of the

above facts.

3.3 Integrable kernels

In this section, we temporarily detach from the subject of Monodromy Theory and we
analyze a special class of integral operators, with a collection of curves in the complex plane
as domain. Such operators are called “integrable operators” and they were first introduced
by A. R. Its, A. G. Izergin, V. E. Korepin and N.A. Slavnov in the paper [50].

Its, Izergin, Korepin and Slavnov developed their theory to establish a connection between
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certain Fredholm determinants representing quantum correlation functions for Bose gas and
the Painlevé V equation.

The peculiarity of these Its-Izergin-Korepin-Slavnov (IIKS) operators resides in the fact
that their solvability, i.e. the existence of the operator (Id —K)~! (K being an ITIKS operator),
is equivalent to solving a suitable boundary-value Riemann-Hilbert problem in the complex
plane. Thanks to the Jacobi formula (see (3.4.1)), it will be possible to study the Fredholm
determinant of the operator K through the Riemann-Hilbert problem constructed above,
leading the way to a powerful connection between the gap probability (i.e. the Fredholm
determinant) and the theory of isomonodromy deformations, as it will later be explained.

We refer to the original paper [50] as well as to the paper [15] to review the concepts of
ITKS operators and their application to the present case.

Consider a p X p matrix Fredholm integral operator acting on CP-valued functions ¢(\),

K(9)(\) = / K 12)() dp (3.3.1)

defined along a piecewise smooth, oriented curve ¥ in the complex plane (possibly extending

to 00), with integral kernel of the special form

' (N)g(1)

K\ p) = -

(3.3.2)
where f, g are rectangular r x p matrix valued functions, p < r. The most common case is
p = 1, r = 2 defining a scalar integral operator K. Let assume that f and g are smooth

functions along the connected components of ¥, such that
(Mg =0, (3.3.3)

in order to ensure that K is nonsingular and the diagonal values are given by K(\ \) =
£ (Ng(A) = 1 (V)g'(N).

For the sake of simplicity, let also assume that the functions f and g can be analytically
continued to a neighborhood of each of the connected components of X.

Fredholm determinants of some operators of this type appear as eigenvalue distributions
for random matrix ensembles ([35], [98], [99]), as in the case at hand, and as generating
functions for correlators in many integrable quantum field theory models ([50], [56]).

An crucial observation is that the resolvent operator

R := (Id-K)'K (3.3.4)
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is also in the same class., i.e. R may also be expressed as an integral operator of the form

(3.3.1)-(3.3.2)

R(v)(\) = / RO\ )v(ye) dp (3.3.5)
R\, p) == E\ JGn) (3.3.6)

where the matrix-valued functions F and G are given by

F' = (Id-K)'f' = (Id +R)f" (3.3.7)

G =g(Id—K) ' =g(ld+R), (3.3.8)

the operator (Id —K)~! acting to the right in the first line and to the left in the latter.
Similarly, these quantities satisfy the non-singularity condition F¥(\)G(\) = 0, so that the
resolvent may be defined for diagonal values as well: R(A,\) = FT(\)G()\) = —FT(A\)G'(\).
Given such an integrable operator K (3.3.1)-(3.3.2), it turns out that that determining

its resolvent R is equivalent to solving a Riemann-Hilbert problem. Let start by defining

the following r X r matrix valued function x(\)

XA =1, + /Z %{fu)du (3.3.9)

with F given in (3.3.7). By construction, y(A) is analytic on the complement of ¥ and

extends to infinity off 3, with asymptotic expansion
1
xA)=I+0 (X) as A — 00 (3.3.10)
XA)=0(In(A—a)) asA—a (3.3.11)

with o any endpoint of a connected component of . Moreover, it is easy to see that the

function x(A) has jump discontinuities across ¥ given by
X+(A) =x-(N)J(A) AeX (3.3.12)

where y, and y_ are the limiting values of x as X is approached from the left and the right,
respectively, according to the orientation of 3. The r X r invertible jump matrix J(\) is

defined as the following rank-p perturbation of the identity matrix I,.:
JA) =1, — 2mif(N)g (). (3.3.13)
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Collecting the considerations above, we can state that if the operator Id —K is invert-
ible, then the function (3.3.9) defines a solution to a Riemann-Hilbert problem withs jump
condition (3.3.12)-(3.3.13) and asymptotic behaviour (3.3.10)-(3.3.11). Furthermore, it can
be proved that the converse is also true: if there exists a matrix-valued function y solution
to the Riemann-Hilbert problem (3.3.10)-(3.3.13), then y can be written in the form (3.3.9)
and Id —K is invertible.

In conclusion, there exists equivalence between the inversion of the operator Id —K, with
K an integrable kernel in the sense of Its-Izergin-Korepin-Slavnov (3.3.1)-(3.3.2), and the
solution to the Riemann-Hilbert problem (3.3.10)-(3.3.13). The general theorem states as

follow.

Theorem 3.13 (Section 1.2, [15]). Consider an IIKS integrable operator K defined on a
collection of orientend contours . The operator 1d — K is invertible if and only if there exist

a solution to the following Riemann-Hilbert problem: find a matrix valued function I' such
that

TL() =T (A)J(N) rew (3.3.14)
A =1, 40 G) A = 00 (3.3.15)
T(A) = O (In(A — ) Ao a (3.3.16)

with o any endpoint of a connected component of ¥ and the jump matrix
JA) =1, —2mi fid) g(\)”. (3.3.17)

Moreover, the resolvent of the operator K will be an integral operator of IIKS form as well,
with kernel .
FNVTWT (T ()" glp)

R(\, ) = Y-

(3.3.18)

3.4 Fredholm determinants as Isomonodromic 7 func-

tions

The purpose of the coming section is to get to the core of the connection between gap
probabilities of determinantal point processes and integrable systems. The linking ring is
precisely the theory of Riemann-Hilbert problem and IIKS operators that we introduced

above.
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The ITKS theory has been lately used extensively in the theory of random matrices and

random processes. Indeed these are some of its general features:

e The Riemann-Hilbert problem typically has jumps which are conjugated to constant
jumps, therefore the solution of the Riemann-Hilbert problem solves an ODE with

meromorphic coefficients (connecting to the theory of isomonodromic deformations);

e in some interesting cases, the Fredholm determinant coincides with the isomonodromic

7 function of Jimbo, Miwa and Ueno.

First of all we recall a basic deformation formula that relates the Fredholm determinant

to the resolvent operator called Jacobi formula for the variation of determinants
dIndet(ld -K) = — Tr ((Id —K)*ldK) =d((Id+R) dK) (3.4.1)

where d is the differential with respect to any auxiliary parameters on which K may depend.

Such relation is the key formula that will allow to describe gap probabilities of determi-
nantal processes in terms of explicit quantities that will have a precise geometric meaning.

We will show that the Fredholm determinant of a given IIKS integrable kernel, thought
of as a function of a set of parameters, is a 7 function (in the sense of [53], [54], [57]) of
the corresponding isomonodromy problem. In other words, it can be expressed through a
solution of a system of differential equations, which is completely integrable.

We refer to the papers [9] and [11] for a thorough exposition on the connection between
Fredholm determinants and isomonodromic 7 function. We will report here only the principal
facts that will be functional to the present thesis.

We start by considering a general notion of 7 function associated to any Riemann-Hilbert
problem (RHP) depending on parameters and which will reduce to that of Jimbo-Miwa-Ueno
([53], [54], [57]) in case such a Riemann-Hilbert problem coincides with the one associated
to a rational ODE.

Consider a Riemann-Hilbert problem defined on a collection of oriented contours > and
depending on additional deformation parameters 5 € S. For the sake of simplicity, we assume

that the contours are either loops or they extends to infinity, so that there are no endpoints.

T (A5 =T_(A5J(\5) Aex (3.4.2)

I'(\5) =1 +0 G) A — o0 (3.4.3)

where the jump matrix J(\;§) : ¥ x S — SL,(X) is a suitably smooth functions of A and §.
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On the space of deformation parameters S, we introduce the following one-form

4

271

w(0) = /ETr (T2 (N)Zs(N))
Zo(A) = 0J(\)J () (3.4.5)

(3.4.4)

where ’ is the derivative with respect to A (the dependence on § is implicit).

We point out that the definition of w is valid for arbitrary jump matrices. In the case
of the Riemann-Hilbert problem built up from an IIKS integrable kernel, where the jump
matrix reads

J(A, 8) =1, — 2mif(\, 5)g” (), 5), (3.4.6)

we can advance our study of such one-form and we will be able to relate it to a Fredholm

determinant up to a certain explicit correction term.

Theorem 3.14 (Theorem 2.1, [11]). Let f(X; ), g(A; §) : ¥ xS — Mat,«,(C) be sufficiently
smooth functions and consider the Riemann-Hilbert problem (3.4.2)-(5.4.3) with jump matriz
(3.4.6). Given any vector field O in the space of the parameters S, the following equality holds

w(0) = dlndet(Id— K)— H(J) (3.4.7)

where K is the IIKS integrable operator with kernel

T
Ko = L2V oy (3.4.8)
A—p
and the correction term 1s
H(J) := / (0f Tg+ f'Tog) dX — 27m'/ g fogr fdx. (3.4.9)
by »

Proof. The result follows from the use of the Jacobi formula applied to the specific case of an
ITKS integrable kernel, where the definitions of both the kernel and the resolvent are explicit
in terms of the Riemann-Hilbert problem (3.3.10)-(3.3.13). O

On the other hand, it is possible to show that w is also the logarithmic total differential
of the isomonodromic 7-function introduced by Jimbo, Miwa and Ueno, in the case when

the Riemann-Hilbert problem corresponds to a rational ODE.

Theorem 3.15 (Theorem 5.1 and Proposition 5.1, [9]). The one-form w restricted to the
(sub)-manifold of isomonodromic deformations is closed and coincides with the Jimbo-Miwa-
Ueno differential wynp ([53, 54, 57]).
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It is thus possible to define, up to a nonzero multiplicative constant, the isomonodromic

TIMU = €XP {/w} : (3.4.10)

In the special case where the extra term H(J) = 0, the connection between Fredholm

T-function

determinant and 7-function becomes linear and explicit.

Corollary 3.16. In the same hypotheses of Theorems 3.14 and 3.15, if H(J) = 0, then the
isomonodromic 7-function coincides with the Fredholm determinant of the IIKS integrable

operator K
Tymu = det(Id —K). (3.4.11)

The above powerful results have been applied to several settings, where well-known ITKS
integrable operators arose in the description of certain universal behaviours in Random
Matrix Theory, self-avoiding random walks or growing models. The first applications were
originally carried out on the Airy process and the Pearcey process by M. Bertola and M.
Cafasso ([11], [L0]). The present thesis deals with other well-known (universal) processes,
which will be later described in details, namely the Bessel (Chapter 5), the Generalized
Bessel (Chapter 6) and tacnode processes (Chapter 7).
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Chapter 4

Asymptotic Analysis. The Steepest
Descent Method

Over the last three decades, the nonlinear Steepest Descent Method for the asymptotic
analysis of Riemann-Hilbert problems has been successfully applied to prove rigorous results
on long time, long range and semiclassical asymptotics for solutions of completely integrable
equations and correlation functions of exactly solvable models ([22], [23], [63], [64], [66]),
asymptotics for orthogonal polynomials of large degree ([19], [20]), the eigenvalue distribution
of random matrices of large dimension and related universality results ([21]), important
results in combinatorial probability ([0]).

A preliminary application of the stationary phase idea was first performed on a Riemann-
Hilbert problem related to a nonlinear integrable equation by Its in [51], but the method
became systematic and rigorous in the work of Deift and Zhou [24] and [25].

In analogy to the linear stationary-phase and steepest-descent methods (see for example
[1, Section 6]), where one asymptotically reduces an exponential integral to another which
can be exactly evaluated up to a small error term, in the nonlinear case one asymptotically
reduces the given Riemann-Hilbert problem to an exactly solvable one up to a small error
term as well. On the other hand, the nonlinear asymptotic theory shows an extra feature
which is peculiar of this method, i.e. the Lax-Levermore variational problem ([79]), closely
related to the so-called “g-function”, which is crucial in many situations in order to transform
Riemann-Hilbert problems into others which can be solved in exact form.

The steepest descent method that will be used in the present work (Chapter 7) is the
original version of the non-linear Deift-Zhou method, where the use of the g-function is
not needed. However, all the main ingredients are present: identifying stationary points,
deforming contours to contours of steepest descent and approximating the original problem

with a solvable one.
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We refer to [65] for an introductory description of the theory and to [I, Section 6] for
the first results on the linear steepest descent method. We will develop here only the main
ideas of the nonlinear method, which will be used later, while we refer to the original paper
by Deift and Zhou [241] as main reference. Nevertheless, we will first recall some guidelines
on the linear method, in order to give some motivations and a general idea of asymptotics

evaluation and approximations of quantities in certain critical regimes.

4.1 The linear method

Consider the following integral

I(k):/cf(z)ew(z)dz (4.1.1)

where C'is a contour in the complex z-plane and f(z), V(z) are sufficiently smooth functions
(for the sake of simplicity we can assume them to be analytic), V(z) decaying at infinity
sufficiently fast so as to guarantee the convergence of the integral. We are interested in
evaluating its asymptotic behaviour as k — +o00, in particular the order of magnitude at
which (k) vanishes for large k.

A motivation for such study comes from the analysis of solutions to differential equations
which are given in closed form as an exponential integral. A well-known example is the

solution to the Schrodinger equation of a free particle

Wy + ey =0 (4.1.2)

N o d
o t) = / Jo(e)eiseiet 3

o (4.1.3)

where () is the Fourier transform of the initial data (z,0) = t(z). Although such
integral provides the exact solution, its true content is not very explicit. In order to better
understand the properties of the solution, it may be useful to study its behaviour for large
time t or for large space variable x; frequently, the interesting limit is ¢ — oo with ratio x /¢
fixed.

The basic idea to evaluate (4.1.1) is to deform the given contour C, using the fact that the
integrand functions are analytic, into a new contour C such that the path C passes through
a point zy for which V’(zy) = 0 (saddle point) and the phase has constant imaginary part
(V) = constant on C. Thanks to this deformation, we are now dealing with an integral
which can be analyzed directly, using the Laplace method (see [I, Chapter 6.2.3]) and we

can recover asymptotics valid to all orders. Indeed, performing a suitable change of variables
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at the stationary point zp, one can prove that the major contribution to the integral is given

by the points that are near z.

Theorem 4.1 (see Section 6.4.1, [1]). Consider the integral (4.1.1) and assume that the

contour C' can be deformed into a contour C passing through the saddle point zo of order

n—1, i.e.
dv
— =0 Vi=1,...,n—1 4.1.4
] j=1...,n (4.1.4)
dv n 104
L = }V( )(z0)| e, a > 0. (4.1.5)
z=2z0

Assuming that f(z) ~ B(z — 20)7"" in a neighbourhood of zy (R(v) > 0), then

N2 v okV ™ (20) T (2
/f(z)e’“v(2>dz~ Blnl)ze e ), (4.1.6)
¢ e (R VO ()

3R

Remark 4.2. It is worth pointing out that, even if the evaluation of the integral (4.1.1)
reduces to the evaluation of a local quantity in a neighbourhood of the saddle points, the
choice of the new contour of integration C requires a study of the global behaviour of the
phase V.

Remark 4.3. The name “steepest descent method” comes from the fact that, thanks to the
Cauchy-Riemann equations, the paths defined by the relation (V') = constant coincide with
those along which either the decrease of the corresponding real part is minimal (paths of
steepest descent) or the increase of the real part is maximal (paths of steepest ascent). In

evaluating the integral (4.1.1) one will consider the former type of paths.

The nonlinear steepest descent method generalizes the ideas above, but also employs new

ones.

4.2 The non-linear method

Suppose we are given a Riemann-Hilbert problem on a collection of contours ¥, depending

on a parameter k:

oAk =T_(A\k)J\ k), AeX, (4.2.1)

TOE) =140 G) RS, (4.2.2)
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We are again interested in studying the asymptotic behaviour of the solution as k£ — +oc.

Writing the entries of the jump matrix as exponentials, the first step to perform is to
identify the stationary points of the phases appearing in J.

It was first realized by Its ([51], [52]) and then fully implemented in the work of Deift and
Zhou ([24]) that an accurate estimate of the asymptotic behaviour of the solution I' in the
regime k — oo can be achieved by replacing the problem (4.2.1)-(4.2.2) by “local” model
Riemann-Hilbert problems located in a small neighbourhood of the stationary phase points.

Therefore, the non-linear method borrows from the linear one the same idea of focusing
on the neighbourhoods of specific critical points of the problem, which govern the leading
behaviour of the quantity under consideration (I' in this case) in the regime & — +oo. On
the other hand, the non-linear steepest descent method shows also a completely new feature,
the so-called finite-gap g-function mechanism.

The g-function was introduced in [26] and in [22] but the powerfulness of such idea and
the connection to the Lax-Levermore variational problem ([79]) was first explored in the
analysis of the KdV equation in [23].

The introduction of a g-function in our asymptotic analysis becomes necessary when the
Riemann-Hilbert problem shows some particular singularities that depends on the parameter
k and cannot be factored away via a suitable rescaling or conjugation of the problem (4.2.1)-
(4.2.2).

As an example, we describe the well-known classic problem of the asymptotics of orthog-
onal polynomials ([37], [1&, Chapter 7]). First of all, we state the Riemann-Hilbert problem

~AV@)qz, where A is a suitable

for orthogonal polynomials with respect to a given measure e
parameter that will later be sent to infinity and V' (z) is a polynomial of some even degree
with positive leading coefficient. V' (z) is generically called potential or external field in the
literature, for reasons that will be clear in a moment.

We want to find a 2 x 2 matrix-valued function Y (z) = Y,,(z), analytic on C\R, such

that

1 e—AV(m)
Yi(2) =Y_(z2) 0 ) ] zeR (4.2.3)
Y(z2)= (I +0 (%)) Z"7s z — 00, arg(z) € (0,m) U (7, 2m). (4.2.4)

Theorem 4.4. The above Riemann-Hilbert problem admits a unique solution of the form

n(z)e AV (@) qg
Pn(2) R
Yn<2) - [ —27i -1 8 pn—l(x)efA%(I)d:L‘ (425)
hn_lpnfl(z) R —1 fR T—2z
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where p,,, pn_1 are the monic orthogonal polynomials for the measure e=*V@dx and h,_1 =

IPa-1l7-

Sketch of the proof. The uniqueness follows from standard considerations on the determi-
nant. As for the form of the solution (4.2.5), it follows from considerations on the jump
matrix and the Sokhotski-Plemelj’s formula. In order to identify the polynomials as monic
orthogonal polynomials with respect to the given measure, one can easily reach the conclusion

by studying the asymptotic behaviour of the matrix Y,,. O]

The interest is on the behaviour of the set of polynomials as their degree goes to infinity
n — 400 and at the same time also the parameter A diverges, say A = Tn — oo, T >
0. As first remark, we can notice that in this regime the singularity at infinity increases,
due to the factor z"?3. A naive attempt would be to remove the singularity by defining
W(z) := Y (z)e "= in this way the asymptotic behaviour at infinity looks more regular
W(z) = I+ O(z71), but on the other hand it does not solve the problem, since the same
singularity issue appears now in the origin.

The problem originates from the logarithm In z which is unbounded at the origin, even
if it helped remove the singularity at infinity. The ideal approach would therefore be the
following: transforming the original Riemann-Hilbert problem for ¥ into a new Riemann-

Hilbert problem for W, with
W(z) =Y (z)e "9)os (4.2.6)

where g(z) is a function (still to be determined) such that
e ¢ is analytic everywhere away from the jump contour R;
e ¢ is bounded on any compact set of C;
e g has a logarithmic behaviour at infinity g(z) =Inz + O (z71).

The g-function satisfying conditions above can be written as

g(z) = / In(z — m)dp() (4.2.7)

where p is a suitable continuous measure supported on some subsets of R.
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The new Riemann-Hilbert problem is then the following

elg+—9-)  g=n(TV—-g-—g+—1)
Wi(z)=W_(z) [ 0 n(gs—0) ] z€eR (4.2.8)
W(z)=I1+0 (%) z — o0. (4.2.9)
where we require also the following constraints:
e there exists a constant ¢ (Robin’s constant) such that
o(z) =TV (z) = R(9-(2) + g+(2) =€) >0, zeR (4.2.10)

so that the off-diagonal entry of the jump is also bounded;

e the jumps are purely imaginary, g, (z) — g_(z) € iR when z € R, so that the diagonal

entries of the jump are oscillatory but not growing;
e = (g+(2) — g-(2)) is decreasing on R.

In a sense, the reduction of the given Riemann-Hilbert problem Y to an explicitly solvable
one W depends on the existence of a particular measure du that defines the g-function. The
conditions above on g turn out to be equivalent to a maximization problem for logarithmic
potentials under external field depending on the potential V' (x) over positive measures with
an upper constraint. This is related to the so-called Lax-Levermore variational problem
[79]. We refer to [18], [67] and [93] for a detailed discussion about this topic. As conclusion
remark, we point out that a g-function, provided it exists, may be either explicitly defined
(as in [22]) or only implicitly defined via the conditions above (as in [23]).

In the case of orthogonal polynomials for example, it can be proved that such measure
dp exists (therefore, also the g-function) and in general is supported on a collection of finite
intervals (“cuts”). In this setting, we can notice that along the real line, but outside the
intervals, the jump (4.2.8) tends to the identity matrix as n — oo, since the off-diagonal
term tends to zero.

The Riemann-Hilbert problem can be now solved explicitly and the solving method in-

volve three steps.

e The "lens”-argument: auxiliary contours are introduced near the pieces of the real line
(one below and one above each cut) and appropriate factorizations of the jumps and
analytic extensions are used. This will simplify the expression of the jump along the

support of du, while the new jumps along the “lenses” will be close to the identity in
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the limit n — oo. In general, we want to identify those contours (provided they exist
and provided that the original contour can be deformed into them) along which the

jump matrix is asymptotically close to the identity.

e Dealing with singularities creating local parametrices near them. In our case the growth
of the entries of the jump matrix is not bounded in near the endpoints of the intervals:
thus, one introduces a new contour, homeomorphic to a small circle, centered at each
of the endpoints and builds an exact solution to the local Riemann-Hilbert problem

inside the circles.

e Small Norm Theorem (see for example [19, Section 5.1.3]): one considers a “model”
Riemann-Hilbert problem, where only the jumps that do not tend to the identity (in
the limit n — oo) are considered. Such a problem can be solved explicitly and it

approximates the original Riemann-Hilbert problem in the n-limit.

The “small norm theory” will be widely used in the present thesis, in particular in Chapter
7. Therefore, we will now give a detailed description of the results that will be applied later.
We refer to [19, Section 5.1.3] as a standard reference.

Given a collection of oriented contours ¥ in the complex plane, denote by |dz| the ar-
clength, assuming for the sake of simplicity each arc to be sufficiently smooth.

Let f € LP(X,|dz]) (1 < p < o) be a (possibly matrix-valued) function and define the

following Cauchy boundary operators

Cy : IP(S,|dz]) = IP(S, [d2]) (4.2.11)
P Calf](o) = tim o [ N2 (1:2.12)

where the notation s* indicates that the limit is taken as z approaches s € ¥ from the left
or the right side of the oriented curve, within a nontangential cone.

The Cauchy boundary operators enjoy the following properties.
Theorem 4.5. Let f € LP(3,|dz]), 1 < p < oo, then
o C. [f] exists almost everywhere for s € ¥;

e the Cauchy operator is bounded ¥ p > 1
1Cx [l e < Gl (4.2.13)
for some positive constant C, = Cp(X, f);
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e the following formula holds

1
2
where PV is the Cauchy Principal Value operator

Ci=+-1d —%PV (4.2.14)

PV [f](s) := ,iP.V. Jlw)dw = i hm/ Jlw)dw (4.2.15)
i s Z—Ww im0y oz —w
Yo =X\ {|z — s| < €}; (4.2.16)
i particular,
Cy—C_=1d. (4.2.17)

Remark 4.6. The last point in the above Theorem is just a restatement of the well-known
Sokhotski-Plemelj formule(see for example [57]).

Consider the following Riemann-Hilbert problem: given a matrix function J(\) defined

over the collection of curves 3, find a matrix £(\) such that
1. £()) is analytic on C\X;

2. £(A) has nontangential boundary values on ¥ and they satisfy

EL(N)=E_(N)J(N) AeX (4.2.18)
3. £(A) is asymptotically equal to the identity matrix in any norm:

lE) — 1] =0 (%) (42.19)

alternatively
1
EN=I1+0 (X) as A — oo. (4.2.20)

Suppose that the jump matrix J(A) is a small perturbation of the identity, then the Small

Norm Theorem will allow to give some pointwise estimates on the solution £(\).

Theorem 4.7 (Small Norm Theorem). Assume J(A) = I + 0J(\) is close to the identity

Jump, i.e. the norm

||5J()‘)||L2(z)mLoo(z) -= max <H5J()‘)HL2(E) ) H(s‘]()‘)HLOO(E)) <1 (4.2.21)

44



is small enough, with 0J € LP(X), p = 1,2,00. Then, the solution £ to the above Riemann-

Hilbert problem exists and it satisfies the following pointwise estimate

C

IE0) - 11 < o

(4.2.22)

for some constant C = C(||6J(N)[]) = 0, as |6 (M| 1(synp2(s) = O-

Remark 4.8. The condition §J € L*(X) could be weakened. On the other hand, if J(\) is

analytic, then it is possible to prove a stronger estimate of the form

C

—I|| < —F—F.
[€) I'= 1+ dist (A, %)

(4.2.23)

We will give here a sketch of the proof.
Proof. The solution to the Riemann-Hilbert problem (4.2.18)-(4.2.19) can be written as

L [&(s)—E(s)
EAN)=T+— | ———=ds. 4.2.24
W=ltgr | == % (42.24)
Indeed, both sides have the same jump and the same asymptotic behaviour at oo, thanks to
the Sokhotski-Plemelj formula. On the other hand, since £, (s) —E_(s) = E_(s)(J(N\)—1I) =

E (s)0J(N), we have
1 E_(s)0J(N)

2 s S—A

EN) =T+ ds. (4.2.25)

Therefore, it is clear that £ is uniquely determined by its boundary value £_. Taking the

limit as A approaches the curves Y on the left, we have

SN =1+ i /E %ds =T+ C_[E6T](N). (4.2.26)

Thus, solving the Riemann-Hilbert problem (4.2.18)-(4.2.19) is equivalent to solving a

linear inhomogeneous equation for the matrix-valued function f:=&_ — T € L*(X)

JfA) =C_[(IT+ f)oJ](N) =C_[0J] (A\) +C_[foJ](N) (4.2.27)

or equivalently
(Id—L)f = v (4.2.28)
L:=C_[-0]], vy := C_[8J] (4.2.29)
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The next step is to prove that the operator norm of Id —L is smaller than 1. Indeed, if
this is the case, then the invertibility of the operator Id —L£ is guaranteed and therefore also
the existence of the solution to the Riemann-Hilbert problem (4.2.18)-(4.2.19) is proved.

Given the operator norm as ||[L|[| := supyz,—1 L[] ;2. then performing standard esti-

mates we get
LI < TC-H- W8T oo (s (4.2.30)

which implies that the operator norm is smaller than one if the essential sup of ./ is smaller
than the inverse of the operator norm of C_, which is indeed the case thanks to (4.2.21).

The same conclusion can be said about the norm of the matrix vy
fooll < NIC-l - 187 sy < L (4.2.31)

We are finally able to derive an estimate for the solution £ and conclude the proof of the

[5.
5 S — A

Using the fact that f = (Id —£) vy = (Id —£)'C_ [§.]], we can estimate its norm by

theorem.

o |EN) — 1| <

§J(A 1
/wd‘ < sy U071+ 107z 11.2)

(4.2.32)

1
1122 < w7 MC-MI - 1071 25y (4.2.33)
s 1Vl e

in conclusion,

(4.2.34)

1 HC-11 - 116172 s
2 [EN) = 1| £ —F—=~ | 16| 2 + :
dist(A, X2) Er—le)- ||5J||Loo(2)

]

In the applications, one usually deals with a Riemann-Hilbert problem where a parameter

k is very large

T (A k) =T_(\E)JA\K), AeX, (4.2.35)
T\ k)=I1+0 G) . A — oo (4.2.36)

The idea is to perform a sequences of transformations, which may involve the introduction
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of a g-function, from the original Riemann-Hilbert problem into a final problem

ToOE) =T_(\E)JNE), AeX, (4.2.37)

T(\E)=1+0 (%) . A — 0. (4.2.38)

such that T is an explicit and approximate solution to the original problem. Indeed, if the
jumps J and J are such that JJ ! = I +867 , where 6.7 is sufficiently small in the LP-norms,
p = 1,2, 00, then one can build the “error” matrix £(A) := D(A)T(A)~! which satisfies a
Riemann-Hilbert problem with jump matrix I'_(1+0.7 (A))I'~', plus the usual normalization
at infinity. The Small Norm Theorem can therefore be applied and the estimate (4.2.23)
gives the order of approximation of [ with respect to I', in the setting k£ > 1.

The Small Norm Theorem will be the main tool used in Chapter 7 in order to prove
the degeneracy of the tacnode Riemann-Hilbert problem into two Airy Riemann-Hilbert
problems in the scaling limit as the “pressure” parameter o tends to infinity or as the “time”

parameter 7 tends to either plus or minus infinity.
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Chapter 5

Gap probabilities for the Bessel

Process

5.1 Introduction

The Bessel process is a determinantal point process as detailed above in Chapter 2 defined

in terms of a trace-class integral operator acting on L?(R,), with kernel

Ju(ﬁ)\/gjlﬂrl(\/g) - Jqul(\/E)\/EJV(\/g)

KB(xay): 2(x—y)

(5.1.1)

where J, are Bessel functions with parameter v > —1.

The Bessel kernel Kpg arose originally as the correlation function in the scaling limit of
the Laguerre and Jacobi Unitary Ensembles near the hard edge of their spectrum at zero
([38], [38], [89]) as well as of generalized LUEs and JUEs ([78], [104]).

Both these ensembles consist of complex self-adjoint matrices equipped with a certain
probability measure, invariant under unitary transform. In particular, the LUE consists of
positive self-adjoint complex N x N random matrices such that the joint probability density

function of the (positive) eigenvalues is given by

N
PO, A =aw [[Me™ T =Ml =det [Kn( M), (5.1.2)
k=1

1<j<k<N

where

F

Kn(z,y) = ) _ on(x)dn(y), (5.1.3)

0

o~
Il

and {¢y(x)}7%, is the sequence obtained by orthonormalizing the functions {z*2z%e”2} on
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(0,00), with v > —1.
The JUE consists of all contractive (i.e. its eigenvalues are smaller than 1 in absolute
value) self-adjoint complex N x N random matrices with joint probability density function

of the eigenvalues given by

N
piiﬁ,N()‘l’ cty )‘N) = Cy,u,N H(l - >\k)u(1 + /\k)u H |)\J - /\k|2
k=1

1<j<k<N
= det [Kny (A, Ay - (5.1.4)
with —1 < Ay,..., Ay < 1, where Ky is given as in (5.1.3) with functions {¢x(z)}32,

obtained by orthonormalizing {z*(1 — z)2 (1 + a:)%} on (—1,1), with v, u > —1.
In both cases and for finite N, the probability that no eigenvalue lies in a subinterval [

of Ry or [—1, 1], respectively, can be written as a Fredholm determinant

det (Id _KN

) =1+ Z %/ det [KN(a:i,ycj)]szl dzy...dxy (5.1.5)
T 1 ! Ik 7

where Ky stands for the orthogonal projection onto the subspace of L*(R;) or L*([—1,1]),
respectively, spanned by the first N Laguerre or Jacobi functions, respectively, and Ky (z,y)
is the corresponding integral kernel of the form (5.1.3).

Let Py%" (s) and Py"*(s) denote the probabilities that no eigenvalues lie in the interval
0,s] € Ry (Laguerre case) or [1 — s, 1] C [—1,1] (Jacobi case), respectively. We can notice
that these probabilities describe also the behaviour of the eigenvalue that is closest to the
hard edges of the ensembles. With the appropriate scaling these probabilities converge (as
N  o0) to the Fredholm determinant of the Bessel kernel:

2
. Lag,v S - .
]\}%OPN <_4N> = det (Id Kp , S}) (5.1.6)

2
: Jac,v,p S _ .
]\}Lrgo Py (2N2) det (Id Kp . 1]> . (5.1.7)

In fact, the Laguerre and Jacobi kernels converge themselves, after the hard edge rescaling,

to the Bessel kernel Kp(z,y). This is also true for certain modified Laguerre and Jacobi
random matrix ensembles.

In this chapter we focus on the study of the gap probabilities of the limit process, i.e.
the Bessel process. In particular, we will be concerned with the Fredholm determinant of

such an operator on a collection of (finite) intervals I := Ufil[agi,l, agl, i.e. the quantity
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det (Id _KB

>, and the emphasis is on the determinant thought of as function of the
endpoint a;, z'I: 1,...,2N.

The gap probabilities for the Bessel process were originally studied by Tracy and Widom
in their article [101]; we refer to this paper for a comparison with the differential equations
showed in the present work (in particular, Theorem 5.16 and formula (5.2.47)). We point out
that such equations are not the same as those shown in [101] and they are derived through
a completely different method.

The second part of this chapter will examine the Bessel process in a time-dependent
regime. Consider n times 7y,...,7, in a given time interval (0,7"); the so called multi-time
or extended Bessel process (see [72] and [102]) is a determinantal point process with matrix

kernel [Kp];; with entries

1

) et Wan (yyu) du o i>
[Ksl;; (2,y) —{ = e g () (T du i < j (5.1.8)

t,7=1,...,n; with A := A;; = 7, — 7; the time gap between two times and v > —1.

Remark 5.1. In the case T =1 = ... =1, =0, we can recover the time-less Bessel kernel
(5.1.1).

As shown by Forrester, Nagao and Honner in [39], the multi-time Bessel process (with its
correspondent kernel) appears as scaling limit of the Extended (multi-time)Laguerre process
at the hard edge of the spectrum.

Although the multi-time Bessel process has been known since a long time, the study of
its gap probabilities has never been performed before and it is addressed in this chapter.
Again, we will focus on the Fredholm determinant of such process on a collection of intervals
I =A{L,...,I,}, I, refers to time 7; for all j. The result is a set of relations that describes
the Fredholm determinant as a function of the endpoints of the intervals and of the n times.

The Fredholm determinant of the time-less Bessel kernel and, as it will be clear in the
chapter, the Fredholm determinant of its multi-time counterpart will be related to Fredholm
determinants of integrable operators in the sense of Its-Izergin-Korepin-Slavnov ([50], see
Section 3.3). We point out that , while the definition of the Bessel kernel already shows an
ITIKS structure, the multi-time Bessel kernel (5.1.8) is not of integrable form. Nevertheless,
it will be possible to reduce its Fredholm determinant to a determinant of an integrable
operator of such form.

The main steps in our study of the gap probabilities for the Bessel process are the

following: we will first find an ITKS integrable operator, acting on L?(X), with ¥ a suitable
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collection of contours. Through an appropriate Fourier transform, we will prove that such
an operator has the same Fredholm determinant as the Bessel process. We will then set up
a Riemann-Hilbert problem for this integrable operator and connect it to the Jimbo-Miwa-
Ueno 7 function.

This strategy will be applied separately to both the single-time and the multi-time Bessel
process. Our approach derives from the one used in [10] and [11] for the Airy and Pearcey
processes in the dynamic and time-less regime respectively.

Whereas the part dedicated to the single-time process is mostly a review of known results
(see [36], [53] and [101]), re-derived using an alternative approach, the results on the multi-
time Bessel are genuinely new and never appeared in the literature before.

The present chapter is organized as follows: in section 5.2 we will deal with the single-time
Bessel process in the general case of several intervals; in the subsection 5.2.3 we will focus on
the process restricted to a single interval [0, a]: we will find a Lax pair and we will be able to
make a connection between the Fredholm determinant and the third Painlevé transcendent.
This provides a different and direct proof of this known connection ([53], [L01]); in particular
our approach directly specifies the monodromy data of the associated isomonodromic system
and allows to use the steepest descent method to investigate asymptotic properties, if so
desired. In section 5.3 we will study the gap probabilities for the multi-time Bessel process.
Although the results of section 5.3 strictly include those of section 5.2, we have decided to

separate the two cases for the benefit of a clearer exposition.

5.2 The single-time Bessel process and the Painlevé

Transcendent

5.2.1 Preliminary results

We recall the definition of the Bessel kernel

Jy(ﬁ)\/@%ﬁ&-l(\/@) - JV+1(\/E)\/§JV(\/§) .

2(z —y) ’

Kp(z,y) = (5.2.1)

writing the Bessel functions as explicit contour integrals, it is possible to show, through some
suitable manipulations and integrations by parts, that the Bessel kernel can be written also

in the following form

1

/2 at— g —ys+45 v dt d
Kp(z,y) = (y> // < - - (f) e (5.2.2)
T s t—s t/ 2mi 2m
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Figure 5.1: The contours appearing in the definition of the Bessel kernel (5.2.2).

with v > —1, x,y > 0 and v a curve that extends to —oo and winds around the zero
counterclockwise, while the curve 4 is simply the transformed curve under the map t — 1/¢;
the logarithmic cut is on R_. The contours are as in Figure 5.1.

We want to study the Fredholm determinant of the Bessel operator; in particular, we will

1) (5.2.3)

where I := [a1,as| U [as,ay) U... U [agn_1,asn] is a collection of finite intervals (0 < a; <

<Cl2N).

focus on the following quantity

det (Id _KB

Remark 5.2. The Bessel operator is not trace-class on an infinite interval. Thus, it is

meaningless to consider the operator restricted to such interval.

Remark 5.3. Defining K, := Kg(z,y)| , then we have

[0,a]

2N

= (~1) K, (z,y). (5.2.4)

I j=1

Kp(z,y)

Our goal is to set up a Riemann-Hilbert problem associated to the Fredholm determinant

OfKB
I

Theorem 5.4. The following identity between Fredholm determinants holds

det (Id —Kp

) — det (Id —B) (5.2.5)

52



where B is a trace-class integrable operator acting on L*(yU4) with kernel

T
- g(t
B(s, 1) = 18 90) (5.2.62)
s—1
B ays 1 7] [ 0 ]
e 2 7E$_V €—a13+ﬁ57/
F ! 0 ! —eTer s 5.2.6b
f(s) = o | XA(5) + o 3 X4(8) (5.2.6b)
: (_1)2N67a2N,ls+isy
L 0 i (_1)2N+16—a2Ns+ﬁ8u
_ . ) L
th
e 2
gy =| ¢ 1m0 . (5.2.6¢)
6t<d2N_d71) 0

Remark 5.5. The space L*(yU#) is the space of square integrable functions in the arclength

measure, defined on the curves v U 7.

Proof. We work on a single kernel K,, and we will later sum them up (as in Remark 5.3),
thanks to the linearity of the operations that we are going to perform.

First of all, we can notice that, if z < 0 or y < 0, Kg(z,y) = 0; in particular, if x < 0,
then a simple residue calculation shows that the kernel vanishes. Similar arguments lead to

the same conclusion for y < 0. Then, using Cauchy’s theorem, we can write

—usta ss\v dtds
Kaj(%y) :/ 2 8e—v) // — <—) 7o g =
iRe Qs ey ( E=3s)(t—s) \t/ (2mi)

5“] :—ajst g5 v
:/ g —&y/ . t/ ds L (f) (5.2.7)
iRae 270 iRe 2m 52mi (§—s)(t—s) \t

where iR 4 € (e > 0) is a translated imaginary axis; thanks to the analyticity of the kernel,
we continuously deformed the curve v into such translated imaginary axis, in order to make
the Fourier operator defined below more explicit. We also discarded the conjugation term
(%)V/ 2, due to the invariance of the Fredholm determinant under conjugation by a positive

function.
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Defining the following Fourier transform operators:

FLR) > L2(iR +¢€) | F':L2(iR+¢) — L*(R)

(5.2.8)
F@) = o fy F@)esdn | hE) o> o= [y hl€)e S de
it is straightforward to deduce that
Kg| =F 'oKgoF (5.2.9)
I

with Kp = Zj(—l)le_aj andVj=1,...,N K, is an operator on L?(iR + ¢) with kernel

- €aj—k—ajs+ i v
Kalet) = [ o emai=s )

In order to ensure convergence of the Fourier-transformed Bessel kernel, we conjugate Kz
by a suitable function

ayt  ai§

Kp(&:t) :=e2 "2 Kp(E,1)

S i [ ds o= )+ gty o 0 2N j
_;(_1) /v% (€ —s5)(t—s) (2) - ;(—U Ka, (§:1) (5.2.10)

and we continuously deform the translated imaginary axis ¢R + € into its original shape ~;
note that a; — 4 >0,Vj=2,...,2N and % > 0.

Lemma 5.6. For each j =1,...,2N, the operator K,; with kernel

a ayt 1 1
ds eﬁ(ar?l)JF%*ﬂ*“jHE s

Ka,(€,1) :L% I (;) (5.2.11)

is trace-class. Moreover, the following decomposition holds K., = Ao B,,, with

AL (§) = L*(v) Ba, : L*(7) = L*() T
5.2.12
h(S) — t*t/e%t—% B % % f(t) — Sye—ajs-i-i f7 g(“tj__sT) f(t) %

A and B, are trace-class operators as well.
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Proof. 1t is easy to verify that A and B,, are Hilbert-Schmidt and that their composition
gives Ky, .
Moreover, we have the following decomposition of kernels. Introducing an additional

contour iR + ¢ not intersecting either of v, 4, we have A = Py o P; with

P L2(%) = L2(iIR +0) Py L2(iR +6) — L*(v)
s) ds e T h(u) du
Pl = [ L5 e = [ MO

Analogously, B,, = O, 0 Oy ; with

Oy L2(y) = L2(iR +0) Osj 1 (IR +8) — L*(%)
6t(aj_a71>f(t) dt b —aisrd h(w) ds
Olv][f](w) - /;WT’]TZ OQJU@(S) =S e 4s [}R+6 EQ—M

It is straightforward to check that P; and O, ; are Hilbert-Schmidt operators, 7 = 1,2 and
Jj=1,...,N. Therefore, A and B,, are trace-class. m

Remark 5.7. The kernel A does not depend on the set of parameters {a;}3", but only on
the first endpoint a;.

Before proceeding further, we notice that any operator acting on the Hilbert space H :=
L2(yU¥) ~ L*(y) ® L*(¥) = Hy ® H, can be written as a 2 x 2 matrix of operators with
(i, j)-entry given by an operator H; — H;.

According to such split and using matrix notation, we can thus write det(Id —Kp) as

2N
det (IdLQ('y) — Z(—l)J.A o Baj>

j=1
0 A
SN (=1)B,, | 0

The first identity comes from multiplying the right hand side on the left by the following

matrix (with determinant equal 1)

Idr2erzi) +

0| -A
0o 0 |
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5.2.2 The Riemann-Hilbert problem for the Bessel process.

Thanks to Theorem 5.4 we can relate the computation of the Fredholm determinant of the
Bessel operator to the theory of isomonodromic equations. We start by setting up a suitable
Riemann-Hilbert problem which is naturally related to the Fredholm determinant of the

operator B.

Proposition 5.8. Given the integrable kernel (5.2.6a)-(5.2.6¢), the associated Riemann-

Hilbert problem 1is the following:

(
T\ =1+0 (1) \ - 00 (5.2.14)

where I is a (2N 4+ 1) x (2N + 1) matriz such that it is analytic on C\X, bounded near A = 0

and satisfies the jump conditions above with

[0 e e .. efen 0
0O 0 0 ... 0 e~ 0
JA) == | ¢ C () + —e 0 0 ... 0 |xs(\) (5.2.15)
0 ... : :
I 0 ... 0 | (1) Femy 0 L 0 |
0; == a;\ — ﬁ —vinA, Vj=1,...,2N, where x,, x5 are the characteristic functions on the

contour v and v respectively.
Proof. Tt is straightforward to verify that I — J(A) = I — f(\) - G(A)T. O

Theorem 5.9. The Tracy-Widom distribution of the Bessel process, i.e. the Fredholm deter-
minant det (Id —Kp ), is equal to the isomonodromic T-function related to the Riemann-
I

Hilbert problem defined in Proposition 5.8. In particular, ¥Vj=1,...,2N

1) _ /E T (T T (VZa, (V) % (5.2.16a)

Zo(\) = —dJ\) - (I — J(\) ™ (5.2.16b)

0., In det (Id —Kp

where I = [ay, as]U. .. [aan_1, asn] is a collection of finite intervals and ¥ = vU%; we denote

by’ the derivative with respect to the spectral parameter \.
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Proof. Referring to at the Theorem 3.14 from Section 3.4, we just need to verify that the
extra term H(I — J()\)) = 0.

Moreover, we notice that the jump matrix J(A) can be written as
J(\, @) = 7O Je=TA@) (5.2.17)
where Jy is a constant matrix, consisting only on 0 and +1, and
T(\ad) = diag (To, T, ..., TN)

Ty = N+126 T; =Ty — 6. (5.2.18)

Therefore, the matrix W(\, @) := I'(A, @)e” ™% solves a Riemann-Hilbert problem with con-
stant jumps and it is (sectionally) a solution to a polynomial ODE. This guarantees the
identification of the one-form above with the one defined by Jimbo, Miwa and Ueno ([53],
[54], [57]), as explained in Chapter 3.4. O

Starting from Theorem 5.9, it it possible to derive more explicit differential identities by

the use of the Jimbo-Miwa-Ueno residue formula adapted to the case at hand.

/E Tr (F:l(A)FL ()\)Eaa_(k)> D e T (T N (N8, TOV) (5.2.19)

& 271 A=00
In conclusion,

Proposition 5.10. For all j =1,..., N, the Fredholm determinant satisfies

Oy, In det (Id —Kpg

) = —Tijt5n (5.2.20)
I

with 'y 11 541 the (j + 1,7+ 1) component of the residue matriz I'y = limy_,oo A (I — I'(N))
and I" is the solution to the Riemann-Hilbert problem (5.2.14).

Proof. The proof will follow the same guidelines described in [11, Proposition 3.2]. Given
the definition of T'(\),
1
8ajT()\, C_i) = )\ (N—H[ E j+1 j+1) (5221)
and plugging into (6.3.17), we have
Tr Fl
8aj In det (Id — KB ) = — — F1; i+1,j+1 — _Fl; i+1,541 (5222)
, N1 J+1.7 J+1.g
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since det ['(\) = 1, thus TrI'y = 0. O

5.2.3 The single-interval case for the Bessel process and the Painlevé

IIT equation

We consider now the case in which the Bessel kernel is restricted to a single finite interval
0, a.

We will see that from the 2 x 2 Bessel Riemann-Hilbert problem we can derive a suitable
Lax pair which matches with the Lax pair of the Painlevé III transcendent, as shown in [30].
The Lax pair described in [30] is slightly different from the one found in our present thesis,
but it can be shown that the two formulations are equivalent.

In order to make the connection with the Painlevé transcendent more explicit, we will
work on a rescaled version of the Bessel kernel, which can be easily derived from our original
definition (5.2.2) through suitable scalings.

By specializing the results of the previous section, we get a (Fourier transformed) Bessel

operator on L?(v) with the following kernel

K5(&,t) ZL% ﬂzf;;é—j(:;) (5> (5.2.23)

where = := \/a.

It can be easily shown that g is a trace-class operator, since product of two Hilbert-
Schmidt operators g = Ay o A; with kernels

Lep{F -5 (s—2)}

At = = EPEZE O ) (5.2.01)
Ao, =~ LRGN (5.2.25)

Proposition 5.11. The operators A;, j = 1,2, are trace-class.
Proof. The proof follows the same arguments as the proof of Lemma 5.6. m

Theorem 5.12. Consider the interval [0, x], then the following identity holds

det <Id _KB

) = det (Id —B) (5.2.26)

[0,2]
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Figure 5.2: The jump matrices for the Bessel Riemann-Hilbert Problem in the single-time
case.

with B a trace-class integrable operator with kernel defined as follows

B(t,s) = %ef_é(s_i)s” ' Xv(t)xa(i)_—seg(g‘i)ﬂ X4 (8)x5 (1)
= @ (5.2.27a)
with
fi = o [ ' ] Olt)+ 5 [ X ] it (5:2:27h)
g(s) = 6;(5:) V ] X4(8) + —e“é(é(ii)s” ] X+ (8). (5.2.27c)

The associated 2 x 2 Riemann-Hilbert problem has jump matrix M () := I — J(\) on
Y =~y U#¥ with

0 —@% ()‘7§

0 0

) —V
A ]XV(AH 0 0

] s (). (5.2.28)

and the solution I' to the RHP is bounded near the origin when x = 0. See Figure 5.2 for a
sketch of the jumps.
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It is easy to see that

0, 1
with T'(\) := 5% 0, = g ()\ — X) —vinA (5.2.29)
where My is a constant matrix. Thus, the matrix W()\) := ['(\)e’*™ solves a Riemann-

Hilbert problem with constant jumps and it is (sectionally) a solution to a polynomial ODE.

Applying again Theorem 5.9 and Jimbo-Miwa-Ueno residue formula, we get

dA
J; Indet(Id — B) = / Tr (PZH T (NZE (V) —
= 21
= —res Tr (I7'TY0,T) + res Tr (I '179,T) . (5.2.30)
A=o00 A=0

Proposition 5.13. The Fredholm determinant of the single-interval Bessel operator satisfies

the following identity
1 1-
0, Indet (Id —B) = —§F1;22 + §F1;272 (5.2.31)

where I'1.99 is the (2,2)-entry of the residue matriz at infinity, while f1;2,2 is the (2,2)-entry

of residue matriz at zero.

Proof. As in the proof of Proposition 5.10, we can easily get the result by calculating the

derivative of the conjugation matrix

a1 (3 1) (L1 ) 2

and by keeping into account that, since detI'(A\) = 1, TrI'; = Tr I, =0. m

The Lax pair and the Third Painlevé Transcendent

From the asymptotic behaviour at infinity of the matrix ¥, we can calculate the Lax pair

associated to our Riemann-Hilbert problem.

A, A

A= 00 - T 1 (\) = Ay + Tl + Tj (5.2.33)
B

B =08, - U (\) = By + \B; + Tl (5.2.34)
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with coeflicients

T
AO = 10'3
T v
A = Z [F1,U3] - 503
T T v T
Ay = 1 [y, 03] + 1 (o311, T1] — 5 [I'1, 03] + 108~ Iy
(5.2.35)
1
Bl = 10’3
1
By = 1 [Ty, 03]
1 dr
B, = 1 ([FQ,U:%] + (o3, T ] — o3 + 4d_ml) :

The form of the coefficients matches with the results in [36, Chapter 5, Section 3, Formulae
(5.3.32) and (5.3.34)]. In particular, using the same notation as in [36, Chapter 5, Section
3, Formulae (5.3.7) and (5.3.8)], we have

z vy
A= | T O A= T2 YW
0 —% Viz) %
1o 0
B = |14 . Bo=1| v % |- (5.2.36)
o o
2_U —W(x)U 1
A—2 = 4U(r)—(§x) T (l’) (x) ) B—l - __A—Q‘ (5237)
W(2) —7 T U(z) t

Calculating the compatibility equation, we get the following system of ODEs

dU wuov vy U Y

== —9 — - 2 T + - + T (5.2.38a)
dVv vV U x

W wtaw (5-2.38)
d 2 Y

W_,yw> v Y (5.2.38¢)
dz T x x

dY Y

- wu+ (5.2.38d)
dz x
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and the constant

O v Uy WUV Y vU

which can be proven to be the monodromy exponent at 0 and equal to —v.

Setting now

Y(z)
Flx) = ———— 5.2.39
(z) V@U@ ( )
and substituting in the equations above, we get that F' and L satisfy
dF

T = (4U —2)F* + 2v — 1)F —x (5.2.40)

dU 9
:1:@ = —4FU* +22UF — (2v — 1)U. (5.2.41)

Remark 5.14. The latter equation for the function U is a Bernoulli 1st-order ODE with

n = 2.

Remark 5.15 (Behaviour as © — 0,). To inspect the behaviour of the functions U, F' as

x — 04, consider the matrix
Y (A z) =2 27T(\, 2)x2% (5.2.42)

which solves a similar RHP with jumps on contours like in Fig. 5.2 but where the off diagonal
terms are multiplied by a factor z™.
For the sake of simplicity we consider only the case v > 0. Giwven D a disk containing ¥

and entirely contained in vy, define the following matrix

(I + % + %) (I+ A\ z)oy) = Py A e C\D
O [+ BNz — \ - 2 o_| AeD
where
—ve3(5-3)q ve=3(5-3)q
_, [ s e s [ s%e S
AN z) = 2 [ e B = /7 N (5.2.44)

o+ is a 2 X 2 matriz where the only non-zero entry is the upper (respectively, lower) diagonal
entry equal to 1 and the matrices Cy, Cy can be explicitly computed by inspecting the behaviour
of ® inside the disk. Such matrixz has the same jumps on v and v as for Y and it displays

an extra jump on the circle D (counterclockwise oriented). The “error” matriz € ==Y ®~!
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has only a jump on D by construction:

1
E =& (P_9") NedD, E=I1+0 <X> A — 0. (5.2.45)
It is possible to show that the surviving jump on 0D is a perturbation of the identity of the
order |z|***3. Therefore, thanks to a small norm argument ([]9], Chapter /), the matriz ®

can be considered as an explicit approzimant of the matrizY (and of the original matriz T").

Inspecting its behaviour at oo, it s possible to recover the functions Y, V.U, W and F := %
appearing in the Lax pair; in particular,
-2
Ulz) = C,a®* + O (a2+2) Fiz)= Y 10(), (5.2.46)
x

where C,, 1s a constant depending on the parameter v.
For —1 < v < 0 the argument is similar, but one needs to be more careful with the

asymptotic expansion and the rate of convergence.

Differentiating (5.2.40) and using (5.2.41), we get the following Painlevé III equation:

1
2 3
=7 ——— + S (QF?+v—1)+ F— —. (5.2.47)

zdx =z F

d2F 1 /dF\?* 1dF 2
dz

Given the expression of the matrix A, we can find an expression for the residue matrix
[';. Focusing on the residue at 0, we can perform similar calculation with the already known
Lax pair (5.2.33)-(5.2.34) and obtain

res Tr (I'1Y0,T) = — res Tr (I'179,T)
A=0

A=00

1 2
= —2UF? + (¢F? = 20F + 2) U — %} : (5.2.48)
Z

In conclusion,

Theorem 5.16. The gap probability of the Bessel process restricted to a single interval
satisfies the following identity

det(Id —B) = exp {/ Hin(s) ds} (5.2.49)
0
where Hyy is the Hamiltonian associated to the Painlevé 111 equation (see [53])
1 2 2 2 a?
Hu(F,U;z) = = | 2U°F? + (¢F* = 2vF +2) U — Tl (5.2.50)
x
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v=-05 v=0 v=05]

Figure 5.3: Numerical computation of the Fredholm determinant det(Id — Kpx[oq]) as func-
tion of a with different values of the parameter v. The outcome has been obtained by directly
calculating the Fredholm determinant of the Bessel operator (following the ideas of [11]).

Remark 5.17. The Hamiltonian Hyy is singular at 0, but it is integrable in a (right) neigh-
borhood of the origin: Hy € L'(0,¢), € > 0. Given that OlnT = Hyy and T is continuous,
this yields 7(0) = det(Id) = 1, as expected.

5.3 The multi-time Bessel process

5.3.1 Preliminary results

The multi-time Bessel process on L?(R,) with times 7, < ... < 7, is governed by the matrix
operator [Kp| := [Kp] 4+ [Hp] with kernels [Kp], [Kp] and [Hp]s given as follows

(K5l (2.y) [KBW y) + [Hp];; (x.9) (5.3.1a)
Folute) =g () [ 4_:*_“;“_ ) (5.3.1b)
[Hpl;; (z,y) = XT,<T]Aﬂ (—) /764 ity >t‘”‘1% (5.3.1c)

with the same curve 7 as in the single-time Bessel kernel (a contour that winds around zero

counterclockwise an extends to —oo) and 4; := Vi,j=1,...,n, Ajj =7, — ;.

'y+4T
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Remark 5.18. The matriz Hp,;; is strictly upper triangular.

Remark 5.19. The integral expression (5.5.1b)-(5.3.1¢c) for the multi-time Bessel kernel is
equivalent to the one given in the introduction (5.1.8) (see [72] and [102]). To prove the
equivalence, one simply needs to write the Bessel functions as contour integrals and perform

some suitable integrations by parts.

As in the single-time case, we are interested in the following quantity

I) (5.3.2)

which is equal to the gap probability of the multi-time Bessel kernel restricted to a collection
of multi-intervals Z = {I, ..., I, },

det <Id — KB

L :=[a",af)U. . U [agjk)j_l,aggj], 0<a <., < aéjk)j. (5.3.3)

Remark 5.20. The multi-time Bessel operator fails to be trace-class on infinite intervals.

For the sake of clarity, we will focus on the simple case I; = [0,a")], 5 = 1,...,n. The

general case follows the same guidelines described below.

Theorem 5.21. The following identity between Fredholm determinants holds

det (Id —KB

) = det (Id —Kp) (5.3.4)

T

where L is defined as in (5.3.3). The operator Kg is an integrable operator with a 2n x 2n

matrix kernel of the form
f)" - g(€)

KB(t7§) = t—

(5.3.5)

acting on the Hilbert space

H:=17? (7 U U Yk, (C") ~ L? (U Yk, C”) ® L*(y,C"), (5.3.6)
k=1 k=1

with y_j, = % — 47,
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The functions f, g are the following 2n x 2n matrices

[ diag N () ‘ 0
f(t) = 0 | AM@) (5.3.7)
0 | BOH(®)
[ 0 diag N (€)
9(§) = | C(M(9)) 0 (5.3.8)
|0 D(H(£))

where diag N is a n x n matriz, A and C are two rows with n entries and B and D are

(n — 1) X n matrices,

a(l) a(n)

diag N (t) := diag (—46 X, (1), ..., —de Xv(t)) (5.3.9)
AM©) =[50, (0, (0] (5.3.10)

_ @, -

—4e 2 %XAH 0
A @ e @
BH(t) = | —7¢ T wX TR g (5.3.11)
) o) o) g
| —de v Xv-1 de” 7w Xy—2 —4de t” X (n—1) 0 J
(1) o™
diag N (€) := diag e& Xry1(&), ..., e & Xwn(f)) (5.3.12)
£ €.,

CM(E) = [efer ()., ef 6 )] (5.3.13)

_ @ -

0 e xy,(6)
o3
0 €% Xq_5(8)
o)
D(H(f)) = 0 e & X774(§) (5314)
a(n)
| 0 e& xy,(§) i

with & ==&+ 41, tp =t +4m., fork=1,....n

Remark 5.22. The naming of Fredholm determinant in the theorem above needs some clar-
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ification: by “det” we denote the determinant defined through the Fredholm expansion
det(Id—K) =1+ Z o / det[K x,,zj)]ﬁjzldu(xl) codp(xy) (5.3.15)

with K an integral operator acting on the Hilbert space L*(X,du(x)), with kernel K (z,y).

= ([Kp] + [Hp))| is actually the sum of a trace-class
z z

In our case, the operator [Kg|

whose kernel is diagonal-free, as it
z

operator [f(B]‘ and a Hilbert-Schmidt operator [Hg|

T
will be clear along the proof.

Thus, to be precise, we have the following chain of identities

) = g (105
A

= GTYKB detg (Id —KB — HB
A

_HB

)

I) (5.3.16)

“det” (Id —Kp

where dety denotes the reqularized Carleman determinant (see [95] for a detailed description
of the theory).

Proof. Thanks to the invariance of the Fredholm determinant under kernel conjugation, we
can discard the term (%)V/ ? in our further calculations.

We will work on the entry (7, j) of the kernel. We can notice that for z < 0 or y < 0 the
kernel is identically zero, Kg(z,y) = 0, as in the single-time case. Then, applying Cauchy’s

theorem and after some suitable calculations, we have

d¢ e £(a9) —y) dt ds A-i—act—%t—a(j)s—&-ﬁ S\ v
0a] /¢R+6 2mi £ —s //m 2mi)%ts L — L= — A (?)
[ Lo ﬁen / do AT eyl
iRpe 270 iRepe 20 s 2mi (E—5) ( — 5 —A) \t/ s
rit€ali) — L —20_is y
d dt d 4 it st4r; T4 1 1
= / _5_6_@/ —.e“/—s, ‘ ( ) = (5.3.17)
Repe 270 iRie 20 ) 2mi (% 4 - 8) (L —4r,— ) (s+4m)t) t&

where we deformed + into a translated imaginary axis iR+¢€ (¢ > 0) in order to make Fourier

f(B;z'j(l'a ?J)

transform operator more explicit; the last equality follows from the change of variable on s:
s — 1/(s+47;) (thus the contour 4; becomes similar to v and can be continuously deformed
into that).
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On the other hand

_1 d £(al? —y) e g9 (1 dt
[0,a(0)] ji Jikye 2MLE — 1A, (1 - ;) 5 2mi
N e o)
1 / de —gy/ efa(1>+zmji(t_1)_4Aji(1_1)15_”_1 dt
= 5..¢ 5
Aji Jirge 2mi iR-+te §— fji (1 - %) 2mi
aD (-t —
d dt ( 4A]'7;t+1)
= —4/ —g,efy/ — " ¢ (4A;t+1)7". (5.3.18)
iRe 2T i

R+e 27” tf <4Aﬂ —+ % - %)

It is easily recognizable the conjugation with a Fourier-like operator as in (6.3.7), so that

7/ ij
with
ds ZleTlJréll(Jtif%‘ﬁjJri 1 "1
Bi;(t,€) = /% 1 1 <(s + 47'-)t> t€ (5.3.20)
v (5—47']-—3)(;—471‘—5) J

j t
()

Hi' t, = —4
]( 5) 47']'—47'1‘—}-%—

(40t + 1) =, (5.3.21)

Now we will perform a change of variables on the Fourier-transformed kernel B;; 4+ x;<;H;:
§ = % —471; and n; = % — 47;. This will lead to the following expression for the (Fourier-

transformed) multi-time Bessel kernel

’CB;ij - Bl](na f) + XTi<TjHij(n7 5) =

9D n G o) a(d)

dt e&ti 1 i+ 1 41\ " Erar;  mtar 47\ 7Y
4/—,6 <”+ T>  Xryer, - 45 (’7+ TJ) (5.3.22)
Y2 (E—t)(n—1t) \1i+47 {—n  \n+in

with € € % —41; =:v_;and n € % — 471, = v_;, V1,5 =1,...,n. Such operator is acting on
the Hilbert space L* (p_, v—k, C") ~ @,_, L* (y_1, C").

Lemma 5.23. The operator B is trace-class and the operator H is Hilbert-Schmidt. More-
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over, the following decomposition holds Kgp = M o N + H, where

M L*(7,C") — L* (Up_; 7-x,C"), N L (U v-,, C") — L*(v,C")

(5.3.23)
H: L (Ui 71 C") = L Uiy 71, C")
with entries
Myttn) = 2 (Y ) (5.3.24a)
i\t 11 C2min—t t Xy Xyl et
| eam(%_%)
Nij(€,t;aD) = 45 T Xy, (€) - x4 (1) (5.3.24b)
am(;,;) i
_ e TN
Hij(§7 77) = Xn<rj 4 é. 0 7]_ X772<7]> * Xv—, (5) (5324C)

Ce:=C+4m (C=¢&,t,m) and v_y ::%—4Tk,‘v’k::1,...,n.

Proof. All the kernels are of the general form H(z,w) with z and w on disjoint supports,
that we indicate now temporarily by S;,S;. It is then simple to see that in each instance
Js, Jo, [H(z,w)|?|dz||dw| < +o00 and hence each operator is Hilbert-Schmidt. Then B is

trace class because it is the composition of two HS operators. O]
Now consider the Hilbert space
2 ! 1 n 2 ! 1 n 2 n
H=Lyul]J=-4n.C"| ~L* || = — 47, C" | ® L*(7,C"), (5.3.25)
Y g
k=1 k=1

and the matrix operator Kg : H — H defined as

Kp = [%ﬂ] (5.3.26)
M| H

due to the splitting of the space H into its two main addenda.
For now, we denote by “det” the determinant defined by the Fredholm expansion (6.4.6);
then, “det”(Id — Kg) = dety (Id — Kp), since its kernel is diagonal-free. Moreover, we
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introduce another Hilbert-Schmidt operator

0| -N
K =
=[]

which is only Hilbert-Schmidt, but nevertheless its Carleman determinant (dets) is well
defined and det, (I — K) = 1.

Collecting all the results we have seen so far, we perform the following chain of equalities

) = det, (Id— Kp )e-mf()
T T

= det2 (IdL2<UZ:1 ’Y—k) - ’CB) eiTr(B) = det2 (IdH — KB> det2 (IdH — KIB)

“det” (IdLQ(R+) — KB

= det2 (IdH - KB) = “det ”(IdH - KB) (5327)

The first equality follows from the fact that Kz — K is diagonal-free; the second equality
follows from invariance of the determinant under Fourier transform; the first identity on
the last line is just an application of the following result: given Kp, K5 Hilbert-Schmidt

operators, then
det2 (Id — KB) detg (Id — K/B) = detg (Id — KB — KIB —+ KBK/B)QTr(KBKSB),

It is finally just a matter of computation to show that Kp is an integrable operator of
the form (5.3.5)-(5.3.14). O

Example 2 x 2. For the sake of clarity, let us consider a simple example of the multi-

time Bessel process with two times 71, 73, restricted to the finite intervals I; := [0,a] and
12 = [0, b]
KB(ZE, y) -
I,Is
v dids et~ ys+45 dtds eA12+M_7 vstds s\
(g)E 4X[0,a] (y) fyx*y] (274)2 (t) 27rz 'y><'yj Tts 4t 48 NT (Z)
X[0,a] (%) dtds eAQﬁIt***st”Ls s dtds €'~ A —vstas s\V
. (273)?2 ffyXﬁ/] ts 4t 48 N (Z) 4X[0 o \Y 'y><7] (2mi)? t—s (Z)
_ (1- )+7(1 ) v—1 dt
4 8 X[O,b]( Alz f 64A12 . o2 t 2mi ] } ' (5.3.28)

Then, the integral operator Kp : H — H on the space H := L? (yU~y_; U~y_5,C?) has



the following expression

i)

0 0 —éleﬁx,me_%x7 0
0 0 0 —46%)(77267%)(7
€y _t,, [ 5 — b
IS L P CIRECL I SR ST S O 0 —de Xy e 2 Xy
€.y _t,, €yt
ISR G 5 ORI LR S GV £ S 0 0
(5.3.29)
and the equality between Fredholm determinants holds
det <IdL2(R+,(C2) — KB ) = det (IdH — KB) . (5330)
1,12

5.3.2 The Riemann-Hilbert problem for the multi-time Bessel pro-

cess.

As explained in the introduction, we can relate the computation of the Fredholm determinant
of the matrix Bessel operator to the theory of isomonodromic equations, through a suitable

Riemann-Hilbert problem.

Proposition 5.24. Given the integrable kernel (5.3.5)-(5.3.14), the associated Riemann-
Hilbert problem s the following:

Do) =T_(\) (I —2midp())) A€ (5.3.31a)
F\) =140 (%) A = 00 (5.3.31b)

where I is a 2n X 2n matriz ' such that it is analytic on the complex plane except at
Yi=yUUp, % — 413,; the jump matriz Jg(A\) := f(A) - g(A\)T has the expression

0 *1 0
JB()\) = *9 0 *3
*4 0 *5
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*1 1= [—4691)@, cee —469”9@]

*9 1= [6791)(7_1, s 767971)(’7—71}

*3 = [6792X’Y—27 tet eienx'}’—"}

_46_01+02X = O
_46791+93X » _46*92+93X772 0
xy = | —de N0y —deletlay g Ostlay 0
i _46_01+9nx = _46_9n—1+9nx’y_(n_1) O |
_ 0 .
_46792+93X ,
_46—92+94X ., _46_03+94X’y73
k5 1= .
| _46_92+07LX ) _46_67171“1‘0”)(')/”71 0 i
A a;

We recall that we are considering the simple case Z = | |; I; with [; = [0,a9)], Vj =

1,...,n.
Applying again the results stated in [9] and [11], we can claim the following.
Theorem 5.25. Given n times 71 < 7o < ... < T, and gwen the multi-interval T =

{I,...,I,}, the Tracy-Widom distribution of the multi-time Bessel operator, i.e. the Fred-
holm determinant det | Id — [Kp| ), s equal to the isomonodromic T-function related to

7
the above Riemann-Hilbert problem.

In particular, we have

a

271

Olndet (Id — [K5] (5.3.33a)

> _ / Tr (D2 (V)Z5(V))

Ea(/\) = 2w dJp (] + 27TiJB) (5333b)
the " notation means differentiation with respect to X\, while with 0 we denote any of the
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derivatives with respect to times 0y, or endpoints O, (k=1,...,n).

Proof. Keeping into account Theorem 3.14 from Section 3.4, it is enough to verify that
H(I —Jg(\) =0. O

Example 2 x 2. In the simple 2-times case, the jump matrix is

[ 0 0 — e, 0 ]
A b
0 0 —deTTRATVY, 0
— — —— 5.3.34
e Z‘*‘Al ATX’Y—I e 2+Ab2 )\ng_2 0 e 2+Ab2 )\ng_2 ( )
a b U
| et <§—) s 0 0 0 _

Thanks to Theorem 6.25, it is possible to derive some more explicit differential identities
by using the Jimbo-Miwa-Ueno residue formula (see [9]).

First we notice that the jump matrix is equivalent up to conjugation with a constant

matrix Jy:
Jg(\) = T8 Jhe=T5() (5.3.35)
with
K K K K K
Tg(\) :=diag |6y — —, ..., 0, — —,1——, 00— —, ..., 0, — —
() B RERS RS 2n on’° 2n 2n
Ro=01+2) O (5.3.36)
=2

Therefore, the matrix Wp(A\) = ['(\)e’#W solves a Riemann-Hilbert problem with con-

stant jumps and it is (sectionally) a solution to a polynomial ODE.

Theorem 5.26. The quantity (5.5.33a) can be computed explicitly

/Tr (T2 (N)Es(N)) ﬂ = —res Tr ([7'TV0Tp) +
b 271 A=00
- ; JLos T (D7'T'0T). (5.3.37)

More specifically, regarding the derivative with respect to the endpoints o) (i = 1,...,n),
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we have

1
-1 —1
)\:rish1 Tr (F I"aa(1>TB) = (% — 1> (Fo Fl)(l,l) (5.3.38a)
1
-1 -1 -1
Jres T (I T0,0T5) = (E - 1) (3T + (05T | (5.3.38D)
and, regarding the derivative with respect to the times 7; (1 =1,...,n), we have

) 1 .
res Tr (D170, Tp) = 4v (2_ - 1) (T 11jl)(1.1) -

A=—41 n
1
1 -1 —1 -1
14 (1 - %) (~To'ThLg Ty + 205 'Ts) ) (5.3.39a)
1
—1 —1 —1
s T (0710, 75) = 4w (= 1) [(15700) (5570 ] +
4 1
+4a® (1 — —> [(—rglnrgln +205'T2) )+
n 1,0
+ (=Tg'Ih 'y + 2r51r2)(i+n’i+n)] (5.3.39b)

where the I';’s are coefficients of the asymptotic expansion of the matriz I' near oo and —4t;.
We recall that each asymptotic expansion (the I';’s) is different in a neighborhood of each
point —41; and it’s different from the one near oo.

The residue at infinity does not give any contribution in either case.

Proof. We calculate the derivatives of the conjugation factor

. K . 1 1
8,0 Ts(\) = diag [aam (91 - %> 0,... ,o] — diag {A— (% . 1) 0,... ,o]
1

1 /1

8,0 Ts(\) = diag [0, D (ei - %) e O (ei - %) o]

1 /1
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) K ) 40 4v 1
87—1TB(A) = dlag |:87—1 (91 — %> ,0,. .. ,Oi| = dlag |:(>\—% — )\—1) (1 - %> ,O,. .. 70:|

40V 4y 1
=\l )\l 5 ) F 5.3.42
( i )\1) ( 2”) -y ( )
R K
Ts()) = di [ 3 <9i——),..., 3 (ei——>,..., }
0., Tp(N) iag |0 O, o O, o 0
40 4u 1
- ( SV >\_> (1 - 5)  Ei ), (i4njitn) (5.3.43)

where E( ;) (i4n,i+n) 1 the zero matrix with only two non-zero entries (which are 1’s) in the
(i,7) and (i 4+ n, i + n) positions.

Then, recalling the (formal) asymptotic expansion of the matrix I' near oo and —47; for
all ¢ (see [107] for a detailed discussion on the topic), the results follow from straightforward

calculations. O]

5.4 Conclusions and further developments

In this chapter we discussed the gap probabilities for the Bessel process restricted to a
collection of intervals in both the timeless and dynamic regime.

As far as the timeless Bessel process is concerned, we were able to express its Fredholm
determinant as a Jimbo-Miwa-Ueno 7-function and give a quite explicit formulation in terms
of the solution of a suitable Riemann-Hilbert problem which defines the 7 function.

It is known that the gap probability restricted to a finite interval [0, x], > 0, can be
interpreted as the distribution of the smallest eigenvalue of the Laguerre ensemble near the
hard edge (when x = 0). In this work we showed that such quantity is linked in a non linear
way to the Painlevé 11T equation as already shown in [101]. On the other hand, the method
employed in this work allows to not only identify the Painlevé equation, but also to identify
the monodromy data of the associated isomonodromic system.

The study of the gap probabilities for the multi-time process has never been performed
before and the connection with the 7-function allows the formulation of differential identities
which might lead to differential equations in the spirit of [5] and [106], if one desires to do
so. In particular, a first step in this direction could be the recovery of the system of PDEs

showed in [102] for the multi-time Bessel process, using the Lax pair formalism.
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Chapter 6

Gap probabilities for the Generalized

Bessel Process

6.1 Introduction

In this chapter we deal with a relatively new determinantal point process which arises in
the setting of mutually avoiding random paths, called Generalized Bessel process. As in
the previous Chapter, we will be interested in studying certain “gap” probabilities of the
possible configurations of the system and we will connect them with suitable Riemann-Hilbert
problems (RHP, see Chapter 3.3).

As discussed in Chapter 2, gap probabilities of determinantal processes are equal to
Fredholm determinants of suitable integral operators. Therefore, the main goal of the present
Chapter will be the analysis of such Fredholm determinants and, possibly, their calculation
in a quite explicit or more manageable form. These gap probabilities may be also seen as
instances of “Tracy-Widom” distribution ([100], [L01]), in the sense of quantities describing
a “last particle” behaviour, as in the Bessel case (Chapter 5), thus establishing a connection
with the theory of Random Matrices and equations of Painlevé type. Our results on the
Generalized Bessel process fit in the same setting; in particular, we will be able to set a
connection between gap probabilities and a member of some Painlevé hierarchy, using the
same method performed in Chapter 5 (see [10], [L1]), through the identification of the Lax
pair. However, the explicit ODE is still object of investigation.

The Generalized Bessel process is a determinantal point process defined in terms of a

trace-class integral operator acting on L*(R, ), with kernel

dt e™ts i L S\V
FGEN( / (-) 6.1.1
x y 271 2m t—s t ( )
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Figure 6.1: The original contours for the Generalized Bessel kernel defined in [76].

with v > —1, 7 € R; the logarithmic cut is on R_. The curve I' and X are described in
Figure 6.1.

The Generalized Bessel kernel was first introduced as a critical kernel by Kuijlaars et al.
in [76] and [77]. Let consider a model of n non-intersecting squared Bessel processes and let

study the scaling limit as the number of paths goes to infinity. We recall that if {X' (t)}
>0

is a Brownian motion in R?, then the diffusion process

R(t) = [|X(t)|, == V/X0(t)2 4+ ...+ X, ()2 t>0 (6.1.2)

is called Bessel process with parameter v = g — 1, while R?(t) is the squared Bessel process
usually denoted by BESQ? (see e.g. [69, Ch. 7], [74]). As stated in the Chapter 1, these
are an important family of diffusion processes which have applications in finance and other
areas. The Bessel process R(t) for d = 1 reduces to the Brownian motion reflected at the
origin, while for d = 3 it is connected with the Brownian motion absorbed at the origin ([70],
71]).

In particular, we want to consider a system of n particles performing BESQ? conditioned
never to collide with each other and conditioned to start at time ¢ = 0 at the same positive
value x = k > 0 and end at 0. Of particular interest here is the interaction of the non-
intersecting paths with the hard edge at 0. Due to the nature of the squared Bessel process,
the paths starting at a positive value remain positive, but they are conditioned to end at
time t =1 at x = 0.

The positions of the paths at any given time ¢ € (0, 1) are a determinantal point process
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Figure 6.2: Numerical simulation of 100 non-intersecting Squared Bessel Paths with starting
point k = 1.

with correlation kernel built out of the transition probability density of the squared Bessel
process. In [76], it was proven that, after appropriate rescaling in the limit as n — 400, the
paths fill out a region in the tz-plane as in Figure 6.2: the paths stay initially away from the
axis x = 0, but at a certain critical time t*, which depends only on the position of the starting
point k, the smallest paths hit the hard edge and remain close to it. In particular, the domain
of the non-intersecting paths is a simply connected region in the tx-plane, bounded by two
curves which are the loci of the zeros of a certain algebraic equation.

As the number of paths tends to infinity, the local scaling limits of the correlation kernel
are the usual universal kernels appearing in Random Matrix Theory: the sine kernel appears
in the bulk, the Airy kernel at the soft edges, i.e. the upper boundary for all ¢t € (0,1) and
the lower boundary of the limiting domain for ¢ < t*, while for ¢ > ¢*, the Bessel kernel
appears at the hard edge x = 0, see [70, Theorems 2.7-2.9]. It is interesting to notice that
neither the boundary of the domain filled by the scaled paths, nor the behaviour in the bulk
or at the soft edge depends on the parameter v related to the dimension d of the BESQ?.
This dependency appears only in the interaction with the hard edge at x = 0. A possible
interpretation may be that v is a measure for the interaction with the hard edge. It does
not influence the global behavior as n — 400, but only the local behaviour near 0 (for more

details we refer to [70]).
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At the critical time ¢t = t*, there is a transition between the soft and the hard edges and
the dynamics at that point is described by the new kernel (6.1.1), which we call Generalized
Bessel kernel.

In this chapter we will focus on the gap probability of the Generalized Bessel process on
a collection of intervals I := [ay,as] U ... U [agn_1,asn]| and the emphasis is again on the

probabilities thought of as functions of the endpoints {a;}:

P (no points in I) = det (Id — KOEN

) (613

where, with abuse of notation, we called KN the integral operator with kernel (6.1.1).
As seen in the introductory chapters, Section 2.2, it is possible to introduce a more general

concept of gap probability, introducing a time parameter in the point process. Thus, the

point process becomes a dynamical system and one can study the behaviour of the points

evolving with time.

Given a collection of n consecutive times {7y, ..., 7,}, within the time interval [0, 1], and
subsets Iy C R, k = 1,...,n, we are interested again in the probability that at time 7; no
points lie in I (for all k =1,...,n), i.e. the gap probability in a multi-time setting:

P (no points in [, at time 7, V k) = det (Id — [K]9PN

I) (6.1.4)

where the operator [K]“FN is the multi-time “counter-part” of the Generalized Bessel op-
erator K9PN (6.1.1), with matrix kernel [K]F™ = of dimension n x n, restricted to
the sets Z = I, L ... U I,. The kernel of the Generalized Bessel operator is defined as

[K]SEN = Hij + Xi<jPij (’L,j = 1, e ,n) with

dsdt eostvrts(r—1+a8:) 5 (r=1)" 410
=4 - 1.
Hiy(@y) //W,y 27i)? (t —s—4Ajts) (t) (6.1.52)
dw
b, Ay (et o), 6.1.5b
4(T) = Aji /76 v (2mi)w ( )

where the curve 7 is the same one as in the definition of the Bessel process (Chapter 5) and
it appears also in an equivalent definition of the single-time Generalized Bessel kernel (see
formula (6.3.1a)); 4 := %, Nj=71—7(,j=1,....n).

The formulation of the multi-time Generalized Bessel kernel is a completely new result
and its derivation will be addressed in the next section. An equivalent formulation has been

autonomously derived by S. Delvaux and B. Vet ([105]) and it is shown here.
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In order to accomplish our study of gap probabilities, we will show again that the gap
probabilities of the Generalized Bessel operator (single-time and multi-time) can be expressed
in terms of Fredholm determinants of a suitable integral operator K (matrix-valued in the
multi-time case) in the sense of Its-Izergin-Korepin-Slavnov ([50], see Section 3.3). Moreover,
through the study of the corresponding Riemann-Hilbert problem, it will be possible to link
the gap probabilities to the 7-function, as we did with the Bessel process.

The main steps will be the following: we will find an IIKS integrable operator, which will
have the same Fredholm determinant as the Generalized Bessel process, up to conjugation
with a Fourier-like operator. We will then set up a Riemann-Hilbert problem for such
integrable operator and connect it to the Jimbo-Miwa-Ueno 7 function. For the sake of
clearness, we will apply this strategy to the single-time and the multi-time Generalized
Bessel process separately.

We point out that although the single time operator can be formulated in an ITKS form
(see the alternative definition in [77, Formula 1.33]), the corresponding multi-time process
is not of this type and its restriction to a collection of intervals is crucial to find a new ITKS
operator with equivalent Fredholm determinant.

As an example of possible applications we will describe how to obtain a system of isomon-
odromic Lax equations for the single-time process. Moreover, having a Riemann-Hilbert
formulation for such Fredholm determinants would allow the study of asymptotics of Gener-
alized Bessel gap probabilities and their connection with Airy and Bessel gap probabilities,

using steepest descent methods, along the lines of [11].

Remark 6.1. We preferred to refer to the process under consideration as “Generalized Bessel
process” because of several analogies with the Bessel process (see Chapter 5) appearing in our
study. As will be clear, the contours setting is similar to the one for the Bessel kernel; many
of the calculations performed in Chapter 5 for the Bessel kernel are here reproduced with
very few adjustments. Moreover, as it will be clear in Section 6.3, gap probabilities of the
Generalized Bessel operator are related to a Laz pair that shows similar properties to the
one associated with the Painlevé III transcendent, which is known to be related to the gap
probabilities for the Bessel process (see Chapter 5 and [101]). On the other hand, such a
Lax pair has a higher order pole at zero and this fact suggests that its compatibility equations

might lead to an ODE belonging to some Painlevé hierarchy.

The chapter is organized as follows: in Section 6.3 we will deal with the single-time
Generalized Bessel operator restricted to a generic collection of intervals; in the subsection
6.3.2 we will focus on the single-time Generalized Bessel process restricted to a single interval
and we will find a corresponding Lax pair In the following Section 6.4 we will study the gap

probabilities for the multi-time Bessel process.
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In the coming Section 6.2, we show how we found the multi-time Generalized Bessel
kernel and we compare it with the one found by Delvaux and Vet ([105]). We prove that
these two kernels are equivalent up to a transposition of the operator and a translation of

the parameter 7.

6.2 Building the multi-time Generalized Bessel kernel

The starting point of this investigation is the known single-time kernel derived by Kuijlaars

et al. ([77])

dtd ws—§+$+yt+%—% v
KM (g7 // e =2 — : <§> (6.2.1)
Wv mi)? s—1 t

where the curve v is an unbounded curve that extends from —oo to zero and then back to
—00, encircling the origin in a counterclockwise way, and 4 := %; the logarithmic cut is on
R_, as shown in Figure 6.3.

The diffusion kernel related to the Squared Bessel Paths is

y\z 1 ory VY
A = (—) ey, (VY 6.2.2
o) i= (1) 3o (YD) (6:2:2)
where A > 0 represents the gap between two given times 7; and 7; and I, is the modified
Bessel function of first kind (the same diffusion kernel appears in the definition of the multi-
time Bessel kernel; see Chapter 5).

The extended multi-time kernel is given by
[K]|=H—-P (6.2.3)

where in particular P is a strictly upper-triangular matrix with (¢, j)-entry P;; := x,<;p(x, y, Aij)
(Aj := |7 — 75/ > 0). This is essentially the derivation in [33] applied to case at hand.

Theorem 6.2. The multi-time Generalized Bessel operator on L*(Ry) with times 11 <
. < T, 18 defined through a matriz kernel with the following entries [K|SEN := H;i 4 xi<; Py

ij
(i,j=1,....n)

dsdt ettt (r=i+4a5) 3 (1) o\
H. () // 3 <_> (6.2.4a)
W,Y ) (t —s—4Ajts) t
_x (1 _ dw
Pz _ 4Ajz'(“f 1)+4A (w=1) w Y — 6.2.4b
(T, y) = Aﬁ[f (2mi)w ( )
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the curve v is the same one as in the single-time Generalized Bessel kernel (a contour that

winds around zero counterclockwise an extends to —oo; Figure 6.3) and 7 := *lr" Ajii=T;—T;.

The proof is based on the verification that the definition of the kernel above satisfies the
theorem due to Eynard and Mehta on multi-time kernels ([33]).

First of all, we define a convolution operation (see [33, formula (3.2)]).

Definition 6.3. Given two functions f, g with suitable regularity, we define the convolution
f*gas
(Fea)em = [ 1€ Qalcm e (6.25)

Recalling formulee (3.12)-(3.13) from [33], we will verify the following relations between
the diffusion kernel P and the kernel H:

H; < k

Hy«Pyp=4 %7 (6.2.6a)
0 j>k
Hy i<j

Py« Hy, = { B (6.2.6b)
0 2>7.

Proof. We set A := |1, — 7;| > 0. Regarding the upper diagonal terms (i < j)

Hij(x,y) = /OOP (x,2)H;j(z,y)dz =

—zs8 T—= g T—3 2
/ dz/ eis (H-1)+ax(w=1),, // dtds e—=stvtrs(r=3) —3(—4) <§>V
27mw x4 (2mi)? t—s t

Integrating in z and taking calculating a residue, we have

At du e mwtvtra(rHa=1) =4 (—1)" 1,
A//vxw 271 )? (u —t+ 4Aut) (?) '

As for the lower diagonal term, we need to verify that

/ Pij(x, 2)Hji(z,y)dz = Hy(z,y) j>i (6.2.7)
0
with
2 2
4 du dt —xu+yt+l(7—%—4Aij) —l(T—%) v
Hji(w,y) = ——— // - - - (5) (6.2.8)
(271'2)2 Axy ut (a — 3 + 4A”) t
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Again ,we set A := |1, — ;| > 0.
1

*4dz L ,_1 (w— 1 dudt e zu+yt+2 (77774A) 75( 7?>2 U\ VYV
A 4A —
/ / 2mi)w //vxv 27i)? (u—t — 4Atu) (t)

we integrate in z and calculate a residue to get

dv dt 6_$”+yt+2(T“)2‘%(T—?)2 v\V
//W,y 2mi)? (t—v) (E) '

]

Independently from the present work and almost simultaneously, Vet6 and Delvaux in-
troduced another version of the multi-time Generalized Bessel operator, called Hard-edge
Pearcey process ([105]).

The kernel of the Hard-edge Pearcey reads L” := W — P with entries

WU(CU Yy, o >::
_; P P v
y)”/ / de ¢ 2R e (nw) (6.2.9)
x 2w Jimys 2w (n — 5)('rz+ﬂ:)(€+ﬁ-) £+ -

and P the usual transition density. I'_;, is a clockwise oriented closed loop which intersects

the real line at a point to the right of —7;, and also at —7; itself, where it has a cusp at
angle 7; 6 > 0 is chosen such that the contour ‘R + ¢ passes to the right of the singularity
at —t and to the right of the contour I'_,,. The logarithmic branch is cut along the negative
half-line.

Proposition 6.4. The Hard-edge Pearcey operator is the transpose of the Generalized Bessel
operator (6.2.4a)-(6.2.4b) defined above. More precisely,

LY (z,y;0) = <g)y [K]S"N(y, 275 + 0). (6.2.10)
x
Proof. The results come from straightforward changes of variables. O]

Corollary 6.5. In the single-time case (7; = 7;), both the Generalized Bessel kernel and
the Hard-edge Pearcey kernel coincide with the single-time kernel defined in [77], up to a

transposition:

L"(z,y;0)

Ai;=0 = (g> KEMW(?/’ T;T; —+ O') = (%) [K]GEN(:% v + O')

- (6.2.11)

ij=0"
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Figure 6.3: The curves appearing in the definition of the Generalized Bessel kernel.

Remark 6.6. Since the Fredholm determinant is invariant under transposition, we prefer
to work on the version given by Vetd and Delvaux for the multi-time Generalized Bessel
operator, because of more straightforward calculations which reminds more closely the ones

performed for the Bessel process (Chapter 5).

6.3 The Single-time Generalized Bessel

The Generalized Bessel kernel is

dtd br(y,t)—¢r(z,5) v
KCEN(z ¢) = / > c (f> (6.3.1a)
TXY

(27i)? s—t t

br(2,1) 1= 2t + % _ L (6.3.1b)

where 7 € R is a fixed parameter, the contour % is a closed loop in the right half-plane
tangent to the origin and oriented clockwise, while the contour ~ is an unbounded loop

oriented counterclockwise and encircling 4; the logarithmic cut lies on R_ (see Figure 6.3).

Remark 6.7. The curve setting is equivalent to the curve setting appearing in the definition

of the Bessel kernel (Chapter 5). Moreover, the phase appearing in the exponential (6.5.1b)

1

resembles the Bessel kernel one (z,t) := 2t — - with an extra term which introduces a

higher singularity at 0.

Our interest is focused on the gap probability of such operator restricted to a collection
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of intervals I, i.e. the quantity

det <Id — KGEN

]> . (6.3.2)

Remark 6.8. Given a multi-interval I = \Jr_ [agk_1, as), we define KS™N .= KGN (g o) ;

[0,a]
then we have
N
KON (z,y)| = (=1 K™ (z,y). (6.3.3)
I j=1

Remark 6.9. The Generalized Bessel operator is not trace class on an infinite interval.

As mentioned in the above introduction, the first step in our study is to establish a
relation between the Generalized Bessel operator and a suitable IIKS integrable operator
(Section 3.3, [50]).

Theorem 6.10. Given a collection of (disjoint) intervals I := U;]le[azk—l, asy|, the following

identity between Fredholm determinants holds

det (Id — KGEN

) = det (Id —K“*Y) (6.3.4)

where KEN s an IIKS integrable operator acting on L*(y U ) with kernel

—’T =
1) -
KOEN (1, 5) = M (6.3.52)
-5
oh _ . .
0 e
Fy - 1| 1 t(as—%)
=g | £ w0+ 5 | ) oo (6.3.5b)
0 et(agz\]—%)
— 0 = r 6531+%72i2 S_l/ —_
efa1sf§+§5u 0
g(s) = TSR gv x5 (8) + X~(S) (6.3.5¢)
(_1)2Ne—a21vs—§+ﬁsu 0

Proof. Since the preliminary calculations are linear, we will start working on the single term

85



KgEN and we will later sum them up over the j = 1,...,2N, as in formula (6.3.3).

K™= X(0.ay) (2) K™ (2, 4 7)

dé L. dtds e 9 Ttaatvti—gn g\v
_ / A€ e(a,-) / . (%)
v 20 s @ G- (-0 M

§aj+%—%—ajs—€+i v
_ / d_§€—m5/ At / ds e i > (f> (6.3.6)
iRte 2T iRe 270 5 20 (€—s)(s—1) t

where we continuously deformed the contour v into a suitably translated imaginary axis

1R + €, € > 0 big enough such that the vertical line lays on the right of the curve #.

Introducing the following Fourier transform operators

F:LAR) — L2(iR +¢) | F':L2(iR +¢) — L2(R)

(6.3.7)
F(@) = g Jo @) | BE) = o [ h(©)e5wdg
we can claim that
KGEN _ -1 (JCGEN , F, (6.38)
JCGEN . Zj(—l)flC%EN being an operator acting on L?(iR + ¢) with kernels
CGEN ds 4T i—52-%s~ 552 g\ v
R EED = [ 5 n 6.3.9
6t /%27”1 (E—s)(s—1) (t) (6.3.9)

Vji=1,...,2N, &t €iR +e.

In order to ensure the convergence of the kernel, we conjugate it with the function
(llZ

J(z) =¥

ajt

KOEN(¢ 8 7) 1= €3~ FKON(E #:7)

_iv:(_gj ds Ela= )+ g —as—i+gn <§>V
= 5 2mi (& —3s)(s—1t) t
2N

=) (1IN 8 7). (6.3.10)
j=1

Remark 6.11. We recall that Fredholm determinants are invariant under conjugation by

bounded invertible operators.
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We continuously deform the translated imaginary axis iR + € into its original shape ~;
note that a; — 4 >0, Vj = 1,...,2N. It can be easily shown that the operator ICC%EN is the

composition of two operators for every j = 1,...,2N; moreover, it is trace-class.

Lemma 6.12. The operators ICS],EN are trace-class operators, Vj = 1,...,2N, and the

following decomposition holds ICE’J,EN =Bio A, with

Aji: L(y) = L*(%) By : L*(%) = L*(v)

I D) L

_a.s_%_;'_T
h(t) — s"e %" 2-2f,y

(6.3.11)

—h(t) 3= | f(s) Ve T T f}y f(s) ds

A1 and By are trace-class operators themselves.

Proof. We introduce an additional translated imaginary axis iR+ 4d (6 > 0), not intersecting
with v and 4, and we decompose A,; and B; in the following way: A,; = O;20 O, and
Bl = 7)2 e} Pl with

Oj,1 : L2<’)/) — LQ(iR + 5) Oj,2 : L2<iR + 5) N LQ(’?)
5O - [ et Ly rmeeioas [ g0 o)
) 2mi §—w iRgs 2TIW — S
and
PLLA3) 5 2GR 40) | Pat 2GR +9) - 12(3)
ds f(s) S B S du g(u)
f<s)HL27ris—u g(u) —t e s Tminf

All the kernels involved are of the form K (z,w) with z and w on two disjoint curves, say
Cy and Cy. Tt is sufficient to check that [[, . [K(z,w)[*|dz||dw| < oo to ensure that the
operator belongs to the class of Hilbert-Schmidt operators. This implies that {.Aﬂ}j, By

and K SEN are trace-class (for all j = 1,...,2N), since composition of two HS operators. []

Now we recall that any operator acting on a Hilbert space of the type H = H; ® H,

can be decomposed as a 2 X 2 matrix of operators with (i, j)-entry given by an operator
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H; — H;. Thus, we can perform a chain of equalities

2N
det (IdLQ('y) —KGEN) = det (IdL2(,Y) — Z(_1>j81 o .Aj,1>

j=1
0 B
SN (~1Y A | 0

= det (Isz(,y) ® Idr2gs) — [ D = det (Idz2(yus) —K9™) ;s (6.3.12)

the second equality follows from the multiplication on the left by the matrix (with determi-
nant equal to 1)
0|—-B;

Idr2)er2s) + ol o

and the operator KSFN is an integrable operator with kernel as in the statement of Theorem
6.10. 0

6.3.1 Riemann-Hilbert problem and 7-function

We can proceed now with building a Riemann-Hilbert problem associated to the integrable
kernel we just found in Theorem 6.10. This will allow us to find some explicit identities for

its Fredholm determinant.

Definition 6.13. Given the integrable kernel (6.3.5a)-(6.3.5¢), the correspondent Riemann-
Hilbert problem is the following: finding an (2N + 1) x (2N + 1) matrix I" such that it is
analytic on C\Z (Z :=~yU+) and

Ly A)=T_(NM\) Nec=
'A)=14+0(1/A) X—
with jump matrix M () := 1 — J(\),
J(A) =2mif(\) - 5" (V)
[0 —eloixs Py L (=1)Nelean s ]
e lmy, 0 0 0
= | ety 0 : (6.3.14a)
i e Veany, 0 0 o 0 |
1

O, = —ajx—§+ﬁ+y1nx Vj=1,...,2N. (6.3.14b)
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It is easy to see that the jump matrix is conjugate to a matrix with (piece-wise) constant

entries
M) =TV Moe ™™ T(\,d) = diag (Ty, Ty, . .., Ty) (6.3.15)
1 2N
Ty = — 0,., T, =Ty — 0, 6.3.16
0 N n 1 - 7 j 0 j ( )

with @ the collection of all endpoints {a;}.

Thus, considering the matrix W(\,a@) := ['(\,@)e’ @ U satisfies a RH-problem with
constant jumps, thus it’s (sectionally) a solution to a polynomial ODE.

Referring to the results stated in Section 3.4 (see also [9] and [I1]) and adapted to the

case at hand, we can claim that

Theorem 6.14. Given a collection of intervals I = |J,[agk—1,a2:], the Fredholm determi-
— KGEN 18 equal to the isomonodromic

nant of the Generalized Bessel process det (Id
I

T-function related to the RHP in Definition 6.135.

Moreover, for every parameter p, on which the Generalized Bessel operator may depend,

) _ / Tr (T ) (V)03 (V) 2 (6.3.17)

0, Indet (Id — GEN 57

Oy, (N) == ,M(N)M (N (6.3.18)

with = = yU#4. Thanks to the Jimbo-Miwa-Ueno residue formula (see [11]),¥j=1,...,2N

the Fredholm determinant satisfies

O, In det (Id — KON

) = —TItS)\=c0 Tr (F’lF’(?ajT) = Fl;j+1,j+1 (6319)
1

i.e. the (j+ 1,74+ 1) component of the residue matriz I'y = limy o A (I — I'(X)) at infinity.

As far as the parameter T is concerned, the following result holds

O, In det (Id — KGEN

) = ey T (D710, T) = — (') (6.3.20)

7 1,1

where Ty and Ty are coefficients appearing in the asymptotic expansion of the matriz T in a

netghbourhood of zero.

Proof. First of all, recalling Theorem 3.14 (Chapter 3), it is easy to verify that H(M) = 0.
Subsequently, we can calculate (6.3.19) and (6.3.20). The phases 0, are linear in a;, exactly
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as in the Bessel kernel case (Chapter 5).

I — Ej+1,j+1) (6321)

Then, we plug this expression into (6.3.19)

Tr Fl

resy=oo Tr (I7'10,,T) = 57 = Diyagon.

(6.3.22)

Regarding the residue at zero, we recall the asymptotic expansion of I' ~ Ty + ATy + . . .
7

near zero (see [107]) and we calculate

1 1
T=-—"|B,———1I 3.2
o )\[ MUON +1 } (6:3.23)
thus o
o )
— / —
res)—o Tr (F r 8TT) = TH — (FO F1>1’1 . (6324)
The result follows from Tr Ty = Tt (fglf1> =0, since det T()\) = 1. O

6.3.2 The single-interval case

In case we consider a single interval I = [0, a], we are able to perform a deeper analysis on
the gap probability of the Generalized Bessel operator and link it to an explicit Lax pair.

We will see that the Lax pair {A, U} will recall the Painlevé III Lax pair very closely (see
Section 5.2.3 and [36, Chapter 5, Section 3]), except for the presence of an extra term for the
spectral matrix A. Such term will introduce a higher order Poincaré rank at A = 0 as it will
be clear in the following calculations. Moreover, thanks to the presence of the parameter 7
other than the endpoint a, we can actually calculate an extra matrix, complementary to the
Lax pair.

First of all, we reformulate Theorems 6.10 and 6.14, focusing on our present case.

Theorem 6.15. Given I = [0,al], the following equality between Fredholm determinants
holds

det (ILQ('y) — KGEN
[0,a]

) = det (I12(,u5) — KO) (6.3.25)
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with KCEN an IIKS integrable operator with kernel

7 -

KSEN (L, s) = % (6.3.26a)

. 1 & 1 10

=5 [ . ]xv<t>+2—m 1 ] x5 (1) (6.3.26)
v _Sa_€+2;2

d&)=| O+_ ] @+ ] Xa(s). (6.3.26¢)

The associated Riemann-Hilbert problem reads as follows:

F+(A) I_(AMM(A) AeZ:=9U~y
PN =1+0(1/)) A— oo

with [' a 2 X 2 matrix, analytic on analytic on the complex plane except on the collection

of curves =, along which the above jump condition is satisfied with jump matrix M(\) =
I—J\)

1 . Aa+7_?_yln)\X7(/\)

“da—T4+-1 4uIn\
—e xTonztvin X’y()‘) 1

= eTe@ pfpeTe®, (6.3.27)

M) = [

Thus the jump matrix M is equivalent to a matrix with constant entries, via the conjugation
eleX T (\) = %0,103, where 0, := —Aa— %—I—ﬁ—i—y In A and o3 is the third Pauli matrix. This
allows us to define the matrix W(\) := I'(\)e?*™ which solves a Riemann-Hilbert problem
with constant jumps and is (sectionally) a solution to a polynomial ODE.

Applying Theorem 6.14, we get

Theorem 6.16.

) “HOTZ(A)B4, (V) d—A, (6.3.28a)
[0,a]

0, Indet ( — GEN g

— OM Z:=~U% (6.3.28b)

for every parameter p on which the operator KN depends.
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In particular, thanks to the Jimbo-Miwa-Ueno residue formula, we have

9, In det (Id — KGEN

) = —resy—oe Tr (1710, T,) = T2 (6.3.29a)
0.0}

J, In det (Id — KGEN

) —resycg Tr (I7'T0,T,) = (15T ) (6.3.20b)
[07a} 272

with I'1.09 the (2,2)-entry of the residue matriz 'y at oo, while the fj 's appear in the asymp-
totic expansion of I' near zero.

We can now calculate the Lax “triplet” associated to the Riemann-Hilbert problem above:

Ay A,y A

o ol —
A= 3)\11/ U Ao + \ + \2 + \3 (6330&)
U:=0,9 -V =U,+ AU, (6.3.30b)
V_
V=00 U=V =1, + Tl (6.3.30¢)
with coefficients
a v a
Ay = 503, A= —503 =+ §[F1,03]
a a v T
Ay = —§[F1,U3F1] + §[F2,03] - §[F1,U3] - 503 I
Ay =T% = 20 + fouly, Ta] 4 501, 0l}] + 5[l Ta] + 5 [, 0]

v v T 1
+ —o3ly + =[I'1, 03] + zo3l'1 + o3

2 2 2 2
Us = S[0y, 03], Uy = &
= — g = —0
0 92 1,93], 1 9 3
1
Vo =0, V—1=§03

where o3 = diag {1, —1} is the third Pauli matrix.

We point out that A = 0 is an irregular point of Poincaré rank 2. The behaviour at zero
shows a higher order rank with respect to the Lax pair for the Painlevé III transcendent
(associated to the Bessel operator; Section 5.2.3 and [36, Chapter 5, Section 3]) where the
point A = 0 was of rank 1. Moreover, the matrix U is the same as the one appearing in the

Painlevé III Lax pair (in the non-rescaled case, see Chapter 5.2).

Remark 6.17. The expression of the Lax pair A and U suggests that their compatibility

equation, together with some constraint induced by the additional matriz V, will lead to a
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higher order ODE belonging to some Painlevé hierarchy. Nevertheless, the reduction of the
system of 15 order ODEs (originated from the compatibility equation of the Laz pair) to a
unique higher order ODE, which can describe the gap probability of the Generalized Bessel

process, is not straightforward and it is still under investigation.

6.4 The Multi-time Generalized Bessel

The multi-time Generalized Bessel operator on L*(R,) with times 7 < ... < 7, is defined

through a n x n matrix kernel with entries [K]%EN = Hjj + Xi<jFij

dtds e—3(r=3) +errd(r=1+a5)
v t —2\Tmy) AR\t T R) s v
Hij(x,y) = —4 (E) / 132 ¢ (f) (6.4.1a)
x4 (2m1) (s —t+ Ajits) t
y\e Lo—ge o (VY
Pu(l“ay) = (§>2 A'-e 4A”-[V (K)
ji ji
v 1 x _ Yy (1_ dt
_ (Q) _/emﬁ@ D4ads (1) -1 40 (6.4.1b)
T Aji v 211

the curve v is the same one as in the single-time Generalized Bessel kernel (6.3.1a) (a contour
that winds around zero counterclockwise an extends to —oo) and 4 := ,—1y; Aji == 1; —7; and
1, is the modified Bessel function of first kind.

Remark 6.18. The matriz with entries x;<;Py; (i,j = 1,...,n) is strictly upper triangular,

by construction.

Remark 6.19. The above definition of the multi-time kernel is the one given by Delvauz
and Vetd ([105]). We preferred to use this one because the study of the gap probability with
the above expression involves less complicated calculations than with the equivalent version

given in Section 6.2.

As in the single-time case, we are again interested in the gap probability of the operator

restricted to a collection intervals [; at each time 7; (Vj), i.e.

I) (6.4.2)

where Z = I, U ... U I, is a collection of Borel sets of the form

det (IdLQ(R+) — [K]GEN

I=la" a¥)U.. Ula§) .af)] Vi=1..n
Remark 6.20. The multi-time Bessel operator fails to be trace-class on infinite intervals.

93



For the sake of clarity, we will focus on the simple case I; = [0, a], Vj. The general
case follows the same guidelines described below; the only difficulties are mostly technical,
due to heavy notation, and not theoretical.

As in the single-time case, we start by establishing a link between the multi-time Gen-
eralized Bessel operator and a suitable IIKS operator, which we will examine deeper in the

next subsection.

Theorem 6.21. The following identity between Fredholm determinants holds

det <Id —[K]eEN

) = det (Id —[K]“"Y) (6.4.3)

with where T =1, U ... U1, is a collection of disjoint intervals I; := [0, a9, Vi=1,...,n.

The operator [K]EN is an integrable operator acting on the Hilbert space
H:=[? (7 ulJ M,@) ~ L? (U M,@ﬂ) @ L*(v,C"), (6.4.4)
k=1 k=1

with y_j := % — A7y, mutually disjoint.

Its kernel is a 2n x 2n matriz of the form

K0, ¢) = 1 0E) (6.450)
r_ 1 | diag N(v) ‘ 0 ‘ 0
flo)” = o [ J ‘ ding M(0) ‘ A(U)] (6.4.5b)
0 | diag N(¢)
9(8) = | M(§) 0 (6.4.5¢)
0 B(S)
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where f, g are N x 2n matrices, with N =2n+ (n — 1) = 3n — 1.

(1) )
diag NV (v) := diag [—4(5%)@, ., —de o X'Y:|

a<1) a(")
diag N (&) := diag {eﬁlx717 ...,e & XW”]

(102 _(on,r)?

diag M(v) := diag [e TV Xy gy € 2 v,‘;xvn}

(€1,7)° (€1,0)?
2 —VU 2 p—
A SES R A e
M(§) = : :
(no)? (€n,m)?
ez £y e 2 Xy
Alv) =
i PG _a® _a@ _a(™ T
—4e w2 _le’y ., —4de = é)@fl —4e w4 éxw . —4e on éval
70,(3) v 7(1(4) v _a(”) v
0 —4de vs Z_EXW , —4de _EXW 5 —de” o 22X,
HOI
—a@
0 —4e v o Xy
a(") oY
_ on n—1
0 4e o X7—(n-1)
0
i a2 T
0 e x,,
a3
0 € Xyy
a®
B(&) - 0 e & Xr_4
a(m)

i 0 e Xy, |

CGi=CH+4m, Gr =C+4n, —7 ((=0v,&, k=1,...,n).

Remark 6.22. By Fredholm determinant “det” we denote the determinant defined through

the usual series expansion
det(Id —K) := 1+ ) i/ det[K (2, 2)]F,ydu(zy) .. dp(ay) (6.4.6)
k=1
with K an integral operator acting on the Hilbert space L*(X,du(x)) and kernel K(x,vy).
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= (H + Pa)

is the sum of a
I

In the case at hand, we will see that the operator [K]“EN

trace-class operator (H ' ) plus a Hilbert-Schmidt operator (Pa| ) with diagonal-free kernel.

I I
Therefore the naming of Fredholm determinant refers to the following expression:

“det” (Id —[K]¢EN I) (6.4.7)

) =" det, <Id —[K]¢EN

T

where dety denotes the reqularized Carleman determinant (see [95]).

Proof. Thanks to the invariance of the Fredholm determinant under kernel conjugation, we
can discard the term (£)” in formulee (6.4.1a)-(6.4.1b) for our further calculations.

We will work on the entry (7, ) of the kernel. We can notice that for x < 0 or y < 0 the

GEN(

kernel is identically zero, [K] z,y) = 0. Then, applying Cauchy’s theorem, we have

4/ dé¢ €E(a(j)_y)/ dsdt e_a<j)5+xt+%(T_%+4Aji)2_%(7_%)2 <3>V 1
i A Xy

Hij(z,y) —— : )

’ [0,a(9)] Rie 20 =8 (22)? (% - % - 4Ajz') t/ st
A€ e dt ,, [ dv ea(j)g_%(T‘%)Q—ifﬁij+%(T—4Ti—“)2 1 v q
e e (s
iRe+e 20 Rte 20 Sy 27 (% — 47 — U> (L —dr —v) \(vHdm)t) &

(6.4.8)

where we deformed +y into a translated imaginary axis iR+¢€ (¢ > 0) in order to make Fourier
operator defined below more explicit; the last equality follows from the change of variable on
s = 1/(v + 47;), thus the contour 4 becomes similar to v and can be continuously deformed
into it.

On the other hand, as i < j

; = o(7)
Py(a.y) L) SO B0 g
i T, Y = o€ 9
! [0,a0)] Aji iR+e 2mi 1% 5 - 4A1ji (1 - %) 2mi
ald) (-t —
d dt ( 4Ajit+1>
o / 2_5_6—@/ e ¢ (4Dt +1)7". (6.4.9)
iR+e <70 iRte 2T ¢ (4Aﬂ + % — %)

It is easily recognizable the conjugation with a Fourier-like operator as in (6.3.7), so that

(i

) = F Lo (Hij+ XicjPij) 0 F (6.4.10)

1/ j
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with

j 1 1\2 L0 1 2
dov €a<])€_§(T_?) ot +35(r—47i—v)

Hij(€,1) = —4l o (% T U) T— <(U +14Tj)t) é (6.4.11a)

t

(& i)

Arj — A+ 1 —

Pi;(&,t) == —4 (4At + 1)_1/6%. (6.4.11Db)

1
§

Now we can perform the following change of variables on the Fourier-transformed kernel

1 1

so that the kernel will have the final expression

ICZ‘C]}‘EN(ga n) - Hl] + XTi<TjPij ==

U 1 2 o)

i—n)"— Lr—47;—v)?
4 ﬂemﬁhﬂm M=+ (r—dniy) n+ 471\
2T (&—v)(n—wv) v+ 47;
NONRC)
e &HiT; T AN v
dy i 6.4.13
Xr<n ™ Ty (77+4Tz' ) ( )

with & € % —4d1; = y_jand n € % — 47; =: v_;. The obtained (Fourier-transformed)

Generalized Bessel operator is an operator acting on L* (U} _, v—x, C") ~ @)_, L* (y—x, C™).

Lemma 6.23. The following decomposition holds KN = M o N + P, with M, N, P
Hilbert-Schmidt operators

M : L*(y,C") — L? (U Vi C”) (6.4.14a)
k=1
N L2 <U Vs cn) — L?(y,C") (6.4.14D)
k=1
P L (U Yk C”) — L? <U Yk C") (6.4.14c¢)
k=1 k=1
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with kernel entries

— (=47 =)+ L (r—47;—v)? A\Y
e 2 2 N+ 47;

(o,m) = » 6.4.15
Mi(o,1) e () . (6.4.150)
e

) e o vtaT;
Afij (f, v; a(J)) = 4(52-]- 5 — X’ij (5))(7(21) (6415b)
WD) 4)
, E+dr; T n+dTy 47\ 7
(€ ma?) = 1y, 6 Uabir ()xs_, (6): 6.4.15
Py(6a?) = e (T2 ) e, (© (6.4.150)

Proof. As in Lemma 6.12; all the kernels involved are of the form K(z,w) with z and w on
two disjoint curves, say C7 and Cs. The Hilbert-Schmidt property it thus ensured by simply
checking that [f. . [K(z, w)[*|dz]|dw| < oo. O

We define the Hilbert space
"l "l
H .= I? (v U U - - 4rk,<c"> ~ L? (U - - 4¢k,cn) @® L*(y,C"), (6.4.16)
Y Y
k=1 k=1

and the matrix operator [K|“EN: H — H

[K]SEN = [%] : (6.4.17)

For now, we denote by “det” the determinant defined by the Fredholm expansion (6.4.6);
then, “det” (Id — [K]EN) = det, (Id — [K]EN), since its kernel is diagonal-free. We also

introduce another Hilbert-Schmidt operator

[K]GEN,2 _ [0 _N]

0] O

whose Carleman determinant (det,) is still well defined and det, (1 — [K]“EN-2) is identically
1.
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We finally perform the following chain of equalities

“det” (mLQ(RH — [K]OEN

Z) = dety <Id — [K]CEN

_ det2 <IdL2(Uz:177k) _ KGEN) e—Tr(H)

) e~ Tr(H)
A

= dety (Idg — [K]9FN) dety (Idg — [K]®FN2) = dety (Idg — [K]9FN)
= “det” (Idy — [K]“EN). (6.4.18)

The first equality follows from the fact that [K|S"N — H is diagonal-free; the second equality
follows from invariance of the determinant under Fourier transform; the third identity is an

application of the following result: given A, B Hilbert-Schmidt operators, then
dety (Id — A) dety (Id — B) = dety (Id — A — B + AB)e™AP),

It is finally just a matter of computation to show that [K]9EN is an integrable operator
of the form (6.4.5a)-(6.21). O

Example: 2 x 2 case. As an explanatory example, let’s consider a Generalized Bessel

process with two times 7, < 75 and two intervals I := [0, a] and Iy := [0, ].
_4f dt ds e’%(”%)Qﬂ”%(“%)Q*ys 0
GEN Y\ ¥ (274)?2 (s—t)tvs—v 0.
[K] (xay) = <_> 112 1 1 2 @
a x dtds e ?(‘r—f) +xt+?(‘r—§+A12) —ys
(0.a],[0.2] —4 fz 221 (s—t+A1ats)tVs 0
[0,a]
2 2
dtds e 2(7_%) +M+%(7_%+A21> e -1+ ! v—1d
0 |: 4]2: 222)2 (S—t+A21tS)tus*V A21 f 64A21 4A21< )t 127:1
+ 2 (0.8
0 _4f dt ds ei%(Ti%) +It+%(77%) e
¥ (2m6)?2 (s—t)tvs—v
(0,]
(6.4.19)

with X =~ x 4.
Then, the integral operator [K]S"N : H — H on the space H := L*(yU~vy_; Uvy_y,C?)

oo _ [ 0| )
(K] = [W‘?] (6.4.20a)
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1 — et ) v 0
§—v 0 —de®2 2 x L, (E)xy(v)
€)% 1% €12 1%
e 2 2 vy e 2 2 vy
- #FX’Y(&)X’Y—l(U) Tng(g)X'y_l(U)
M= (52,;)27@2,27)2 Ulu (52,;)27@2;)2 vi (6.4.20c)
a0 (Oxn0) g ()X (v)
b b v
1 0 —de® w2
7) _ € v X’Y*Q (g)X’Yfl (U) (6420d)
§—v |0 0

and the equality between Fredholm determinants holds

Iy,12

det <1dL2(R+?CQ) —[K]“EN ) = det (Idy — [K]°™Y).

6.4.1 Riemann-Hilbert problem and 7-function

We can now relate the Fredholm determinant of the multi-time Generalized Bessel operator

to the isomonodromy theory by defining a suitable Riemann-Hilbert problem.

Definition 6.24. The Riemann-Hilbert problem associated to the integrable kernel (6.4.5a)-
(6.21) is the following:

Iy(AN)=T_(AO)M) NeZ:=qU (CJ yj) (6.4.21a)
'\ =1+0 (%) A = 00 (6.4.21b)
M(N) =1 —2miJ9EN()) (6.4.21c)

with I a (3n — 1) x (3n — 1) matrix which is analytic on C\Z and along the collection of

curves . satisfies the above jump condition with

TN = f(N)g(\)" =

0 diag Ny (M) M, (AT 0
diag M () diag NV, () 0 diag M (N BN (6.4.22)
AT diag N, (N) 0 ANTBN)T
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_46—91-&-91,TX’y o _46—91-&-971,7)(’Y
diag Ny - M = : : € Mat,xp(C)

_46_0n+91,-rx’y L _46_0n+0n,TX’y

diag M - diag N, = diag [691_9“)@_1, o ,ee"_e"fan} € Mat,,»,,(C)

diag ./\/lf BT € Matnx(n_l)«C)

0

692—92,TX 0

Y—2
63—03
€ ’TX’Y—3

On—Op.r
e " X'Y—n

A" - diag NV € Mat (,_1)xn(C)

I —4eh 02y 0
_4691*93X771 _4602793XW72 0
B —4691_94)(%1 —4692_94)(%2 —4693_64)(773 0
| —4e" 0y, B G
AT . BT ¢ Mat(n_l)x(n_l)((C)
_ 0 -
_4692*93X772

_Apf2—04 _ Apf3—04
de Xv-2 de Xv-3

_4602 —0On X’y_g

with 6y = &+ vIn X and 6, = X K h=1,... n.
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Example: 2 x 2 case. In the simple 2-times case, the jump matrix reads

JOEN()) =
[ 0 0 —deOt0iry  —hem 002y i
0 0 —deb2t0iry  —fe02t02ry
N0y 0 0 0 0 . (6.4.23)
0 ey, 0 0 ey,
| —def10%2x, 0 0 0 0 |

The jump matrix, though it might look complicated, is equivalent to a matrix with

constant entries

6rTG.EN Joe_TGEN _ JGEN

TN = diag [<01,..., —0n, 011y ..., —Opnr, —02, ..., —0,)] (6.4.24)

TGEN(

so that the matrix WEEN()) = T'(\)e

jumps and it is a solution to a polynomial ODE.

N solves a Riemann-Hilbert problem with constant

Referring to the theorems described in Section 3.4 (see also [9], [10] and [L1]), we can

claim

Theorem 6.25. Given n times 71 < T < ... < T, and given the collection of intervals

T=1{L,....1,} with
I; = [agj,agj)] U [aéj),aflj)] U...u [a(Qj,;)jfl,a(Qj,‘gj] , (6.4.25)

the Fredholm determinant det | Id —[K]9EN
T

related to the Riemann-Hilbert problem in Definition 6.2/.
In particular, Vj=1,...,n and V{ =1,...,2k; we have

is equal to the isomonodromic T-function

) = /HTr (T2 (N)Oa(N)) an (6.4.26a)

O1In det (Id —[K]¢EN 5
Yy

Op(A) == OM N M) = —2mi TN (I + 27i JOFN) (6.4.26D)

Zi=qyU~v_1U...U~v_,; the’ notation means differentiation with respect to \, while with O

we denote any of the partial derivatives 0., 0 i), Or.
4
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Proof. The following formula holds in general (see Theorem 3.14 in Chapter 3)

w(9) = d1ndet (Id — KN ) — H(M) (6.4.27)
z
where

1 , dA

w(0) == [ Tr (PZ'A)I(N)Os(N)) —

= 2m

H(M) := / (0f' Tg + £'T0g) A\ — 2mi / gt ogTfdA.
= b

Therefore, it is enough to verify that H(M) = 0 with M(\) = I — JEEN()). O

Moreover, recalling of the Jimbo-Miwa-ueno residue formula, it can be shown that

Theorem 6.26. The following equality holds

dA
Tr (PZH AT (V)Os(N)) ==
[ o wes) 52
= —resy—oe Tr (T TYOTN) ) “resy—y,, Tr (T TOTCMN) (6.4.28)
i=1
In particular, regarding the derivative with respect to the endpoints a") (7 =1,...,n)
IeSx——4r, 1T (Filrlaa(’“)TGEN) == (Falrl)(k,k) — Xk>1 (PalFl)(2n71+k,2n71+k) . (6.4.29)
Regarding the derivative with respect to T
resy—oo 1T (F_lf/&TGEN) =— Z | NP (6.4.30)
k=1
Finally, regarding the derivative with respect to the times 7; (j=1,...,n)
resy—oo Tt (D170, TN) = Al (6.4.31)
resye—uar, Tt (07170, Ts) = —4v (Poyek + X1 Po2n—14k20—1+k)
+4a(k)(<131;k,k + Xe>1Pr2n- 14k 20-111) (6.4.32)
where, given the asymptotic expansion of the matriz T ~ To + My + Nle + - in a

neighbourhood of —4y,, we defined ®y := I'y'T'y and ®, = 2I';'T'y — (FalFl)Q.

Remark 6.27. We stated the second part of the theorem above in the simple case T =
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{[0,aM],...,[0,a"]} in order to avoid heavy notation. The general case follows the same

guidelines shown in the proof.

Proof. We will calculate the residues separately and we will focus on the different parameters
(aV, 7; and 7).

Residue at co. There’s no contribution from the residue at infinity when we consider the

derivative with respect to the endpoints a¥). On the other hand, taking the derivative with

respect to the times 75, gives:

4a%) 4y
0., TEEN = ( v )\—k) (Ek i+ Xes1Eon—11k2n—14k) — 4Nkr Btk ntk (6.4.33)
k
thus the residue is
resy—oo Tt (T8, TN) = Al e VE=1,...,n. (6.4.34)

We follow a similar argument for the parameter 7:

aTTGEN - Z /\k,TEn+k,n+k (6435)
k=1
Thus,
resy—oo 1T (F_lf/&,TGEN) =— Z | ISP (6.4.36)
k=1

Residue at 47;. We recall the asymptotic expansion of the matrix I' in a neighbourhood

of —41:
D ~To+ My + A0y + - - \— —47, Yk=1,...,n. (6.4.37)

Remark 6.28. Note that the asymptotic expansion near —4t, is, in general, different for

each k, but we wrote them in this way in order to avoid heavy notation.

Regarding the derivative with respect to the endpoints a*), we have

1
0,0 TEEN = W [(Ek i + X1 Eon—14k2n—1+k] (6.4.38)
k
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which implies

resy——ar, Tt (07T 0, TN) = — (I ') (k) — Xk>1 (') (L 2 14K) (6.4.39)
and regarding the derivative with respect to the times 7, we have
4a®) 4y
0., TEEN = < v )\—) (B + Xe>1Eon—14k.2n—14k) — 4Mer Ententk (6.4.40)
k k
thus,
resy——4r, Tt (T7'10, Tp) = —4v (Pop s + Xb>1Po2n—14k20-14%)
+4a(k)(<1)1;k,k + Xe>1Pr2n 11k 2n-11k)- (6.4.41)
There is no contribution from the residue at —47, (k= 1,...,n) when taking the derivative
with respect to 7. O

6.5 Conclusions and future developments

In the present Chapter we have analyzed gap probabilities for the so-called Generalized
Bessel process ([76], [77]) restricted to a collection of disjoint intervals.

We stress out that two completely new contributions were introduced along the present
work: a Lax pair for the single-time Generalized Bessel operator and the explicit definition
of the multi-time Generalized Bessel kernel.

Both for the single-time and multi-time process, the main result was the connection
with a Riemann-Hilbert problem associated to an IIKS integrable operator, whose Fred-
holm determinant coincide with the aforementioned gap probabilities. The presence of such
Riemann-Hilbert problem allows a deeper analysis of these quantities, if desired. It can be
the starting point for many possible future developments and we will briefly cite a few here.

The first study that can be done on gap probabilities is the asymptotic behaviour as the
size of the intervals go to oo or 0; it is, of course, expected that as the Borel set, on which we
calculate the gap probability, shrinks to zero, the gap probability tends to 1 = det(Id). The
second and more interesting analysis is the degenerative behaviour as 7 — £00. Indeed, the
origin of the Generalized Bessel operator itself suggests that, being a critical kernel depending
on a parameter 7 € R, the gap probabilities may degenerate into gap probabilities of an Airy
process or a Bessel process. Physically, this means to start at the critical point at time ¢* and

move away from it along the soft edge of the boundary of the domain (as 7 — —o0), where
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the local behaviour is described by the Airy process, or along the hard edge (as 7 — 400)
where the local behaviour is given by the Bessel process (see Figure 6.2). In order to achieve
the conjectured results, one may consider to perform a steepest descent analysis (see Chapter
4) on the associated Riemann-Hilbert problem, as it has been done in the coming Chapter
7.

In the same spirit as it was done for the Airy (([5], [10], [L00], [106]), Pearcey ([103]) and
Bessel processes ([101], [102] and Chapter 5), one may wonder whether there exist partial
or ordinary differential equations that describe the 7-function (i.e. the gap probabilities) of
the Generalized Bessel process. From the given Riemann-Hilbert problem, it is possible to
give a formulation of a Lax pair, as we did in Section 6.3.2, and calculate the compatibility
equations which will give a system of coupled first order ODEs; then, the system may be
reduced to a higher order ODE in one of the dependent variables appearing originally (as
we did for the Bessel process in Chapter 5). This approach can be applied in the multi-time
setting as well. Another approach can be the following: if it is possible to prove that the 7-
function under consideration is a multi-component Kadomtsev-Petviashvili (KP) 7-function,
by verifying the Hirota bilinear equations, then it will be possible to manually construct
ODEs which are satisfied by the 7-function itself. We refer to the papers [29] and [55] and
to the monograph [17] for all the details.

As final remark, we would like to thank Dr. Balint Veto for the useful exchange of
emails on the multi-time Generalized Bessel kernel and for the productive discussions at the
ICTP (Trieste, Italy) during the Summer School “Random Matrices and Growth Models”
in September 2013.
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Chapter 7

Asymptotics of gap probabilities:

from the tacnode to the Airy process

7.1 Introduction

In this last chapter we will focus on the gap probabilities of the so-called tacnode process. In
particular, we will show that its gap probability restricted to a collection of intervals is again
equal to the isomonodromic 7-function; however, we will not derive a system of differential
equations for such gap probability, but on the other hand we will focus on its asymptotic
behaviour. Indeed, the nature of the tacnode process as a critical transition process suggests
that its gap probability can degenerate in the limit as some physical parameters diverge to
either plus or minus infinity, as it will be clear below.

Let us start from the model of n non-intersecting Brownian path and let assume that all
the paths start at two given fixed points and end at two other points (which may be equal
to the starting points). For every time ¢ € [0,1] (1 being the end time where the particles
collapse in the two final points), the positions of the Brownian paths form a determinantal
process. Moreover, as the number of particles tends to infinity, the paths fill a specific limit
region which depends on the relative position of the starting and ending points.

There are three possible scenarios: two independent connected components similar to
ellipses or one connected component similar to two “merged” ellipses (see Figure 7.1 and
7.2). It is well-known that the microscopic behaviour of such infinite particle system is
regulated by the Sine process in the bulk of the particle bundles ([35]), by the Airy process
along the soft edges ( [28], [61], [60], [75], [L00]) and by the Pearcey process in the cusp
singularities ([13], [103]), when they occur.

There exist a third critical configuration, which can be seen as a limit of the large sepa-
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Figure 7.1: Numerical simulation of 90 non-intersecting Brownian motions with two starting
points £a = 1 and two ending positions +/3 = 1 in case of large separation between the
endpoints.

ration case, when the two bundles are tangential to each other in one point, called tacnode
point (see Figure 7.3), as well as a limit of the small separation case, when the two cusp
singularities coincide at one point. In a microscopic neighbourhood of this point the fluctu-
ations of the particles are described by a new critical process called tacnode process. In this
limit setting, a parameter o appears which controls the strength of interaction between the
left-most particles and the right-most ones (o can be thought as a pressure or temperature
parameter).

The kernel of such process in the single-time case has been first introduced by Adler,
Ferrari and Van Moerbeke in [3] as a scaling limit of a model of random walks, and shortly
after by Delvaux, Kuijlaars and Zhang in [28], where the kernel was expressed in terms of a 4 x
4 matrix valued Riemann-Hilbert problem. In [62] Johansson formulated the multi-time (or
extended) version of the process, remarking nevertheless the fact that this extended version
does not automatically reduce to the single-time version given in [28]. In this paper, for the
first time, the kernel was expressed in terms of the resolvent and Fredholm determinant of
the Airy kernel.

In [41] the authors analyzed the same process as arising from random tilings instead of
self-avoiding Brownian paths and they proved the equivalency of all the above formulations.

A similar result has been obtained by Delvaux in [27], where a Riemann-Hilbert expression
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Figure 7.2: Numerical simulation of 90 non-intersecting Brownian motions with two starting
points £a = 0.5 and two ending positions £ = 0.5 in case of small separation between the
endpoints.

for the multi-time tacnode kernel is given. A more general formulation of this process has
been studied in [35], where the limit shapes of the two groups of particles are allowed to be
non-symmetric.

Physically, if we start from the tacnode configuration and we push together the two
ellipses, they will merge giving rise to the single connected component in Figure 7.2, while if
we pull the ellipses apart, we simply end up with two disjoint ellipses as in Figure 7.1. It is
thus natural to expect that the local dynamic around the tacnode point will in either cases
degenerates into a Pearcey process or an Airy process, respectively.

The degeneration tacnode-Pearcey has been proven in [13] where the authors showed a
uniform convergence of the tacnode kernel to the Pearcey kernel over compact sets in the
limit as the two bundles are pushed to merge together. On the other hand, the method used
in [13] cannot be extensively applied to the tacnode-Airy degeneration. The Airy process
is structurally different from the Pearcey, since it shows the feature of a “last particle” (or
largest eigenvalue in the Random Matrix setting), that is described by the well-known Tracy-
Widom distribution ([100]). The method above does not allow to recover the emerging of
the “last particle” feature from the tacnode-to-Airy degeneration, which, on the other hand,

is showed in the present work.
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Figure 7.3: Numerical simulation of 90 non-intersecting Brownian motions with two starting
points +a = .75 and two ending positions +/5 = .75 in case of critical separation between
the endpoints.

The purpose of this chapter is to study the asymptotic behaviour of the gap probability
of the (single-time) tacnode process and its degeneration into the gap probability of the Airy
process. There are two types of regimes in which this degeneration occurs: the limit as
o — +oo (large separation), which physically corresponds to pulling apart the two sets of
Brownian particles touching on the tacnode point (see Figure 7.7), and the limit as 7 — £o0
(large time), which corresponds to moving away from the singular point along the boundary
of the space-time region swept out by the non-intersecting paths (see Figure 7.10). Numerical
evidences of such degenerations were showed in [12].

An expression for the single-time tacnode kernel is the following (see [1, formula (19)])

K™ (r;2,y) =

—1
) (2, w)A, 7, (2)
[0, 400)

(7.1.1)

K/(;:’_T) (0 —x,0—y)+ \3/5/ dz/ dwA?L__(w) (Id — K
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with & := 230 and

: dX a3
AI(T) (%) = eT‘r+%T3Aj(x) — fe%+’\27*“
v 20T
AI(ZE) = d—.)\eg_a»‘ — d_.>\e—§+r)\
v 20T L, 2im

Al(z) == AiD (2 4+ V/22) — /00 dw Ai (—z 4+ V2w)Ai(w + 2)

0

KT (=2, —y) ::/ duAi (—z + ) A7 (—y + u)
0

Kai(z,w) := /Oozlu Ai(z + w)Ai(w + u)

where the contour g is the contour extending to infinity in the A-plane along the rays e*'3,
oriented upwards and entirely contained in the right half plane (R(\) > 0), and v := —7g.
The quantity of interest, i.e. the gap probability of the process, is expressed in terms of

the Fredhom determinant of an integral operator with kernel (7.1.1). Given a Borel set Z,

then
I) . (7.1.2)

The first difficulty in studying the tacnode process is the expression of its kernel, since

P (no particles in Z) = det (Id —K*e

it is highly transcendental and it involves the resolvent of the Airy operator. It it thus
necessary to reduce it to a more approachable form.

The first important step was [12, Theorem 3.1] where it was proved that gap probabilities
of the tacnode process can be defined as ratio of two Fredholm determinants of explicit
integral operators with kernels that only involves contour integrals, exponentials and Airy
functions. This result, which will be recalled in Section 7.3, will be our starting point in
the investigation of the gap probabilities and their asymptotics. The second step will be
to find an appropriate integral operator in the sense of Its-Izergin-Korepin-Slavnov ([50])
whose Fredholm determinant coincides with the quantity (7.1.2). In this way, it will be
possible to give a formulation of the gap probabilities of the tacnode in terms of a Riemann-
Hilbert (RH) problem, naturally associated to an ITKS integral operator (see Chapter 3.3
and [15]). Finally, applying well-known steepest descent methods (Chapter 4) to the above
RH problem along the lines of [I1], we will be able to prove the conjectured degeneration
into Airy processes.

The outline of the chapter is the following: in Section 7.2 we state the main results of
the paper, which will be proved in Sections 7.3, 7.4 and 7.5. In particular, Section 7.3 deals

with some preliminary calculations which are necessary to set a Riemann-Hilbert problem
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on which we shall later perform some steepest descent analysis in the limit as ¢ — 400
(Section 7.4) or 7 — +o0o (Section 7.5).

7.2 Results

The first results on asymptotic regime of the tacnode process were stated in [12]. We are

recalling them here for the sake of completeness.

Theorem 7.1. Let T := Uﬁl[agj_l,agj] be collection of intervals, with a; = a(s;) = —o —

2+ s;. Keeping the overlap o fized, we have

I) = det <Id — K J) (7.2.1)

with J = Ule[s%_l,szg]. Analogously, keeping T fized, we obtain

I) = det <Id — K J) . (7.2.2)

Proof. The convergence follows easily by directly studying the kernel of the extended tacnode

lim det <Id —Kte

T—+00

lim det <Id —Kte

o—+00

process (see [1, formula (19)]), since the term involving the resolvent of the Airy kernel tends

to zero, uniformly over compact sets of the spatial variables © — o — 72. O

The physical interpretation of such results is that if we follow, starting from the tacnode
point, only one of the two soft edges (either in the case of large separation or in the case of
large times) we can easily see that the tacnode kernel converges to the Airy kernel, therefore
the convergence of the process respectively. Nevertheless, a more interesting situation is the
one in which, as we are taking the limit, we follow both soft edges and the tacnode process
degenerates into a couple of Tracy-Widom distributions, in analogy with the Pearcey-to-Airy
transition (see [11]). In this case, half of the space variables (endpoints of the gaps) moves
far away from the tacnode following the left branch of the boundary of the space-time region
swept by the particles, and the other half goes in the opposite direction. Therefore, it is
expected that the gap probability of the tacnode process for a “large gap” factorize into two
Fredholm determinants for semi-infinite gaps of the Airy process.

Numerically, these regimes are illustrated in Figure 7.4 and 7.5. The results were already
conjectured in [12] and they are here rigorously proved.

In the simple case with only one interval, we have the following theorems.
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[@tac, Btac), Qtac = a—o—7% and by,e = —b+0o+72, plotted against 7, showing the convergence

of the tacnode gap probability to the product of two Tracy-Widom distributions as ¢ — +o00.

Here a = —0.2, b = 0.4.

Figure 7.4: The relative values — 1 with II the projection on the interval

Theorem 7.2 (Asymptotics as 0 — +00). Let K% and Ka; be the kernels associated to

the tacnode and Airy process respectively. Let

a=a(t)=—0c—7"+t b=bs)=0c+7" —s (7.2.3)

[—o—T2+t,0+72—35] )

) det <Id —Kai ) (1+0(c™)) (7.2.4)
[s,+00)

and the convergence is uniform over compact sets of the variables s,t provided

then as o — “+00

det (Id —Ktac

det (Id _KAi

[t,400)

—OO<$,t<K1<O'—|—7'2), 0< Ky <1.

Theorem 7.3 (Asymptotics as 7 — +00). Let K and Ka; be the kernels associated to

113



o] ||
or] ||
L W
oo\
N RS A
RS A A\
0 RS 0N N

0.5 1 L5 2 2.5 3

det(Id —ITK*a°1T)
Fo(a) Fa(b)
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of the tacnode gap probability to the product of two Tracy-Widom distributions as 7 — +00.

Here a = —0.2, b = 0.4.

Figure 7.5: The relative values — 1 with II the projection on the interval

the tacnode and Airy process respectively. Let

a=at)=—0c—7"+t b=bs)=0c+7" -5 (7.2.5)

[—o—T24+t,0+72—5] )

then as T — 400

det (Id —K"e

det <Id — K > det (Id — K ) det (Id — K ) (1+0(r71)
[s,400) [t,400) [6,00)
det (Id _KAi )
[7,00)
= det (m — K ) det (Id — K ) (1+0(r ™) (7.2.6)
[s,+00) [t,+00)
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and the convergence is uniform over compact sets of the variables s,t provided
—00 < 5,t < Ky(o +77)

7 2
t=4r* -, 0<6<§K27_2; s=712420 -6, 0<5<K3(2a+§7'2>
for some 0 < Ky, Ky, K3 < 1.

More generally, we consider the tacnode process restricted to a collection of intervals.

Theorem 7.4. Given

J K
1= U[a2j717 as;| U lagss1, bo] U U[kafla bok] (7.2.7)
j=1 k=1
where
ag=a(s)) = —0—7> 4ty by="0btagi1¢) =0 +T° — Sox 10, (7.2.8)

then as o — +00

det (Id —K'e

) =det | Id — Ky det | Id — Ky
T J1

) = det | Id — K det | Id —Ka;
T J1

J K

Ji = U[tzéflat%] U [tagq1, +00) Jo = U[sgg,l, Soe] U [S2kc 41, +00) (7.2.11)
=1 (=1

) (1+0(c™)) (7.2.9)

Jo

or as T — oo

det <Id —K"°

) (1+0( ™) (7.2.10)

Ja

where

and the convergence is uniform over compact sets of the variables s,t provided

—00 < Sy, tp < K1(0'+7'2)

7 2
ty =41 — 0, 0<5<§K27-2; s =T1"+20 -4, O<(5<K3(20—|—§7'2)

for some 0 < Ky, Ky, K3 < 1.

The parametrization of the endpoints a and b in Theorems 7.2 and 7.3 (and of a, and

by in Theorem 7.4) has the following meaning. At the critical time 0 < tg,. < 1, the
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two bulks tangentially touch at the tacnode point Pi,.. From the common tacnode point
a(tiac) = b(tiac), two new endpoints [a(t), b(t)] emerge and move away along the branches of
the boundary.

The tacnode point process describes the statistics of the random walkers in a scaling
neighborhood of ¢t = t,. and a = b = P,,.. The asymptotics as 7 — £o0 given in Theorem
7.3 is the regime where we look “away” from the critical point (either in the future for 7 > 0
or in the past for 7 < 0) and it is expected to reduce to two Airy point processes, which
describe the edge-behavior of the random walkers. Similarly, when we take the limit as
0 — 400 (Theorem 7.2) we are physically pushing away the two bulks from each other and
the expected regime around the not-any-more critical time will be again a product of two
Airy point processes.

The proof of these theorems relies essentially upon the construction of a Riemann-Hilbert
problem deduced from a suitable IIKS integrable kernel and the steepest descent method. In
the next section we will show how to deduce such integrable kernel from the tacnode kernel.
We will start with considerations that apply to the more general case, but then we will
specialize to the single interval case (Theorems 7.2 and 7.3) in order to avoid unnecessary

complications, which are purely notational and not conceptual.

7.3 The Riemann-Hilbert setting for the gap probabil-

ities of the tacnode process

We recall the definition of the tacnode kernel, referring to the formula given by Adler,
Johansson and Van Moerbeke in [4].

The single-time tacnode kernel reads (see [, formula (19)])
K(ri,y) =

KU N o—z0—y +\/_/ dz/ dwA7_, (Id —Ka;

) (z,w) A7, (2)
[3,+0)

(7.3.1)
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where & := 250 and the functions appearing in the above definition are specified below:

A (z) = eT”%TgAi(x) :/ ﬂegﬂ%_“
2im

dA oA ﬂe—§+x,\

217r v 20T

A7 (2) == Ai(T) (z + V2z2) — /00 dw Ai (—z 4+ V2w)Ai(w + 2)

0

Ai(x) :=

K57 (—2, —y) = / duAi™ (—z + ) A" (—y + )
0

Kai(z,w) = /Ooau Ai(z + u)Ai(w + u)

The contour g is a contour extending to infinity in the A-plane along the rays e™3, oriented
upwards and entirely contained in the right half plane (R(\) > 0), and 7 := —z.
First of all, since only the combination x — o,y — o appears, we shift the variables and

we perform a spatial rescaling of the form u = {/2u’. The resulting kernel is

K(z,y) == V2K (2, ¥/2y) = \/_/ AduAi™ (V2(u — ) AiCT (V2(u — y))+

+v/2 / dz / dwA%yy, (Id — K
(T’fT)

For the sake of brevity, we shall introduce the operators K;, K, "/, 2, (with abuse of

) B (2 w) A (w). (7.3.2a)

notation) as the operators with the kernels,

K3 = KT (V2w V2y)
— 3 / QA (V2 (u — 2)) A (V2 — y)) (7.3.2h)

KAi = KAi(Z’,y) (732C)
[6,00)

B (x,z) = 25 Ai(") (\3/5(510 + z)) . Alz,w) = Ai(z + w) (7.3.2d)

Ar(w,2) = Alyg (2) = Br(z,2) - /Oocoiw B (—x,w)A(w, 2) (7.3.2¢)

moreover, we set 7 as the projector on the interval |7, co).

Given the above definitions, we can rewrite the tacnode kernel in the following way
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Proposition 7.5. The kernel K can be represented as

K(z,y) = K& (x,y) + /[ ) / dw 2, (2, 2)R(z, w)A_,(2,y) (7.3.3)

[¢,00)

) (z,w).
[5;00)

K=K7 7 +2r1d—Kx) ‘72 (7.3.4)

R(z,w) = (Id — Kaj

Alternatively,

where we recall that K is the transformed of the kernel K% under the change of variables

W =2"3(u—o).

Let Z = [ay, as] U [as, ag) - - - U [aak—1, asx] and denote by II the projector on Z. We will
denote with II the projection on the rescaled and translated collection of intervals [dy, ds] LI
Ulagk—1, Gok], where a; := 2~ (a] —0). We are interested in studying the gap probability

of the tacnode process restricted to this collection of intervals, namely

-1
) AT | 1
[0,00)
(7.3.5)

The following proposition is a restatement of Theorem 3.1 from [12], adapted to the

det(Id —TIK®I1) = det [ 1d—2511 | K777 + 24,7 (101 — K

single-time case which we are examining.

Proposition 7.6. The gap probability of the tacnode process admits the following equivalent

representation
det(Id —TIK™°TT) = F(5) " det (Id —ﬂHﬂ) -

Kam | —v2rT 1
= F5(5) " det (Id—[ W\ﬂfm f\nf e
+T

) (7.3.6)

where TTHII is an operator acting on the Hilbert space L*([¢,00)) & L2(R), Il := 7 & II and
F5(&) is the Tracy-Widom distribution

FQ(b\:) = det (Id _KAi

) . (7.3.7)
[0,00)

Remark 7.7. The projection m in (7.5.6) is redundant since by definition the operator acts

on the Hilbert space L*([c,00)), but we will keep it for convenience.
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The gap probabilities of the tacnode process are expressible as ratio of two Fredholm
determinants. Therefore, we can interpret the tacnode process as a (formal) conditioned
process: its gap probabilities are the gap probabilities of the process H conditioned such
that there are no points in the interval [, 00). We refer to [12, Remark 3.1 and Appendix]

for a discussion about possible probabilistic interpretations of such result.

Proof. The identity is based on the following operator identity (all being trace-class pertur-
bations of the identity)

Ka; —/2rA” 11 Id—7Kam | 0 Id 0
det [Id— |— =27 | [”(T—;)N = det nK i | det [—— o,
— V20 | V20K 0 |Id V21,7 | 1d

Id | V2 (Id Ka);'mu” 11
0 ‘ Id—/2 {ﬁKA§ ~I — 90, w(Id —KAi)gIWQGTﬁ}

X det
= det (Id =7 K x;7) det(Id —ITKIT).

]

Our next goal is to find suitable Fourier representations of the various operators appearing
n (7.3.6). In order to do that, we will rewrite the kernels involved, with their projections
respectively, in terms of contour integrals. The results are shown in the following two lemmas.

Their proof is just a matter of straightforward calculations using Cauchy’s residue theorem.

Lemma 7.8. The kernels involved in the definitions (7.5.2b)-(7.3.2¢) can be represented as

the following contour integrals

dA 7 d\ s
BT(fB, Z) = 2_% / fe@w—()\,ac-i-Z)’ A(Z, w) — / _-ee()\,z-‘rw) (738&)
YR 2w 2
1 dp o) d)\ 00— (=) +0(X;2)

T,—T) d 6r (1, —2)+0-+(A\,~y)

Kl(*l / / e (7.3.8¢)
i 2 ,u )\>
d/vb e9(/\ z)—0(p,w)

Kai 7.3.8d
sz, w) / 2im L 2T - =X ( )

with aT()\;x) = ﬁ 227/3)\2 — 2\ and O(\;z) = %3 — A

Moreover, if IT is the projector on the collection of intervals | J @21, Gg;] and 7 is the pro-

jector on the interval [7, +00), a simple application of Cauchy’s theorem yields the following
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identities

% dé¢ £(2—5) Fw f(X,5)—0(n,0) -39
T Aiw(z’w)_/ﬁg%e /227? / 217?/ 2im (1 —N)(E— ) (A=) (7.:3.9)

Indeed, if w > ¢ we can close the (-integration with a big semicircle on the right-half plane,

picking up the residue at A\ € ~vg; viceversa, if w < o we close the (-integration with a big
semicircle in the left-half plane, which yields zero since there are no singularities within this
contour of integration; the same argument applies for the variable z.

Similarly,

2K

. A€ e [ dAC dr et
oL, N (L) ___5ng{/ __'GUW)l/ dn _
(@, w) = E:( )Z%mﬁa o 20T 2w (E— N —0)

_9 r(—a;)+0(\a)
/27TZ /R27m (=M (€ —p)(A— C)] (7.3.10)

. CfdE L ¢ .o - dp 0w +3)
WQ(TTH Z2,Y) = —1 J / fef(z 7) / feg(y aj) — /— _
0= | 5 2w E— (= 0)

P (i) ~0(u53) .
LAMQMMASWOCJ i

ﬁKf(\Ti’_T) - y)ﬁ N (7.3.12)
— Z(—l)]+k € a-_,z’ / y ak / / d/,l/ e—Q, 1L, a])+9 ()\ _dk)
= ik 227? 2277 2 2im (0 — N) (€ —p) (A —¢)’

Lemma 7.9. The Fourier representation of the previous operators is the following

. - (—1) s A\ efr(xd+3)
ﬂmﬂ(@@)-Z_m . [ LR%(S—A)(A—C)_

o~ 07 (1;—a;)+0(A;5) 7.3.13
/2m 327” = AE = ) (A= O] o
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dp A\ ef-r(—an)—0(ud)
~)o2mi ), o 7.3.14
/u m/m 2ﬂi(u—A)(£—u)(A—g)] (7.3.14)

(77 ( 1)i+k sk d,u o—0—r (=) +0—r (A, —dy)

0)—=0(p,0)
FlrRam)(€,¢) = 2 " 5/ 2271’/ 2im (p — )\ f (A=) (7.3.16)

All these kernels act on L*(iR).

With the convention that p,(,£ € 1R and A\ € vz, p € vz, we have the following result.

Lemma 7.10. The operators in Lemma 7.9 can be represented as the composition of several

operators:
FrKam)(&,¢) = A€ 1)Cli, ) B(A,C) (7.3.17)
()71 o2 o2 (C-NF
A&, ) = SirE— 1) Clp, A) = e B(A,Q) = 2 =)
FIEG VT, C) = Aj(€ m)C(p, A) Bi(A, ) (7.3.18)
a (_1)3‘6(5—#)%‘—@-&-22%# B (—1)166)1\2 22/3>\2+(>\ )y
FIA7)(,¢) = Hi(&, NQr(A, ) — Aj (&, 1)C 11, ) B(A, ) (7.3.19)
(6N =N 4 g A2 e%wc
. — 1)\

J
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~ ~ ud 3
(h=Qar+ue—ts — T u _E 5
i € 2 e 12
Hy(p, €)= ) (1) : v Qu&p) =g
0= 20 g o= ginte =
with
B, By, : L*(iR) — L*(7g)
A, A; L (y) — L*(iR)
C: L*(yr) = L* (1)
H;: L*(vg) — L*(iR) Qg : L*(iR) — L*(vg)
Qr: L(y1) = L*(iR)  Hy : L*(iR) — L*(71)
Finally,
Proposition 7.11. The following identity of determinants holds
ACB | ~QLH; + ACB; " d| B | B
det | Id — —det | AC | 1d |Q.H, | =
—H;Qr+ A;,CB A;CBy | A;,C | H;Qr| Id
(1d,, | 0 | o | o | o | A ]
0 |Idg, | 0 | 0 | Qr | © Iy, | HoH; | HpA, 0
0 0 |Idg, | C 0 0 QrQr | 1dg, QrA 0
det = det
0 0 0 |Idg,| B By, 0 0 Id;, C
—Qr| 0 | -A| 0 |Idg,| O BQ. | ByH; | BA+ B, A; | 1dg,
0 | —-H;|-A;] O 0 |Idg, |

(7.3.21)

where by the Idx, we denote the identity operator on L*(X,C) and the further subscript

distinguishes orthogonal copies of the same space.

Proof. We start by noticing that all operators introduced in Lemma 7.10 are Hilbert—
Schmidt. Since a product of two such operators is a trace class operator, the first two
determinants and the last one are ordinary Fredholm determinants; the third determinant
should be understood as Carleman regularized det, determinant. However, since the opera-

tor whose determinant is computed is diagonal-free, the formal definition coincides with the
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usual Fredholm determinant. The first identity is seen by multiplying on the left by a proper

lower triangular matrix, while the second one is given by multiplying the matrix

(1d,, | ol o o] o] o & ]
0 |Idg,| 0 | 0] 0 | Q| 0
o | o |, o] c | ol o
M=| o | o] o0 |wWg| o] B By
o | o] o] 0o [1dg| 0
Qi 0 | Al 0o | 0 [1dg
0 [—m|[-A] 0] 0] 0 [Idg
on the left by
(1., ol oo o o] o]
0 [Id,| 0] 0] 0] 0o o0
0| o |1, o o] o] o
N=| 0] 0] 0 |Wdg| o] 0] o0
0] 0] 0] o0 [1de| o] o0
Q.| 0] Al o] 0 [1dg| o
0 | H, | A4 | 0] 0] 0 |Ida

where 0; is a copy of the imaginary axis ¢R. We now multiply the two matrices in reverse
order, as we know that det(MAN') = det(NM). In conclusion, we obtain the operator

I, |H.H;| HpA, 0
J QrQr | Idg, QrA 0
et
0 0 Id;, C
BQr | ByH; | BA+ BiA; | 1dg,
where we have removed the trivial part involving the three copies of R. O

Collecting all the results found so far, we have

Theorem 7.12. The gap probability of the tacnode process at single time is

det(Id —IIKIT) = F3(5) " det (Id —M) (7.3.22)
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where

Op, | —HiH, —H,A,
— 0 —QrA
Moo | —9rQL| On Cr (7.3.23a)
0 0 0y, —C
—BQyp | =B.H; | —(BA+ BA;) | Op,
with
/\3—H3 )\3 - HB
A ¢ BQL(A e 7.3.23b
QrA(\, 1) = @7 Ol \) = I (7.3.23¢)
R = 5irn— ) Y T i — ) >
~ S (=17 R ()b ()
HoH: (1. \) = == J .3.23d
(e, A) 2in i V) (7.3.23d)
2K —1
~ by () g (p2)
Hi A (1, o) = —qytt L 7.3.23¢
A (1, p2) ;( ) 2im (s — 12) ( )
2K —1
g5 (A2)hj(Ar1)
, _ )y s .3.23f
BiHj( Mg, M) ;( ) 2700 — ) (7.3.23f)
A3 ~ _
e T HINE 97 (N g; (1)
BA+ BA) M\ p) = —— 1y D 7.3.23
and
hy(Q) i= o /HTEECT AT () i o, (7.3.23h)

Proof. The first three kernels and the kernel BA follow from easy computations.

N .
QrQu(d 1) = /m 2im 2im(A = Q)¢ —p)  2im(A = p)

- d¢ e%-Aa—% B eATB_A&_%
BQr(\ p) = /ﬂR 2im 2im(A — O)(C — ) 2im(A — p)

B d¢ eﬁ*%*% B e“&7%+%
QnA0) = [ S5t aie 7 = 3 )

>\37,u3 . >\37,u3 .
BA()\ )_/ dC e 1 +(p—A)o e +(p—A)o
T R 2im2im (A= O(C —p) | 2im(h— )

Next, we recall that the endpoints are ordered a; < a;41, so that we can pick up residues
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accordingly to the sign of a; —ax, (j,k=1,...,2K).

3 3
~ ~ 2 S~ A
,uak-l-/w'—ﬁ—#u —)\aj—a/\+ﬁ+227/3

m iR 20T 2im(p = ¢) (€=
(=N (g + 2o 122 (=N (N2 T (h2 2
Syt R T e S
= 2im(p — ) — 2im(p — )

3,3 .
K e(M—A)aj'*‘(N—)\)U‘F%‘FW(AQ—MZ)

+Z 2im(p — )

J=1

Thanks to some cancellations, we are left with

_ 2K ‘ le(u N+ (u-NF+ 2+ 75 (A—n?)
HpHj(p, M) = ) (=1)" :
! 321 2im(p — )
Similarly,
2 3 T 2
k+]e 12 22/3/\ +(A—Qay (C 1), 12+22T“
BrA; (A =
Sl /m 2im(A — () (C— )
A3_,3

— 5275 M =p)+(A-p)a;

B 2K (— 1)16172”
B ]Z1 2im(A — p)

In the next computation, we set A1, Ay € Yg:

, 3
k Je/IQ 22/3)\2 (A2—Q)ag e(C—/\l)dj A1 )1\% 22%&
B A 7A
k 2 1 / 227T 20T >\2 C) (C )\1)

B ( 1)k+J612 22/3 A3 U>\1+12+22/3)\2 ( oo ()\2_)\1)5%) .
2Z7T()\2 - )\1) ¢ ¢ ’

J<k

the first term contributes only with the terms with even j (with positive sign) , the second

only those with odd k& with a negative sign so that

>‘2 T 2_~ ﬁ T 2
2K ( 1)]612 52/3 A2 U/\1+12+22/3 Al o A1),
BkHj()\Q,)\l) = E e\\2m A
- 227?'()\2 — )\1)
J=1

Note that the kernel is regular at \; = Ay because the sum vanishes.

125



In a similar way

3 3
(Nl*()ak+#15*%*%/3ﬂf (C*#z)&j*%Jr%/gH%
Hk (e, o) / k+j+le ’ © ? —

2” 2im (1 — ) (€ = p2)

~ “1

H10—75 — 2/3”1 12Jr 2/3/‘2

_ E (_1)k+j+1e ’ © ’ (e(uﬁuz)ﬁk _ e(uruz)&j) —
2im (1 — po)
j=k
~ K T H T
2K R e L R PR T L )
= E (—1)7*1 alh2—h1)a;

= 2im (1 — po)

]

Now we recall that any operator acting on a Hilbert space of the type H = H; & Hy @
Hs & H, can be decomposed as a 4 x 4 matrix of operators with (i, 7)-entry given by an
operator H; — H;. In conclusion, the kernel can be written as an integrable kernel in the

sense of Its-Izergin-Korepin-Slavnov ([50]):

M(¢,¢) = % (7.3.24)
with

—e€12y
i T

f(¢) = 91 (©)xn, — I (©)x,, (7.3.25)

(=19, (E)xn, T (=1)*Kh (€)X,
[ eS/12y T
(;C«"‘»/lzxL1 +e—<3/4+C&XL2

8@ =| 9Oxy, +MmOxs |- (7.3.26)

Gore (OX1y T Pare (X,

It is thus natural to associate to it the following RH problem. We refer to Section 3 for

a detailed explanation.

Proposition 7.13. The Fredholm determinant det(Id — M) is linked through IIKS corre-
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spondence to the following (2K + 2) x (2K + 2) Riemann-Hilbert problem

P =T-(NJ(), AeX:=7,Ung

TA)=1+0\", A= (7.3.27)
JA) =T —2irf\) g\ = (7.3.28)
[ 1 e 9y, e Or—ay ||| e Oray, ]
97X 1 Oy, ||| ey,
—eOr-ary e Oraiy, 1 B 0
0
0
] (—1)2K Oy, | (—1)2K+ e Orany, 0 1 |
with
O5(\) = %3 -0, O, = %3 —2757A2 = 273 (a; + o)\, (7.3.29)

Proof. 1t is simply a matter of straightforward calculations: starting from the formula
J(N) := I —2irf(\)g(\)T and writing explicitly the endpoints a; as functions of the original
endpoints a; (the change of variables is defined in Proposition 7.5), we can get the jump ma-
trix as in (7.3.28), but with two distinct copies of vz and 7., as specified in (7.3.25)-(7.3.26).
On the other hand, it is easy to show that the jumps on - say - vz, and g, commute, hence

we can identify the two contours. O]

In particular, let’s consider the simplest case where Z = [a,b] (K = 1), then the RH

problem is 4 x 4 with jump matrix

1 67®5XL1 6797',—11XL2 6797,71)XL2

Oz 1 efT,a ®—T,b
J(A) e@ Xm o L (7.3.30)

—e T,faXR2 e 7T,aXL3 1 0

e@*v*beQ —e*@*T’bXLS 0 1

where
DL 23 2 .o 1

@5()\) = E — O')\, ®T,ai<)\) = E — 2737\ =273 (ai + O'))\ (7331)

The contour configuration can be seen in Figure 7.6, where we have renamed the contours
Ry, Ry, Ry and Ly, L2,L3)~

We will now focus exclusively on the single-interval case and we will apply a steepest
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'/

Figure 7.6: The contour configuration of the tacnode Riemann-Hilbert problem in the case
7 = |a,b)].

descent method in order to prove the factorization of the gap probability of tacnode process
into two gap probabilities of the Airy process. The starting point is the 4 x 4 Riemann-Hilbert
problem (7.3.30) with contour configuration as in Figure 7.8 or Figure 7.11, depending on

the scaling regime we are considering.

7.4 Proof of Theorem 7.2

From now on, we are assuming 7 > 0. For 7 < 0 the calculations follow the same guidelines
as below.

The phase functions O, (A, —b) and ©_,(\, a) (appearing in the entries of the 2 x 2 off-
diagonal blocks of the jump matrix (7.3.30)) have inflection points with zero derivative when

the discriminant of the derivative vanishes, which occurs when
ait + 0 +7° =0, berit — 0 — T2 =0 (7.4.1)

with critical values ©,(\, —bei) = 237 and ©_;(\, aeit) = —2'/37. The neighbourhood of
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=y

X=a X= -0

Figure 7.7: The large separation case. As o — 400, the two bundles are pulled apart causing
the tacnode process to degenerate into two Airy processes.

the discriminant is parametrizable as follows

a=a(t)=—c—7>+1 (7.4.2)
b=0b(s)=0+71>—s. (7.4.3)

Thus, from (7.3.31) and substituting (7.4.2)-(7.4.3), we have the following expressions

e 73 A 257
O,(\,=b) = 3 sé_ + 3 5T £ = ! (7.4.4)
: ’ A+ 25
O_,(\a) = %* e, — % Lt £y = J;l T (7.4.5)
3

On the other hand, the phase O3 in the entries (1,2) and (2,1) of (7.3.30) has critical
point at £v5 = +V/230.

Preliminary step. We conjugate the matrix I by the constant (with respect to A) diagonal
matrix

D = diag(1,1, —K(t), —K(s)) (7.4.6)
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where K(u) := %3 —ut. As aresult, also the jump matrices (7.3.30) are similarly conjugated
and this has the effect of replacing the phases ©1, +, and Oy, 4, by O1,+, F K(t) and
O, F K(s) respectively, so that their critical value is zero. We denote by a hat the new

matrix and respective jump:
[:=ePre? J:=ePJeP. (7.4.7)

Thus, the resulting jump J has the following form:

1 e% 00 1 000
0 0 0 % 1 0 0
onli | on Ry, (7.4.8)
0 10 01 0
0 01 00 1
_ ] O 6_97—,7a+K(t) 6_9(5775) 1 0 0 0
01 0 0 0 100
0 0 1 0 on Ly, Conak® g 1 o | ™ Ry,  (7.4.9)
[ 00 0 1 OE 00 1
1 0 00 10 0 0
0 1 00 0 1 eOE+d O rptK(s)
on Ls, on Rs, 7.4.10
0 _e_G_T’b_K(S) 0 1 0 0 O 1
where
& A+ V2
© = T = — 7.4.11
(giau) 3 fiu fi \3/§ ( )
O-rp(5) = T+ gz — 200A - R (7.4.12)
AT 2\ A
Or—al(Mt) =T = T —22gn ] — (7.4.13)

6 22/3 NOERE)
We choose the contours according to the following configuration (see Figure 7.8):
e [, and R, are centred around the critical point Pr := 237

e [3 and Rj3 are centred around the critical point Py, := 257
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Lo Ry

Py
Pr

Ls R;

Figure 7.8: The contour setting in the asymptotic limit as ¢ — +4o00.

e [, passes through the critical point P, := —v/5 and R, passes through the critical
point P, p = V7; these points are thought as very far from the origin, in the limit as
o> 1.

Remark 7.14. All the left jumps commute with themselves and similarly all the right jumps.
Moreover, the jump matrices Ly and R3 commute.
The proof now proceeds along the following scheme (as o — +00):

1. the matrices L; and R; are exponentially close to the identity in every L” norm (Lemma
7.15);

2. regarding the matrices Ly and Ry, the entries of the form +(0,_, — K(t)) are expo-
nentially small in every LP norm; the same behaviour will appear for the entries of the
type £(0_,, + K(s)) in the matrices Ly and R3 (Lemma 7.16);

3. for the remaining entries in the jumps Lo 3 and Ry 3 we will explicitly and exactly solve

a (model) Riemann-Hilbert problem which will approximate the problem at hand.

7.4.1 Estimates on the phases

The proof of the first two points relies on the following lemmas.
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Lemma 7.15. The jumps on the curves Ly and Ry are exponentially suppressed in any LP

norm, 1 < p < oo, as ¢ — +0o0.

Proof. A parametrization for the curves L; and R; is the following A = £2/3,/c+u (% f )

Therefore, we have (for both signs)

4 3/2 \/_ . u’
R[Osim] = R[-Os1,] = —30"" — ypu” — —
which implies
00 RO o3 A5 _ —443/2
12 ey /0 ROy < O, || = €37 (7.4.14)
The same results holds for the contour L. O

Lemma 7.16. Given 0 < K, < 1 fized and s < K,(c + 72), then the function ¢®(-T)+K()
tends to zero exponentially fast in any LP(R3) norm (1 <p <oo) as o — +oo:

—71,b)+K (s —27(1-K1)o
|20 HLP (ry < Ce (1=K (7.4.15)
Similarly, the function e=®T=KE) s exponentially small in any LP(Ls) norm (1 < p < c0).
Or, o+ K(t)

Moreover, the function e~ and e97~=K®) qre exponentially small in any LP(Ls)

and LP(Ry) norms, respectively (1 <p < o).

Proof. A parametrization of Rs is A = /27 + u [% + 7 } u > 0. This yields
ud  du 5
R[O(—7,b) + K(s)] = By 210 — 27° + 276
3

where we set s = 20 + 272 — §, 0 < § < o + 72, and this is valid for both branches of the
curve.

Regarding the LP(R3) norms, we have that [e®-m++K()| = RO K ) therefore,

1 o]
||€®(_T’b)+K(S)Hp < 206—2107'(0—}—7'2—6) 6—2_%p6udu + e_p%du
Lr(Rs) — 0 )

< Qe (=Ko (7.4.16a)

O(—1,b)+K(s) e 2r(o+7=0) < Cp=2r(1-Ki)o (7.4.16b)

He HL"O(R:;)

given that s < Kj(o +7%) with 0 < K; < 1.

All the other cases are completely analogous. O]
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7.4.2 Global parametrix. The model problem

In this subsection we will use the Hasting-McLeod matrix (see [36], but in the normalization
of [11]) as parametrix for the RH problem related to L.

Let us consider the following model problem:

Q+(>\) = Q_(A)JR(A) on L2 U R2
Q+()\) = Q_(/\)JL()\) on Lg U R3 (7417)
QAN =T+0\") asI— oo

with jumps (see Figure 7.9)

1 0 0 e ®&)y,
0 1 0 0
Jp = 7.4.18
f 0 0 1 0 ( )
i 69(‘5—’5)XR2 0 0 1
1 0 0 0
0 1 66(5+’t)XR O
P 3
Jp o= 0 679(&0%3 . 0 (7.4.19)
0 0 0 1

and we recall &, := ’\i{;\ff as defined in (7.4.11).

This model problem can be solved in exact form by considering two solutions of the

Hasting-McLeod Painlevé IT RH problem, namely
(I)HM(S) and &)HM(t) = UgUQ(I)HM(t)O'QO'g, (7420)

where oy, 03 are Pauli matrices and ®gj/(u) is the solution to a 2 x 2 RH problem with

jump matrix

1 O(Au) )3
e @)y ) 1 o , O(\u) = 3 uA (7.4.21)
YL

and behaviour at infinity normalized to the identity 2 x 2 matrix; as usual, vz is a contour

which extends to infinity along the rays arg(\) = % and y, = —7yg (for more details see

133



o o= O
(== i = R =)

[rm—
oo O =

=R I
[ B R e B e
l—\DCJD

8(-2 5)
1
0
0
EG(E 5)
10 0 0
01 2Et) g
00 1 0
00 0 1

Figure 7.9: The contour setting with the jump matrices in the model problem.

[11]). The asymptotic behaviour of the functions (7.4.20) as £ — oo is

[t e 1
vt =l+ | Do |0 ( 5_%) (7.4.22)
. o 11 p(s)  als) LY
HeDm e T | i) -l “9(52)] -
B —p(s) —a(s) 1
=1+ (5 o) O(ﬁ>. (7.4.23)

The global parametrix, i.e. the exact solution of the model problem, is then easily verified

to be given by

b€ ,s) 0 0 D¢ s
0 P11(&sst) Pra(&st) 0

Q= (7.4.24)
0 q)Ql <€+7 t) q>22 (£+7 t) 0
®21(§—7 S) 0 (PQQ (g—a S)
7.4.3 Approximation and error term for the matrix r
The following relation holds
r=¢£-0Q (7.4.25)



where &£ is the “error” matrix. The goal is to show that the RHP satisfied by the error
matrix has jump equal to a small perturbation of the identity matrix I + O(c~), so that

a standard small norm argument can be applied (see Chapter 4).

Lemma 7.17. Given s,t < Ki(0 +72) with 0 < Ky < 1, the error matriz € = T(A)Q~1())
solves a RH problem with jumps on the contours as indicated in Figure 7.8 and of the fol-

lowing orders

{54M:84&@M on % (7.4.26)
EN=T4+00\1 as)\— o0
1 O(o™=)x,,  O(e™®)x,, 0
JE = O(U__OO>XR1 1 O O<O-_OO)XR3 (7427)
—O(U OO)XR2 0 1 X
0 _O(Oﬁoo)XLg 0 I

and the O-symbols are valid in any LP norms (1 < p < o0).

Proof. First of all, we notice that, thanks to Lemma 7.15 and 7.16, all the extra phases that
were not included in the model problem 2 behave like O(6~*°) as 0 — oo in any LP norm.
The jump of the error problem are the remaining jumps appearing in the original f‘—problem

conjugated with the Hasting-McLeod solution €2, which is independent on o:

Je=Q71JQ =
1 ey, e Onat Ky 0
. ee;,XRl 1 0 ee_T,b+K(s)XR3 0
_tgé)f,ftz—lK(t)XR2 0 1 0
0 —e’@*T»b’K(S)XLS 0 1
=Q'(I+0(0®)Q=1+0(")
since © and Q7! are uniformly bounded in o. O
We recall that the Small Norm Theorem says that
¢ 17 — 1113
[EN) =1 < FETOW) <||J5 —If|, + A ]”OO> (7.4.28)

uniformly on closed sets not containing the contours of the jumps, where ¥ is the collection
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of all contours. Thanks to Lemma 7.17, we conclude

C —Ko

I < —
IEX) =1 < Tt )¢

(7.4.29)

for some positive constants C' and K. The error matrix £ is then found as the solution to

_ £ (w) (Je(N) = I) du
EN) =1+ /E P T— (7.4.30)

the integral equation

and can be obtained by iterations

EW(w) (Je(\) = I) dw
2mi(w — )

EON) =1, EFYN) =1+ /
b

and, thanks to Lemma 7.17 we have

1

5()\) = I"— mo (0’700) .

(7.4.31)

7.4.4 Conclusion of the proof of Theorem 7.2

Using known results about Fredholm determinants of IIKS integrable kernels (see [9, Section
5] and [11, Section 2|, in particular Theorem 2.1) and adapting them to the case at hand we

can state the following theorem.

Theorem 7.18. The Fredholm determinant det(Id —fI]HIf[) of (7.3.6) satisfies the following

differential equations

. d\
9, Indet(Id —IIHII) = w i (9,) = / Tr (P2 AT (M),E(N)) g (7.4.32)
by
More specifically,
. 1
dsIndet(Id —IIHII) = —resy—oo Tr (I 7'V, T) = —=T'y; (40 (7.4.33a)
V2
. 1
Oy In det(Id —ITHII) = — resy—oo Tt (F’lf’atT) = —%FL(:&,:&) (7.4.33b)

where I'y := limy oo A(I'(N) — 1).

Proof. We notice that the original RHP for I' (see (7.3.30)) is equivalent to a RH problem
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with constant jumps up to a conjugation with the matrix

K K K K
T=diag |-, -6+ —, -0, _+—,—0, 4+ — 7.4.34
iag 1 + 1 —at 1 b T 1 ( )
k= @5 + @T,fa + 67,7b-
Thus, the matrix ¥ := T'el solves a RHP with constant jumps and it is (sectionally) a

solution to a polynomial ODE.
Applying the Theorem [11, Theorem 2.1] to the case at hand, we have the equality

(7.5.23). Moreover, using the Jimbo-Miwa-Ueno residue formula, we can explicitly calculate

8; In det(Id —ITHIIT) = — resy_, Tr (01170, T) (7.4.35a)
8y Indet(Id —ITHII) = — resy_o, Tr (D170, T) . (7.4.35D)

Taking into account the asymptotic behaviour at oo of the matrix I' we have

i F1 _ aslﬁl 1
Tr |:F lr aST} =Tr [(_ﬁ + @ (/\ 3)) < 1 I — aS@T,—bE4,4):| = _%Fl;(&@

s _ Ok 1
Tr [[7'T'9,T] = Tr {(_ﬁ +0 (A 3)) (%1 —~ at@T,_aE373>} =ty e

since det I' = 1 which implies Tr I'y = 0. O

We now use the exact formula in Theorem 7.18 to conclude the proof of Theorem 7.2;
recall that
I'(\) = ePEN)QN)e ™ (7.4.36)

and thanks to Lemma 7.17 we have

Fl = eDfle*D = Ql (I + O(O’ioo))
—p(s) 0 0 —qls)

. 0 pt) q() 0 e
— V9 0 —g) —p(t) O (I+0(c)) (7.4.37)
q(s) 0 p(s)
which yields
Pisaa) = Quyagy = V2p(s) + O(0™) (7.4.38a)
Fl;(373) = Ql;(g’g) = —\3/51)(25) + O(O'_OO). (7438b)
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Recall that p(u) is the logarithmic derivative of the gap probability for the Airy process (i.e

the Tracy-Widom distribution); collecting all the previous results, we have

ds ¢ Indet (Id —]HI‘ )
[—o—T2+t,0+72—5]

= p(s)ds + p(t)dt + O (=) ds + O (c~>°) dt + O (¢~>°) ds dt (7.4.39)

uniformly in s,¢ within the domain that guarantees the uniform validity of the estimates

above as per Lemma 7.17, namely, s,t < K{(oc +72), 0 < K| < 1.

We now integrate from (s, o) to (s,t) with sq := a+0+ 72, tg = —b+ 0+ 72 and we get
Indet | Id —H
[—o—T2+t,0+72—5]
= Indet (Id — Kaj ) + In det (Id — Ka; > +O0(c™H+C (7.4.40)
[s,+00) [t,+o0

with C' = In det (Id —H

Wﬂ)

In conclusion,

det (Id —K"e

[—o—T2+t,0+72—5] )

¢ det (Id K ) det (Id K ) (1+0())
_ [s,+00) [t,+o0 (7 4 41)

det (Id — K >
[6,00)

On the other hand, the Fredholm determinant of the Airy kernel appearing in the denom-

inator tends to unity as ¢ — oo, thus we only need to prove that the constant C' is zero.

Indeed this is the case:
Lemma 7.19. The constant of integration C in (7.4.40) is zero.

Proof. We recall the definition of the integral operator IIHII acting on Hy®Hs = L*([5,00))®
L?([a, b)), with kernel

. K — /2T 11
[H = | AT | {W?fj = (7.4.42)
—V/210%0, 7 | V211K
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where II := 7 & II, 7 is the projector on [0, 4+00), II is the projector on [a,b] and

Kai(z,y) == / Ai(z 4+ u)Ai(y + u) du
0
K/(Q’_T)(a —z,0—y) =W Vx

< [T dutio =47 V)i -y o+ 7 4 V)
0

A (z,y) = A (z — 0 + V2y) — /00 A (0 — 2 + V20)Ai(v +y) dv
0
_ 21/667(x—a+€’/§y)+§r3Ai<x o €/§y+72>+
—21/6 /00 dv (7t %”>+%73Ai(a — 4+ V2v + 1) Ai(v + )
0
AT (2,y) = 91/6=T(v=c+ %x)_%TSAi(y — 0+ V2r + 1)+
—o1/6 /Oo dv e_T(”_y+ %”)_gTSAi(U —y+ Vv + ™ Ai(v + ).
0
We would like to perform some uniform pointwise estimates on the entries of the kernel

in order to prove that as ¢ — 400 the trace of the operator [IHII tends to zero.
Indeed,

| K i (u, v) 7| < %e§“3/2§“3/2 (7.4.43a)

121K 7 (2, )| < Coe ™ (7.4.43b)

V210 (2, v)7| < 036_72\/567(\3/%_0)_%(%U_U—Hl)B/Q (7.4.43c)

|V 2r U _(u, y)TI| < Cye™™ 0677(%“*")*%%“*‘7*&)3/2 (7.4.43d)

for some positive constants C; (j = 1,...,4), where we used the convention that =,y are the

variables running in [@, b] and u, v are the variables running in [#, 00). Such estimates follow
from simple arguments on the asymptotic behaviour of the Airy function when its argument
is very large.

Collecting all the estimates, we get

T Kz ‘ —\6/57&[2711

- - T,—T) 17 < CU
—V20t,r | K71

(7.4.44)

. _ _ 3/2
with C, = maX{Cj—w and f(z) = ¢7(V2umo) =5 (V2umo—2"t o2t %a) ™)) e right hand

side we have a new operator £ acting on the same Hilbert space L2([7, 00)) @ L([a, b)) with
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[atac, brac]
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X=a X= -0

Figure 7.10: The large time case. As 7 — +00, we are physically moving away form the
tacnode point and along the soft edges of the boundary, where the Airy process occurs. The
same result holds when 7 — —o0.

trace
Tr L = || fl 72300 + (0—a) < C(b—a) (7.4.45)

s . 2
for some positive constant C', since ||f||L2(5 ) 7 0 as 0 — +o00.

Concluding, keeping [a, b] fixed,

N >, Ty (ITHII")
In det(Id —ITHII)| = _
n de =30
O (b —a)" »(b—a)
< g < 0 7.4.46
_; n _1—Co(b—a)—> ( )
as 0 — +o00. This implies that the constant of integration C' must be zero. O]

7.5 Proof of Theorem 7.3

We deal now with the case 7 — £o00, i.e. we are moving away from the tacnode point along
the boundary curves of the domain so that there is one of the gaps that divaricates as we
proceed. From now on, we will only focus on the case 7 — +o0. The case 7 — —o0 is

analogous.
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The RH problem we are considering is the same as for the proof of Theorem 7.2 (7.3.27)-
(7.3.30). We conjugates the jumps with the constant diagonal matrix D (see definition
(7.4.6)) and we have the same jump matrices as in (7.4.8)-(7.4.13).

The position of the curves is depicted in Figure 7.11:

Wl

e [, and R, are centred around the critical point Pgr := 2571
e [3 and Rj3 are centred around the critical point P, := — 257
e [, passes through the critical point P, = —v/& and R, passes through the critcal

point P, p := VG

The points Pg/j, = +237 are thought as very far from the origin, in the limit as 7 > 1.
We need to perform certain “contour deformations” and ”jump splitting” in the RHP
(7.3.27)-(7.3.30). To explain these manipulation consider a general RHP with a jump on a

certain contour -y and with jump matrix J(\)
L) =T-(MNJA), Aen

The “contour deformation” procedure stands for the following; suppose v, is another contour
such that

e 7o U~; ! is the positively oriented boundary of a domain D, ., where ! stands for

the contour traversed in the opposite orientation,

e J(A) and J'()) are both analytic in D, -, and (in case the domain extends to infinity)
JA) = T+ O\ 1) as A = oo, € Dy .

We define T'(A\) = I'(\) for A € C\ D,,,, and T'(A\) = T(A\)J(A\)~! for A € D, ,. This new
matrix then has jump on 7, with jump matrix J(A) (A € 71) and no jump (i.e. the identity
jump matrix) on . While technically this is a new Riemann Hilbert problem, we shall
refer to it with simply as the “deformation” of the original one, without introducing a new
symbol.

The “jump splitting” procedure stands for a similar manipulation: suppose that the
jump matrix relative to the contour -y, is factorizable into two (or more) matrices J(\) =
Jo(A)Ji(A). Let v1, Do, 4, be exactly as in the description above. Then define T(\) =T(\)
for A€ C\ D,, -, and T(A) =T(\)J(\) " for A e Do +itacnode- Then I has jumps

T\ =T_(N)Jh(N), A€o, To(\) =T_(N)L), A€
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Jo

Pr

Ly
Rg L2 R2

Figure 7.11: The contour setting in the asymptotic limit as 7 — 4-o00.

Also in this case, while this is technically a different RHP, we shall refer to it with the same
symbol I'. We will also refer to the inverse operation as “jump merging”.
With this terminology in mind, we deform Rj3 on the left next to its critical point —+/27

leads to a new jump matrix on Rz, due to conjugation with the curve L; (similarly for L)

Js =L RsL7' = RiLyRy =: J,

1 0 ef@(‘r,fa)JrK(t) 679(5_,5)

0 1 €®(§+,t) e@(—r,b)+K(s)
=1 1 . (7.5.1)
0 0 0 1

Again as before, the proof is based on estimating the phases in the jump matrices which
are not critical and solving the RH problem by approximation with an exact solution to a

model problem.

7.5.1 Estimates of the phases

First of all we notice that a similar version of Lemma 7.15 does not apply here, since the

phases on the contours L; and R; do not depend on 7. On the other hand, we can partially
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restate Lemma 7.16 applied to the case at hand when 7 — oo.

Lemma 7.20. Given 0 < K, < 1 fized and s < K,(o + 72), then the function e®~™0)+K()
tends to zero exponentially fast in any LP(R3) norm (1 <p < o00) as T — +00:

O, g, < R 752

Similarly, the functions e=®CTY=KE)  eOr—a=K®) gng e=Or—atK®) gre exponentially small

in any LP(L3), LP(Ry) and LP(Lsy) norms, respectively (1 < p < o).

Proof. Using the same parametrization as in Lemma 7.16, we have

1 [e'e)
oo s | [ty o [ v
Lr(Rs) = 0 1

< Qe -KT (7.5.3a)

Hee(T,b)—K(t — o 27(0472=0) < 21K (7.5.3b)

)
HLOO(Rg)
where we set s = 20 +272 — 6, 0 < § < o + 72. The proof for the other phases on the

contours Lz, Ry and Ly is analogous. O

Before estimating the entries of the jump matrices on Jy and J3, we factor the jumps in
the following way. We split the jump J5 into two jumps (and two curves): with abuse of
notation we call the first one J; and we merge the second jump with the jump on R;. Thus,

the new jumps are the following (see Figure 7.11)

1 0 6*@(7,7&)4’[(@) ef@(é_,s)
0 1 O(&+t) 0
Ty = ‘ (7.5.4)
0 0 1 0
0 0 0 1
1 00 0
R o 1 _O(=Tb)+K(s)
J=1|° ‘ (7.5.5)
01 0
0 0 1

Analogously, we split the jump J;3 into two jumps: we call the first one again J3 and

we merge the second one with the jump on L;. The new configuration of jump matrices is
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illustrated in Figure 7.11.

10 0 e O3
0 1 eO6E+t) OCTb+E(s)
Jy = ‘ ‘ (7.5.6)
0 0 1 0
100 0 1
B 1 6—65 e—@(T,—a)-i-K(t) 0
- 0 0 0
J. = 7.5.7
3 0 ) 0 ( )
0 0 1

Lemma 7.21. Let k := g—%. Given 0 < Ky < 1 fized andt = 472 —6, 0 < 6 < Kok1?, then
the (1,3) and (2,3) entries of the jump matriz Jo are exponentially suppressed as T — 400
i LP norms with p = 1,2, +00.

Given 0 < K3 < 1 fired and s =1 +20 — 3, 0 < 6 < K3 (20 + %7‘2), the (2,4) entry of
Jy is exponentially suppressed in any LP norm (1 <p < o0).

Similarly, the same results hold true for the (1,4) and (2,4) entries of J3 and for the

(1,3) entry of Js.

Proof. The first row on Jy is the same as the one on L, and the entry e~ Om—a)+K(t) g
exponentially suppressed in any LP norm, thanks to Lemma 7.20.
Regarding the remaining term on the second row, the real part of the argument in the
exponent is
VA )

where we set t = 472 — 4, 6 > 0.

Remark 7.22. A parametrization for the curve Jy is A = /27 + u [% + \%z] ,u € [0,3/27].

When u = /27, the curve Jy hits the curve Ry and for uw > /27 the contour Ly appears.

Provided 0 < k72 (1 := §—1F), it is straightforward to compute the L” norms (1 < p < 16)
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fT (L T 2_&)
||e@(5+,t)HI;p(J2):26—2pT(272_5)/0 ST 2EYTIEY) g

00 1
< Ce2r(5-8)7~] {/ —B5Y gy —|—/ pxsiﬁudu} < Qe 1=K (7.5.8a)
1 0
H€®(§+,t)||L ) _ €—f7—3+27'6 < Ce™ 2[k(1—K2)+16]73 (758b)
> (J2

for some suitable 0 < Ky < 1.
The phase on J, behaves like

u? T, ) 2 .
5 205% gt 3T — 210+ 710

R[O(=7,b) + K(s)] = -
where we set s = 72 4+ 20 — §, § > 0. Thus, provided § < 20 + %7’2, the LP norms are

3

%T u 2
=2 ear) [ ol g,
2

0

2 2 1 ps 00 w3
< C’e_pT(gT +20-9) / e 22173"dy +/ e P du
0 1

HGG(—T,IJ)-&-K(S) Hip

< CePU-Ka (7.5.9a)
O(—7,b)+K(s _ —77' 3270478 —C(1-K3)73
| @O >||Lm(j2) —e < e O (7.5.9b)
for some suitable 0 < K3 < 1.
The arguments for J; and Js are analogous. O

7.5.2 (Global parametrix. The model problem

We will now define a new “model” RH problem which will eventually approximate the
solution to our original problem r.
We define the following RH problem:

QL (A) =Q_(N)Jai(A) on Ly U Ry
Qr(A) =Q_(N)Jr(A) on LyU Ry

(A) ) on L3U Rj
QAN =I+0\") asA—x

(7.5.10)
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with jumps

1 6*95XL1 0 0
ey 1 0 0
Ja; = m 7.5.11a
A 0 0 10 ( )
0 0 01
0 0 e ©96- S)XL2
10 0
Jp = 7.5.11b
R 01 0 ( )
69(5*75)XR2 0 0 1
1 0 0 0
0 1 P&y, 0
Jr = s 7.5.11c
L 0 €_®(£+7t)XL3 O ( )
0 0 0 1

Let’s denote by ¥, ;, the 4 x 4 solution to the Airy RHP related to the submatrix formed
by the a-th row and column and by the b-th row and column. In particular, we call ¥, o the
matrix solution to the Hasting-McLeod Airy RHP for the minor (1,2), related to the jump

Jai, with asymptotic solution

—p(@) —q(@) |0 0
. 1 G ) |00 1
V12(0) = Laxa + 1 Q(O p(o) - +(9(§). (7.5.12)
0 0 [0 0

We consider now the matrix = := Q- \IJI%((NT) This matrix doesn’t have jumps on L; and R,

by construction, but still has jumps on Ls, Ry and L3, Rs:
Jp =0y and  Jg = Uy g0l (7.5.13)

On the other hand, as 7 — +oo the critical points ++/27 as well as the curves Lo, Rs, Ls,
R3 go to infinity, while the matrix ¥, 5 is asymptotically equal to the identity matrix.
We are left with

== 51 . qug(t) . 111174(8) (7514)

where Uy 3 and Uy 4 where defined in (7.4.20) and & is the error matrix.
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Following the previous remark, it is easy to show that the error matrix &; is a sufficiently
small perturbation of the identity and therefore we can apply the Small Norm Theorem and
approximate the global parametrix © by simply the product of the matrices ¥, ((a,b) =
(1,2),(2,3), (1,4))

0=

[1]

. \1’1,2(5) ~ \Ifg,g(t) . \11174(8) . \11172(5>. (7515)

7.5.3 Approximation and error term for the matrix I

The relation between our original RH problem I and the global parametrix €2 is the following
f = 52 Q= 82 . @273(75) . \11174(8) . ‘11172(5) (7516)

where & is again an error matrix, to which we will apply the small norm argument once

again (Chapter 4).

Lemma 7.23. In the estimates on s,t stated in Lemmas 7.20 and 7.21, the error matrix
E=T\)Q Y(\) solves a RH problem with jumps on the contours as indicated in Figure 7.11
and of the following orders

Er(A) =E-(N)Je(A) on X (7.5.17)
EN=T4+0\" asA— o0
Je (7.5.18)
1 0 O(T7%)x,, + O(T™)x . O(T™)x,,
0 1 O(r)x,, O(T)xz, +O(T)x;,
O(T7%)Xx, 0 ! '
0 O(T_OO)XL3 0 !

where ¥ is the collection of all contours and the O-symbols are valid for L, L? and L>

norms.

Proof. Due to Lemmas 7.20 and 7.21, we know from the estimates above that all the extra
phases that appear in the original RH problem for I are bounded by an expontential function
of the form Cye=C>™. The jumps of the error problem are the remaining jumps appearing

in the f‘—problem conjugated with the global parametrix €:
Je=Q  (I+0(r)Q=1+0(r"). (7.5.19)

The last equality follows from the fact that the solution €2 depends on 7 with a growth that

is smaller than the bound Cye=“>" that we have for the phases. O
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Thus, the Small Norm Theorem can be applied

Je —I|? C
IEN) — I | Je —I|, + 172 = Tl ) < e KT (7.5.20)

C
< -
= dist(n, 2) ( L= [Je — Il ] = dist(\, %)

where Y is the collection of all contours, for some positive constants C' and K. The error
matrix £ is then found as the solution to an integral equation and, thanks to Lemma 7.23

we have
1

O (r7). (7.5.21)

We need the first coefficient I'y = I'y(s,t,5) of T'(A) at A = co and how it compares to

the corresponding coefficient €y of (\); the error analysis above shows that

I =0 +0(r™). (7.5.22)

7.5.4 Conclusion of the proof of Theorem 7.3

Theorem 7.24. The Fredholm determinant det(I1d —ﬁHﬁ) is equal to the Jimbo-Miwa-Ueno
isomonodromic T-function of the RH problem (7.3.30). For any parameter p on which the

integral operator [THIT may depend, we have

P, d\
0, Indet(Id —IIHII) = wype(0,) = / Tr (FZI(A)F’_(A)&?pE(A)) oy (7.5.23)
by
More specifically,

S 1

O Indet(Id —IIHII) = —resy_o Tr (T 7'"05T) = XFL 22) (7.5.24a)
PN 1

8t In det(Id —HHH) = —TItS)\= Tr (Fflf"atT) = _3_F1§ (3,3) (7524b)

V2a o

S 1

Os Indet(Id —ITHII) = — resy_o, Tr (I7'TV0,T) = %Fl;(u) (7.5.24c)

where T'y = limy o0 M(T'(N) — 1).

Proof. The first part of the Theorem is the same as Theorem 7.18. Then, using the Jimbo-

Miwa-Ueno residue formula, we have
8, In det(Id —ITHIT) = — resy—o, Tr (I7'170,T) (7.5.25)

with p =7, s, t.
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Taking into account the definition of the conjugation matrix 7" (see (7.4.34)) and the

asymptotic behaviour of the matrix I' at infinity, we get again

Tr [['105T] = —Fl?f’”, Tr [[7'19,T] = —F\;g*’;), Tr [07'09,T] = F;;f).

O

On the other hand, thanks to Lemma 7.23 and the Small Norm Theorem, we can ap-
proximate the solution I with the global parametrix €2 using (7.5.22) and we get

[07’2+s,a+72t]>

p(s)ds +p(t)dt + p(3)ds + O (r7*) ds + O (r~) dt + O (17) d7
+O (17°) dsdt + O (77°) dsdg + O (77°) dt d& + O (77°°) dsdt d&. (7.5.26)

dIndet (Id —H

Integrating from a fixed point (sg, o, 00) up to (s,t,0),

[—0—72+t,0'+7'2—s]>
) det <Id _KAi ) det <Id _KAi
[s,+00) [t,4-00)
det (Id _KAi )
[7,00)
> det (Id _KAi
[s,+00)

with s, ¢ within the domain that guarantees the uniform validity of the estimates above (see
Lemmas 7.20 and 7.21) and C' = Indet(Id —HX|_sy—r2415,00+72—s0])-

Finally, we need again to show that the constant of integration C'is equal zero.

det (Id —K'°

ec det <Id _KAi

) (1+0(r7)

[5,00)

) (1+0( ™)

[t,+00)

= % det (Id — K

Lemma 7.25. The constant of integration C' in the formula (7.5.4) is zero.
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Proof. First of all we notice that (see Lemma 7.6)

det (Id —ITHII
det(Id —IIK"™°II) = ( )

~ det (Id —7 K o)
— det (Id — 7 Kpaym) 1 ‘ 0 . Id — nK a7 ‘ \6/§7TQITTT~I
0 d

V2l | 1d — V21K

)

0 —V/2(Id — 7K qym) AT 1T
—det [ 1d — |——= VA — (‘f_?)fr - (7.5.27)
— /20,7 | VKON

where II := 7 @ II, 7 is the projector on [0,00) and II is the projector on |[a, 13]
Along the same guidelines as the proof of Lemma 7.19, we will perform some uniform
estimates on the entries of the kernel that will lead to the desired result.

We have

V2K (u, 0)I| < _06—373—270”” <G (7.5.28a)
T VT
V21, (2, v)7| < —\C/é (7.5.28b)
T

ol

V2(Id — 7K pym) AT (u, )| < Caze™

227
73427 (y—0

:C'Ai€7§ 6773*27(‘”*‘”%“)—1——6 S v
2\/57

< —Lemlumo) (7.5.28c¢)

) 21(y—0o
T3 |:62‘r(y0'+§3/§u) + € w )1

for some positive constants C; (j = 1,2, 3), where the variables z,y run in [a, l~)] and u, v Tun
in [0,00). Such estimates follow again from simple arguments on the asymptotic behaviour
of the Airy function when its argument is very large. Moreover, the resolvent of the Tracy-
Widom distribution is uniformly bounded and independent on 7; here is the reason for the
constant Ca;.

Collecting the above estimates, we have

0 ‘ —v/2(1d — 7K gym) " ta” 11 <C 0] f(u) (75.20)
— /200, 7 | VRIK T -1 -

with C; = W and f(u) = e"®=?). On the right hand side, we have a new
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operator M acting on L*([7,00)) @ L?([a, b])) with bounded trace
TTM<C (HinQ(E,OO) (b a)) < (b —a) (7.5.30)

for some positive constant C', since ||f||i2(5 o) — 0 as T — +o0.

Concluding, having [a, b] fixed,

e KtaCH)n > Oném(b . a)n
In det (Id —ITK"°IT)| < -
e -3 R 5 e
CTC b—
< Z e (b — a)" = b-a) _, (7.5.31)
p— 1-C.C(b—a)
as 7 — +00.

Therefore, the constant of integration is equal zero. m

7.6 Conclusions and future developments

In this last chapter we showed how gap probabilities of the critical tacnode process can degen-
erate, under appropriate scaling regimes, into a product of two independent gap probabilities
of the Airy process.

The first connections between the critical configuration of non-intersecting Brownian
paths (see Figure 7.3) and the Hastings-McLeod solution to the Painlevé II equation, which
describes the Airy gap probability, were established in the papers [28] and [75]. In particular,
in the latter paper, the local distribution of the particles along the soft edges, afar from the
tacnode critical point, was considered, in the limit as the two disjoint bundles touch each
other tangentially. More interesting is the first paper, where a similar setting was considered:
given two independent bundles of non-intersecting Brownian paths that under certain limit
conditions touches tangentially at a critical point (the tacnode), the authors define a 4 x 4
Riemann-Hilbert problem which describes the tacnode kernel. Moreover, the residue matrix
in the asymptotic series at infinity of such Riemann-Hilbert problem shows the presence of
the Hastings-McLeod solution of Painlevé II. However, this connection, though remarkable,
is mostly a hint that the tacnode process is somehow related to the Airy one through an
appropriate limiting configuration.

In our work, on the other hand, we systematically prove the degeneracy in the setting as
the two tangential bundles are pushed afar (¢ — +o00; the opposite of the limiting procedure
n [28] and [75]) and, moreover, in the new setting as we move away from the tacnode

singularity along the soft edges of the bundles (7 — £00).
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The Riemann-Hilbert formulation given in Proposition 7.13 (Section 7.3) may allow the
study of another type of asymptotics of gap probabilities: the degeneration of the tacnode
gap probability into the Pearcey gap probability. Physically, we can picture this transition
by pushing the two touching ellipses further close so that they would merge; the soft edges
would collapse and give rise to two cusp singularities, where the Pearcey process will appear.
The scaling limit one need to perform in this situation is allowing the pressure parameter
o to diverge at —oo and the local time 7 to be a function of ¢ itself (this is a natural as-
sumption, since, as the two bundles get closer and closer, the cusps move vertically away
from the original tacnode point). The conjectured asymptotic regime, supported by numer-
ical evidences, has been stated in [12, Section 3.1]. Since the Riemann-Hilbert problem for
the Pearcey gap probabilities ([I1]) shows a quartic phase in the jump matrix, while the
phase in the tacnode case is a cubic, the asymptotic study may require the introduction
of a g-function (see Chapter 4) in order to apply the Deift-Zhou steepest descent method.
However, we recall that such degeneration has already been proved by Geudens and Zhang
in [13].

Another direction that would lead to completely new results is the derivation of differ-
ential equations describing the 7-function associated with the tacnode gap probability. This
problem has never been addressed before in the literature and, starting form the Riemann-
Hilbert formulation given in our work, it could be a natural future development.

Throughout this chapter, we have only focused on the single-time tacnode process. How-
ever, it can be of great interest also the study of its multi-time version (see for example [4]
for its definition). It has already been proved in [12] that the gap probability of the Ex-
tended (multi-time) tacnode process can be expressed as ratio of two Fredholm determinants
of explicit, not transcendental integral operators. The main challenge still remains, i.e. the
formulation of a Riemann-Hilbert problem derived from a suitable IIKS integrable opera-
tor which will allow either the study of asymptotic behaviour or the study of differential
equations associated with the gap probabilities.

As final note, we would like to gratefully acknowledge Dr. Bertola and Dr. Cafasso for
their fundamental calculations in Section 7.3, without which the present work would not

have been possible.
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Chapter 8
Conclusions

In this thesis we tackled the problem of studying gap probabilities of specific determinantal
point processes of recent interest.

The first important contribution, that affects all the three works presented in the thesis,
is the further development of the method introduced by Bertola and Cafasso in [10] and
[11], to use the isomonodromic 7-function and Riemann-Hilbert techniques to study such
gap probabilities. This approach, compared with earlier ones by, for instance, Tracy and
Widom ([100], [101]), Adler and Van Moerbeke et al. ([5]), Forrester and Witte ([10]), Basor
and Chen et al. ([3]), has the advantage of being more systematic.

The “Fourier” method, that has been extensively used in the previous chapters, has been
originally applied on the universal kernels of Airy and Pearcey ([10] and [11]) and it has
now been successfully applied to other instances of universal kernels. The key point is not
so much that the given kernel itself is “integrable” in the ITKS sense, but that the Fourier
transform of its restriction to an interval is; the main signal (but not the exclusive one, see
e.g. the tacnode kernel) is the double-integral representation with a denominator, as it is
the case for the Airy kernel (see [11])

dA e?_”“_*”’\
Ka; . 8.0.1
ail9) / 27m/ 27i — ( )

In our work we first considered the case of the limiting gap probability in the so called
“hard edge” of the random matrix theory, characterized by the Bessel kernel. We showed that
this gap probability can be expressed in term of the isomonodromic 7 function associated to
a suitable Riemann-Hilbert problem. Generally the result is not in a simple form; however,
in a special case, further simplification is possible and we were able to find a relation to a

Painlevé III transcendent. This relation is not new, and was originally derived by Tracy and
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Widom with a different method [101].

We were also able to express the gap probability for multi-time Bessel process through
a Riemann-Hilbert problem and to analyze it in the same way as the one-time case. This is
the first time that the multi-time gap probabilities in the Bessel process are expressed in an
integrable way and this is the main contribution of the first work presented here.

The same method has then been applied to the Generalized Bessel process. The study
of gap probabilities for such process has never been addressed before and our results are
encouraging for future further investigations. In particular, a new Lax pair associated with
the gap probabilities has been proposed and its shape suggests a connection with some
higher order representative of a Painlevé hierarchy. Moreover, the definition of the multi-
time Generalized Bessel process is genuinely new and its gap probabilities, expressed as
T-function, lead the way to additional possible analysis.

Next we turned to the problem of the asymptotic behaviour of the tacnode process. The
main difficulty in approaching the problem was the fact that the expression of the tacnode
kernel is highly transcendental, involving the resolvent of the Airy operator, and it was not
in a double integral form as the Bessel or Generalized Bessel operators. Once the connection
with an equivalent IIKS operator had been established, application of standard techniques
of steepest descent lead to the expected degeneration into two independent Airy processes in
given critical regimes. The tacnode process has been extensively studied in the past couple of
years and it is still subject of investigation. The results shown in this thesis are an important
contribution in the comprehension of the process and its properties.

In conclusion, the present thesis has attempted to shed light on some features of the
gap probability of the above Determinantal Point Processes, by either deriving differential

relations regulating this quantity or by studying its behaviour in specific critical settings.
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Appendix A

Numerical simulation

In this appendix we will describe the numerical methods that were implemented in order to
obtain some of the figures shown along this thesis. To be more precise, the chapter will focus
on two subjects: we will first discuss about numerical evaluation of Fredholm determinants
and how it is possible to get quite accurate quantities up to a small error term. Next, we
will show how to get a realization of generic Dyson processes (i.e. non-intersecting Brownian
paths).

A.1 Evaluation of Fredholm determinants

We start by recalling a general definition of Fredholm determinant and by discussing the
most common theoretical methods that are used to evaluate such quantity.

Let (X,du(z)) be a (o-finite) measure space and consider an integral operator K acting
on the Hilbert space L*(X,du(x)) and being trace-class (in general, K may belong to some
trace ideal [95]). We define its Fredholm determinant through the Fredholm expansion

<k
det (Id+zK) =1+ Z % / det[K (x;, xj)]ﬁjzldu(xl) o dp(xg). (A.1.1)
—1 - J Xk

where with abuse of notation we called K the kernel of the given operator.

The computation of the Fredholm determinant (or the regularized Fredholm-Carleman
determinant [95, Chapter 5] for generic integral operators) is an essentially transcendental
problem. Even assuming reasonable regularity properties, in most of the cases an evaluation
is possible if either the eigenvalues of the integral operator are explicitly known in a suitable
way or if an alternative analytic expression has been found that is numerically more accessi-

ble, mostly a differential equation whose solution is related the behaviour of the determinant.
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Therefore, theoretically speaking, every case of integral operator seems to require an ad hoc
study, lacking a general procedure for evaluating its Fredholm determinant.

On the other hand, if one is aiming at a simple numerical evaluation, finding eigenvalues
or integrating differential equations requires quite a computational cost for the machine.
Nevertheless, in the recent paper by Bornemann [14] such issue has been addressed effectively.

A first approach would be the so called projection method, where, by the use of well-
known Galerking techniques, the Hilbert space H := L?(X,du(x)) is decomposed into a
sequence of finite-dimensional, increasing subspaces V,,, (with m = dim V,,, and V,,, C V.41,
Vm) whose union is dense in H, m = H. Projecting the operator on such subspaces
reduces the evaluation of its Fredholm determinant to the computation of a finite determi-
nant, which approximates the original quantity up to an error depending on the regularity
of the kernel.

A more efficient approach is the Nystrom-type quadrature method, especially for analytic
kernels, like the ones appearing in Random Matrix Theory. The idea is very simple and
it takes inspiration from Nystrom’s ([90]) classical quadrature method for the numerical

solution of the Fredholm equation

u(x) + z/ K(z,y)u(y)dy = f(x) x € [a,bl, (A.1.2)

where the integral operator K is defined as

K@)l = [ Koty in Fad (A13)

with kernel K € C%([a,b]*) a,b € R. (A.14)

Given a quadrature rule
b m
[ Ha)de ~ Y ) = Qu() (AL5)
a j=1

where w; are some suitable weights, Nystrom discretized the Fredholm equation (A.1.2) as

the linear system

ui—l—szjK(:ci,xj)uj = f(x;) i=1,...,m (A.1.6)
j=1
which has to be solved for u; (i.e. the value u(x;)), Vi =1,...,m, and {z;}/, come from

the m-point Gauss-Legendre rule.
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The above method applied to the case of evaluating a Fredholm determinant
d(z) := det (Id +2K) (A.1.7)
is implemented by calculating the determinant of an m x m-matrix

do(z) = det [0 + zw; K (x, ;)] (A.1.8)

ij=1"
alternatively, if the weights w; of the quadrature rule are positive, the approximant becomes

do,,(z) = det |0;; + zzvjﬂK(a:'i,az:j)wl-/2 " (A.1.9)

7o dij=
The convergence results follow.

Theorem A.1 (Theorem 6.1, [11]). Consider a trace-class integral operator K of the type
(A.1.3)-(A.1.4). If a family {Q.} of quadrature rules converges for continuous functions,

then the corresponding Nystrom-type approximation of the Fredholm determinant converges,
dg,,(2) = d(z) m — 00, (A.1.10)

uniformly for bounded z.

Theorem A.2 (Theorem 6.2, [14]). If the kernel K € C*~V1([a,b]?)", then for each quadra-

ture rule Q) of order v > k with positive weights there holds the error estimate
do(z) —d(z) =0 (v7"). (A.1.11)

Therefore, whenever an evaluation of gap probabilities for a specific determinantal process
(with correlation kernel K) is needed, one can apply the results above and calculate the

approximated Fredholm determinant of the operator

K:=8 (A.1.12)
7

with Z the bounded Borel set where the gap probabilities are studied.

Remark A.3. The method can also be generalized and applied to matriz kernels representing

the multi-time counterpart of the timeless process (see [1/, Section 8.1 and 8.2]).

'We recall that, given an interval I C R, C*1(I) is the space of functions with are differentiable o times
with Lipschitz derivatives.
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Using Gauss-Legendre or Curtis-Clenshaw quadrature rules, the computational cost of the
method is of order O (m?). The implementation in MatLab® or Maple® is straightforward

and it takes just a few lines of code. For our purposes, we programmed using Maple 17.

The following code is the evaluation of the Bessel process in single time restricted to the

interval [0, s] (see Chapter 5, Figure 5.3).

>

>

>

gen:=proc(n)

local N,W,P;

N:= ‘evalf/int/AGQ/AGQ_wr‘(n,’W’,’P’);

if type(n,odd) then

[seq(P[i],i=1..N), seq(1-P[N-i],i=1..N-1)],
[seq(W[i],i=1..N),seq(W[N-i], i=1..N-1)];

else

[seq(P[i],i=1..N), seq(1-P[N-i+1],i=1..M)],
[seq(W[il,i=1..N), seq(W[N-i+1],i=1..N)];

end if;

end proc:

BesselKernel :=unapply(

( BesselJ(nu, sqrt(x))*sqrt(y)*BesselJ(nu+l, sqrt(y)) -
BesselJ(nu, sqrt(y))*sqrt(x)*BesselJ(nu+l, sqrt(x)))
/(2% (x-y)) ,x,y,nu);
BesselDens:=unapply(simplify(subs(y=x,

diff (( BesselJ(nu, sqrt(x))*sqrt(y)*BesselJ(nu+l, sqrt(y))
- BesselJ(nu, sqrt(y))*sqrt(x)*BesselJ(nu+l, sqrt(x)))
/(2),y))),x,nu);

KB:=(x,y,nu)-> ‘if‘(x=y, BesselDens(x,nu), BesselKernel(x,y,nu));
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> FredBessel:=proc(s,nu,M)

> Jlocal P, W, Kern;

> if s>0 then

> (P,W):= gen(M):

> Kern:=(s)->

> IdentityMatrix(M) -

> Matrix(M,M, (i,j)-> evalf (W[i]*s*KB(s*P[i], s*P[j],nu))):
> return(evalf (Determinant (Kern(s))));
> else

> return (1);

> fi;

> end:

The same numerical strategy has been used for the evaluation of the tacnode process in
the limit regime as ¢ — +o0o and 7 — 400, when the process degenerates into two Airy
processes (see Figures 7.4 and 7.5, Chapter 7). The original Maple code was written by M.
Bertola and M. Cafasso and illustrated in [12]. Such code has been reproduced here and
adjusted to the present purpose. In particular, in order to evaluate the Fredholm determinant

of the tacnode kernel we use the following formula ([12, Theorem 3.2])

det (Id —ﬂHﬂ)
_ A1.13

det (Id —Ktae

where II := Id @7 @11, 11 is the projector on [a, b] and  is the projector on [&, 4-00) (5 = 230)
and H is equal to

H_1,-1=0 Ho1o(zy)=—Ai(zty) | Ho11(zy)=AiC" (Vaz+o—y)
Ho,—1(x,y)=—Ai(z+y) Ho,0=0 Ho,1 (z,y)=Ai("7) ( {O’/ﬁm—f—y—a) . (A 1-14)
Hl,_l(x,y):Ai(T) (071‘«# %y) Hlﬂo(x,y):Ai(T) (x70'+ %y) H;,1=0

On the other hand, the quadrature method described above cannot be applied directly
to the Airy process, since the Airy operator is restricted to an infinite interval of the type
[0,4+00): indeed, the convergence of the Nystrom-type approximation is guaranteed only for
operators defined on bounded sets (Theorem A.1).

The strategy is therefore to transform the infinite interval into a finite one, following the
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idea of [14]: by using a monotone, smooth transformation ([14, Formula 7.5])

¢:[0,1] = [7,00), ¢5(¢) = + 10tan (%) (A.1.15)

we define a new Airy integral operator pushed back on [0, 1] with kernel

Kxi(€.m) = /& ()¢ (n) Kai (6(6), 6(n)) (A.1.16)
such that
det (Id —Ka; ) = det <Id — K ) . (A.1.17)
[G,00) [0,1]

> Ki:=(x,y)-> evalf ((AiryAi(x)*AiryAi(1,y)

> - AdryAi(y)*AiryAi(1,x))/(x-y)):

> K2:=unapply(evalf (-simplify(diff ((AiryAi(x)*AiryAi(1,y)
> = AiryAi(y)*AiryAi(1,x)), y),{y=x})) ,x):

> K_Ai:=(x,y)-> ‘if‘(x=y,K2(x), Ki(x,y)):
> tpp:=x-> (10*tan(Pi*x/2)):

> dtpp:=unapply(simplify(diff (tpp(x),x)),x):
> phi:=unapply ((tpp(x)),x);

> dphi:=unapply ((dtpp(x)),x);
KAi [pushback] :=(x,y,s)

> ->evalf (sqrt(dphi(x)*dphi(y)) *K_Ai(s+phi(x),s+phi(y)));
> FredAiry:=proc(s,M)

> local P, W,Z, Kern;

> (P,W):= gen(M):

> Kern:=(s)->

> IdentityMatrix(M) -

> Matrix(M,M, (i,j)-> evalf(W[i]*KAi[pushback] (P[i], P[j],s))):
> return(evalf (Determinant (Kern(s))));

> end:
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> Ai[tau] := unapply( 27 (1/6)*exp(tau*x+2/3*tau~3)*AiryAi (x+tau~2), (x,tau));
> HH[-1,0]:=(x,y)-> -AiryAi(x+y);

> HH[0,-1]:=(x,y)-> -AiryAi(x+y);

> HH[-1,1]:= unapply( Ailtaul ( x*¥2°(1/3)+s-y, -t_j), (x,y,t_j,s));

> HH[1,-1] :=unapply( Ai[taul] ( s-x+y*2°(1/3), t_j ), (x,y, t_j,s));

> HH[0,1] := unapply( Ail[taul ( x*2~(1/3)+y-s, -t_j),(x,y, t_j,s));

> HH[1,0]:= unapply( Ai[tau] ( x-s+y*2~(1/3), t_j ),(x,y, t_j,s));
> FredTac:=proc (a,b,t,s,N)

> local Kern,P,W,II,W2, ss, NUMtac:

> (P,W):= gen(N):

> W2:= map(evalf,map(dphi,P)):

> s8:=s%27(2/3):

> Kern[-1,0]:= Matrix(N,N, (i,j)->evalf (W2[i]*W[i]*
> *HH[-1,0] (phi(P[i]),ss+phi(P[j]1)))):

> Kern[-1,1]:= Matrix(N,N, (i,j)->evalf (W2[i]*W[i]*
> *HH[-1,1] (phi(P[i]),a+P[jl*(b-a),t,s ))):

> Kern[0,-1]:= Matrix(N,N, (i,j)->evalf (W2[i]*W[i]*
> *HH[0,-1] (ss+phi(P[i]),phi(P[j1)))):

> Kern[0,1]:= Matrix(N,N, (i,j)->evalf (W2[i]*W[i]*
> *HH[0,1] (ss+phi(P[i]),a+P[jl*(b-a),t,s ))):

> Kern[1,-1]:= Matrix(N,N, (i,j)->evalf ((b-a)*W[i]*
> *HH[1,-1] (a+P[i]l*(b-a) ,phi(P[j]1) ,t,s ))):

> Kern[1,0]:= Matrix(N,N, (i,j)->evalf((b-a)*W[i]*
> *HH[1,0] (a+P[i]l*(b-a) ,ss+phi(P[j]1) ,t,s ))):

> II:= IdentityMatrix(N):

> NUMtac:= <

> <II | -Kern[-1,0] | -Kern[-1,1]>,
> <-Kern[0,-1] | II | -Kern[0,1] >,
> <-Kern[1,-1] | -Kern[1,0] | II >>;

> return(evalf (Determinant (NUMtac))):

> end:

Remark A.4. The process “FredTac” only calculates the numerator of the Fredholm deter-
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minant of the tacnode process. Therefore, it still needs to be divided by the Tracy-Widom

distribution on [0, 00).

A.2 Non-intersecting random paths

As mentioned in the introduction of this chapter, we will now focus on the so called Dyson
processes. We call a Dyson process any process on ensembles of matrices in which the entries
undergo diffusion; in the original paper by Dyson [31], it was the ensemble of n x n Hermitian
matrices M, where the coefficients of each matrix independently executes Brownian motion
subject to a simple harmonic force. For the present section, we refer to the book by Mehta
[84] for all the details.
Suppose that the coefficients of the matrix have values {Mj,..., My} (N = n?) at time
t, and values {M;+0M;, ..., My+dMy} at time t 4 0t. A Brownian motion of M is defined
by requiring that each 6, is a random variable with first and second moments
E(6M,) = —%&, E ((6M,)?) = %“575 (A.2.1)
where g, = 1 + 0;;, a € R and the constant f is the friction coefficient which fixes the rate

of diffusion. The Fokker-Planck equation corresponding to equations (A.2.1) is

oP 1 9P 1 0

— = -y——+—=—- (M,P A2.2

o = 2 {49"(’%\43 oz, M )} ’ (4.2.2)
where P(M;, ..., My;t) is the time-dependent probability density of the entries M. Given

an initial condition M = M’ at t = 0, the solution of equation (A.2.2) can be computed

explicitly:
L c N Ir (M — qM')?
P(M;t) = —(1 - QQ)% exp { 2= ) } (A.2.3)
t
q = exp {—W} (A.24)

and c is a suitable normalization constant.

Remark A.5. It is easy to see that the equilibrium measure as t — +0o is the stationary

Gaussian Unitary Ensemble (GUE) measure from Random Matriz Theory

1 7T‘I‘M2
e . A25
Zn,GUE ( )

162



08

08 | | | | | | | | L
0

Figure A.1: Numerical simulation of 50 non-intersecting Brownian paths with limiting shape.

with Z, qur the normalization constant, also called partition function, of the GUE.

As described in Chapter 2, given a matrix ensemble, the corresponding eigenvalue dis-
tribution is a determinantal point process which can be visualized as a collection of n non-

intersecting Brownian paths in the tx-plane.

Theorem A.6 (Theorem I, [31]). When the matriz M executes a Brownian motion accord-
ing to equations (A.2.1), starting from any initial condition, its eigenvalues {1, ..., x,}
execute a Brownian motion obeying the equation of motion of the time-dependent Coulomb
gas: if F(xy,...,x,;t) is the time-dependent probability density for finding the particles at
the positions x; at time t, then F' satisfies the Fokker-Plank equation

OF 10*°F 0

where E s the external electric force

B(z) =Y 1 & (A.2.7)

2°
€Z; XT; a
1#] ! J

It is straightforward to implement this result in a numerical code using MatLab®. We
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Figure A.2: Numerical simulation of 70 non-intersecting Brownian paths starting at 1 and
ending at 0, with limiting shape.

first define the distribution of the matrix, given an initial condition, and then we calculate
its corresponding eigenvalues (see Figure A.1). For our purposes, we programmed using

MatLab R2014a.

H=zeros (N,N,T);

x=linspace (0,1,T);

Init = diag( alxones(N,1));
H(:,:,1)= Init;

Final = diag( blxones(N,1));

Evals = zeros(T,N);
Evals(1,:)=eig(H(:,:,1));

for t=2:T
for k=1:N

H(k,k,t) = (randn(1)*sqrt (1/(T«N)) —1/(T*xsqrt (N))*H(k,k,t—1)) + H( k,k,t—-1) ;

for j=k+1:N
H(j,k,t) = (randn (1) =sqrt(1/(T*(N))/2)
— 1/(Txsqrt (N))«real (H(j,k,t—1)) ) +real (H(j ,k,t—1)
+ lix(randn (1) xsqrt(1/(T+(N))/2)—1/T/sqrt (N)*imag(H(j ,k,t—1))
T imag (H(j &, t—1) ) ));
H(k,j,6) = H( jk,t);

end;

164



end;

end ;

for t=2:T
H(:,:,t) =H(:,:,t) — t/T«( H(:,:,T) —Final);
Evals(t,:) = eig(H(:,:,t));

end ;

EP=zeros (T,2);
EP(1,:)= [al al]l;

for k=2:T
EP(k,1)= (1-x(k))*al +x(k)*bl — 2xsqrt(1/2xx(k)*(1—x(k)));
EP(k,2)= (1-x(k))*al 4+x(k)*bl 4+ 2xsqrt(1/2xx(k)*(1—x(k)));
end;

plot (x,Evals);
hold on
plot (x,EP,’k’, ’LineWidth’,2);
hold off
The limiting hull in the tz-plane consists of an ellipse-like shape which can be explicitly
described. Indeed, for any ¢ € [0, 1], the limiting distribution of the positions of the paths

at time ¢ is supported on an interval [ay, B;], where the endpoints satisfy

ar = (1 —t)a+th—2y/Kt(l —t), (A.2.8)
By=(1—t)a+th+2/Kt(1 1), (A.2.9)

where K is a parameter depending on the constant a and the friction f. We recall that the
limiting density of the particles is given by the Wigner’s semicircle law on that interval (see
81]).
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