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Determinantal Point
Processes and Operators of
Integrable Form

Introduction

The present thesis deals with topics at the intersection of three domains, namely
(stochastic) point processes, the theory of traces/determinants of operators and
lastly integrable structures. The latter only has a precise definition when it is
restricted to a certain domain, such as differential geometry, PDE theory, quan-
tum physics etc.; the particular structure of interest here consists of integral
operators of integrable form, i.e. whose kernel admits a certain representation,
and the point processes they induce via determinants, which are then called
determinantal. Point processes can be understood as random discrete mea-
sures or equivalently as probability measures on a space of discrete measures,
typically on R. The main topic of this thesis is motivated by the operation of
conditioning arising in probability theory, which roughly means that, by tak-
ing into account additional information, a new probability measure is created
from the former one P. Here we will condition a point process on what we
call a randomly incomplete observation of its points, which then changes the
probability distribution of the remaining unobserved points then denoted by
P| (compared to the precise notation [P|9v used below, we have removed in this
section the observation’s data (6, v) for the sake of clarity). When we deal with
a determinantal point process P induced by an integral operator K (see Section
, Example 0.0.2 below for the precise statement), the following question arises
naturally:

(1) Is the conditioned point process P| determinantal as well?
We show that under mild conditions this is indeed the case; this then induces a
"conditioning" K + K| at the level of operators, where K| induces P|. In turn

this raises a slightly more practical question:

(2) How can we obtain K| from K?
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Under stronger assumptions which constrain our study to observations result-
ing in finitely many points, this transformation can be described using a kind
of resolvent procedure well-known in operator theory, and the kernel of the re-
solvent operator so-obtained can be explicitly given using the classical notions
of Fredholm determinants/minors of trace-class operators. Returning to inte-
grability, assuming that the kernel of K admits an integrable representation in
terms of (f,g) (see (0.0.75) below) we are naturally drawn to wonder

(3) Does the integral operator K| admits an integrable representation (f|, g|)?
along with a once again more practical pondering
(4) How can we obtain (f}, g|) from (f,g)?

The former question is rather technical: the algebraic computations leading
to the identification of potential candidates for (f|, g|) are rather simple, yet
verifying that these are indeed well defined demands proper assumptions on
both the observation and the domain of K. The latter question to construct
(f},g1) in terms of (f, g) reveals a connection to the theory of Riemann-Hilbert
problems; those arise in complex analysis, and deal with holomorphic functions
having certain singularities, namely poles with associated Laurent coefficients,
together with boundary values along a curve, which differ depending on the side
from which we approach this curve; those quantities encoding the singularities
are then required to be related by a certain relations. Here we show that the
transition (f, g) = (f},9) can be characterized by the unique solution to such
a Riemann-Hilbert problem, which is a generalisation of a classical result used
many times during the last two decades. A summary of the context as well as
the questions which arise and that we answer is given by the following diagram:

Conditioning on .
Probability measure P New probability measure P,
an observation

Induces T (1) Is itldeterminan‘cal?
(2) How to obtain )
Integral operator K New integral operator K|
K| from K?
Induces T (3) Is it of l integrable form?
(4) How to obtain
Integrable structure : 5 New integrable structure
(f,9) (£, 9)) from (£, 9)* (f19)

This thesis is informally divided into two parts: Chapter and then Chapters 1,
2 and 3. The first is an informal introduction to the concept of point process,
Fredholm determinant and operators of integrable form. We thereafter exam-
ine simple historical examples which gave rise to the notion of (determinantal)
point process. This takes us from the early 20th century and the foundations
of probability theory with its applications to insurance, as well as Fredholm’s
study of integral equations and its generalisation of determinants to operators,
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to the late 1990s and the connection of integrable probabilistic models to in-
tegrable ordinary/partial differential equations. That part is concluded by a
collection of fundamental mathematical definitions and results about (determi-
nantal) point processes used throughout this thesis. The second part consists
of our original contributions, the first and main chapter being an adaptation of
our second article [58] wherein we answer precisely the aforementioned ques-
tions. It is then followed by our third article [60] wherein we utilised this
machinery to generalise well-known results concerning the Airy point process
as well as the Painlevé II and Korteweg-de Vries equations. Finally we con-
clude with our first and stand-alone paper [59] concerning asymptotic results
for determinantal point process related to orthogonal groups.

Historical examples

Point processes

Point processes can be roughly understood as a collection (more precisely a
set) of random points {X;};—1.; (J can be finite or infinite, but the latter case
is more complicated), say on the real line X; € R, with the particularity that
they are indistinguishable: if z,y € R, then we cannot distinguish between re-
alizations, say where (X1, X5) = (x,y) and (X1, X2) = (y, ), an this translates
into symmetries of the finite-dimensional distribution (see [65] and [66] for an
introduction to the general theory). These points can for instance represent
times as in insurance, energy levels as in nuclear physics or eigenvalues as in
random matrix theory. The concept has evolved substantially over time and is
now formulated as N-valued random measures, or equivalently as a probability
measure on the space of purely atomic measures. In the following examples
however, we first construct the random points {X j }j:L 7 and then define the
associated point process £ on R, which is done via the formula

J
£= dx,, (0.0.1)
j=1

where the Dirac measure ¢, is such that for B C R

1 yeB
(5y(B) = 1yyep} = {O yé B . (0.0.2)

We then emphasise how probabilistic quantities formulated in terms of the
points are translated in the context of point processes and introduce infor-
mally important quantities arising in the study of point processes.

Early 20th century: The beginning of mathematical insurance ([84])



e Life insurance and one-point processes

We model the duration of each human life by (independent copies of) the same
positive random variable T' > 0 with survival function for ¢ > 0

F(t) =P(T > t). (0.0.3)

Now from an insurance point of view we are interested in the remaining life time
of a client when they enter the contract: let x > 0 be the insured’s age when
the contract starts, then the random variable of interest is T, := max{T —x, 0}
with survival function

P(T, > t) = F(t+ ), P(T, = 0) = 1 — F(x). (0.0.4)

However, in order to obtain accurate predictions and pricing so as to avoid
bankruptcy, we have to take into account the fact that they survive until the
beginning of the contract, hence we need to consider the conditional survival
function

F(tlz) =PIy >t | T, >0) = F(;,(—;)I) (0.0.5)
Assuming that F' is absolutely continuous with density f
-0 F(t) = f(b), (0.0.6)
then so is F(:|z):
Pltlz) = 1— /tf(s|x)ds, (0.0.7)
with density i
ftlx) = f(;,(—;;:) (0.0.8)

Now it is very practical from a modelling point of view in (0.0.4) to have the
same function F' but simply shifted, unfortunately this is not the case for F(-|x)
nor f(-]x), yet if we introduce the so-called force of mortality p(¢|x) which is
such that

t
F(tle) = exp (- / ,u(sm)ds) , 0.0.9)
0
it is easily seen that

u(t]z) = at(lg(ic(;”x)) _ gf(’;'?) _ ;;((ii?) —ult+2).  (0.0.10)

The name of mortality, and in more general contexts hazard rate function,
stems from the following heuristic interpretation:

p(tlz) ~ P(T, =t | T, > t), (0.0.11)

meaning that p(t) is the likelihood to die at time ¢ having survived up to time
t, and this is more intuitive to model than the likelihood to die at time ¢, which
is f(t), since we expect u to be increasing in contrast to f.
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Now let us study the point process &, on (0,00) induced by T, defined as
above by
§o = O, (0.0.12)

We thus have for any interval [a,b] C (0,00) that its measure is a Bernoulli
random variable
ST([aab]) = l{aSngb} € {Oa 1}3 (0013)

with parameter

P(e(fa,b]) = 1) = P(a < T, < b) = / f(@ + 5)ds. (0.0.14)

The survival function and the probability density are now respectively ex-
pressed as the so-called one-gap probability, i.e. the probability of measure
of a certain interval being zero

P(¢,([0,8]) = 0) = P(T, > t) = F(t + ), (0.0.15)

and the one-point correlation function p.(s), which is the likelihood that there
is a point at s, is in this case f(z + ), i.e. for any continuous function ¢ with
compact support in (0, 00) it holds

E /{R vdg, = E(T,) = /R W(s)f(x + s)ds. (0.0.16)

Finally, in order to make an analogy later on, let us notice that the force of
mortality is given by the logarithmic derivative with respect to the "external"
parameter x of the gap probability

9P (0.1) = 0)
P(E(0.) = 0)

Under a very popular model, the so-called Gompertz-Makeham model, the
force of mortality is given by

p(tlr) = (0.0.17)

p(tlz) = A + ¢ 2Beclt+o) (0.0.18)

where A > 0 is related to the "accidental" mortality while B,c > 0 take into
account the "biological" one, and it satisfies the second-order differential equa-
tion

—02u(x|t) + Fu(z|t) = 2A. (0.0.19)

e Non-life insurance and Poisson point process ([4])
In non-life insurance, we have to deal with several (in theory possibly infinite)

events, which can be car accidents, house fires, etc.. We thus have positive
random variables

{T» }nen C [0,00), T, <Thy1 VneN, (0.0.20)
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where Ty designates the start of the contract and 7T;, denotes the time of incident
n for n > 1. In order to describe the probabilistic model, we will here take
advantage of the ordered structure and use the so-called conditional intensity
approach: to this end introduce for n > 1 the inter-arrival times between
incidents

AT, =T, — Tp_1, (0.0.21)

Once we know Tj, which does not have much to do with incidents happening
and thus its modelling is ignored here, we can describe the distribution of
AT, and once we know Ty, ATy, or equivalently Ty, 77, we can describe the
distribution of AT5, and so on and so forth. Thus we have to fix for each
n > 1 a function F), of n+ 1 variables which will give the value of the following
conditional probabilities:

[P(ATn >t ‘ To=tg, ..., Tno1 = tn—l) = Fn(t, to, ...,tn_l). (0022)

Since AT,, > 0, we can adopt the description from life insurance in terms of
hazard rate functions: let A, (¢;to,...,t,—1) be such that

t
F(t;to, ..oy tn—1) = €xp (—/ A(s; to, ...,tn_l)ds> , (0.0.23)
0

then it is the likelihood that the n-th incident occurs at time ¢ 4 t,,_1 knowing
all the preceding incidents times Ty = to, ..., T,—1 = t,—1 and that it is yet to
occur:

)\n(t, to, ---atn—l) ~ IP(ATn =t | TO = to, ---aTn—l = tn—lyATn > t) (0024)

The advantage of this approach remains the same: this likelihood is more
intuitively modelled than other quantities. For instance in car insurance, we
can expect that the hazard is memoryless, meaning that the so-called Markov
property is satisfied:

/\n(t;to, ---,tn—l) = /\1(t;7fn_1). (0025)

This assumption means that people do not change the way they drive after
an accident. Another assumption could be that the exact time of entering the
contract and the subsequent time of each incident do not matter, so if g, ..., , t,
are all shifted in the same way, then the risk remains unchanged. This leads
to the time invariance property: for any s > 0 we should have

An(tito 4+ 8y ooy tno1 +8) = An(t5 toy ooy tn—1). (0.0.26)

Combining both yields that for a certain function A > 0 we have for all n > 1
and to, veny tn—l

An(ttoy oo tn1) = A(2). (0.0.27)

We now fix such a function and explain how the sequence {7, },.n can be
understood as a very special kind of point process, namely a Poisson point
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process, here with intensity A (with respect to Lebesgue’s measure). Proceeding
as in life insurance, we can construct the random discrete measure

£=> or, (0.0.28)

n>1

which for any interval [a, b] C (0, 00) counts the number of incidents happening
between time a and b:

{([a,b]) =#{neN|a<T, <b}. (0.0.29)

Note that now the order of the T;,’s does not matter any more. The name
Poisson point process with intensity A comes from the fact that for any interval
[a,b] C (0,00), the distribution of £([a,b]) is Poisson with parameter ff A: for
any n € N

A
P(¢([a,b]) = n) = (n!)e_fa A, (0.0.30)

More is true: if for j = 1,...,m, the intervals [a;, b;] are disjoint, then we have
independence:

[P(f([aj,bj]) = nj, ] =1: m) = H [P(f([aj,b]]) = TLj). (0031)

This can also be expressed as follows: for m € Ny, let p,, denote the m-point
correlation function of the point process, which means that p,,(z1,...,2,,) is
the likelihood that there are points at x1, ..., T, then it is given by the simple
formula

P (@1, ) = [ M) (0.0.32)
j=1

Given that independence is a desired feature of many models and the law of
rare events, this explains why the Poisson point process and its derived con-
structions are widely spread in applications.

1950-1960s : Nuclear physics and random matrix theory

As alluded before, any probability density (say with respect to the Lebesgue
measure) 7, of (x1,...,2,) € I"™ (say on an interval I C R) which is symmetric
(to account for indistinguishability), i.e. satisfies for any permutation o € S,
of n elements

Tn(To(1)s s Ta(n)) = Tn(T1, .0y Tn), (0.0.33)

induces a point process on I defined by

£ =

J

8o (0.0.34)
1

n
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We give two important examples of such point processes that later will be re-
vealed as determinantal. Contrary to the Poisson point process which features
independence, here the points will repel each other because m,(z1,...,z,) =0
whenever x; = x; for some 7 # j.

e The Circular Unitary Ensemble CUE,, (see [81, Chapter 2])

Consider a unitary matrix U € U(n) of size n > 1, i.e. which satisfies
Us=uU"1, (0.0.35)

where * indicates complex conjugation and transposition. It is well known that
U(n) is a compact Lie group and therefore admits a unique Haar probability
measure dP(U). This means that for any V' € U(n) there holds

dP(UV) = dP(U) = dP(VU), P(U(n)) = 1. (0.0.36)

Weyl’s integration formula states that the spectral decomposition U = VDV™*,
V € U(n), D = diag(e?1, ..., e?™@n) induces random variables V, D which are
independent, and that the probability density of (z1,...,x,) € [0,1)™ is

1 . .
W) = T e e 0037
™ cick<n

We mention as well that expectations of multiplicative statistics in the CUE
yield Toeplitz determinants: using the Vandermonde determinant we have

2

CUE : (0.0.38)

1
(X ey ) = —

= det (e2m'(lfl)wk)

l,k=1:n

so that for ¢ € L1(0,1) we can write Andréief’s formula in this particular case
(see(0.0.134) below for the general one) as

2 " )
[T é(x,)dz; = det ( / e—m“—’“)%(x)dw);
i1 l,k=1:n [0,1)

(0.0.39)
in the right-hand side lies the so-called Toeplitz determinant of the symbol ¢:

det(e2ﬂi(l—l)zk)

Dn[¢] = det </[O b 6_2Wi(l_k)x¢($)dm> ’ (0040)

l,k=1:n

therefore we have proved that

€S0 [ o) = Dule]. (0.0.41)

j=1



e The Gaussian Unitary Ensemble GUE, (see [81, Chapter 1])

As a model for Hamiltonians of heavy atomic nuclei, Wigner proposed to use
large random hermitian matrices with or without appropriate additional sym-
metries depending on the Hamiltonian’s ones. Here we consider no additional
symmetries of the Hamiltonian, which means that we only require invariance
under conjugation by unitary matrices. Let H € Her(n) be an Hermitian
matrix of size n > 1, i.e. satisfying

H*=H, (0.0.42)

then for any U € U(n), H € Her(n), we indeed have UHU* € Her(n). We
can then consider a "Gaussian" probability measure on Her(n) respecting this
invariance under unitary conjugation:

dP(H) x e ™A dH, (0.0.43)
where
dH =[] dH,; (0.0.44)
i<j

n(nJr )

is the W—dimensional Lebesgue measure on Her(n) ~ R . Once again
the spectral decomposition H = VDV*, V € U(n),D = dlag(xl,...,xn)) in-
duces random variables V, D which are independent. The probability density
of (z1,...,2,) € R™ can be computed and equals

1 n
T VB (@, ) = 1 ZGUE H (T — 1) H (0.0.45)
T i<i<k<n j=1

for some appropriate normalisation constant ZSUE > 0. As a consequence of

Andréief’s formula again, multiplicative statistics now produce Hankel deter-
minants: for ¢ € L>°(R) we have

Ey VP H olay) = Drlo ] (0.0.46)

where the Hankel determinant of the symbol v is defined by

Hy[] = Selt (/ Y(x)zt i 2dx> (0.0.47)
It is also readily seen that ZGUE = I, [e*‘ ]

e Determinantal structure of correlation functions

It is to be noted that the appearance of Toeplitz and Hankel determinants
is not really the justification for the name determinantal point process. Rather
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it comes from the following: consider for a general 7, as above its associated
correlation functions {pm, bm=1.n defined for 1 < m < n by

|
P (X1y ey T) = ﬁ /nim Tn(T1y ey Ty Y1y ooy Yn—rm ) AY1 -+ AYr— i -
(0.0.48)
Once again p,, (21, ..., Tm) is the likelihood that there are points at xq, ..., Ty,.
It was a remarkable observation of Wigner and Dyson (see [81, 124]) that we
can write these as determinants of a single correlation kernel K, : I? — C:

Pm(T1, ooy tm) = det  (Kn(z1,21)) (0.0.49)

l,k=1:m
where for the GUE (I =R)

n—1

K98 (x,y) = ) hi(@)hy(y), (0.0.50)
7=0

and h;(z) = Hj(x)e_é is the j-th Hermite function, with H; the normalized
Hermite polynomial of degree j, while for the CUE (I = [0, 1))

n—1
KCUE(z 4y = Z e2mim(z—y) (0.0.51)

m=0

1970-1980s: Point processes, fermions and determinants

It is during this time that work from Macchi [122] and Lenard [118] began
to introduce rigorous general definitions of determinantal point processes and
study some of their fundamental properties in terms of their correlation func-
tions. We leave the technical details for later and focus on a model proposed
by Macchi coming from physics and encompassing essentially all the point pro-
cesses having a fixed finite number of points. Consider a stationary quantum
system consisting of n fermions at zero temperature and thermal equilibrium.
Each fermion has the possibility to be in n different states, and we denote
{¢;}j=1.n C L*(I) their wave-functions, say describing the positions in an in-
terval I C R, which we assume are orthonormal:

/I D = . (0.0.52)

In order to describe the system’s state, we form the so-called Slater determinant
U, of the states {9 }j=1:n:

U, (21, .y Tp) = —— d 15 (Vi(xr)) - (0.0.53)



This is actually a candidate for the wave function of the system, yet not all
states can be described in this manner. Andréief’s formula (0.0.134) below
applies again and tells us that

Tn(@1, ooy ) = | U (21, ooy )| (0.0.54)

is a symmetric probability density on I™ and therefore induces a point process
on I having exactly n points. Macchi draws attention to the so-called coinci-
dence intensities {pm fm=1.n of this point process (which turned out to be the
same as correlation functions), which satistfy the following equality for B C I:

E.¢(B)m = / Pm (21,5 ey T )z AT, (0.0.55)

m

where the factorial power is ([ = (lf!k)!. Exactly as before, it turns out that

P (T, ey Ty) = l kd:elt:m (Kn(x, zr)) (0.0.56)
where .
Kn(z,y) =Y () (y). (0.0.57)
j=1

So far we have not really seen quantum mechanics; if we deal with the state
being position, we have to consider the stationary Schrodinger equation, i.e.
take 1 € L2(I) such that there exists Ay € R with

(02 + V(@) Yu(@) = Aetbr(2). (0.0.58)

Surprisingly, this is the case for both of the examples mentioned above: for the
CUE,, we take (with periodic boundary conditions 1 (0) = % (1))

V(z) =0, Y (z) = 2k M = (27k)?, (0.0.59)
while for the GUE,,, we take
V(z) = 2? Vr(z) = hy(z) e =2k + 1. (0.0.60)

As a generalisation of Toeplitz and Hankel determinants, we have now that
expectations of multiplicative statistics are given by Gram determinants:

En [] o(x;) = , det </ m/wk) : (0.0.61)
=1 HEER AT

Yet another way to look at that relation and which actually holds in greater
generality, is that for ¢ : I — [0, 1] (see [135], [6, Chapter 11])

£, [T~ ole)) = det (1 - M\/gKnM\/g) , (0.0.62)

where right-hand side is a Fredholm determinant (which we explore briefly in
the section hereafter), My is the operator on L?(I) of multiplication by ¢, i.e.
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My[¢](x) = ¢(z)¢(z), and finally K,, is the integral operator with kernel K,,
meaning that

/K (x,y)y(y)dy, (0.0.63)

which is nothing but the orthogonal projection on the subspace of L?(I)
spanned by {1} j—1.n.

Traces and determinants of operators

Towards the beginning of the 20th century arose the question of determi-
nants of infinite matrices and integral operators (see [89] for an introduction
to the general theory from a modern viewpoint). Let us first review some
basic results for matrices and see some of their generalisations. To a matrix
M = (M) k=18 € CV*N we can associate the determinant det M and the
trace tr M, one of their many equivalent definitions being

N

N
detM =Y " (o) [ Mjo(s). trM =" Mj;, (0.0.64)

ocESN j=1 j=1

where Sy denotes the set of all permutations of N elements and (o) € {£1}
is the sign of the permutation o. These have lots of interesting properties, e.g.
det is multiplicative while tr is linear:

det(Mle) = det M1 det Mg, tI‘(Cle +BM2) = atr M1 +ﬂ tr MQ. (0065)
Another is that they are spectral quantities: they can be expressed in terms of
the (complex) eigenvalues {\;};=1.n of M as

N N
det(1+M) = [J(1+)), trM=> "\, (0.0.66)
j=1 j

where for each j there exists v; € CV*! such that
MUj = )\jvj. (0067)

Note that 14-A; is then an eigenvalue of 14M, we made the switch for a reason
we now explain: informally, if N = oo, then the question of convergence arises.
From the theory of series and infinite products, we would at least need

D A < oo (0.0.68)
j=1

the reason for the absolute value is because any permutation of the eigenvalues
should give the same trace and determinant (the spectrum is roughly the set of
eigenvalues and is therefore unordered). With this in mind and going back to
the finite IV case, it turns out that there are also several interesting formulae
for det(1 + M), M € CV*¥ one of which is

det(1+M) = Zm Z Hglelt (M;,s,)- (0.0.69)
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Now this is not very practical since we are expressing a determinant in terms
of other determinants, yet if the left-hand side is to denote the determinant of
an infinite matrix, the right-hand side expresses it as a series of determinants
of finite size matrices. It can be shown that if all the non zero singular values
of an infinite matrix M (which can be roughly understood as the absolute
values of the eigenvalues, but actually dominate them) are countable and form
a convergent series then the previous expression is well-defined and is equal to
the expected infinite product (cf.. Lidskii’s theorem [89, Chapter 4])

o0

det(1 + M) Z — Z et (14 X)) (0.0.70)

i15eenyin=1 Jj=1

and the same results holds for the trace

trM := f:ij = i )‘j (0071)
Jj=1

Jj=1

Fredholm is well-known for his study of equations involving integral operators
K (which can be thought of as infinite matrices with continuous indices), i.e.
defined via a kernel K : I? — C as

/K x,y)Y(y)dy, (0.0.72)

which led him to consider compact operators for which there are only countably
non-zero singular values. Among these are the trace-class operators which
can be defined through the condition that their singular values moreover form
a convergent series. For such an integral operator K (with a "nice" integral
kernel) the continuous analogues of the above formulae hold (the first is known
as Fredholm’s formula [89, Chapter 6])

det(1+K) = %n' /ﬂ“gielcn xl,xk))dej, (0.0.73)
n =

trK:/K(gc,m)dx. (0.0.74)
I

Operators of integrable form and Riemann-Hilbert
problems

Integrable operators, as well as Riemann-Hilbert problems, require a curve
in the complex plane as domain (for all this subsection, see [6, Chapter 5],
[68, Chapter 7] and [81, Chapter 9] for an introduction). For the sake of
simplicity, we focus on the case where this curve is the real line R. An integral
operator K on L?(R) is then said to be of integrable form if its integral kernel
K : R? — C admits the following representation in terms of certain functions
f:R—CY™P, g:R — CP*! satisfying fg = O:

F@)gy) _ Lo L@ 0)

K(z,y) =
r—y r—y

(0.0.75)
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Note that such a representation (f, g) is not unique: for any (constant) invert-

ible M € CP*P we have that (fM~1, Mg) also represents K. An example of a

famous operator of integrable form is given by the so-called sine kernel:
sinmz

K" (x,y) = sinc(z — y), sinc(z) = — (0.0.76)

it is readily seen that an integrable representation is

i (x) = % (—cosmx sinmz), g (y) = % (22;15) - (0.0.77)

The sine kernel arises as the so-called ’bulk’-scaling limit of the GUE,, which
is actually also induced by an operator of integrable form: the Christoffel-
Darboux formula applied to the Hermite polynomials implies that for some
explicit constant ¢, > 0

P (2)hn—1(y) = hn—1(2) i (y) )

KS$YE(z,y) = ¢, 0.0.78
SV (e, y) = — (0.0.78)

At the level of operators, we can informally write K as a composition
K = MsmHgrM,, (0.0.79)

involving the multiplication operators M, : L*(R) — L*(R)P**, My : L?(R)P*!
— L*(R) and the Hilbert transform on the real line Hg (here extended to an
operator on L?(R)P*1), the latter being defined for ¢ smooth with compact
support as

Hg[¢](z) = pvs Mdy = limlf{ () dy, (0.0.80)

TIJRT Y el0 T |m—y\>6}x_y

and it can be shown that it indeed extends to an operator on L?(R). Closely
connected to the Hilbert transform and taking us naturally to complex analysis
is the Stieltjes transform: denoting Hol(U) the space of holomorphic functions
on U, it is the operator Cg : L?(R) — Hol(C \ R) defined for ¢ € L?(R) as

Calv](2) = ﬁ/{R ;ﬁ(iu)zdw, 2€C\R. (0.0.81)

In order to state the relationship between Hg and Cg, as well as the basic idea
of a Riemann-Hilbert problem, we need the concept of boundary values along
the curve R: for h € Hol(C \ R), we define for w € R

hE(w) == lim h(z), (0.0.82)
Z—}U}i
where the sign + refers to the imaginary part of z € C\ R as it approaches
w € R. The Sokhotski-Plemelj theorem states that if ¢» € L?(R), then the
limits
Crl¢](w) = lim Cg[¢](2) (0.0.83)

zZ—w
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exist for almost every w € R and define functions C%[w] € L*(R); moreover we
have the Sokhotski—Plemelj formula:

CF =+l 4ty (0.0.84)
2 2
These are of utmost importance in the study of Riemann-Hilbert problems;
indeed in their simplest form, given ¢ € L*(R) we need to find h € Hol(C \ R)
such that 1) h* € L?(R) are related by h* = h~ +1) and 2) h has the following
behaviour as z — oco: h(z) = o(1). From the formulae above we can see that
the solution is given by h = Cg[¢].

1990s: The method of Its, Izergin, Korepin and Slavnov (IIKS)

It is straightforward to see that operators of integrable form constitute a vector
space; slightly more difficult yet still easily feasible is to convince oneself that
they constitute an algebra. Surprisingly, more is true: they are stable under
taking the resolvent, which is defined, provided that 1 — K is invertible, by

R:=(1-K) 'K (0.0.85)

Its, Izergin, Korepin and Slavnov (IIKS) [98] encountered this construction
when dealing with certain determinants of operators of integrable form. They
showed that R admits an integrable representation

F(2)Gly) _ Xj=1 Fi(@)G(y)

R(z,y) = pr—y pra—y

(0.0.86)

where
F=01-K)""f], G=(1-K)"[g], (0.0.87)

and K is extended to vector-valued functions component-wise. Moreover (F, G)
can be obtained from (f,g) and the solution to a Riemann-Hilbert problem.
Let us denote I, € CP*P the identity matrix, then we obtain after some com-
putations using the expression of K as a composition of operators that

F(z) = (1 - MprHrM,)  [f](0) = f(2)(1 — HeMog)) M L](@),  (0.0.88)

which reveal that we have to solve for a matrix—valued function y solution to
the singular value integral equation (1 — HgMg4y) [x] = I,. Similarly we have
G = vg where v solves (1 — HgM, )" [v] = I,. Now Deift and Zhou [73],
generalising ITKS, showed that solving this type of singular integral equation is
equivalent to solving a certain type of Riemann-Hilbert problems. In our case
we need to find Y such that
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1. Y € Hol(C \ R)P*P;

2. Y admits boundary values Yy € I, + L?(R)P*P, which are related by
Y, =Y_(1+J), J(w) :=2mwig(w) f(w) € CP*P;  (0.0.89)
3. As z — oo we have the asymptotic behaviour

Y(2) = I, + o(1). (0.0.90)

With this Riemann-Hilbert problem, we can obtain (F, G) from (f, g):

F(z) = f(z)Ye(z) ™, G(y) = Y (y)9(y). (0.0.91)

1990s-2000s: Tracy-Widom’s equations and Borodin-Deift, Hubert
-Kapaev’s reformulation

In the 1990s, Tracy and Widom [137] investigated Fredholm determinants as-
sociated to the Airy point process, which is induced by the operator KA on
L?(R) whose kernel is the so-called Airy kernel:

KAi(z,y) = /m Ai(z + t)Ai(y + t)dt, (0.0.92)
0

where Ai is the Airy function, a particular solution to Airy’s differential equa-
tion

D7 Ai(t) = tAi(t). (0.0.93)

Using this we can show that K ! admits the following integrable representation:
i . . - Ai(y)
Ai (A3 Ai o
(@) = (—Ai'(z) Ai(z)), g (y) = (Ai’(y) , (0.0.94)

with Ai'(t) = 9;Ai(t). The family of Fredholm determinants that they inves-
tigated gave rise to the so-called Tracy-Widom distribution, whose cumulative
distribution function is defined in terms of KA as

Frw(s) = det(1 — K1), (0.0.95)
where KM = My KAMy . Setting v(s) := 02log Frw (s), they proved
that there exists a unique solution to the following generalisation of Airy’s
differential equation:

(02 +2v(s) — s] u(s) =0, u(s) ~ Ai(s) s — 4o00. (0.0.96)
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Furthermore, it turns out that
v(s) = —u(s)?, (0.0.97)
so that u actually solves the Painlevé II equation:
02u(s) = su(s) + 2u(s)>. (0.0.98)

Note the resemblance with (0.0.19). The core properties yielding their result
are twofold: on the one hand Jacobi’s variational formula for determinants
makes the connection with the method of Its, Izergin, Korepin and Slavnov, as

dslogdet(1 — K&) = —R2(s,5) = F(5)9,G1(s) (0.0.99)

where R21 is the kernel of the resolvent R21 := (1-KA)71KA and (FA, G21) is
its integrable representation associated with the one of K2 given by (f21, g2)
= (L(5,00) /', 91 (5,00)); On the other hand the differential equation is rooted
in the following differential system for (f41, gAf)

0.0 =@ (0 ). et = () oM. 0o

which in turn will lead to a differential system for (FAL GAY). While Tracy
and Widom worked with the formulae (0.0.87), Borodin-Deift [31] and Hubert-
Kapaev [95] approached the problem using Riemann-Hilbert problems and the
formulae (0.0.91), while making connection to the Schlesinger system of equa-
tions arising in isomonodromic deformation of Painlevé differential systems (see

e.g. [81]).

Precise definitions and fundamental results

We consider a measurable space (A, By ), where A is a complete separable metric
space and By its Borel o-algebra. We will be mainly interested in A = R with
the Lebesgue measure or A = T the unit circle in the complex plane with the
arc length measure, and the reader may prefer to keep only these examples
in mind for the sake of simplicity. We denote by A(A) the set of boundedly
finite Borel counting measures on A (a.k.a. the space of configurations); we
can represent such a configuration £ € N(A) as

§€= 0x,, (0.0.101)

jeJ

where J is a countable index set and z; € A. From the space N(A) we can
construct the cylinder set o-algebra C(A) generated by the so-called cylinder
sets C, i.e. sets of the form

C= ﬁ{g EN(A) : &B;) = ki), (0.0.102)

=1
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where By, ..., B, € By are disjoint and n, k1, ..., k, are non-negative integers.
It turns out that A'(A) can be made into a Polish space whose Borel o-algebra
is precisely C(A), hence (N'(A),C(A)) is a standard Borel space (see [65]).

A point process P on A is by definition a probability measure on (N(A),C(A)).
We will mostly be interested in simple point processes P, meaning that they
satisfy the additional property that for all x € A we have P-a.s.

{z}) < 1. (0.0.103)

This means that in (0.0.101) we have P-a.s. distinct points: z; # z; for i # 7,
hence we can identify such a counting measure £ by its support supp&. Recall
(see e.g.[66, Section 9.4]) that a simple point process on A is characterized
uniquely by its Laplace functional

L:By(A) 5 RY ¢ L[0),  L¢] = Ee~fa# = Fe™ 2orcummme ?@),
(0.0.104)
where B, (A) is the space of bounded non-negative measurable functions f :
A — [0, +00) with bounded support.

We will also always work with a reference measure on (A,Bs): we assume
that the latter is endowed with a boundedly finite positive Borel measure p,
i.e. satisfying u(B) < oo for any bounded B € Bj. For the two examples we
keep in mind we take for A = R the Lebesgue measure while for A = T the
arc-length measure.

Now let us see how we can encode more concretely the point process, or
equivalently assert its existence using more simple quantities. For disjoint sets
By, ..., B, € By and non negative integers ki, ..., k, such that Z;‘L:1 kj =m,
the m-th Jdnosssy measure of P (encoding its finite dimensional distributions)
associated to B € By is the (symmetric) Borel measure on B™ given by

IR(BY x - x By =[] k! P(E(B) =m, &(B;) =kj for j =1:n),
j=1

(0.0.105)
where E;-lzl kj = m and U7_,B; = B. Note that up to the combinatorial
prefactor, this is the probability of a typical cylinder set (0.0.102). Note also
that the Janossy measures form a collection of local quantities: there exists
one for each set B and each positive integer m. If the point process is finite,
which means that P-a.s

E(A) < oo, (0.0.106)

then P is completely determined by the global family {JA},,>1, whereas if the
point process if P-a.s infinite, then trivially J2 = 0 for all m and we typically
only have local quantities. Another approach which leads to global quantities
is due to Macchi [122]: we define the m-~th factorial moment measure M, of P
as the (symmetric) Borel measure M, on A™ such that

f
(- k)

My (By x -+ x Bin) = E[[ ¢B)™!,  with 1IF = (0.0.107)
j=1
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Now although the Janossy measures exist for at least all bounded Borel sets
B, the factorial moment measures might actually not; yet when these exist and
are sufficiently regular, they provide a simple way to describe the point process
and assert its existence. Let us give more details and examples: recall that we
already assumed the existence of a boundedly finite positive Borel measure p
on A; we assume the following regularity of P with respect to u:

1. the point process P is p-simple, i.e. for p-a.e. x € A, P(({z}) <1) =1,

2. P admits correlation functions of all orders with respect to pu, i.e. for
any positive integer m there exists a (symmetric) boundedly integrable
functions p,, : A™ — [0,00) with respect to the measure p®™ on A™
such that

3. for any bounded B € By, there exists eg > 0 such that

o0

3 “tnief)mMm(Bm) < 0.

m=1

Under these assumptions, it is a classical fact [118, 135] that the correlation
functions {ps, }m>1 uniquely determine the point process P and induce bound-
edly finite factorial moment measures of all orders. We also have [122] that
for each bounded set B € By, there exist boundedly integrable and sym-
metric functions j2 : A™ — [0, +00) called Jdnossy densities and such that
dJB = jBd™pu. Note that jB, as a Radon-Nikodym derivative, is only defined
on B™, however under the above assumptions we have the identity [122, 66]

n!

P =) L / pxuy)dtaly), (0.0.108)

n=0

which allows to extend j2 to A™, since the series converges in the space of
boundedly integrable functions on A™. Here we adopted the conventions

A =B = {0}, JE®) =jB0) =PEB) =0),

Mo(0) = p(0) =1, u®° =4,. (0.0.109)

and have abbreviated
‘B ._ :B —
J (X) ~—]7n(l'1,..-,$m), p(x) = pm(xla"'axm)7
because we interpret x either as a vector with m > 0 components z1,..., T,
or as a configuration {z1,...,2,} of m > 0 (not necessarily distinct) points;
p(x U'y) then means ppyn (@1, .o, Ty Y1,y -0y Yn) With x = {z1,..., 2}, ¥y =
{y1,-..,Yn}. This notation in which we neglect the order of the variables is
justified because p,, and j2 are symmetric in their variables. Moreover, if the
third assumption holds also globally, i.e. for B = A, (thus implying that the

point process is finite) we have
1
p =Y [ P auydaly) (0.0.110)
n—0 . n
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Example 0.0.1. Poisson point processes

P is a Poisson point process if and only if it satisfies the second and third
assumption above and

P (T1,s ey T) = le(xj), (0.0.111)
j=1

in which case p; is called the intensity (function with respect to u) of the
process. More generally its intensity measure is given by v defined as

dv := p1dp. (0.0.112)
The factorial moment measures are then simply given by
M, =™ (0.0.113)
while using (0.0.108) we obtain that for any bounded B € By
7P (x) = p()e (B, (0.0.114)
or in other words that the Jinossy measures are equal to
JB = e7v(B)om (0.0.115)

This is consistent with what we obtained when discussing non-life insurance:
from this and the definition of Janossy measures we deduce that for By, ..., B,
disjoint and kq, ..., k, non negative integer it holds

1 v(B))M B
PE(B;) =kj, j=1:n)=]] k?! e V(B (0.0.116)
j=1
meaning that ({(Bi),...,&(By,)) is a vector of independent random variables,
Poisson distributed with parameters (v(Bi), ...,»(By)). Note that this point
process is simple if and only if v is non-atomic. Finally, let us compute the
Laplace functional: let ¢ € B4 (A) and assume up to an approximation ar-
gument that ¢ = Z;ﬂ:l a;1p, with disjoint and bounded Bj, then by inde-
pendence and using the expression for the moment generating function of the
Poisson distribution we obtain

L[¢] = Eexp <—/A¢d§> = Eexp Zozjf(Bj) = H Eexp (—a;&(By))
j=1 j=1
= H eV (B =1 _ oy Z v(B;)(e™% —1)
j=1 j=1

(0.0.117)
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Example 0.0.2. Determinantal point processes

A point process satisfying the above assumptions is determinantal if and only
if there exists a correlation kernel K : A? — C inducing a locally trace-class
operator K on L?(A, i) such that

pm(x1, .. xm) = det (K(z4,25)). (0.0.118)
1,j=1m
Some authors do not require that the kernel induces a locally trace-class op-
erators, however all the meaningful results do require that assumption. We
explain how the Laplace functional turns out to be a Fredholm determinant:

L[] = det (1 _ M\/liefd)KM\/lieﬂb) , (0.0.119)

with M, the multiplication operator by ¢ € L>(A,u) on L*(A,pu), and the
determinant is given by Fredholm’s formula

det(1-1) =3 (—n1')n/A Cdet (Lwa) [[du(z). (0.0.120)
n=—0 v b= j=1

Note that the kernel K might not be well defined on the diagonal of A2, however
we can always assume that K (z,x) is chosen such that for any bounded Borel
set B the following holds (see [135]):

Tr Klpa 5, = /B K (z,2)du(x).

For notational convenience, let us introduce a change of variable in the Laplace
functional and define the average multiplicative functional

Ligl:=E [[ (1-¢(z)=L[-log(l )], (0.0.121)

zesupp &
for ¢ : A — [0,1] measurable and with bounded support, such that L[¢] =
det (1 - M KM \/8) if P is the DPP with kernel of the operator K. Now let

us distribute the product in such a way that

I 0-6)="" S ) ofen). (0.0.122)
n=0

n:
TESUPP § T1F - F T

and introduce the measures £ on A™ as (remember that the points in the
support of £ are almost surely distinct)

=N 5, ®..06,, €= 0., (0.0.123)

T1F. FTn JjeJ
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A moment of thought reveals that these satisfy for By, ..., By, disjoint, k1, ..., kmn
non-negative integers with 372, k; = n

gM(BM % ... x BFm) = H (0.0.124)

so that their expectations are actually the factorial moment measures (cf.
(0.0.107)):
E¢™ = M, (0.0.125)

We thus deduce that

Ligl = (=D G(x1)...0(xn)dEM (21, ..., )

' n
"0 n: A
n
_ § n' / pon(T1, ..y x H (xj)dp(z;),
n .

and recognize Fredholm’s formula (0.0.120) for the determinant given the struc-
ture of the correlation functions. Now we do not prove it, but the Janossy
densities also enjoy a similar determinantal structure: we actually have

(0.0.126)

GB (21, .y zm) = det(1 — My, KMy ,,) det (Rp(zi, ;) , (0.0.127)
2, J=1:m

where Rp(z,y) is the integral kernel of the operator Rp defined by
Rp:= (1 —KM;,) 'K, (0.0.128)

provided det(1 — M;,KM;,) # 0, or equivalently 1 — KMy, is invertible, and
we have a more explicit identity

ST et (e () T awtes)

n=0

R =
B(z,y) det(1 —M1BKM13)

(0.0.129)
Note that if we had instead plugged the expression for the correlation of a
Poisson point process (0.0.111) we would have obtained

L[¢] = exp (— /A ¢dy> : (0.0.130)

which is consistent given the change between £ and L. We conclude by men-
tioning a very practical result due to Macchi [122] and Soshnikov [135] estab-
lishing the existence of the point process potentially induced by an operator:
if K is a hermitian locally trace-class operator on L?(A, i), then it induces a
(unique) point process if and only if 0 < K < 1. It is still an open question
which conditions on an non-Hermitian locally trace-class operators to impose
in order for it to induce a determinantal point process; examples have arisen
in the literature but had to be treated case by case.

XXiv



Example 0.0.3. Biorthogonal ensembles (BiOEs).

Let us explore a particular kind of determinantal point process arising quite fre-
quently in applications: these are called Biorthogonal ensembles (BiOEs) and
are such that for a certain positive integer n there exist {¢;}j=1.n, {¥;}j=1:n C
L?(A, p1) such that the n-th global Janossy density is given by

1
Int) = 7, e, (o)) e, (o) 0.0.13)

where Z,, > 0 is a normalisation constant so that
/ jAdm = nl. (0.0.132)

Note at once that by definition of Janossy measure/density this implies
P(E(A) =n) =1, (0.0.133)

hence we have a finite point process with exactly n points. To show that it is
determinantal, there are two ways: the first relies on Andréief’s formula (see
[6, Chapter 6]), which states that

det. (o), et (on)) dn(on)-duten) = et ([ ouvnn),

a An Lk=1in Jk=1:n

(0.0.134)
while the second make use of the integrating-out lemma (0.0.136) (see [81,
Chapter 5]), which for an integral kernel K, satisfying

[ Bl ) (. )dp(0) = Ko (a), [ Kalwx)dnte) = n,
A A

(0.0.135)
ensures that

A l,kieﬁm(Kn(xl,xk))du(xj) =mn-m+1) l,kﬁ%,#(K”(xl’mk))' (0.0.136)

Note that this is equivalent to the operator K,, induced by K, being a projection
of rank n. Now let us first compute the average multiplicative function L[¢]
for ¢ : A — [0, 1]: thanks to Andréief’s formula we compute that

Z, = det (/ galwkdu>, (0.0.137)
A

l,k=1:n

while applying it with the measure (1 — ¢)du instead shows that
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Using the multiplicativity of the determinant as well as a well-known formula
for the Fredholm determinant of finite-rank perturbation of the identity (see
[89, Chapter 1]) reveals that

-1

L[¢] = det ((5l,k)l,k—1:n - (/A @zwkdu>l,k=1m </A @1 ﬂ\/albkdu))
= det (1 - M\/aKnM\/g) ,

where K,, is the operator with integral kernel

(0.0.139)

_1 e1(y)
Kn(z,y) = (i(x) - nlx)) </sz¢kdu> : . (0.0.140)

l,k=1:n
only)

Note that K, satisfies the assumption of the integrating out lemma (0.0.136).
Let us then use the latter to compute the correlation functions: up to using a
Gram-Schmidt procedure, we can assume that

/ Crprdp = O, (0.0.141)
A

with the orthonormalization ensured by the fact that if we have biorthogonality
then the Gram determinant reduces to

In = det (/A %Dlwkdﬁb) = E /A . (0.0.142)

Therefore the Janossy density becomes by multiplicativity of the determinant

(%) = det z;apj(fcz)%(wk) =, det(Kn(ar,21))- (0.0.143)
=

Now Macchi’s relations (0.0.110) simplify here to

1

o) = o [ ey ty), (0.0.144)

since j& = 0 for any m # 0. Note that we already encountered it in (0.0.48).
Using the integrating out lemma (0.0.136) repeatedly n — m times yields that
indeed

Pm(x) = l k(leltm(Kn(xl,xk)). (0.0.145)
We recover the point processes considered by Macchi by merely taking ¢; = Ej,
which are then orthogonal projection of rank n.

XXVi



Example 0.0.4. DPPs induced by projections.

Inspired by the previous example, we can consider a determinantal point pro-
cess induced by a projection K = Py, 5, where

H =ranK, J* =kerK, HoJ+ =LA, p).  (0.0.146)
Taking

H = span {wj}jzlzn, J = span {@}jzlzn, (00147)

we recover the previous example. For such point processes, the expected num-
ber of points is

E£(A) = / K(z,z)du(x) = rank K, (0.0.148)
A
while its variance is given by
VE(A) = EE(M)PT + EE(A) — E*¢(A)

~ [ (Ko~ [ KepK@adum )t 00199
= tr(K — K?) =0,

whence it holds
P(¢(A) = rankK) = 1. (0.0.150)

Here if K is an infinite rank projection some approximation procedure is needed.
Examples where rank K = oo include the sine kernel (0.0.76) and the Airy
kernel (0.0.92). Conversely, using the Macchi-Soshnikov theorem, Soshnikov
proved that a self-adjoint operator induces a point process with a fixed total
number of points if and only if it is orthogonal projection with rank equal to
the number of points.

xXxvii






Chapter 1

Conditioning on randomly
incomplete configurations

This chapter retakes my second paper [58] in collaboration with Tom Claeys,
where we answer the questions discussed in the introduction of this thesis. Most
of the results are my own original research, except for the section on rigidity.

Abstract

For a broad class of point processes, including determinantal point processes, we
construct associated marked and conditional ensembles, which allow to study
a random configuration in the point process, based on information about a
randomly incomplete part of the configuration. We show that our construction
yields a well behaving transformation of sufficiently regular point processes.
In the case of determinantal point processes, we explain that special cases of
the conditional ensembles already appear implicitly in the literature, namely
in the study of unitary invariant random matrix ensembles, in the Its-Izergin-
Korepin-Slavnov method to analyse Fredholm determinants, and in the study
of number rigidity. As applications of our construction, we show that a class
of determinantal point processes induced by orthogonal projection operators,
including the sine, Airy, and Bessel point processes, satisfies a strengthened
notion of number rigidity, and we give a probabilistic interpretation of the Its-
Izergin-Korepin-Slavnov method.

1.1 Introduction

1.1.1 Background and motivation

Determinantal point processes (DPPs) are point processes whose correlation
functions can be written as determinants of a correlation kernel, and for which



average multiplicative statistics are Fredholm determinants. Prominent ex-
amples of DPPs are the eigenvalue distributions of a large class of random
matrix ensembles, distributions of particles in asymmetric exclusion processes
and tiling models, distributions of non-intersecting random paths, and the ze-
ros of Gaussian analytic functions. They are special cases of repulsive point
processes, in which one can study relevant probabilistic quantities through
the analysis of the correlation kernel and associated Fredholm determinants
[6, 94, 103, 121, 122, 135].

A groundbreaking discovery for the development of random matrix theory
and more generally the study of DPPs has been the observation of Wigner
and Dyson and their collaborators in the 1960s that energy levels of heavy
nuclei can be accurately modelled by eigenvalues of random matrices. Despite
his spectacular contributions, when Dyson looked back at his work on heavy
nuclei in 2002 during the MSRI program Recent Progress in Random Matrix
Theory and Its Applications, he explained [75] that the practical implications
of his work on random matrices in nuclear physics were disappointing, because
detectors were imperfect, and missing or spurious energy levels corrupted the
data. Inspired by this, Dyson raised the question to develop error-correcting
code for random matrix eigenvalues: given an imperfect observed spectrum of a
random matrix, can one detect missing or spurious eigenvalues? This would not
be possible for point processes with independent points, because the positions
of a fraction of the points in the process do not carry any information about
the other points. In strongly correlated point configurations such as random
matrix eigenvalues or DPPs, one can however hope to extract information based
on incomplete data. According to [75], Dyson did not suggest this direction
of research because of its importance in nuclear physics, but purely because
he believed it would lead to interesting mathematics. This question has been
explored by Bohigas and Pato [23, 24] using randomly thinned random matrix
eigenvalues, and has been picked up in the mathematics literature with the
study of random thinnings of DPPs [19, 33, 34, 36, 37, 50, 51, 52, 53, 82], but
a general mathematical theory for extracting information from the observation
of randomly thinned DPPs has not been developed so far.

However, in the same spirit of attempting to extract information about
DPPs from a partial observation, the remarkable property of number rigidity
has recently been investigated. Informally, a point process is said to be number
rigid if the configuration of points outside any bounded set determines almost
surely the number of points inside the set. Important DPPs like the sine,
Airy, and Bessel point processes arising in random matrix theory, are known
to be number rigid [43, 86, 88, 121], and in the case of the sine process, the
distribution of the points inside a bounded set, conditioned on the configuration
of points outside the set, has been studied and proved to converge to the sine
process when the size of the interval grows [112].

In this work, for any sufficiently regular point process, and in particular
for any DPP, we introduce a family of marked and conditional point processes
which allow to formalize the following question: Given a randomly incomplete
sample of the point process, what can we say about the missing points? Al-



though these point processes have, to the best of our knowledge, not been
introduced and studied on a general basis, special cases of them do already
appear in the literature in various contexts, as we will explain in more detail
later; firstly, unitarily invariant Hermitian random matrix ensembles are a spe-
cial case of conditional ensembles associated to the Gaussian Unitary Ensemble
(GUE); secondly, special cases of the conditional ensembles arise naturally in
the Tts-Izergin-Korepin-Slavnov (ITKS) [98] method to characterize Fredholm
determinants via Riemann-Hilbert problems; and finally, special cases of the
conditional ensembles have been studied in relation to number rigidity.

Our objectives are:
1. to construct the marked and conditional ensembles rigorously;

2. to prove that the conditional ensembles define a well-behaving transfor-
mation which preserves the structure of DPPs and of several interesting
subclasses of DPPs;

3. to introduce a refined notion of number rigidity and to show that im-
portant DPPs like the sine, Airy, and Bessel DPPs satisfy this notion of
rigidity;

4. to illustrate that the ITKS method provides an effective framework to
study the conditional ensembles via Riemann-Hilbert methods.

1.1.2 DPPs: generalities and main examples

Consider a measure space (A, By, 1), with A a complete separable metric space,
By the Borel o-algebra, and j a locally' finite positive Borel measure on A, i.e.
satisfying u(B) < oo for any bounded B € By. We will be mainly interested in
A = R with the Lebesgue measure or A the unit circle in the complex plane with
the arc length measure, and the reader may prefer to keep only these examples
in mind for the sake of simplicity. Let P be a simple point process on A, i.e.
a probability measure on the set A(A) of locally finite point configurations in
A (see Section 1.2 for a more precise definition of the probability space), such
that there are a.s. no points with multiplicity > 1. We can represent such a
configuration ¢ € AM(A) as a locally finite counting measure

€= 0,
jeJ

where J is a countable index set, and x; € A, z; # x; when ¢ # j. Recall (see
e.g. [66, Section 9.4]) that a simple point process on A is characterized uniquely
by its Laplace functional

L:Bi(A) SR : fs Llf),  Lf] = B 2wemone ! @ — pefa fdE,

where B (A) is the space of bounded non-negative measurable functions f :
A — [0, +00) with bounded support.

1Here and for the rest of this paper, whenever we say that a property holds locally, we
mean that it holds for any bounded Borel set.
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Some of our results hold for any sufficiently regular point process, but our
main focus will be on DPPs, for which the correlation functions pj : A*¥ —
[0, 400) (see again Section 1.2 for details) of all orders exist and can be written
in terms of a correlation kernel K (z;,z;) in determinantal form:

pi(@, - ax) = det (K (i, 2,)); ;- (1.1.1)

If K : A2 — C is the kernel of a locally trace class operator K on L?(A, i), then
the Laplace functional is a Fredholm determinant:

L[f] = det (1 - M\/lieffKM\/lieff) : (1.1.2)
with M, the multiplication operator with g € L>(A, i) on L%(A,p), and the
determinant is given by Fredholm’s formula

Z:(_nll)"/A det ( 9($Z)K($z,xk)m>ndu(xj).

0 n lLk=1ln
n=

(1.1.3)
Note that the kernel K might not be well defined on the diagonal of A2, however
we can always assume that K(z,x) is chosen such that for any bounded Borel
set B the following holds (see [135]):

Tr Ky, = /B K (z,2)du(x).

For notational convenience, let us introduce a change of variable in the Laplace
functional and define the average multiplicative functional

Ligl:=E J[ (1 -¢)@) = L[-log(1- )], (1.1.4)

xesupp &
for ¢ : A — [0,1] measurable and with bounded support, such that L[¢] =
det (1 M KM ﬁ) if P is the DPP with kernel of the operator K.

Besides DPPs, it will be insightful to keep in mind the example of a Poisson
point process with bounded locally integrable intensity p : A — [0, +00), for

which
k

pr(x1, . ae) = [ ] o). (1.1.5)

j=1

In Sections 1.3-1.5, we will consider some important subclasses of DPPs,
which we already define now.

Example 1.1.1. Orthogonal polynomial ensembles (OPEs). Let N be
a positive integer and consider the point process consisting of configurations of
N real points x1,...,xN with joint probability distribution

N

1

EA(J;IV")J)N)2 HU)(l'j)dJ?], A(ajla" .,.'ITN) = H (37] _xi)7
j=1



where Zn is a normalization constant, and w(x) is a non-negative integrable
weight function decaying sufficiently fast as x — F00, such that all the moments
Jr@*w(z)dz, k € N, ezist. Ifw(x) = e~V this is the distribution of the (re-
scaled, such that the eigenvalues follow a semi-circle law on [—1,1]) eigenvalues
of a random matriz from the GUE. If w(x) = xae*N$1(07+oc)(m) with a > —1,
it is the distribution of the eigenvalues of a random matriz in the Laguerre-
Wishart ensemble. More generally, if w takes the form w(x) = e NV @) with
V' real analytic and growing sufficiently fast at +oo, (1.1.6) is the eigenvalue
distribution of a random matriz in the unitary invariant ensemble

1
e NTV(M) g

ZN
with AM the Lebesgue measure on the space of N x N Hermitian matrices, and
Zn a normalization constant.

Similarly, let N be a positive integer and consider the point process consist-
ing of configurations of N points €'t ..., €™~ on the unit circle in the complex
plane with joint probability distribution

N

% IT 1A, ... e™)P Hw(e“j)dtj, tyef0,2m), (1.1.7)
1<j<k<N j=1

where Zx is a normalization constant, and w(e®) is a non-negative integrable

weight function. If w(e) = 1, this is the distribution of the eigenvalues of a

random matriz from the Circular Unitary Ensemble (CUE), or in other words

a Haar distributed N x N unitary matriz.

It is well-known that the above OPFEs are DPPs, with correlation kernel Ky
built out of orthogonal polynomials on the real line or on the unit circle. We
will study these ensembles in more detail in Section 1.4.

Example 1.1.2. DPPs induced by orthogonal projection operators.
Consider a DPP with correlation kernel K whose associated integral operator
K on L2(A, ), defined by

Kf(x) = /A K(x,y)f(5)dp(y). (118)

s a locally trace class orthogonal projection onto a closed vector subspace H
L?(A, p). As we will see, the OPEs from Example 1.1.1 are of this form, and the
associated projection operators are then of rank N. We recall from [135] that a
DPP defined by the kernel of a Hermitian locally trace class operator K has the
property that the number of particles is a.s. equal to N, i.e. P(§(A) = N) =1, if
and only if K is a projection operator of rank N. We will also consider DPPs
induced by infinite rank projection operators. Such DPPs arise for instance
when taking scaling limits of the kernels Ky from Example 1.1.1: we mention
the DPPs defined by the sine kernel, the Airy kernel, the edge Bessel kernel,
and the bulk Bessel kernel [68, 110]. More complicated kernels associated to
Painlevé equations and hierarchies (see [7}] for an overview), arising as double
scaling limits of OPEs, are also of this form. We will consider such DPPs and
derive rigidity results for some of them in Section 1.35.
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Example 1.1.3. DPPs with integrable kernels. In line with the termi-
nology of Its, Izergin, Korepin, and Slavnov [98], we say that a kernel K(z,y)
is k-integrable if it can be written in the form

k k
C () g
K(z,y) = W with Y fi(x)g;(x) =0, (1.1.9)
j=1
for some functions fj,g; : A = C, j = 1,..., k. The previous examples of

OPEs on the real line and on the unit circle are 2-integrable, and so are the
sine point process, the Airy point process, and the Bessel point processes.

There are however many DPPs with integrable kernels that are not induced
by projection operators. Indeed, if a kernel K(x,y) defines a DPP on A, then
any kernel of the form ¢(x)K(x,y) with ¢ : A — [0,1] measurable also defines
a DPP, namely the random thinning of the original DPP realized by removing
each particle x in the support of a random point configuration & independently
with probability 1 — ¢(x) [114]. If K(z,y) is of integrable form, it is easy to see
that the same is true for ¢(z)K(x,y), but even if K(x,y) defines an orthog-
onal projection operator, ¢(x)K(x,y) in general does not define a projection
operator. DPPs with integrable kernels will be our topic of interest in Section
1.5.

1.1.3 Marking and conditioning: informal construction
and statement of results

For any sufficiently regular point process P, we can construct an associated
marked point process in which we assign a random mark to each point in-
dependently. If the random mark is a Bernoulli random variable taking the
value 0 or 1, then the marked point process is a point process on A x {0, 1},
in which we interpret the points with mark 1 as visible or observed particles,
and the points with mark 0 as invisible or unobserved particles. Concretely,
we mark the points in the DPP by introducing a measurable marking function
6 : A — [0,1], and by assigning mark 1 to particle = in a configuration of the
DPP with probability 6(z), and mark 0 with probability 1 — 6(z). We denote
the resulting marked point process as P?. The random marking splits a con-
figuration £ on A into configurations &y and &1, where &, is the configuration &
restricted to the points with mark b. We denote PY, b = 0, 1, for the marginal
probability distribution of &,, which is a random position-dependent thinning
of the ground process P. We will introduce these marked point processes in
detail in Section 1.2, and gather some of their general properties in Proposi-
tion 1.2.2. The point processes in which we are most interested here, are point
processes obtained as conditional ensembles of this marked point process, by
conditioning on the (observed) configuration of mark 1 points.

In the remaining part of this section, for the sake of simplicity, we will
present our main results about these conditional ensembles only in the case
where P is a DPP. We note however that most of our results hold for more



6:A—[0,1]
T

>

§eN(A)

&1 e N(A)
S € N(A)
Figure 1.1: Tllustration of the marked point process P?: at the top, we see the
graph of a possible marking function 6; in the middle, a possible configuration &
corresponding to the point process P; at the bottom, possible associated mark
0 and mark 1 configurations & and &; corresponding to P?.

general point processes. The theorems stated below are thus special cases of
more general results, stated in full generality and proved in later sections.

In the simplest case, we condition on the event that no points have mark
1 (in other words, there are no observed particles). If this event has non-zero
probability, then the resulting conditional point process, which we will denote
as [Pf@, is defined in the classical sense, and configurations in this point process
have support in A x {0}. Hence, by omitting the marks, we can identify config-
urations in this point process with configurations on A, and identify [me with a
point process on A. The following result about the point process transforma-
tion P — [PG(D, which is part of the more general Theorem 1.2.4 in Section 1.2,
will be fundamental for our concerns.

Theorem 1.1.1. Let P be the DPP with kernel K of a locally trace class
operator K and let 0 : A — [0,1] be measurable and such that M 5, | KM /.,
is trace class for any bounded Borel set B, and

P?(£1(A) = 0) = det(1 — M ;KM ) > 0.
Then [me is also a DPP, defined by the kernel of the L*(A, u)-operator
M;_oK(1 — MgK) ™. (1.1.10)

Remark 1.1.2. If the locally trace-class operator K is self-adjoint, it induces
a DPP if and only if 0 < K < 1 [135]. In this case, the condition that
M1 KM 5., is trace class for any bounded Borel set B, is equivalent
to the integrability condition [, (\/0(x) + 1p(x))*K (z, z)du(x) < oo, which is
automatically satisfied whenever [, 6(x)K(x,x)du(x) < oo, if K(x,z) is lo-
cally integrable. The trace class condition is then practical to verify in concrete
situations. However, for non self-adjoint operators K, tr K < oo does not im-
ply K being trace class, and then the condition that M 5, KM /5.,  is trace
class cannot be verified directly by computing a trace. In such cases, one rather
tries to prove that an operator is a composition of Hilbert-Schmidt operators,
to prove that it is trace class.



Remark 1.1.3. Since
K(1-MgK)™" = (1—-KMg) 'K=K+KM 5(1-MzKM ;5) "M K,

the operator K(1—MgK) ™" indeed exists provided that det(1—M zKM z) > 0.
If K is self-adjoint, the operator (1.1.10) is in general not self-adjoint, however
the operator

M=K (1 = MpK) ™M 1=

is self-adjoint, and it is readily verified that this operator induces the same
DPP [Pﬂb. If K is a projection, then it is easily seen that (1.1.10) is equal to

the conjugation (1 — MpK)K(1 — MpK)~! of K.

The probability to observe a given non-empty finite configuration of points
in the marked point process will typically be zero, but we can still, P’-a.s.,
condition on such events by making use of disintegration and reduced Palm
measures (see Section 1.2 for details). Given a mark 1 configuration v =
{v1,...,0m}, we will denote this conditional ensemble, which we will define
properly in Section 1.2.4 below, as P? . Before stating our main result about

v
0
IPIv
measure P, of P associated to a point v € A. This represents the conditional
ensemble obtained by first conditioning P on the event v € supp&, and then
removing the point v from the configuration. If P is the DPP with kernel K

and if K(v,v) > 0, then [131] P, is also a DPP, with kernel

e (o0 )

K(v,v)

in the case where P is a DPP, we need to introduce the reduced Palm

Ky(z,y) = (1.1.11)
Similarly, we can condition P on the presence of a finite number of distinct
points v = {wvy,..., v, }. This is consistent in the sense that the reduced Palm
measure Py =Py, ,, is, for p®™-a.e. v.€ A™ such that det(K (v, vg))§ =y >
0, equal to the measure ((P,,)

v+ ')vm obtained by iteratively conditioning on
V1,...,Um, for any chosen order of the points. Let us for notational conve-
nience write K (v,v) for the m x m matrix (K(W,vk))Zk:l, K(z,v) for the
row vector(K (z,vx)),,, and K(v,y) for the column vector (K (ve,y)),r,. If
P is a DPP with kernel K and if det K(v,v) > 0, then Py is the DPP with

kernel given by

K(o,y) K(z,v)
o) (Kivy o)
Vi ¥ = det K(v,v) ’

(1.1.12)

which defines a finite rank perturbation of K. Let us also set for consistency
the convention that when v =), Py = P and Ky = K.

In analogy to and as a generalisation of Theorem 1.1.1, we have the following
result, which is part of the more general Theorem 1.2.7 below.
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Theorem 1.1.4. If P is the DPP with locally trace class operator K and 0 €
L (A, p) is such that M 5.1, KM 5, is trace class for any bounded Borel set
B, then for P?-a.e. &, writing v = supp &, we have det (1 — M\@KVM\/@) #0,
and IP‘HV is also a DPP, defined by the L*(A, n)-operator

MKy (1 — MgK,) ™" (1.1.13)

Remark 1.1.5. This result implies that the class of DPPs is stable under
the transformation P — [va, More is actually true: as we will see, each of
the subclasses of DPPs defined in Examples 1.1.1-1.1.3 are also stable, and
in Assumptions 1.2.1 below, we will define a larger class of (not necessarily

determinantal) point processes which is stable under this transformation.

Section 1.2 will be devoted to the rigorous construction of the marked and
conditional point processes P, [P|9®’ [Plev, and to the proofs of (generalisations

of) the results stated above.

‘We should note that in the case where 6 is the indicator function of a subset
of A, all the above results are well-known, see e.g. [29, 44, 45].

1.1.4 Rigidity

In Section 1.3, we will study conditional ensembles corresponding to infinite
configurations of mark 1 points dy = 3 ;d,; € N(A). In such cases, the
disintegration theorem implies that one can still define [va. If B € By is
bounded and if §# = 1pgc is the indicator function of the complement of B,
then [va = [Pllfc is connected to the notion of number rigidity in the following
manner. A point process P is said to be (number) rigid if for any bounded
B € B,, the conditional ensemble [Pllfc has for [P%B“—a.e. 0y a deterministic
number of points, or in other words if there exists a C(A)-measurable function
C:N(A) = NU{0,00}: 6y = £, such that P2 (£(B) = 4y) = 1.
This property is trivially satisfied for DPPs defined by kernels of finite rank
orthogonal projections, since the number of particles in these DPPs is deter-
ministic. Remarkably, a wide class of DPPs defined by kernels of infinite rank
locally trace class orthogonal projections are also known to be number rigid
[86, 88, 43]. Conversely, it is known [87] that a DPP can only be number rigid
if it is defined by a projection. The construction of marked and conditional
ensembles naturally suggests the following stronger notion of rigidity, which
requires that given a.e. configuration of mark 1 points, the number of mark 0
point is deterministic.

Definition 1.1.6. A point process P is marking rigid if for any Borel measur-
able 6 : A — [0, 1], there exists a Borel measurable function

C:N(A) 5 NU{0,00} 16y =Y 8y, 1 Loy, = Ly

9



6:A—[0,1]
T

>

dy € N(A)

U/ §eN(A)

Figure 1.2: Illustration of marking rigidity: at the top, we see the graph of a
possible marking function 6; at the bottom, a possible configuration of observed
points d,, and a possible configuration £ in the conditional ensemble [Pev. IfP
is marking rigid, then the marking function 6 and the observed configuration
dy a.s. determine the number of points (6 in the picture) in the unobserved
configuration &.

such that the following holds: for P{-a.e. dy,

Pf, (€(A) = £y) = 1.
Here £(A) denotes the number of points of a random configuration £ in the
set A.
The following result is a special case of Theorem 1.3.5.

Theorem 1.1.7. Let P be a DPP induced by a locally trace class orthogonal
projection K such that the following holds: for any e > 0 and for any bounded
B € By, there exists a bounded measurable function f : A — [0,+00) with
bounded support such that

flg =1, Var/Afd§<e,

where Var denotes the variance with respect to P. Then, P is marking rigid.

Remark 1.1.8. [t is well-known that the existence of a function f as in the
above statement for any bounded B € Bp and € > 0, implies number rigidity
of the point process P [86, 88], and it is also known that such f exists if P
is a DPP with sufficiently reqular 2-integrable kernel defining an orthogonal
projection, such as the sine, Airy, and Bessel point processes [43]. We thus
prove that these point processes are marking rigid.

Remark 1.1.9. The above result is trivial for DPPs induced by finite rank
orthogonal projections, which a.s. have a deterministic number of points. For
DPPs associated to infinite rank orthogonal projections, which have a.s. config-
urations with an infinite number of points, it is striking that the observation of
a random (possibly infinite) part of a configuration determines a.s. the number
of unobserved points.
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1.1.5 Orthogonal polynomial ensembles

In Section 1.4, we will focus on the OPEs from Example 1.1.1, and we will
show that conditional ensembles of OPEs are also OPEs, but with a deformed
weight function, see Proposition 1.4.1. As a consequence, for A = R, we show
that a large class of OPEs on the real line, which are eigenvalue distributions of
unitarily invariant Hermitian random matrices, are in fact conditional ensem-
bles of the GUE. We also give explicit expressions for the marginal distribution
of the mark 0 points, given the number of mark 1 points. These are in general
not DPPs, but do have a special structure involving Hankel determinants.

1.1.6 DPPs with integrable kernels and Riemann-Hilbert
problems

In Section 1.5, we will consider DPPs associated to integrable kernels. We will
show how we can characterize the kernels of the associated conditional ensem-
bles in terms of Riemann-Hilbert problems via the ITKS method, and explain
how this opens the door for asymptotic analysis and for deriving integrable
differential equations associated to the conditional ensembles [va. We will also
be able to interpret Jacobi’s identity for Fredholm determinants in terms of the
conditional measure [Ple@.

1.2 Construction of marked and conditional
processes

1.2.1 Preliminaries

We consider a measurable space (A, By ), where A is a complete separable metric
space and B, its Borel o-algebra. We denote by A (A) the set of locally finite
Borel counting measures on A, and by C(A) the o-algebra generated by cylinder
sets of the form

n
C={eeNW) : &B) = ki),

i=1
where By, ..., B, € By are disjoint and n, k1, . .., k, are non-negative integers.
Note that we can identify N (A) with the space of locally finite sets of points,
counted with multiplicity. For configurations of distinct points, this means
that we identify the counting measure ¢ with its support. We consider a point
process P on A, i.e. a probability measure on the complete separable metric

space (N(A),C(A)).

For disjoint sets By, ..., B, € Bx and non negative integers k1, ..., k, such
that Z?Zl k; = m, the m-th factorial moment measure M,, of P is the sym-
metric measure on A™ given by

M, (BF x ... x BF»)y = E¢(B)™) .. ¢(B,)*),  with 1IF =
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if the average exists. Similarly, the m-th Jdnossy measure of P (encoding its
finite dimensional distributions) associated to B € By is the symmetric measure
on B™ given by
n
T (Byt x - x Biv) =[] k;!P(&(B) = m, &(B;) = k; for j =1,...,n),

j=1
where 327, kj =m and U}, B; = B.

Throughout this section, we will impose the following regularity assump-
tions on the point process P on A.

Assumptions 1.2.1.
There exists a locally finite positive Borel measure p on A such that:

1. the point process P is simple, i.e. for pu-a.e. z € A, P(§({z}) <1)=1;

2. P admits correlation functions of all orders, i.e. for any positive integer m
there exists a (symmetric) locally integrable function py, : A™ — [0, +00)
with respect to the measure u®™ on A™ such that

dMy, = pmd™

3. for any bounded B € By, there exists eg > 0 such that

o0

3 %mem) < .

m=1
Under these assumptions, it is a classical fact [118, 135] that the correlation
functions p,, uniquely determine the point process P. We also have [122] that
for every bounded B € B,, there exist locally integrable Janossy densities
jB  A™ — [0, +00) such that dJB = jBd™u. Note that j2 is only defined on
B™, however under Assumptions 1.2.1, we have the identity

:B x) = — (_1)n x n
#60= 3 S [ i), (1.2.)

n!

which allows to extend jZ to A™, since the series converges in the space of
locally integrable functions on A™. Here we abbreviated

.]B(X) ::jan(xlyn'ax?n)a p(X) = pm(xl,-~-,xm)7
because we interpret x either as a vector with m components x1,...,x,, or
as a configuration {x1, ...,z } of m (not necessarily distinct) points; p(x Uy)
then means pp,4n (L1, ooy Ty Y1, o, Yn) With x = (21, ..., 20), ¥y = (Y1, -+, Un)-

This notation in which we neglect the order of the variables is justified because
pm and j2 are symmetric in their variables. Moreover, if Assumptions 1.2.1
(3) holds also globally, i.e. for B = A, we have

b= [ P auydal) (123)
n=0
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The above formulas continue to hold for m = 0 by adopting the conventions

A =B ={0}, JEW®) =50 =PEB) =0),
Mo(0) = p(0) =1, p®° =4

Let us note first that the Poisson point process with locally bounded inten-
sity p: A — [0,400) on (A, ) satisfies Assumptions 1.2.1 if u is non-atomic,
with correlation functions given by (1.1.5). Our interest goes in particular to
DPPs, characterized by the kernel K : A2 — C of a locally trace class opera-
tor K on L?(A, u). These point processes are simple [135], and the correlation
functions are locally integrable and given by

p(1,. .. Ty = det (K (z;, xk));rfk:l .

The average multiplicative functional is a Fredholm determinant, recall (1.1.2)—
(1.1.4). In particular, by (1.1.3), we have for any ¢ > 0 and bounded B € By
that

o

1 m
> %Mm(Bm) = det(1 + (1 + €)M, ,KM;,) < oo.
m=0 '

Hence, we can conclude that Assumptions 1.2.1 are satisfied when P is a DPP
induced by a locally trace class operator K.

1.2.2 Bernoulli marking

Given a point process satisfying Assumptions 1.2.1 and a measurable function
6 : A — [0,1], we now construct a marked point process P’ on A x {0,1},
by assigning to each point x € A independently a random Bernoulli variable
which takes the value 1 with probability 6(z), and the value 0 with probability
1 — 60(z). Let us define the measures v? and p? respectively on {0,1} and
A{071} = A X {0, 1} as

V= (1-0(x)o+0(x)6r,  dul(z;b) = dl(b)du(z), €A, be{0,1}.

(1.2.4)

This marked point process P? satisfies Assumptions 1.2.1 with A replaced
by Afo,1} and p by u?. The correlation functions are then simply given by

pfn((ml, b1), - oy (T, b)) = pm (X1, oy T, (1.2.5)

with respect to the measure ©?, and hence do not depend on the marks. As a
direct consequence of the expression for the correlation functions, if the ground
process P is determinantal and induced by the operator K on L2(A, u) with
kernel K : A?> — C, then the marked point process P? is also determinantal,
induced by the operator K¢ on L? (Afo.13 ©?) with kernel

Ke((x7bz)7(yaby)) = K(Ivy)a (126)

which is independent of the marks.
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Now for b € {0,1} and for a marked configuration &1 € N(Agq1}), we
define &, € N (A) by

gb(B) = fO,l(B X {b}), B € BA, (127)

i.e. & is the configuration of points with mark b, or equivalently

&= D Ouyp when Lo1= Oy =6@0h+& @6 (128)

j:bj=b J

As explained in the introduction, we interpret £; as the configuration of ob-
served particles and &y as the configuration of unobserved particles. If we define
the Borel measures uf on A for b € {0,1} by

dpl () = 0p(x)du(x), 01=0, 6=1-0, (1.2.9)

then the point processes [Pg7 b = 0,1, obtained from P? via transportation
through the maps &p.1 — &, or in other words the marginal distributions of the
mark b configurations, also satisfy Assumptions 1.2.1 with correlations func-
tions pf(x) = p(x) with respect to uf and Jdnossy densities for any bounded
B € By given by

n

, — (-1 .
g P (x) —;(,)/B p(x Ly)d™ud (y). (1.2.10)

n:

Both point processes P and P{ on A are random independent thinnings of the
ground point process [P. If the ground process is determinantal and induced by
the kernel of a locally trace class operator K on L?(A, i), then so is [PZ with
the same kernel, but now with the corresponding operator acting on L?(A, ug)
[114].

Summarizing the above, we have proved the following result.

Proposition 1.2.2. Let P satisfy Assumptions 1.2.1, and let 6 : A — [0,1] be
measurable.

1. The marked point process P? satisfies Assumptions 1.2.1 with A replaced
by Ago,1y and p by u?; for b= 0,1, the component [Pg satisfies Assump-
tions 1.2.1 with p replaced by HZ ; in both cases the correlation functions
are the same as those of the ground process [P.

2. If P is the DPP with kernel K on (A, 1), then P? is the DPP with kernel
K% on (A{OJ},MQ). For b = 0,1, the component PY is the DPP with
kernel K on (A, u?).

Remark 1.2.3. Observe the analogy with the corresponding result if P is the
Poisson point process with intensity p : A — [0,+00) with respect to u. Then
PY is the Poisson point process with intensity p(x,b) = p(x) on Ao,y with
respect to 1°, and [Pg is the Poisson point process on A with intensity p with
respect to ug.
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1.2.3 Conditioning on an empty observation

Let us now assume, in addition to Assumptions 1.2.1, that the probability to
have no mark 1 particles is non-zero, i.e.

Pl(&a(n)=0)=E J] ¢ = L[6] >0, (1.2.11)

zesupp &

where we recall the definition of L[.] from (1.1.4). Then, we can condition P?
on the event & (A) = 0 in the classical sense and identify it with a point process
on A by identifying &y; with &, to obtain the conditional point process [me on
A defined by

P? (&1 is such that & € O, & (A) = 0)
P& (A) = 0) ’

C eC(A).

(1.2.12)
We write L9 for the average multiplicative functional (1.1.4) corresponding to

Pl (£ €C) =

the probablhty [PW) For K locally trace class on (A, u) such that M vaKM 5 is

trace class and det(1 — M zKM g5) > 0, let us introduce KIO) as the kernel of
the integral operator

K(1 —MgK)™!: L2(A, ) — LA(A, ),

K(1 —MyK)~ /Kl(Z) z,y) f(y)du(y),

and wa as the operator with the kernel KF@ on L2(A, uf),

Ky : L2(A, ug) — LP(A, 1), /K\@ (,9) f(y)dug (y)-
Theorem 1.2.4. Let @ : A — [0,1] be measurable and let P be such that
L[g] > 0.

1. The point process [me is well-defined and has average multiplicative func-

tional
i - Lm0 0]

If in addition P satisfies Assumptions 1.2.1 and there exists € > 1 such
that L[—ef] < oo, then so does [Pl%, with correlations functions with re-

spect to p given by

0 (X) — j107A(X)
T PIE ) =0y

2. If P is the DPP with kernel K of a locally trace class operator K and the
operator M\/§+13KM\/§+13 is trace class for any bounded Borel set B,

then [P|90 is the DPP on (A, p) with kernel of the integral operator (1.1.10)
acting on L*(A, 1), or equivalently the DPP on (A, u) with kernel KF@.
Moreover, if K is self-adjoint then KW] 1s self-adjoint.
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Proof. 1. By definition of conditional probability, for ¢ : A — R* measur-
able, we have

[EHzesupp (1 - QS(iC))(]. - G(x))
thler=ep 11 0ot = P () = 0

_ [EH:vesuppE(l - d)(m))(l - 9(.’1))) - L[l - (]. — ¢)(1 — 9)] .

[E HmEsuppg(l - 9(1‘)) B L[e]
Now if P is simple, then so is P? and a fortiori so is [Pf@, and the inequality
for ¢ >0
L[-¢]
Ljp[—¢] < 7]

shows that IP|0(2) satisfies the third of Assumptions 1.2.1 whenever P does.
It thus remains to compute the correlation functions. Note first that
L[—€f] < oo implies that P{ satisfies the third of Assumptions 1.2.1 with
B = A, so that the global Janossy densities jf A are well-defined and
given by (1.2.2). The computations hereafter then involve absolutely
convergent series, and all the needed results of integration theory may be
applied. Let n=1—(1—-6)(1 — ¢) =0 + (1 — 0)¢, then

2= S8 [ a0 Tt .

n>0

Writing x = y U z and using the symmetry of the measure p, (x)d"u(x)
yields that each integral is equal to

n l n—I
n
Z(l)/ puly Uz) TL(1 - 0000w [[ 0zo)d" uly Um),
1=0 j=1 i=1
so that

l
H )0 (y;)d g (y).

We recognize expression (1.2.2) for jf’A in the integral. Dividing the
previous equation by P?(&,(A) = 0) = L[f], we get an expression for
wa [¢], and when ¢ = —1p, this implies the existence of all factorial
moment measure anlm of [P|9®7 given the estimate Mi‘w(Bm) < Lf@[ 15].
Replacing ¢ by w¢ for w € C with a small enough modulus, we obtain a
power series in w and we can read off the expressions for the correlation
functions dMng = pfnlwdmug by looking at each power of w.

16



2. Let (Bp)nen be an exhausting increasing sequence of bounded Borel sub-
sets of A, and let K,, = My, KM, . By (1.1.2)-(1.1.4), the associated
conditional ensemble ([Pn)fm has average multiplicative functional equal
to

det (1 — M¢+9,¢9Kn)
det(1 — MyK,,)

det [((1 — MgK,,) — MgM;_K,,) (1 — MpK,,) ']
= det [1 — MypM;_gK, (1 — MpK,,) '],

and it follows that (P,)f; is also determinantal on (A, y1) with kernel of
the integral operator M; K, (1 — MgK,,)~!. The left hand side in the

det 17M¢¢+97¢9KHM\/¢+97¢9)
det(1-M ;KM ;)

above identity is equal to and as n — oo,

it converges to

det (1—M\/¢+97¢0KMW+97¢0)

= Lyl¢),

since M and M 5K,M 5 converge in trace norm

Varo—ar M. 5 .
to M\/¢+9_¢9KM\/¢+9_¢0 and M KM 7, since the latter two operators

are trace class. Indeed, M zKM 5 = Mg KM 5.4, with B = (J; now
M\/¢+0_¢9KM\/¢+9_¢9 can be decomposed, with B = supp ¢, as

M gl sKIsM g + 15 M KM 5l 5
+1BCM\/§K1B’M\/W+M\/W13KM\/§]-BC

and it is easy to see that each term is trace class.

Similarly, the right hand side converges as n — oo to
det |1 —M\/ng_gK(l —MQK)*H\/I\/a ,

since M\/ng_gKn(l — MgKn)_lM\/g converges in trace norm to the
operator M\/ng_gK(l — M@K)_lM\/g (note that we need the condition
that M 5., KM 5., Is trace class for any bounded Borel set B here
again, in order to have M\/gKM\/@, M\/(;KM\/g trace class). Thus, [Pl%

is the DPP with kernel of the operator M;_K(1 — MgK)~! on L?(A, u),
or equivalently the DPP on (A, ) with kernel K |9®.

If K is self-adjoint on L2(A, i), then so is
K(1—MpK) ™" =K+ KM 4(1 —M 5KM 45) "M 4K,

as the sum of two self-adjoint operators, hence the kernel K I% defines a

self-adjoint operator on L2(A, u§) as well.
O
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Remark 1.2.5. If P is the Poisson point process with intensity p on A with
respect to u, then [Pf@ is the Poisson point process with the same intensity p

on A, but with respect to . Hence, [Pf@ is equal to PY, and as it should be,
the fact that there are no mark 1 points does not give any further information
about the mark 0 points.

Remark 1.2.6. Theorem 1.1.1 is a restatement of the second part of the above
result.

1.2.4 Conditioning on a finite mark 1 configuration &

For non-empty configurations £; of points with mark 1, the situation is more
involved. Here we need to assume that 6 is such that there exists ¢ > 0 such
that
Li-(1+ef=E J] Q+1+ebx)) <o, (1.2.13)
zEsupp &

where the average is with respect to the ground process P. This condition
ensures, by (1.2.1), that P{ satisfies Assumptions 1.2.1 (3) also for B = A, and
in particular that

E% (A) =E Z 6(z) <E H (14 0(z)) < oo.

zEsupp & zesupp &

This implies that the number of observed particles & (A) is finite for P’-a.e. &;.
Based on such an observed configuration &7, we would like to obtain information
about the configuration &y of points with mark 0. To this end, we want to define
a point process [va on A x {0} representing the restriction to A x {0} of the

conditioning of P? on an observation v = {vy,...,v,,}, or more precisely on &;
being equal to d, := 27:1 dy;- We can then identify |P|0v with a point process

on A by omitting the marks 0. The probability to observe given points v with
mark 1 will typically be zero, such that we cannot use classical conditional
probability to construct the conditional point processes.

Conditioning on m mark 1 points

Let us assume that P%(¢;(A) = m) > 0. Then we can condition PY on the
event £;(A) = m in the classical sense. Now, we want to construct a family of
conditional point processes {[P9

v
0
v

} , which is consistent in the sense that
veA™

-probability of an event {; € C' € C(A) over the positions of the

m-point configuration vy, ..., v, (with respect to the probability P4 (.|¢&(A) =
m)) is equal to the P?(.|¢1(A) = m)-probability of the event & € C. In other

averaging the P

words, we average v1, ..., U, With respect to the joint probability distribution
0 0 j?::}L(U17"'7Um> " 9
drf L (v) =dnl ,, (v1,... 0m) = iPOE () ) jl;[ldﬂl(vj), (1.2.14)
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for vy,...,Vm,, where jf 7/,\1 is the m-th order global Janossy density of the mea-
sure P{ for the mark 1 configuration (which exists if (1.2.13) holds), and we
will need consistency in the sense that

v

/ PO, (¢ € C)dn?, (v) = P? (G € O] &(A)=m),  CeC(r). (12.15)

Preliminaries on reduced Palm measures

As explained in Section 1.1, to construct [P‘9V7 we need reduced local Palm distri-
butions. Given a point process P satisfying Assumptions 1.2.1 and m € N, there
exists a family of point processes {Pw },cm, Which represent the conditioning
of P on m points w = {wy, ..., wy,} C supp&, reduced by mapping & € N(A)
to its restriction ¢| Aw- We need the following fundamental properties (see e.g.
[66]) of these m-th order reduced Palm measures.

1. For any C' € C(A), the map w € A™ — Py, (C) is Bym-measurable.

2. For u®m-a.e. w € A™ such that p(w) > 0, the reduced Palm measure Py,
satisfies Assumptions 1.2.1, and its correlation functions py, with respect
to w are given by (see [131])

p(x |_|W).

e (1.2.16)

Pw(x) =

3. Writing 0w = ZT:l dw,, we have for any measurable 1 : A xN(A) — RT

that the disintegration

ES w(wie—0w) = [ Ewb(wpwid™u(w) (1217

Am

holds, where the sum at the left is over all ordered m-tuples w =
(w1, ...,wy) of distinct points in supp¢ and where E, is the average
with respect to Py, .

In particular, the second property implies that if P is determinantal with
kernel K, then for p®™-a.e. w € A™ such that det K(w,w) > 0, the reduced
Palm measure Py, is determinantal and induced by the kernel Ky, given by
(1.1.12), or equivalently by

Ky(z,y) = K(z,y) — K(z,w)K(w,w) ' K(w,y), (1.2.18)

where we used the block determinant formula

A B _
det (C D) =det (A — BD™'C) det D, (1.2.19)

and where similarly as before, K (w, w) represents an m X m matrix, K(z, w)
a row vector, and K(w,y) a column vector.
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Construction of the conditional ensembles

We will now apply the above properties of reduced Palm measures to the point
process P? (.|¢1(A) = m), the marked point process conditioned on observing
exactly m particles. If P?(&(A) = m) > 0, this point process indeed satisfies
Assumptions 1.2.1. Setting w = {(v1,1),..., (vm, 1)} and v = {v1,..., 0 }, we
define |P|0v as the m-th order reduced local Palm distribution of P? (.|&; (A) = m)
associated to the points w. This is a point process on Agg 1) whose config-
urations have a.s. no points in A x {1}; hence we can identify [P|0v with a
point process on A by omitting the marks. Before we prove some important
properties of the conditional ensembles [Pﬂv, let us mention that another in-
tuitive way of defining them would be to first take the Palm measure of P?
at w = ((v1,1), ..., (um, 1)) and then condition on there being no other parti-
cles with mark 1. The third item of the next result shows that this is indeed
equivalent to our definition, and when P is a DPP, it has the advantage that
it allows us to define the DPP IP|0v without need to pass via the (in general not
determinantal) point process P?(.|¢&;(A) = m). Thus for K a locally trace class
operator on (A, ) such that MyK is trace class and det(1 — MyKy) > 0, let us

introduce K fv as the kernel of the integral operator

K, (l—MgK) s LA, p) — L2(A, p),
K (1 — MpKy) /K‘vx y) f(y)du(y),

and Kfv as the operator with the kernel Kﬁ, on L2(A, uf),

K, I2(Apd) » I2(A 0), KO, f(x) = / K8, (2, 9) F ()il ().

Theorem 1.2.7. Let P satisfy Assumptions 1.2.1, and let  : A — [0,1] be
measurable and such that (1.2.13) holds. Let m > 0 be such that P%(& (A) =

m) > 0. The family of point processes {[va} R satisfies the following prop-
veAam

erties.

1. For any C € C(A), the map v € A™ — [Plev(C) is Bam -measurable.

2. For any Borel measurable ¢ : N'(Ago1y) — [0,400), with 6y = 27:1 dv; 5
we have the disintegration

E? [6(601) | €1(A) = m] = /A B G(E @0+, ® 1)l (v, (1220)

where 79, is given by (1.2.14).

1,m

3. For 771 m-a.e. v.€ A™ the point process P? satisﬁes Assumptions 1.2.1,

|v

its correlation functions plv with respect to b are given by

.0,A
Ji(xUwv)

0 (x) —
=T

)
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and its average multiplicative functional is given by

Ly[l = (1= 60)(1 = ¢o)]
Ly[0] ’

L8, (o] = (12.21)

where Ly denotes the average multiplicative functional of the reduced
Palm measure Py, of the ground process P on A associated to the points
V.

4. If P is the DPP on (A, u) with kernel of the operator K on L*(A, i), and
M 5.1, KM 5., is trace class for any bounded Borel set B, then for
7 -a.e.vEAT, [va is the DPP on (A, p) with kernel (1—0)(38)[(‘9‘,(9177 y)

1,m”
of the operator My_oKy (1 — Mg]i{v)f1 on L2(A, ), or equivalently the
DPP on (A, u8) with kernel Kfv. Moreover, if K on L*(A,u) is self-
adjoint, then the operator Kfv with kernel Kfv on L2(A, uf) is self-adjoint.
Proof.
(1) This follows directly from the corresponding general property of reduced
Palm measures.

(2) Applying (1.2.17) to P = P?(.|¢1(A) = m) and

¢ : A?(L)’l} X N(A{O,l}) — [0, +OO)
0601 +0w) if&(A)=0and we (Ax{1})™,

0 otherwise,

(Wa §0,1> — {

with ¢ : N(Ago13) = [0,+00), and denoting w = ((v1,1),..., (v, 1)), v =

on A which is

(v1,...,Vm), we obtain a family of point processes {[P9 R
veA™

|v
such that

E® [9(€01) | &1(A) = m] = / EOP (€ @ 6o + 6y ® b1)dn?, (v),

where we used the symmetry of ¢ and the fact that there are m! ordered

m-tuples w in supp&p,; at the left, and the fact that the m-point correlation
-0,

function of P? (.|& (A) = m) evaluated at w is equal to H,Q(ng%['\()‘zm (by (1.2.10))

at the right. Using (1.2.14), we obtain the required disintegration.

(8) Let us apply (1.2.20) to the multiplicative statistic

s = J[ a—-a),

(z,b)€supp £o,1

where ¢g, ¢1 : A — (—o0, 1] are Borel measurable and ¢ has bounded support.
If 1 = 0, the disintegration implies that for ﬂfﬂn—a.e. v e AN, [P‘gv satisfies

Assumptions 1.2.1 (3), thereby justifying the computations hereafter involving
series and integrals.
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The right hand side of (1.2.20) is then equal to

/m L}, [0] H (1—¢1(v))dn? . (v)

/m L, [0] H (1= 1 ()7 (v)d™ pd (v)
- mlP?(€(A) = m)
fp el [T - o (Z SR s V)d”ug(U)> 4" ()

- n=0
a mlP?(§1(A) = m)
[tz [0 - orptvasd(v)

m!P9(§1(A) = m) ’
by (1.2.14), (1.2.10), and (1.2.16).
The left hand side of (1.2.20) is equal to

/ / pluUv)d™ud H1—¢1 v;))d™ g (v)
m Jan e

m!P?(§1(A) = m)

/m (Z (_nll)n/A H(b (ug)pv(u ) H (1= ¢ ( UJ (v)d™p 9( )

n=0 " k=1 j=1
miP7(E (A) = m)
[, = 000 = ool [T = o)
- AP0 =)

Since both sides are equal for any choice of ¢, we can conclude that (1.2.21)
holds. To compute the correlation functions, we note that the transformation
under consideration is the composition of taking the Palm measure and then
conditioning on observing no particles as the form of the average multlplicative
functional reveals. Since for m{ -a.e x € A™ one has p(x) > M%) > 0
by (1.2.10), the result follows from the corresponding one in Theorem 1.2.4
after noticing that the Janossy densities of the Palm measure are given by

iB(x) = ij((xvu)v)’ while recalling the convention jZ(0) = P(£(B) = 0).

(4) This follows after a straightforward computation from (3) and (1.1.4). If K

is self-adjoint then so is Ky, thus the result follows again from (3) and Theorem
1.2.4. O

Remark 1.2.8. The disintegration in part (2) of the above result is more
general than (1.2.15): it suffices indeed to take

#(80,1) = 1c(&0) e, (a)=m}(0,1),
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to recover (1.2.15).

Remark 1.2.9. For the Poisson point process on A with intensity p, the above
result is again trivial. We then have that I}DfV = [Pf@ = P§, in other words the
positions of the mark 1 points do not carry any information about the mark 0
points.

Remark 1.2.10. The last part of the above result implies Theorem 1.1.4.

1.3 Number rigidity and DPPs corresponding
to projection operators

1.3.1 DPPs induced by orthogonal projections

Let P be a DPP on A, defined by a correlation kernel K with respect to a
locally finite positive Borel measure p which is such that the associated operator
K : L?(A,p) — L?(A,u) is a locally trace class orthogonal projection, i.e.
0 <K <1 and K2 =K, onto a closed subspace H of L?(A, ). The rank of K
can be finite or infinite, but the results in this section will only be non-trivial
in the infinite rank case. We assume here that the kernel K : A2 — C of K is
such that Kf(z) is defined for every x € A and for every f € L?(A, u). Note
that this is true whenever K (x,.) € L%(A, u) for every x € A, by the Cauchy-
Schwarz inequality. Classical examples of admissible point processes are the
sine, Airy, and Bessel point processes on the real line.

By Proposition 1.2.2, the marked point process associated to P with marking
function 6 is the DPP on (Agq 1y, u?) with correlation kernel K°((x,b), (2/,b'))
= K(z, "), where we recall that p? is given by (1.2.4). The induced operator
K% acting on LQ(A{OJ}, u?) is the orthogonal projection operator onto the space

H? :={ho1 € L*(Ago1y, 1°) : ho1(.,0) = ho1(,1) € H},

and it is straightforward to verify that dim H? = dim H.

As in Section 1.2, let us consider the conditional measure obtained by con-
ditioning the marked point process on a configuration of mark 1 points. Under
the assumptions that P?(&;(A) = m) > 0 and M 5,1, KM, 5, is trace class
for any bounded Borel set B, we know from Theorem 1.2.7 (4) that for 7{ ,, -a.c.
v € A™, the conditional measure P? is the DPP induced by the operator

v
M Ky (1 —MpK,) ™! = (1 — Mp)K, (1 — MpK,)™*

on L?(A, u). Moreover, from (1.1.12), it is straightforward to verify that K, is
the orthogonal projection on the subspace

Hy={he H:h(v)=0VYoe vl (1.3.1)
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Consequently, since K2 = K, the L%(A, u)-operator M;_gK, (1 — MgKy)™!

inducing [va is equal to a conjugation of Ky,

(1 — MK, )Ky (1 —MgK,)™ 1,

and this implies that it is a (not necessarily self-adjoint) projection onto the
subspace

H? .= (1 —MyK,)H, = (1 — My)H,, (1.3.2)
with dimension equal to that of H,, and that the L?(A, uf)-operator Kfv is the
orthogonal projection onto H,. Indeed, Kfv is Hermitian, and for h € Hy,, we
have

Kk =Ky (1 — MgKy) "My _gh = Ky (1 — MgKy) "My _gKyh = Kyh = h.
(1.3.3)

Let us now consider the more general case where P is induced by a not
necessarily Hermitian projection operator, say K = Py, ; is the unique linear
projection with range H and kernel Jt, where H,.J are closed subspaces of
L?(A, p1) such that H @ J+ = L?(A,u). Note that the adjoint projection is
given by P} ; =P . Since ¢ € L?(A, p) can be identified with ¢ € L?(A, uf),
we can also see H,.J as subspaces of L?(A, u8). Examples of DPPs induced by
non-Hermitian projections are biorthogonal ensembles and their scaling limits
like the Pearcey DPP.

Proposition 1.3.1. If K =Py ;, then

0
K P, 1.,

v =

where Hy,J, are seen as closed subspaces of L2(A, ud).
0
v
the reduced Palm measure and then conditioning on £; = ) in view of Theorem
1.2.7, so that it suffices to prove the result separately in the cases § = 0 and
v = (). The case 6 = 0 is straightforward from (1.1.12), while for v = 0, Kle(o is
a projection with range H by (1.3.3) (with v = (J; observe that these equalities
continue to hold when K is not self-adjoint). Finally, to identity the kernel, it
suffices to apply the previous reasoning to (Kfm)* = (K*)fw. O

Proof. First we recall that the transformation K  is obtained by first taking

DPPs induced by projections have the property that the number of points in
a configuration is almost surely equal to the rank of the projection [135]. If
P has configurations with a deterministic number of points, it is obvious that
the same must hold for IPOV, for any finite configuration v. Since the projection
Py, j, is also defined for infinite configurations v, it is natural to ask whether
the DPP induced by this projection can in such a situation still be interpreted
as the conditional DPP [va. This is not true in general, see e.g. [46], but we
will see below that [ng is under suitable assumptions induced by an orthogonal
projection, albeit not necessarily equal to Pp, ;. .
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1.3.2 Disintegration

We first show that the family of conditional ensembles {[PG exists

“’}5 EN(A)
under general conditions, and then we rely on results from [40] to prove that
IPT’V is a DPP induced by a Hermitian operator K? if P is a DPP induced by

|v
an orthogonal projection.

Proposition 1.3.2. Let 6 : A — [0,1] be measurable, and let P satisfy As-

sumptions 1.2.1. There exists a family of point processes {[Pg

|v} such
SvEN(A)

that the following conditions hold.

1. The map 0y € N(A) — [va(C) is C(A)-measurable for any C € C(A),
and the disintegration

PC) = [ PR(ONIPIG)
N(A)

holds for any C € C(A).

2. IfP is a DPP induced by an orthogonal projection with kernel K : A — R
such that Kf(z) is defined for every x € A and for every f € L?(A, ),

then for P¢-a.e. &y, P? is a DPP induced by a Hermitian locally trace
1 v
0

class operator K‘v,

Proof. Let us define [!g‘lgv by disintegrating P? with respect to the surjective
mapping

r: N(Ago1y) = N(A X {1}): & ® 00 + &1 © 61— & @01

The disintegration theorem then implies that the map dy — P? (5’) is Borel

|v

measurable for any Ce C(Ag0,13), and that

PY(C) = Pf, (C)dP? (r~" (3, ® 61)).
N(Ao,13)
Taking C = C' ® {6y} € N'(A x {0}) with C € C(A) and defining [P|9v on A as
P? (C) := P!

v [v

(C), this becomes

Py = | | PLO)Fa,),

and part (1) of the theorem is proved.

Part (2) follows directly upon applying [40, Lemma 1.11] to the marked
point process PY and W = A x {1}. O

0
v

Remark 1.3.3. It is important to note that the operator K
a projection in part (2) of the above result.

is not necessarily
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1.3.3 Marking rigidity

We will now further refine our assumptions on P, in order to obtain a sufficient
condition for P to be marking rigid. Let us emphasize that we will not need
P to be a DPP. However, DPPs induced by integrable orthogonal projection
operators will provide our main example of point processes which satisfy the
assumption below.

Assumptions 1.3.4. P satisfies Assumptions 1.2.1 and is such that the fol-
lowing holds: for any € > 0 and for any bounded B € By, there exists a bounded
measurable function f: A — [0,400) with bounded support such that

flg =1, Var/Afd£<e,

where Var denotes the variance with respect to P.
Theorem 1.3.5. Let P satisfy Assumptions 1.3.4.

1. If for any measurable 0 : A — [0, 1], P?(&(A) < oo) is either O or 1, then
P is marking rigid.

2. Let P be a DPP induced by a locally trace class orthogonal projection with
kernel K : A2 — C such that Kf(z) is defined for every x € A and for
every f € L?(A,u). Then P is marking rigid, and for any measurable
0 : A — [0,1] such that My_¢K is trace class, the conditional ensemble
[P?v is for P{-a.e. &, induced by a finite rank orthogonal projection K|9v'

Proof. Let us first consider the case where  is such that PY(£,(A) < 0o) = 0,

when P%-a.s., we have & (A) = co. Then, by Proposition 1.3.2,

1= PY(£(A) = o00) = / P, (€(A) = 00)dPY(6,),
N(A)

and consequently P? (£(A) = o00) = 1 for P{-a.e. dy.

v

We now assume that P?(¢y(A) < c0) = 1. Let Ay C Ay C --- be an
exhausting sequence of bounded Borel subsets of A. First, we observe that for
P-a.s. &, &o(A\ A,) = 0 for n sufficiently large. Secondly, we take a sequence
of positive numbers €1, €3, ... which converges to 0 as n — oo, and we observe
that by Assumptions 1.3.4, there exists a sequence of bounded measurable
functions fi, fa,... with bounded support such that f,| A, = 1, and such that
Var [, fnd¢ < e,. This implies by Chebyshev’s inequality that

_ ~2V7ar 2
[P(‘/Afndg [E/Af,Ldflz&)sa Va /Afnd£§6 en — 0,

as n — oo for any § > 0, and hence that there exists a subsequence ( fnj)
such that

JEN

Jlgl;lo (/A Jn; A€ — [E/Afnjdf) =0, for P-a.e. &,
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or equivalently with f,(z,b) = fn(z)

lim (/ fn].dgoyl — [Ee/ fnjd§0,1> =0, for PP-a.e. & 1.
I \ Aoy Aoy

For any &1 € N(Ago,1}), we can write §(A) as
[ teodgaten = [ fudeont [0- g - [ fda

B </A{o,1} Frydts — /A{o,l} fnjd50,1> ! /A(l "
T E/Afnjdg - /Afnjdfl.

Taking the limit j — oo, the part between parentheses at the right converges
to 0 PY-a.s., and the term fA(l — fn;)d&o vanishes P?-a.s. for sufficiently large
J, since 1 — f,,, vanishes on supp &y C Ap;. The other terms on the bottom line
are deterministic or depend only on &;. We can conclude that

1="P’ <§0(A) = _lim <[E / fn,d€ — / fn_,»dfl)>
:/N(A) P, <§(A = tim ( [ e~ [ g,00 ))d[?‘)(é)

by Proposition 1.3.2, and it follows that

P, (f(A) lim ( /fn d¢ — /fn]dé ) =/ ) =1 for Pf-a.e. dy.

By Proposition 1.3.2 (1), the map dy +— [P‘V(E(A) = () is C(A)-measurable for
any ¢ € N U {0, 00}, hence the preimage of 1 under this map is in C(A). But
by definition, this is the same as the preimage of £ under the map dy +— £y,
hence 0y, — £y is C(A)-measurable. We can conclude that P is marking rigid,
and part (1) of the theorem is proved.

For part (2), it follows from [135, Theorem 4] that P?(&,(A) < o0) = 0 if
tr My _gK = oo, while P?(£5(A) < o0) = 1 if tr M;_¢K < co. We then know
that P is marking rigid from part (1), and it follows that, for any measurable
6 : A — [0,1] such that tr M;_¢K < oo and for P{-a.e. &, there exists a finite
number ¢, such that [va(f(A) = {y) = 1. By Proposition 1.3.2 (2), [va is a
DPP induced by a Hermitian locally trace class operator, hence again by [135,
Theorem 4], it is induced by an orthogonal projection Kfv of rank /. O

Remark 1.3.6. The above proof gives us more information about y(A). De-
pending on 0, this number is either a.s. infinite, or a.s. equal to

thm[E/fn (€ - o)

J—0o0



It is surprising that this number does not depend explicitly on the marking
function 6. Of course, the configurations dy for which it holds implicitly encode
information about 6.

1.4 OPEs on the real line or on the unit circle

1.4.1 OPEs on the real line

Let us consider the N-point OPE on the real line defined by (1.1.6). It is
well-known that (1.1.6) is a DPP on (R, w(z)dx), with kernel

N—-1
Kn(z,y) =Y pi(@)p;(y), (1.4.1)
§=0

where p; is the normalized orthogonal polynomial of degree j with positive
leading coefficient on the real line with respect to the weight w(z). From the
orthogonality of the polynomials, it follows that the integral operator Ky with
kernel Ky acting on L?(R,w(x)dz), defined by

Ky f(y) = / Ky (,9)f()w(y)dy, (14.2)

is the orthogonal projection onto the N-dimensional space
Hpy :={p: p is a polynomial of degree < N —1}.

Alternatively, by the Christoffel-Darboux formula, we can write the correlation
kernel in 2-integrable form
pn (@)pn-1(y) — PN (y)pn—1()

with vy = “g};l, where k, is the leading coefficient of p,, or equivalently

kpt = [gpn(z)a"w(z)dz. See e.g. [68] for more background and details about
these ensembles.

1.4.2 OPEs on the unit circle

For general integrable weight functions w, (1.1.7) is a DPP on the unit circle
{z = e} with respect to w(e®)dt, with correlation kernel

N-—1
En(e,e®) = 3 g (cps (@), (L4.4)
j=0

where ¢; is the normalized orthogonal polynomial of degree j with positive
leading coefficient on the unit circle with respect to the weight w(e®). The
associated integral operator Ky is the orthogonal projection onto the space

Hpy :={¢: ¢ is a polynomial of degree < N — 1}
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Alternatively, by the Christoffel-Darboux formula for orthogonal polynomials
on the unit circle, we have the 2-integrable form
N on () on (e) — pn (e)on (e¥%)

it 18\ __
KN(e € )* 1—ei(t_s)

For the uniform weight w = 1, we have ¢;(2) = (2m)" 227 and thus, after

conjugation of the operator Ky, the kernel can be taken to be
s N(t—s)
v 1 sin —5—
KN(GZt,ew) _ 2

2r  sin =2

2

In the scaling limit where t—s = W and N — 0o, 2 K v (€™, e'*) converges

to the sine kernel
_sinm(u—v)

K" (u,v) = (1.4.5)

m(u —v)
uniformly for u,v in compact subsets of the real line. See e.g. [81, 124] for
details.

1.4.3 Conditional ensembles associated to OPEs

From Proposition 1.3.1, it follows that the conditional ensemble P? is the DPP,

|v

on (R, (1—6(z))w(z)dr) or on the unit circle with measure (1—6(e))w(e)dt,

with kernel K of the orthogonal projection onto the space
Hpy = {p:pis a polynomial of degree < N — 1, and p(v) =0 Vv € v}.
Let us now define

wiy(@) = (1= 0(@)w(z) [T o - o)
vEV
for the real line, and

wf, () = (1= 0(e™)w(e™) T | - of?

VEV

for the unit circle. In the case of the real line, we then have K N(z,y) =
[Lev(@ —v)(y —v)Kn(z,y), with n := N — #v and with K,, the Christoffel-
Darboux kernel (1.4.1) with N replaced by n and w by w‘ev. It follows that we

can also see [va as a DPP on (R, wlev(x)dx) with kernel K,,, which implies that
it is the n-point OPE

1 n
7 AX)’ [Twl@pde;, A= ] (@ —).
n j=1 1<i<j<N
In the case of the unit circle, we obtain similarly that [P‘ev is the n-point OPE

1 . n . . ) )
8@ Tuf(e™)a, A= [ (" —e®), & eo2n).
n j=1 1<I<k<N

Summarizing the above, we have proved the following result.
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Proposition 1.4.1. If P is the N-point OPE with weight w on the real line or
the unit circle and n := N — #v > 0, then [P|9v is the n-point OPE with weight

w|9v on the real line or the unit circle.

1.4.4 Unitary invariant ensembles and scaling limits

The above form of the conditional ensembles has the remarkable consequence
that any unitary invariant ensemble (1.1.6) with V(z) > 22, can be constructed
theoretically from the GUE: to see this, consider the conditional ensemble [Pf@

with w(z) = e N** the Gaussian weight in (1.1.6), and with 0(z) = 1 —
e NV(@)—2%) ¢ [0,1]. The latter has the joint probability distribution (1.1.6),
but now with weight

w\e@(f) = (1—0(z))e N = e NV,

This is of course not of any practical use for N large, because the event on
which we condition then has very small probability unless V(z) is close to 22
(note that there exist algorithms to generate DPPs in general, see e.g. [94]).
Nevertheless, it is striking that the GUE encodes any of the above unitary
invariant ensembles via marking and conditioning.

This becomes even more surprising if we look at scaling limits of the corre-
lation kernels. It is a classical fact that the GUE converges to the sine point
process in the bulk scaling limit and to the Airy point process in the edge scal-
ing. It is also understood that conditioning on an eigenvalue and scaling around
this eigenvalue leads to the bulk Bessel point process, and that conditioning
on a gap leads to the hard edge Bessel kernel. But unitary invariant ensembles
admit for special choices of V' also more complicated limit processes, associated
to Painlevé equations and hierarchies [74]. In fact, it follows from the above
that these Painlevé point processes are already encoded in the GUE eigenvalue
distribution, if one combines a suitable conditioning with taking scaling limits.

1.4.5 Marginal distribution of mark 0 points with known
number of mark 1 points.

The construction of the conditional ensembles in Section 1.2 passed through
the marked point process conditioned on having m mark 1 particles. In this
case, we can make these ensembles more explicit. Indeed, from (1.1.6), we
obtain that the marginal distribution of the mark 0 particles, conditioned on
having exactly m mark 1 particles, is given by

1 m n
EM(U)\Q (/[Rm |A(V)? 1}1 <z 1 |ue — vk2> e(vk)w(vk)dvk> X

LT = 0uy))w(uy)duy,

j=1
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where

Zym = [ AP ( [ awr 1] (H |ue—vk|2> e(vww(vwdvk) x
k=1 \/=1
H(l — 0(u;))w(u;)du;.

By Heine’s formula, the v-integral can be written as a Hankel determinant in
the case of the real line, and as a Toeplitz determinant in the case of the unit
circle. For the real line, defining the Hankel determinant as

Hof) = et (Fufidy. o= [ o' fla)da

we have

IA(w)[? Hy, | 6w, H —uy)? H(l — 0(ujy))w(uj)du;,  (1.4.6)

with Zy 1 = fan A Hyn (0.0 TT_y (- = 13)?) TI=y (1 = 0(uy))w(u;)du;.
For the unit circle, defining the Toeplitz determinant as

S 1 [ ,
Tm(g) = det (gj—k)}jg, 9= %/0 e "g(e’)dt,

we obtain

Z, A T, owH\ e | TI -6 wle™)at;, (14.7)

j=1

with

Dy = /(02) A T, 0wH| et 2| T = 0e™)w(e ;.
,2m)" j=1

Similar formulas hold for the marginal distributions of the mark 1 points.
Alternatively, by [7, Theorem 3.2], we can write both densities, with either
z; =u;, du(z;) = dzj or x; = e, du(x;) = dt;, as

det(KN(xl,l'k k= 1H :CJ)) (‘Tj)dﬂ(xj)v

ZN

. . . " . . . .
with a new normalization constant Z, ,, obtained in a similar manner, and
:

where K& (z,y) is the kernel inducing the point processes (1.1.6)/(1.1.7) with
N = n + m particles and weight function 6w. There is no reason to believe
that these marginal distributions are in general DPPs, but they do have a
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special Hankel or Toeplitz determinant structure. In particular, probabilities
can be expressed in terms of integrals of Toeplitz or Hankel determinants,
which can in some cases be computed asymptotically as m — oo. Similar
integrals of Toeplitz and Hankel determinants appear in the study of moments
of moments in random matrix ensembles, connected to the study of extreme
values of characteristic polynomials, see e.g. [11, 83].

1.5 Integrable DPPs

In this section, we will consider DPPs P on curves A in the complex plane with
k-integrable kernels of the form (1.1.9). For simplicity, let us assume that A is
a smooth closed curve on CU{oo} without self-intersections, that the functions
fi,.-.,fr and ¢1,..., g, are smooth functions on A, and that the reference
measure is smooth with respect to dz, i.e. du(z) = h(z)dz with h smooth (say
C°, even if one can proceed with less regularity if needed) on A. Even if dz is
not a positive measure on A, by mapping K(x,y) to K(z,y)h(y), we can then
work with a kernel

K(z,y) = fx)"gy) _ g) f(x)

r—=y r—y

with column vectors f = (fj)?zl,g = (gj)le, with respect to the complex
measure dz, and with the associated integral operator K acting on L?(A,dz).

1.5.1 General integrable kernels
Let us first show that the Palm kernels K are also of k-integrable form.

Proposition 1.5.1. For any v = {vy,...,vn} such that det K(v,v) > 0,
the kernel of the reduced Palm measure Py is of k-integrable form Ky (x,y) =
T

%jj’(y) , and the j-th entries of £, and gy are given by
1 fi@) Kv

v — det J
! J(CI?) det K(v, V) e ( j(V) K(V,V)
1 9i(w)  gi(v
: = —  det J J
sest) = ooy o (e o)
where K (v, V) represents the m x m matriz with (i, j)-entry equal to K (v;,v;),
K(z,v), gj(v) represent m-dimensional row vectors with l-entry respectively
equal to K(x,v¢),g;(ve), and K(v,y), f;(v) represent m-dimensional column

vectors with entries equal to K(vs,y), fj(vi).

Proof. Using the block determinant formula (1.2.19), we have that f, ; as de-
fined in the statement of the proposition is given by

Foi(@) = fi(@) = K (2, v)K(v,v) " f; ().
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Now let v = v/ U{v} and assume without loss of generality that det K (v/,v') >
0, then using again the block determinant formula (1.2.19) one obtains

1 filz) K(z,v) K(z,v')

= ———det | f;(v) K(v,v) K(uv,V)
det K (v, v) fiv) KX, ,v) KH,Vv)

fvi(@)

_det K(V',v')
-~ det K(v,v)

den (B0 R0 = (o)) B () ()
IR S <fv',j z) vag%vg) ’

which implies that f, = (fy/),, and similarly for g,. Since also K, = (Ky/)y, it
now suffices to prove the result for v = {v}. We then easily verify by (1.2.18)
that

<x—yﬂ%an=f@ﬂ@w)—«x—vy+w—ynszzf£%w

K(v,y)  K(z,0)

= f(x)"g(y) —f(x)Tg(v)K(U ) Ko U)f(v)Tg(y)

= (r1 - K2 050) " () - K0V,

since fT'g = 0. To complete the proof, it remains to check that fI'g, = 0, but
this follows from a similar computation:

£(0) e (0) = ~F(0) &) o) — e () )
v T x xTr,v
- K(x,v)f(K)(v’gi)) - ggvzvif(v)Tg(a:) ~0

Next, we will explain how the kernel of the point process [va on (A, ,ug),

with kernel of the operator K(1 — MyK)~!, can be characterized in terms of a
RH problem. For this, we rely on the ITKS method developed in [98, 70].

In what follows, we assume that the entries of \/ag and V0f are smooth,
bounded and integrable functions on A which decay as z — oo, and that their
derivatives are also bounded and integrable.

Let us consider the following RH problem.

RH problem for Y

(a) Y : C\ A — CF** is analytic; we mean by this that every entry of the
matrix is analytic in C \ A.

33



(b) Y has continuous boundary values Yy when A is approached from the
left (+) or right (—), with respect to the orientation chosen for A, and
they are related by

Yi(z) =Y_(2)Jy(2), Jy (2) = I, — 2mif(2)f, (2)gv (2)7, z €A,
(1.5.1)
where [j is the k x k identity matrix.

(¢) As z — o0, Y(z) — Ij, uniformly.

The following is a consequence of results from, e.g., [70, Section 2], see also
[98] and [21].

Proposition 1.5.2. Suppose that Mg , KvM 5, is trace class on the
space L* (A, dz) for any bounded Borel set B, and that det(1—M 5K M z) # 0.

1. The RH problem for Y is uniquely solvable, and the solution Y (z) is
invertible for any z € C\ A.

2. The DPP P? on (A, (1—60)dz) is characterized by the k-integrable kernel

v
0 T T.,.0
K (,y) = f'v(x)_gyv(y) (1.5.2)

where

fl, =Yify, g, =Yi"gs, (1.5.3)
and the above expressions are independent of the choice + of boundary
value, with Y£T denoting the inverse transpose of the matriz Yy. Con-

sequently .
K (x,y) = f_ygv(y)TYi(y)‘lYi (2)f, (2). (1.5.4)

Proof. Observe first that, because of the assumptions and Proposition 1.5.1,
0(x)f,(x)gy(x)T is also smooth, in L?(A,dz), and decaying as x — oo, x € A.
We then set A =M zKM zand V = I — 27i0f,gl, and apply [70, Lemma
2.12]: this result states that

(1-A)T'—1=A01-A)"" =M K, (1 - MeKy) M5

has kernel %ﬁj(y) with

F = Y, V0f,, G =Y "Vog,.
Hence, if 6 has no zeros on A, the operator K (1 — MpK,)~! has kernel
0 T T .6 a4
w on L?(A,dz) with
Yy
1 1
0 _ 0 _

flv = ﬁF7 g‘v = ﬁ
and the result follows from Theorem 1.2.7. If 6 has zeros on A, the result does
not directly follow, but it is readily seen that one can follow the proof of [70,
Lemma 2.12] to prove the result also in this case. O

G,
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Remark 1.5.3. The smoothness and decay of the entries of 0fg” are assump-
tions we make to avoid technical complications, and which guarantee smooth
boundary values Yy and uniform convergence at infinity. One can also proceed
with less reqularity, but then care must be taken about the sense of the boundary
values of Y, which are not necessarily continuous, and about the convergence
at infinity, which is not necessarily uniform, see e.g. [68, 70] for general theory
of RH problems.

The above results imply that given K, 0, v, we obtain K |9v by first computing

K, and then solving the RH problem for Y. Next, we explain how to bypass
this procedure by characterizing K fv directly in terms of a RH problem which
depends in a simple explicit way on K, 6, v, without need to go through the
transformation K — K. For that purpose, let us construct a rational matrix-
valued function R, which will allow us to connect f, g with f,, g, .

For a singleton v = {v}, we observe that

T = (550

f,(z) = f(z) - £(v)

and similarly since R? = 0,

go(2)" = g(x)" (Ik ; ) = g(z)T (Ik _ >_1 .

Tr—v

For the general case v = {v1, ..., vy, }, we inductively define the matrices R; for
7=1,....,mby .
R — fvly---ﬂ)j—l(vj)gvlv-uvvj—l(vj)
J — )
Kvl,...,vj,l(vjvvj)

satisfying R} = 0, and for z € C\ {v1,..., v}

R R Ry,
- >([k+ 2 >-~<Ik+ ) (1.5.5)
zZ—1 Z— Uy Z = Um

Then R has determinant identically equal to 1, and

f,(z) = R(z) 'f(x), gv(:c)T = g(x)TR(x),

R(z) = (Ik +

so that we can rewrite the jump matrix Jy as

Jy (z) = I, — 2mif(2)f, (2)gv(z)" = R(z) ™" (I — 2mif(z)f (z)g(2)") R(z).
(1.5.6)
Note that although the construction of R uses a certain order of vy, ..., v,,, the
result only depends on the unordered set v, as it can be checked that

R = Lo+~ K (v,v) Tgw)T = (Ik —f(V)K(v,v)"" <g(v)) ) :

zZ—V zZ—V

£(vi)

where z(_vi and g(v) are the k x m matrices whose i-th columns are == and

g(v;), and similarly for the others. It turns out that R is a rational function
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which can also be characterized by a discrete RH problem (in fact, R~! is the
solution to the below RH problem for U with § = 0). Let us now define

U(z) = Y(2)R(2)"2, (1.5.7)

then U satisfies the following RH problem.

RH problem for U
1. Each entry of U : C\ A — C*** is analytic.

2. On A\ v, U has continuous boundary values Us which satisfy the jump
condition
Uy = U_(I — 2miffg"),
while for each v € v, the residue py(v) = lim,_,(z — v)U(z) is well-

defined and given by

pu(v) = — ;lglv U(Z)W'

3. As z — o0, U(z) — I}, uniformly.

Conditions (1) and (3) are immediately verified. To check the jump rela-
tion (2) for U, it suffices to use (1.5.7) and (1.5.6). For the residues of U,
observe that it is sufficient to verify the condition for v = vy by the iterative
construction of R. We then have by (1.5.5), (1.5.7), R? = 0, and the fact that
Y, (v1) =Y_(vy) (since f,(v1) = gv(v1) = 0) that

lim (z — vy)U(2) = =Y (v1)Res,—, R™!

Z—rU1
R R
= —Yi(v1) (Ik— = )"'(Ik— 2 >R1
V1 — Um U1 — V2

:—HmY(z)(Ik— Fom )--.<Ik— Ll )R1

z—v1 Z— Um zZ— V1
L f(v)g(v)”
= - ImUE o0

In conclusion, we have the following result.

Proposition 1.5.4. Suppose that M 5, , KM 5., s trace class on the
space L*(A,dz) for any bounded Borel set B, and that det(1-M 5K M s5) # 0.
There ezists a unique solution U to the RH problem for U which is furthermore
invertible and satisfies

fﬁ/ = U:l:f7 g\ev = U:ETg7
and

1
T —

Kfy (o) =~ 80) Vs ()" Vs (2)£()
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1.5.2 Integrable kernels characterized by a RH problem

The above RH characterization of Ky and K/, is particularly useful in cases
where the kernel K of the DPP P itself can a&so be characterized in terms of
a RH problem. In such a case, the IIKS method allows to transform the RH
problem to an undressed RH problem which is in a form amenable to asymptotic
analysis and to derive differential equations [21, 22, 98].

Such a RH characterization is available for many important 2-integrable
DPPs, like OPEs and the DPPs characterized by the Airy kernel, the sine
kernel, the Bessel kernels, the confluent hypergeometric kernels, and kernels
connected to Painlevé equations. Multiple orthogonal polynomial ensembles
[109] and their scaling limits like Pearcey and tac node kernels are examples
of k-integrable kernels with k& > 2, which can also be characterized through a
(k x k) RH problem.

Let us illustrate this in the case &k = 2.

Suppose that we can write

xr T w(T
KGea) = "B ) = ) (o) )T =0 1) wat)

T —y 2mi,
(1.5.8)
for a smooth bounded function w : A — [0,400), where ¥ satisfies a RH
problem of the following form.

RH problem for ¥
1. ¥:C\ A — C**? is analytic.

2. ¥ has continuous boundary values W, and they are related by

U (2) =T (2) ((1) w(lz)) L zel,

for some smooth bounded function w : A — C.

3. For some W, : C\ A — C?*2 such that det ¥, (2) = 1, we have
U(z) = (Ia+ 0z ")) ¥ (2),
uniformly as z — oo.

Then, it is straightforward to show that det ¥(z) = 1, hence ¥(z) is an
invertible matrix for every z € C\ A, and that there is only one solution to the
RH problem for V.

The third RH condition would be trivially valid with ¥, = ¥, but as we
illustrate in examples below, one usually prefers to specify a simpler explicit
function ¥, to describe the asymptotic behaviour of ¥, in order to facilitate
further analysis of the RH problem. Observe that the RH conditions imply that
the first column of ¥ and the second row of ¥~! extend to entire functions in
the complex plane, and hence that f/w and g extend to entire functions.
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Let us define
v, =U0. (1.5.9)

Then, \Ilfv is invertible and it is the unique solution to the following RH prob-
lem.

RH problem for ¥/

|v

1. Each entry of \Ilfv :C\ A — C?*2 is analytic.

2. W

v

by

has continuous boundary values \I/fv 4 on A\ v and they are related

W, (2) = V0, _(2) (é w(z)(11— e(z))> |

while as z — v € v we have
o 1 0
\Illov(z) = 0(1)(2 - U) 3, 03 = <0 —1) '

3. As z — oo, we have the uniform asymptotics

Wl (2) = (I + O(z™1) Ueo(2).

|v

The first and the third conditions are immediate from the corresponding
ones for U and ¥. The jump relation is obtained from the jump relation for U
and the one for ¥ along with (1.5.8):

U0, =U_ (12 - 2772'9%\11_ (é) 0 1) xp;l) v,

e (1) (0 )

The singular behaviour near v is obtained in a similar manner: the second
column of \Illev(z — v)7 7% is obviously O(1) since the second column of U is
O((z —v)7 1) as 2 — v € v, while for the first column we notice that for each

v € v, by (1.5.8),

lim W, () (é) = lim Ul (2) (é) =Yi(v) lim R(z)"'Ws(2) (é)

zgA—v 2€A—v

=Yi(v) 2mi lim R(z)_lu;;zl)‘l/i(z) (é)

w(v) zeA—v

211

=Yy (v) f,(v) =0.

w(v)

Moreover, we have by (1.5.4) that the kernel of the conditional ensemble is
given by

K, (@,y) = o i ” (0 1) Ua(y) ' Us(y) ' Us(z)s(a) <(1)) H;sz)
- 27mw(a(cx—)y) (‘ijv<y)fl‘l’fv(x)>zl- (1.5.10)
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Let us illustrate the above procedure in some examples.

Example 1.5.1. Let pi be the normalized degree k orthogonal polynomial with
respect to a weight function w on A = R, with leading coefficient ki > 0. Write

1 1 +00 pn(s)w(s)ds
K pN(Z) TR —o0 s—z
W(z) = ( ~ Srinn f+oo le(s)w(s)dS> . (15.11)

—2mikN_1PN-1(2) —KN-1 [ —

This is the solution of the Fokas-Its-Kitaev RH problem [79], which is the above
RH problem for ¥ with

A =R, Voo (2) = 2No3, 03 := <(1) _01> .

With £,g as in (1.5.8), the kernel Ky(z,y) is then the Christoffel-Darboux
kernel (note the factor w(xz) which was not present in (1.4.3); this is due to the
different reference measures dxz here and w(x)dz in (1.4.3))

ry—1w(x) pn (2)pN-1(y) — Py (Y)pN -1 (2)

KN T —y '
The RH problem for \Illew is then the Fokas-Its-Kitaev RH problem, but with
a deformed weight function (1 — @)w; for non-empty v, the regularised func-
tion \I/fv(z) [1,cv(z2—v)778 then satisfies the Fokas-Its-Kitaev RH problem with
weight function (1 — 0(2))w(2) [ ey (z — v)? and with N replaced by N minus
the cardinality of v, which is in perfect agreement with Proposition 1.4.1. This
RH problem has been an object of intensive study in the past decades and large
N asymptotics for its solution have been obtained for a large class of weight
functions, see e.g. [68, 109, 110].

Example 1.5.2. Write

KN(xay) =

©c ) , forImz >0,
_e~Tiz 0

67ﬂiz m.z> , forImz <0.
—e e

This matriz satisfies the RH problem for U with
A =R, w(z) =1, U, =W.

With £,g as in (1.5.8), the kernel K(z,y) is then the sine kernel (1.4.5). The
associated RH problem for \I!‘lgm for 8 = 1g the indicator function of a union of

intervals was the RH problem studied originally in [70], and was also analysed
succesfully in [36] for @ = y1p with v € (0,1).

Example 1.5.3. Write
. . 2
Ai(z) Ai(w?2) ) o Tiog

693, I > 0,
—iAi'(2) —iw?Ai (w?2) for Im 2

Ai(z) —w?Ai(w2)\ _m
Gos, Im 2 < 0,
iAT(2) AT (wz) )€ for Im 2
(1.5.12)

U(z):= V2re® x

39



2mi

with w = e™3 and Ai the Airy function. Using the relation Ai(z) + wAi(wz) +
w?Ai(w?z) = 0, one verifies, using the asymptotic behaviour of the Airy func-
tion, that this matriz satisfies the RH problem for ¥ with A = R, w(z) =1 and
U (z) equal to

1% 1 3 o—25¥%0;

> largz| < m— 4,

[t

{

T3 1 Z 2.3/2 1 O
1% —2:3/20,
z7 4 e”3 argz| <m—49, xIlmz > 0,
V2 i1 (jzl 1) larg 2|
for any sufficiently small 6 > 0, with principal branches of the root functions.
With £,g as in (1.5.8), the kernel K(x,y) is then the Airy kernel
Ai(z)Ai' (y) — Ai(y)Ai' (x)
K(z,y) = :
r—y

The RH problem for \Ilfw, or an equivalent RH problem obtained after open-
ing of the lenses, was then studied in [5], 47, /8] for a rather large class of
functions 0, in order to derive differential equations and asymptotics for Airy
kernel Fredholm determinants of the form det(1 — M _gzKM s). In particular,
these determinants are important in the study of the narrow wedge solution of
the Kardar-Parisi-Zhang equation and in the study of finite temperature free
fermions, and they have a remarkably rich integrable structure: they are con-
nected to the Korteweg-de Vries equation and to an integro-differential version
of the second Painlevé equation. The asymptotics resulting from this RH anal-
ysis allow also to derive asymptotics for the conditional kernels K‘%. Moreover,
the density of the pushed Coulomb gas from [64, 108] can be interpreted as an
approzimation of the one-point function K‘%(x,:c).

The conclusion of this section is two-fold. First, we just showed that the
ITKS RH problem allows one to characterize the conditional kernels K ‘% and K |9v
in terms of a RH problem, which can potentially be analysed asymptotically.
Secondly, the conditional ensembles [P‘gq) enable us to give a natural probabilistic

interpretation to the ITKS method, as we explain next.

The starting point of the IIKS method to study Fredholm determinants of
the form det(1—MyK), is the Jacobi identity: if 8(x) = 0;(z) depends smoothly
on a deformation parameter ¢, we have

d¢logdet(l — M 5 KM ) = — tr [0: Mg, K(1 — My, K) ']
= f/ 0,0:(x) K (x, 2)dp(x).
A

In analytic terms, this implies that one can compute the Fredholm determinant
det(1 — Mp,K), or at least its logarithmic derivative, provided that one has
sufficiently accurate knowledge of the conditional kernel K |9(7Jt (z,x).

In probabilistic terms, if 1 — §; does not vanish, this identity reads

dilogE [ (1—6u(x) =Ef /Aat log(1 — 6, (z))dé (). (1.5.13)

zresupp &
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The logarithmic derivative of an average multiplicative statistic in P is thus
equal to an average linear statistic in the conditional ensemble [Pf@. Moreover,
if the function ¢ — 0;(z) is a smooth probability distribution function, then
the function

R (t) = —0, log(1 — 6y(z)) = 0¢0; ()

= 0 _Prob(ty =t |t, >t), (1.5.14
Ty = Db e =t >0, (151

has the natural interpretation of a hazard rate likelihood of the random variable
t,, with distribution ¢ — 60;(z). We can interpret ¢, for instance as the detection
time of point x, and then h? () is the likelihood to detect the particle at position
x € supp at time t, given that it was not detected before time ¢.
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Chapter 2

Janossy Densities of the
Airy Kernel Determinantal
Point Process

This chapter retakes my third paper [60] in collaboration with Tom Claeys,
Giulio Ruzza and Sofia Tarricone. My contribution lies in the foundations of
the article: I identified that the Janossy densities were the appropriate gener-
alisation of the Fredholm determinant in this context, obtained prototypes of
relations expressing them in terms of the residue at infinity of the Riemann-
Hilbert problem considered at the end of the previous chapter as well as a
trace-formula, established factorization identities allowing me to show that the
conditioning of the previous chapter is always possible for the Airy point pro-
cess and our collaborators to perform asymptotic analysis of various related
quantities.

Abstract

We study Janossy densities of a randomly thinned Airy kernel determinan-
tal point process. We prove that they can be expressed in terms of solutions
to the Stark and cylindrical Korteweg—de Vries equations; these solutions are
Darboux transformations of the simpler ones related to the gap probability
of the same thinned Airy point process. Moreover, we prove that the asso-
ciated wave functions satisfy a variation of Amir—-Corwin—Quastel’s integro-
differential Painlevé II equation. Finally, we derive tail asymptotics for the
relevant solutions to the cylindrical Korteweg—de Vries equation and show that
they decompose asymptotically into a superposition of simpler solutions.

2.1 Introduction

The cylindrical Korteweg—de Vries equation admits a family of solutions which
are expressed in terms of Fredholm determinants involving the Airy kernel
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operator [128, 129, 48]. These solutions have an interesting probabilistic in-
terpretation, as they are gap probabilities for random thinnings of the Airy
point process [48], and they are therefore connected to important problems in
integrable probability, such as the extreme value statistics of finite temperature
free fermions [103, 120, 125, 117], the distribution of the narrow wedge solution
of the Kardar—Parisi-Zhang equation [116, 130, 9], the edge eigenvalue statis-
tics in the complex elliptic Ginibre Ensemble at weak non-Hermiticity [38], and
multiplicative statistics of Hermitian random matrices [85].

In this work, we show that Darboux transformations of such solutions also
enjoy a probabilistic interpretation: they are Janossy densities of random thin-
nings of the Airy point process. We investigate the integrable structure of these
solutions, and show how they are connected to the Stark equation and to an
integro-differential Painlevé II equation. In this way, we reveal a remarkable
connection between the Airy point process and scattering theory for solutions
of the cylindrical Korteweg—de Vries equation. Moreover, we show that their
tail asymptotics can be described as a superposition of simpler solutions. This
soliton-like behaviour finds its origin in the fact that certain conditional en-
sembles related to the Airy point process decorrelate asymptotically.

To set the ground and give motivation for this work, we start by recalling
results about the Fredholm determinant

n

Jo(s) =1+ i (=1)" / PO 5 A5 [[oOndh,  (211)
n=1

n!
i=1

where o : R — [0, 1] is a function satisfying Assumption A below, s € R, and

POy An) = det (KM, 0) ;oo (2.1.2)
with KA1 the Airy kernel
. too , Ai(N)AT () — AT (V) Ai(p
KM\ p) = ; AL(A +n)Ai(p +n)dn = &) (MA)_H ()AL ),
(2.1.3)

Ai and Ai’ being the Airy function and its derivative, respectively. We will
consider functions o satisfying the following properties.

Assumption A. The function o : R — [0,1] is smooth and there exists k > 0
such that o(\) = O(\)\|_%_’“) as A\ — —o0.

Remark 2.1.1. For j,(s) to be well defined, we need the integrability condition
f[R a( M) KA (X NN < co. The decay in Assumption A is slightly stronger than
this requirement. This will allow us to control the s — +00 behaviour of certain
objects, see in particular Section 2.3.3.

As we shall prove in Lemma 2.2.1, it follows from Assumption A that 0 <
Jo(s) <1 for all s € R. Moreover, as proved in [2, 33, 35, 48], introducing

vy (8) := 0%log j, (s), (2.1.4)
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one has

where ¢, (); ) solves the Stark equation (82 + 2v,(s) — s) @(X;s) = Ap(X; 8)h
More precisely, ¢q(\;s) is the unique solution to the Stark boundary value
problem

(2.1.5)

(92 +205(5) — 8)pa(X; 8) = Apa(Ass), 0o (A;8) ~Ai(A+s), s— +o0.
(2.1.6)
(See Proposition 2.3.10 for the proof of the boundary values under our current
assumptions on o). In particular, it follows by combining (2.1.5) and (2.1.6)
that ¢, solves the integro-differential Painlevé II equation of Amir, Corwin,
and Quastel [2]

2 s) = s o (s 8)%0’ «(\;8). 1.
5200 (N 5) (A+ +2 [ ) (u)du>90 (A:s) 2.1.7)

It is worth observing that the relation (2.1.5) is the analogue, for poten-
tials with linear background, of the classical Trace Formula obtained by De-
ift and Trubowitz [71, Equation (1)g, page 183] in scattering theory for the
Schrédinger equation for potentials with zero background.

A one-parameter family of isospectral deformations of (2.1.6) can be con-
structed as follows. Let T" > 0 and introduce

J, (X, T):=1+ Z ( n') /[R p?(,T;n(/\h s An) Ho(/\i)d)\i, (2.1.8)
n=1 ’ " i=1
where . _
PX (AL An) 1= det (Kﬁ}iT(Ai,/\j))lgi’an (2.1.9)

for a shifted and dilated Airy kernel

1

KRp (A p) =T3S KM(T35 (A + X),T73 (u+ X)). (2.1.10)

It is readily checked that J,(X,T) = j;(XT_%), where &(A) := o(T3)\), im-
plying that

Vo (X,T) == 0% log J,(X,T) = T~ Sv=(XT7%) (2.1.11)
satisfies
Vo (X, T)=-T"3 / Po (N X, T)20" (A\)dA (2.1.12)
R

in terms of the function @,(\; X,T) := T‘ﬁgp;()\T_%;XT_%). The latter is
also equivalently characterized as the unique solution to the boundary value
problem

(2.1.13)

f@U(A;X, T) = )\@U(A;XvT)a
PN X, T) ~ T~ AI(T35(A+ X)), X — +o0,

IThe Stark equation is nothing else than the Schrédinger equation (6? + 2u(s)) p(N;s) =
Ap(A; s), for a potential u(s) = vs(s) — s/2 with linear background —s/2.
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where ¥ 1= T 0% + 2T V,(X,T) — X. Moreover, it is proved in [48, Theo-
rem 1.3] that V' = V,(X,T) solves the cylindrical Korteweg—de Vries (cKdV)
equation

1, 1
OrV + 5 XV +VaxV + 5V = 0. (2.1.14)

More precisely, the variables x € R,¢ > 0 of loc. cit. are related to X €
R,T > 0 of this paper as z = —XT_%7 t= T_%, such that the KdV equation
for u = u(z,t)

1
Oru + éai’u—t— 2u0,u =0 (2.1.15)

[48, equation (1.7)] is equivalent to the cKdV equation (2.1.14) for the function
1 1 ].
V(X,T): =T u(zr = -XT"2,t=T"7%) + 5XT*l. (2.1.16)

In the language of integrable PDEs, this implies that the Fredholm determinant
J»(X,T) is a tau function of the cKdV equation. In particular, J = J,(X,T)
solves the bilinear form of the cKdV equation

1 1 1 1
OxJ OrJ — J Oxdrd — (0%J)" + 3 OxJ %] — 5 JOKT — 5 JOxT = 0.
(2.1.17)

The direct and inverse scattering transform for the cKdV equation has been
established in [132, 133, 100, 101] for smooth and decaying initial data.

Example 2.1.1. The simplest situation occurs when o = 0. Then,

J(X,T)=1,  Vo(X,T)=0, o\ X,T)=Ai(T 5(A+ X)).
(2.1.18)

Example 2.1.2. The function 0 = 1(g ) does not satisfy Assumption A,
but it is nevertheless an instructive degenerate situation. (The present setting
could be extended to include such case, cf. Remark 2.1.4 and Section 2.3.8.)
The integro-differential Painlevé II equation reduces to the Painlevé I equation,
and (2.1.5) is the celebrated Tracy—Widom formula. The cKdV tau function
and solution are given by

Tio oy (X T) = Frw(XT73), Vi, (X,T) = =T Syu(XT5)?,
(2.1.19)
where Frw is the Tracy—Widom distribution [137] and ymw is the Hastings—
MecLeod solution to Painlevé II [92]. The asymptotics of the Hastings—McLeod
solution imply that (see Figure 2.1)

ixT-1, XT3 — —o0,

2.1.20
~T3Ai(XT3), XT3 — +o0. ( )

Vi ooy (X, T) ~ {

Remark 2.1.2. The KdV and cKdV equations, (2.1.15) and (2.1.14), respec-
tively, are completely equivalent from an algebraic point of view, since the trans-
formation (2.1.16) defines a one-to-one correspondence of solutions. On the
other hand, this correspondence drastically changes the analytic properties of
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Figure 2.1: The solution V4, , (X, T) as a function of X for some values of
T.

solutions; e.g., if V is bounded then u is not, and vice versa. In view of the
analytic properties of the solutions under consideration, we find it more natural
to work with the cKdV equation; moreover, the relevant Riemann—Hilbert prob-
lem in our analysis formally matches with the one for the inverse scattering
theory of the cKdV of Its and Sukhanov [100, 101], cf. Section 2.3.5.

To explain the probabilistic meaning of these cKdV solutions, let the shifted
and dilated Airy point process be the determinantal point process [135] on the
real line induced by the correlation kernel K f;fT given in (2.1.10). Equivalently,
it is the probability distribution (parametrically depending on X € R, T > 0) on
the space of locally finite configurations of points on the real line characterized
by its m-point correlation functions p?&T;m defined in (2.1.9). More explicitly,
this means that for all disjoint Borel sets Bi,..., By, C R and for all integers
ki,...,k¢ > 1 summing up to Ze k; = m, the expected number of m-tuples

j=1

of points in a random configuration of which k; lie in By, ks in Bo, ..., is
- / XAy Am) dAg -+ dX (2.1.21)

il k! BMx B PX.Tm (AL -y Am ) dA1 m- 1.

Then, the relation to the ¢cKdV tau functions J,(X,T) is expressed by the
identity

J,(X,T) = [E[H(l - a(Aj))} (2.1.22)

Jj=1

where the expectation on the right involves the particles Ay > Ay > --- of the
shifted and dilated Airy process. (It is well-known that the Airy process has
almost surely infinitely many particles and a largest particle, see Remark 2.2.2.)
The identity (2.1.22) follows from the general theory of determinantal point
processes, cf. [27, eq. (11.2.4)].

The o-thinned shifted and dilated Airy point process is obtained from the
shifted and dilated Airy point process by removing each particle in a configura-
tion independently with (position-dependent) probability 1 — o, thus retaining
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it with probability ¢. This point process is also determinantal, with a corre-
lation kernel given by \/o(A\) K% (A, u)\/o (i), cf. [114, eq (2.5)]; it follows
that J,(X,T) is the gap probability of the o-thinned process, i.e., the proba-
bility that a random point configuration in this process is empty. Moreover,
if o0 : R — [0, 1] decays sufficiently fast at —oo (for instance, if it satisfies As-
sumption A) the o-thinned shifted and dilated Airy point process has almost
surely a finite number of particles (Remark 2.2.2). In such a case, we can define
the global Jdnossy density of order m > 0, denoted J, (X, T|v1,. .., V). These
quantities are characterized by the property that for all disjoint Borel subsets

Bi,...,By C R such that I_Iglej = R and all integers ki,...,ky > 1 sum-

ming up to Zﬁzl k; = m, the probability that a configuration in the o-thinned
shifted and dilated Airy point process contains exactly m particles, of which

kl lie in Bl, kg in Bz, ey is
1 m
—_— Jo (X, T|v1,.. . vm o(v;)dv;. 2.1.23
Eql-- kgl /BfIXmXBZk,Z ( L2t )jl;ll (vj)dy; ( )
It is known [135, eq. (1.38)] that Janossy densities can be expressed as
Jo (X, Tv1, .oy Um) =
> (_q)n ‘ n 2.1.24
> (=1) / PR Lm0 Ao v, vm) [ o(i)ds. ( )
IR"L

n!
n=0 i=1

For brevity, we will collect the distinct real numbers v; into a vector (or set) v :=
(v1,...,vm) and denote J,(X,T|v) := J,(X,T|v1,...,Vm). To be consistent
with the notation previously introduced, we have J,(X,T) = J,(X,T|0).

As in the case m = 0, it is interesting to study the situation when T is kept
constant first. This is sufficient to disclose the relation to Stark boundary value
problems and to a generalised integro-differential Painlevé I equation. In such
case, T' can be set to 1 without loss of generality because

Jo(X,Tlv) =T~ % J(XT 35,1T 5v),  &(\):=0(T5\).  (2.1.25)

Accordingly, we will formulate our results in which 7" is constant more concisely
in terms of
Jo(sly) == Js(s,1|v), seR. (2.1.26)

Our first result on the integrable structure of the Janossy densities is their
expression in terms solely of the eigenfunctions of the Stark operator.

Theorem I. Let o satisfy Assumption A and let o, (X\;s) be the unique so-
lution to the Stark boundary value problem (2.1.6). For all s € R and all
v=(11,...,Vm) with v; # v; for alli# j, we have

Jo(slv) = det (LS (vi,v7)); 2, Jo(s]0), (2.1.27)
where
+oo
LI\ ) =/ o (A7)0 (s ) dr

0o (A;8)0s05 (15 5) — 0505 (A; 8) 00 (15 5)
A—p

(2.1.28)

)
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and

Jo(s]0) = exp (— /:oo(r —5) (/{R 0o (X; r)ZU’()\)d)\> dr>. (2.1.29)

The proof is given in Section 2.3.4.

Remark 2.1.3. The kernel LI(-,-) induces a determinantal point process (de-
pending parametrically on s € R) which is obtained via a conditioning of the
shifted Airy point process, in the following sense: assign independently to each
point A in a random configuration mark 1 with probability o(\) and mark 0
otherwise, then condition the resulting marked shifted Airy point process on the
event that no points have mark 1. The conditional point process obtained in this
manner is determinantal, and has correlation kernel LI (-,-), see Section 2.2.2
and [58] and [41, 42, 40, 85] for details. The factorization (2.1.27) receives an
interesting probabilistic interpretation: it is the product of an m-point corre-
lation function in this conditional determinantal point process and of the gap
probability of the o-thinned shifted Airy point process.

Example 2.1.3. [t is instructive to consider again the case o = 0, in which
case po(N;s) = Ai(\ + s), and so (2.1.28) reduces to the shifted Airy kernel
LY\ 5 8) = KM\ + 8,10+ 8), cf. (2.1.3). In this sense we can regard @, as
a generalisation of the Airy function, and LY as a generalisation of the shifted
Airy kernel; it is interesting to check that several properties of the Airy function
and the shifted Airy kernel are preserved by this generalisation. See for instance
Proposition 2.3.10 and Corollary 2.3.11.

Example 2.1.4. The choice 0 = 19 o) is again not admissible in view of
Assumptions A, but with vy(s) = ©(0;8)? = —yum(s)?, the degenerate case
of (2.1.5), the Stark boundary value problem (2.1.6) still makes sense, and the
integral kernel Li(o’”")()\,u) is defined. Moreover, this kernel has appeared in
the soft-to-hard edge transition in random matrix theory [63, Theorem 1.8]. In
terms of the notations used in [63, Theorem 1.3], we have

1
‘Pl<o,+oc)(>\§5) = *Efo(*)\;s)a
1
DsP1ig400) (A1 8) = _E(QO(_)\; s) + po(s) fo(=X; s)),
and
Li(0’+w) (}\’ /~L) _ IKBOft/hard(f)\, i s). (2130)

Then we can identify the Stark boundary problem (2.1.6) with [63, Equations
(1.12)-(1.15)]. Furthermore, Ly©*) s the kernel of the determinantal point
process obtained by conditioning the shifted Airy point process on absence of
particles on (0,00). Recall also that ji, , ., (s10) = j1, ., (5) = Frw(s) is the
Tracy—Widom distribution in this case.

Next we give a second expression for the Janossy densities which is more
directly parallel to equations (2.1.5), (2.1.6), and (2.1.7) for the case m = 0.
This expression involves eigenfunctions of the Stark operator with a modified
potential.
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Theorem II. Let o satisfy Assumption A. For all s € R and all v = (11,
-y Um) With v; # v; for all i # j, we have

02 log j,(slv) = /[Rgog(/\; slv)? (—0'/(/\) + Z 2(1)\__01/(?)))@\ (2.1.31)

where @, (A; s|v) solves the Stark equation
(82 + 206 (s|v) — 8) o (X; s|v) = Aps (A s|v) (2.1.32)

with potential
Ve (sv) = 02 log jo (s|v). (2.1.33)

Moreover, p,(X;s|lv) can be expressed in terms of v, (;s|0) and dsp,(X; s|0)
as

o(Nsl0)  LI(Av1) - LI(Avm)
Polv1,s0)  LI(v1,v1) - LI(v1,vm)
det . . . .
o (Um, s|0) LI (v, v <o L9 (Vi Um
o (N sly) = ol L) ¥, 1) _ ( V) (2134
LI(vi,1n) - LI(vi,vm)
det : .
Lg(ymayl) Lg(Vman)
so that, in particular, o, (\, s|v) has zeros at A = vy, ..., Vp,.

The proof is given in Section 2.3.4. In the case m = 0, the eigenfunctions
0o (A; 8|0) of this theorem reduce to what we denoted just @, (X;s) up to this
point; for the sake of clarity, we will from now on use the notation ¢, (A; s|0).
Similarly said for the notation v, (s) = v, (s|0).

In other words, Theorem II states that the Stark equation with potential
02 log j,(s|v) is obtained by Darbouz transformations (in the original spirit of
Darboux [67]) of the Stark equation with potential 92 log j, (s|0).

Moreover, by the asymptotics ¢, (A; s|0) ~ Ai(A + s) = o(A;s]0) as s —
400, one obtains that the appropriate boundary condition for the solution
to the Stark equation (2.1.32) is ¢, (A;s|v) ~ @o(A;s|y) as s — +oo. The
function ¢g(\; s|v) is explicit in terms of the Ai and Ai’ functions, by (2.1.34)
and LY = KA,

It follows by combining (2.1.31), (2.1.32), and (2.1.33), that ¢, (}; s|v) sat-
isfies a deformation of the integro-differential Painlevé II equation:

2o (N sly) =

(n o2 [ eotusle? (o' zmj““’ )dﬂ>90rr(/\5|)

i=1

(2.1.35)
A general framework for studying integro-differential equations related to a
class of Fredholm determinants was developed in [107].
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Remark 2.1.4. Theorems I and II hold true more generally for all o satisfying
the decay condition of Assumption A even if they are only piecewise smooth with
a finite number of jump singularities. In this case, one has to add to o'(\)dA
a discrete measure supported at the singularities of o. The extension to this
case can be done following [/8], as we will discuss in Section 2.3.8.

Remark 2.1.5. Jdnossy densities generally carry important information about
a point process, but the global Janossy densities of a determinantal point process
are only defined if the associated kernel defines a trace class operator. This is
not the case for the Airy kernel operator. To remedy this, one commonly con-
siders Janossy densities of determinantal point processes restricted to bounded
sets B [29]. 1t is less customary to consider Janossy densities of thinned de-
terminantal point processes, as we do, but this has the advantage that, for a
suitable class of thinning functions o, global Jdnossy densities exist. In the
degenerate case o = lg, we recover the Janossy density of the determinantal
point process restricted to the set B.

The description of Jdnossy densities of determinantal point processes on R,
restricted to bounded intervals B, in terms of solutions to certain differential
equations has been recently developed in [127]. The author there proved that
for determinantal point processes defined through kernels satisfying the Tracy—
Widom criteria [158], the Tracy—Widom method allows to express not only
the gap probability (as proved in [158]) but also the Jdnossy densities of the
process restricted to a bounded interval B, in terms of solutions to a system
of differential equations in the endpoints of B. For kernels also enjoying the
integrable structure of Its—Izergin—Korepin—Slavnov [98] (e.g., Airy, Bessel, sine
kernels), the gap probability can be characterized by a Riemann—Hilbert (RH)
problem. This provides an alternative approach to study underlying integrable
differential equations, and a powerful tool to tackle their asymptotics. In this
work, we extend the RH approach to study Jdanossy densities of the thinned
shifted Airy point process. We are confident that our method can also be applied
to other determinantal point processes with integrable structure, like the ones
associated to Bessel and sine kernels.

To construct a family of solutions to the cKdV equation in terms of the
Janossy densities, we restore the full dependence on X, T and we introduce

Vo(X,T|y) := 0% log J,(X,T|lv), X €R, T>0. (2.1.36)

Theorem III. For all o satisfying Assumption A and allv = (v1,...,vpy) with
v; # vj for all i # j, the function V =V (X, T|v) solves the cKdV equation,

1 1
aTv+Ea§(V+V8XV+ﬁV:O, forall X eR,T>0. (2.1.37)

The proof is in Section 2.3.7, see Corollary 2.3.13.

Example 2.1.5. When o = 0 we have jo(s|0) = 1 and LO(\,pn) = KA\ +
S, + 8), such that, according to (2.1.27),

Go(slv) = phi(vy +5,...,vm + 5) (2.1.38)
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is the m-point correlation function in the shifted Airy ensemble (2.1.2). The
corresponding cKdV tau function is

Jo(X, Tlv) = det (K p(vi,v5)) "

ij=1"

(2.1.39)

The associated cKdV solution Vo(X,T|v) = 0% logdet (ngﬁT(Vi,uj))Z:l is a
special case of soliton-type solution [120], cf. Figure 2.2, exhibiting right tail
decay, and left tail rapid oscillations with decaying amplitude. It is straightfor-
ward to verify, using the asymptotics for the Airy function and its derivative,
that for any Ty > 0,

Vo(X, Tly) ~ o as XT~5 — o0, uniformly for T > Ty. (2.1.40)

VXT’
Indeed, as XT3 — 400, T > Ty

Al L ep-dxyo)d 27 3 (xtw)d
KX7T(U’w) ~ 87‘(‘7Xe 3 e 3 (2141)

and this allows to prove by induction on m that

-

m L —amp-ixd

~N — 3
i=1" (8rX)m©

det (K}A(TT(W, l/j)) (2.1.42)
Since these asymptotics are moreover valid uniformly for compler numbers X
with |arg X| < 6 and § > 0 small, we can differentiate the logarithm of this
expression twice which yields (2.1.40).

Similarly, after straightforward computations involving the asymptotic be-
haviour of the Airy function and its derivative, we obtain for the left tail if
m=1, as XT3 — —o0, T > Ty,

Jo(X,Tlv) = % |X|T_ -
(1 - §(|X| — V)" 2 cos [3%(|X - l/)g:| +0 (X_3T)>
1 4 3 _31
Vo(X, Tlv) = \/mcos [3\/T(|X| —V)2:| +O(|X|727T72).

Remark 2.1.6. The function o and the parameters v can be understood as
scattering data for the cKdV solution under consideration. In analogy with
[90, 91], we could interpret o as a function describing a gas of solitons.

Our final result concerns the asymptotic behaviour of the Janossy densities
and associated cKdV solutions when T — 400, uniformly in X € R. To this
end, we formulate some stronger conditions on the function o, cf. [48, 56].

Assumption B. The function F := ﬁ extends to an entire function. More-

over:
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B el G

Figure 2.2: First line: 1-soliton cKdV solution Vo(X,T|v) with v = (—2) as
a function of X for various values of T'. Second line: 2-soliton cKdV solution
Vo(X, T|v) with v = (0, 3) as a function of X for various values of T.

e F'>0 and (log F)"’ > 0 on the real line;

o« F(\)=1+c e Pl(140(1)) as A & —oo, F(A) = ¢/ et} (1+0(e™))
as A — +oo, for some cy,cly,e>0;
e F(A\) =O(e“+ReA) gs Re A — +o00.
In particular, the second assumption implies the strong decay o(\) = eI
x(140(1)) as A = —oo and o(A) = 1 — ie_”)‘(l +0(e™)) as X = 400

(for the same constants cx,c, e > 0).

The reader may want to keep in mind the prototype example of an admis-

sible function o given by o(\) = H%’ such that F(\) =1+ e*.

Theorem IV. Let v = (11,...,vy) with v; # v; for all i # j.
(i) Let o satisfy Assumption A. For any Ty > 0, there exists ¢ > 0 such that

. 1
Jo(X,T|v) = det(K{ 1 (vi, uj));”j:1 (1 +O0(e X ? )) (2.1.43)
~ (87X) ™e i xET , (2.1.44)
(X, Tl) = Vo(X, T|v eeXTT8Y ™ 2.1.45
uniformly in T > Ty as XT3 — +oo.
(ii) Let o satisfy Assumption B. For any Ty > 0, we have
X% 5
X, T — = J, (X, T 2.1.4
BO6T) ~ 6T ] o (2.1.40)
Vo (X, Tly) = Vo (X, T|@)
- 41X |2 X|z
TR (s S - 220 +Bxr())
+ 0(|X|*1), (2.1.47)
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T Tlog? [X| XT™3=M
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= > . . . !

AN intermediate regimes K

e e 1
superposition of ~«_ ' vanishing:
V,(X,T|0) and oscillatory terms Vo (X, Tly) ~ =2
o (X, S ) v JXT
,,,,,,,,,,,,,,,,,,,,,,, S AN LI,,,,,,,,,,,,,

Figure 2.3: Phase diagram showing the different tail asymptotics
for V,(X,T|v), uniform in the indicated regions for fixed M, K > 0.

uniformly for T > Ty as — —o0, where Ax r, Bx (V) converge to 0

X
T log? | X|

as ﬁQ\XI — —o0. Moreover, in the same limit,
4 5 4 2 1 3 L
log J, (X, T|0) = p3T? ([ ——= (1 —¢)2 Lp Lo O(XET,§>
0g Jo (X, T|0) = p ( —(1-9F + = —2e+5¢ ) +0 (1] ,

Vo(X,710) = p (1 - VT=¢€) +0 (|X|73T7F)

where p :=c2 /7* and & := X/(pT).

Observe the specific structure of the v;-dependence in the cKdV solution

V,(X,T|v) and the Janossy density J,(X,T|v). For XT~3 — 400, the lead-
ing order behaviours of V,(X,T|v) and J,(X,T|v) depend on the number of
points m but not explicitly on the positions vy, ..., v,,. On the other hand, for
— —00, the effect of v is more prominent. For J,(X,T|v), it results

T log? | X|

in a product of factors depending on v;, while for V,(X,T|v), the presence of
V1,..., Uy, results in a superposition of rapidly oscillating terms depending on
Vj.

It is remarkable that both in the left and right tail asymptotics of V, (X, T|v),
we recognize (up to a sub-leading phase shift in the oscillatory terms) a su-
perposition of m 1-soliton solutions whose tail asymptotics are described in
Example 2.1.5, in addition to the leading order and r-independent contribu-
tion coming from V, (X, T0).

For —KTlog? | X| < X < MT3, the vj-dependence is more involved and
less explicit, as we will explain in Section 2.4.4.

Methodology and outline

In Section 2.2, we will gather several properties and identities for the Janossy
densities on which we will rely later, and we will give a probabilistic interpre-
tation to the kernel L?. Two different factorizations of the Janossy densities
will be of particular importance.

In Section 2.3, we will characterize the Janossy densities and other relevant
quantities in terms of a 2 x 2 matrix-valued Riemann—Hilbert (RH) problem, by
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relying on the Its—Izergin—Korepin—Slavnov method [98]. This RH characteri-
zation shows strong similarities with the one from [21] and we give a detailed
comparison with the general methods of op. cit. in Section 2.3.6. Moreover,
we establish a connection between the RH problem, the Stark boundary value
problem (2.1.6), and the cKdV equation (2.1.14). This will enable us to prove
Theorem I, Theorem II, and Theorem III.

Section 2.4 will be devoted to the asymptotic analysis of the RH problem
from Section 2.3. We will distinguish several regions in the (X, T)-plane which
will require a different type of asymptotic analysis, and which lead to the results
presented in Theorem IV. In this section, we also use previous asymptotic
results [48, 56] for the case m = 0 in which Jénossy densities reduce to gap
probabilities.

2.2 Preliminaries on Janossy densities

In this section, we study in more detail the Janossy densities j,(s|v) intro-
duced in (2.1.26). The results could be easily translated into parallel results
for J,(X,T|v) by (2.1.25) and the observation that o satisfies Assumption A
if 0 does, but we will omit the details for the sake of brevity.

2.2.1 Operator preliminaries

For a given g € L°°(R), let M, be the multiplication operator on L?(R) defined
by My f = gf for all f € L?(R), and let IC2 be the operator acting on L?(R)
through the shifted Airy kernel,

(KM = /{R KN f()dp, KN\ p) = KN +s,1+s), feL*R),

(2.2.1)
with KAl defined in (2.1.3). It is worth recalling that K2 is an orthogonal
projector which can be represented as Ale(o,+x)As where A, is the unitary
involution of L?(R) defined by

+oo
(A f)(A) = AN+ p+8)f(p)dp,  feL*(R), (2.2.2)

— 00

where the integral in the right-hand side is taken as an L2-limit of fj;o as
A — +o0.

Lemma 2.2.1. Let o satisfy Assumption A. The operator defined as K? :=
M sKMM /5 is trace class on L*(R) and

Jo(sl0) = det (1-K9). (2.2.3)

Moreover, 0 < j,(s|0) <1 for all s € R.
We denote the Fredholm determinant of a trace class perturbation of the

identity by det .
identity yLQ%R)
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Proof. We have K7 = HH' where H := M 5A51(0,100)- 1t follows by the
asymptotic properties of the Airy function at +oo that H is Hilbert—Schmidt
provided o satisfies Assumption A. Therefore, K¢ is the composition of two
Hilbert-Schmidt operators, hence it is trace class on L?(R). Then, (2.2.3)
follows by the classical formula for Fredholm determinants of operators with
an integral kernel. Next, since 2! is an orthogonal projector and 0 < o < 1,
we have (K7)? < K9 because

(K7)? = M GKEMGKIM 5 < M 5 (KEVP M 5 = M GKEM 5 Z/ggé)
such that 0 < K2 < 1 and so 0 < j,(s|@) < 1. It remains to show that
Jo(s|0) # 0, or, equivalently, that 1 is not an eigenvalue of K£7. For, assume
f € L3(R) is such that KZf = f. Setting g := KX (\/of), we have \/og = f
and so, since K21 is an orthogonal projector,

lgllz = K& (Vo hll, <[V fll, = llogll (2:2.5)

Therefore, since 0 < o < 1, we have (¢ — 1)g = 0 almost everywhere on R.
Since 0 — 0 at 400 (cf. Assumption A), g has to vanish on some open set of
R. On the other hand, g is the restriction to the real line of an entire function,
as it follows from the fact that A h is entire for all h with support bounded
below by standard properties of the Airy function. Therefore, g is identically
zero, so is f, and 1 is not an eigenvalue of 7. O

Remark 2.2.2.

M\/;K?i/\/l\/g acts on L?(R) through the kernel \/o(N)o(u) KA (N + s, i+ ),
which is a correlation kernel for the o-thinned shifted Airy point process. It
follows from Lemma 2.2.1 and from the general theory of determinantal point
processes [135, Theorem 4] that the o-thinned shifted and dilated Airy point
process has almost surely a finite number of particles. On the other hand,
since K is not trace class, the Airy point process has almost surely an infinite
number of particles; it is however trace class once restricted to half-lines (t, +00)
so that the Airy point process has almost surely a largest particle.

2.2.2 Conditional ensembles

According to Lemma 2.2.1, the operator 1 — K7 is invertible, and, therefore, so
is 1 — M, K2, Thus, it makes sense to introduce

£7 = KN (1= M) ™ = KN 4 KM o1 K9) M KA. (2.2.6)

As we shall review below following the Its—Izergin—Korepin—Slavnov method
[98], LY is an integral kernel operator, whose kernel we denote by LI(-,-). It
has been proved by the first two authors of this paper [58], building on [41, 42,
40], that this kernel induces a determinantal point process defined as follows.
Consider the shifted Airy process and construct a o-marked point process by
assigning to each point A in a random configuration, independently, a mark 1
with probability o(\) or a mark 0 with probability 1 — o (\). Conditioning the
marked point process on the event that there are no points with mark 1, it is
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shown in op. cit. that the resulting conditional ensemble is determinantal, with
correlation kernel with respect to the deformed reference measure (1—o(X))dA
given precisely by LI(, ).

Let us introduce the following notation. Given vectors u = (u1,...,Uy) €
R™ and w = (wy, ..., w,) € R", introduce the m x n matrix K2 (u,w) € R™*"
with entries

(K;M(%M))ij = K2 (ug, wy), I<i<m, 1<j<n. (2.2.7)
Lemma 2.2.3. For any vector v = (v1,...,Vp), with v; # v; for all i # j,
K2X(v,v) is positive-definite.

Proof. According to (2.1.3) and to (2.2.7), we can rewrite K2(v,v) as a Gram
matrix

+oo

(KM (ww), ;= | Al Ay 0t s)dn (228)

= <Ai(Vi + ')’Ai(yj + .)>L2(s,+oo)'
Hence, it suffices to show that the m vectors Ai(v; + ) € L?(s,+00), for
1 < i < m, are linearly independent when the points v, ..., v, are distinct.
In order to obtain a contradiction, let us assume that the linear span of these
m vectors is k-dimensional with k& < m and, without loss of generality, that
Ai(y; + ) for i = 1,...,k form a basis. Then, there exists c1,...,c; € C such
that Ai(vy, +t) = Zle ¢iAi(v; + t) identically in ¢. Subtract (¢ 4 v,) times
this relation from the second derivative of this relation in ¢ to get, using the
Airy equation, 0 = Zle(ui — Um)GiAi(v; +t). Hence ¢; =0 forall 1 <i<k
because v, # v; for all i # m, and so Ai(v,, + t) = 0 identically in ¢, a

contradiction. O
According to Lemma 2.2.3, for distinct points vy, . .., v, € R, collected into
a vector v := (v1,...,Vn), we can introduce the integral kernel operator Hg

acting on L?(R) through the kernel

_det KM ((\ ), (p,v))
B det KA (v, v) (2.2.9)
= KM\ p) — KN\ v) KM (v, v) T KM (v, ),

He(\p) -

where the second equality stems from the well-known formula

A| B _ :
det (%) =det(D)det (A—BD™'C), if detD#0, (2.2.10)

for the determinant of a block matrix with lower-right corner invertible. It
follows from the results in [131] that Hz(\, i) is the kernel of the reduced Palm
measure of the shifted Airy process at (distinct) points v4, ..., vy, which can
be interpreted as the shifted Airy point process conditioned on configurations
containing points at v1,..., v, and then removing the points v, ..., v, from
the configuration.
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2.2.3 Factorizations of Janossy densities

We can factorize the Jénossy densities j,(s|v) in two different ways: the first
one utilizes the Palm kernels H, SZ, the second one involves the kernels L7 of the
conditional ensembles. It is convenient to introduce notations similar to (2.2.7)

for these kernels, namely, given vectors u = (u1,...,uy) € R™ and w =
(wy,...,w,) € R*, we introduce matrices L7 (u,w) € R™*" and Hy(u,w) €
R™*"™ with entries

(LY (u,w)),; ; = LI (ui, wy), (H?(@,y))i,j = Hé(ug,wy).  (2.2.11)

Proposition 2.2.4. For all o satisfying Assumption A and allv = (v1,...,vpm)
with v; # v for i # j, we have the identities

Jo(sly) = det (K2 (v,v)) L(;?ﬂ‘g) (1 =M HM s75), (2.2.12)
Jasle) = det (L) det (1= M KM ) = det (1) Jas1).
(2.2.13)

Proof. We start by rewriting (2.1.24):

oot = S S [ e (k2w o) [To0an
n>0 i=1

= det (KM (1) Y (_1,)n
n=0

n

/ det (HE(A X)) [[eo)dX, (2.2.14)

i=1

n:

where we denote A = (A1,..., ), A v) = (A,..., \n,V1,...,Vm), and we
manipulate the determinant of block matrices using (2.2.10) and Lemma 2.2.3
as

Ai Ai v
det (KM (A v), (A v)) = det( 11238’3 ?A%;g >

= det (K2 (v,v)) x
det (KGAI(Aa A) - KsAi(Aa Z)KsAi(sz)ilei(Ea /\))
= det (K2 (v, v)) det (HF(A,N)) - (2.2.15)

Hence, (2.2.12) is established. Next, let us introduce the operator N :=
M 5 (KM — HS)M sz such that

_ v — _K©° _ groy—1
LdQ?[g)(l M sHsM /5) Lg?ng)(l /CS)Lg?ﬂg)(H(l K2)7'N). (2.2.16)

From (2.2.9) we know that the kernel of AV is
N ) = VoMo (@) KO ) KMz, ) T K (v, ),
such that the kernel of (I — KJ)~1N is

LSO ) (KX (v, ) T KM (v, 1)V (i) (2.2.17)
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where L7(-,-) is the kernel of (1 — K3)~*M 7K. By the general formula for
the Fredholm determinant of a finite-rank perturbation of the identity, cf. [89,
Theorem 3.2], we obtain (I,,, denotes the m x m identity matrix)

_ goN—1
L%?ng)(l-i-(l KZ)~'N)

= det (Im + KMy, p)7t / K2i(y, A)«/U(A)EZ(A,y)d)\) (2.2.18)
R

det (KA (v, p) + [y KN (2, A)y/o(NLI (A, v)d))
- det (K21 (v, v))

 det(LI(v,v))
= Gt (K5 0,0) (2.2.19)

where we use the second identity in (2.2.6). Finally, equation (2.2.13) follows
from (2.2.12). O

Remark 2.2.5. Both factorizations (2.2.12) and (2.2.13) have a natural proba-
bilistic interpretation as products of an m-point correlation function with a gap
probability. In the first factorization, we have the m-point correlation function
in the shifted and rescaled Airy point process, multiplied with the gap probability
in the o-thinning of the Palm measure at points v1,. ..,V associated to the
shifted and rescaled Airy point process. In the second factorization, we have
the m-point correlation function in the conditional ensemble associated to the
shifted and rescaled Airy point process introduced above, multiplied with the gap
probability in the o-thinning of the thinned shifted and rescaled Airy point pro-
cess. In the first factorization, the correlation function is simpler, but the gap
probability is on the other hand simpler in the second factorization.

Using the above result, it is now easy to show that Janossy densities are
strictly positive for all distinct vy, ..., vy,.

Proposition 2.2.6. For all o satisfying Assumption A and ally = (v1,...,vp)
with v; # v for i # j, we have det L (v,v) > 0 and j,(s|lv) > 0.

Proof. The operator N := M /z(K2' — HS)M 7 is non-negative-definite. In-
deed, for all ¢ € L%(R),

(N6, ¢) = b (KM (v,v) "k >0, (2:2.20)

where h = [, /o(A)¢(A) K2 (v, A)dA. Hence, we have proved that
1= M FHM 5 >1—-K7. (2.2.21)
Since 1 — K7 is (strictly) positive-definite by Lemma 2.2.1, the operator 1 —
M \/E’H%M /& 1s also positive-definite, hence invertible. Therefore, j, (s|lv) > 0
by Lemma 2.2.3 and the first factorization of Janossy densities (2.2.12), and

therefore det(LJ(v,v)) > 0 by the second one (2.2.13). O
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2.3 RH characterization of Janossy densities

The aim of the section is to give RH characterizations of Janossy densities, in
order to prove Theorems I, II, and III.

2.3.1 RH problems

The operator M, K21 is integrable in the sense of Its-Izergin-Korepin-Slavnov
(ITIKS) [98], namely it is a kernel operator whose kernel can be expressed as

(X 8)h(p;s) L —i Ai'(\ + 5) . [(—iAi(p+s)
o e UW( Ai(A + ) ) B #) = ( AV + 9 )

(2.3.1)
Therefore, according to op. cit., the resolvent operator (1 — M KC2)~! —1 can
be characterized in terms of the following RH problem (see proof of Proposi-
tion 2.3.1 below).

RH problem for Y,
(a) Y,(-;5): C\ R — C**? is analytic for all s € R.
(b) The boundary values of Y, (+; s) are continuous on R and are related by

Vo (Ns) = Yo (Ns)(I—2mif(A9)h (N;s)),  AER,  (23.2)

where the subscript + (respectively, —) indicates the boundary value from

above (respectively, below) the real axis.

(¢) As A — oo, we have

Yo(N\;s) =1+ % (iii(é)) f%:&%) + 0\, (2.3.3)

for some a,(s), B,(s), and 74 (s).

The following result has been proven in [48]. For the reader’s convenience,
we offer a direct proof based on the ITKS method.

Proposition 2.3.1. The RH problem for Y, has a unique solution for all s € R
and we have

05 log js (s|0) = —as(s), (2.3.4)
where a, is given in (2.3.3).

Proof. The upshot of ITKS theory [98] is that the RH problem for Y, is uniquely
solvable if and only if 1—MZ K2 is invertible. The latter condition holds true by
Lemma 2.2.1. Moreover, in this case, the resolvent operator (1 — M A1)~ —1
is also an integral operator with kernel

FT (A 9)Yo (A 8)Yy T (s )h(ps )

Y (2.3.5)
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Therefore, using Jacobi variational formula and the identity
DKM (N, 1) = —Ai(\ + s)Ai(p + s), (2.3.6)
which follows directly from (2.1.3), we compute 2 log j,(s|0) as
—tr ((1 = M K2 I M,09,K2)
= —tr (((1 = MoK ™1 = 1)M,9,K27) — tr (M0,K2)

// £T (A s)Y, ( )\;) 2 (s s)h (s S)U(N)Ai(u+S)Ai(A+s)d)\du

+ /[R () Ai(p + 5)dp

_ _ h(\;8)f T (A;8)Y, () 8) T, ] .
- [l [ — YT (1 5)h (s 8)0 (1) A+ 5)cls

+ [ otmaitn+ s

[ G0 = YT )Y 5 o)A+ 5)
+ /[Ra(u)Ai(u-i- s)2du (2.3.7)
y - . . . O
— [0 st ) (1) an (23.8)

where we use the expressions of f, h given in (2.3.1), and in the equality (%) we
use the identity

Y, () =1— /[R B S)fT)EA;‘;)YUT(A; ), (2.3.9)

which follows from the RH problem satisfied by Y, and the Sokhotski-Plemelj
formula. Finally, (2.3.8) can be simplified by a residue computation:

[0 G s )t o) (7)

1 _ _
=iy (Vo[ (is) = Y7 ' (139)), ,du (2.3.10)
™ JR ’
( res YT (i )) = —a,y(s), (2.3.11)
p=o0 1,2
using (2.3.3). O

Next we consider the following RH problem which depends on s € R and

on a finite number of distinct points v1,...,vpm, v # v; for i # j, as usual
collected into the vector v := (v1,...,V). When m = 0, condition (¢) below
is empty.
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RH problem for ¥,

(a) U, (-;slv): C\ R — C?*? is analytic for all s € R and all v.

(b) The boundary values of ¥, (-; s|v) are continuous on R\ {1, ...,v,,} and
are related by

W (Nsl) = By (A sl) (}) ! f“))  AER A#ui v
(2.3.12)

(¢) Foralli=1,...,m, as A — v; from either side of the real axis we have
U, (N slp) (A —v;) 7% = O(1). (2.3.13)

(d) As A\ — oo, we have

2,3

1 1 o3 —¢)\2—s)\% o3
U, (\;s|ly) = <I+)\\I/(1,(5|V)+O()\2)>)\4Ge( ’ ) Cs (2.3.14)

for any 6 € (0, ). Here we take the principal branches of A% and A2,
analytic in C \ (—o0, 0] and positive for A > 0, and

 (sly) = (wlv) i?‘a(slv)) |

ips(sly)  —qo(slv)

03 = (é 01>v G::\}i(lz‘ _11> (2.3.15)

I, larg \| < 7 — 6,

Cs := 1
o ( O>, T—0 < ftarg <.
Fl 1

Remark 2.3.2. We shall explain in detail in Section 2.3.5 the relation of this
RH problem with the one in [101] related to the inverse scattering for the cKdV
equation.

Remark 2.3.3. The solution to this RH problem is unique by a standard ar-
gument in RH problems based on Liouville and Morera theorems. Moreover, as
we will show, the solution exists and can be constructed in terms of the solution
to the RH problem forY, (by an Airy dressing) and of a suitable matriz-valued
rational function (by a Schlesinger transformation [21]).

We first recall the case m = 0, which has already been considered in [48].
To this end we introduce the Airy model RH problem in the following form.
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RH problem for &4
(a) @Al is analytic in C \ R.

(b) The boundary values of ®! are continuous on R and are related by

() = @A(N) ((1) D ., AeR (2.3.16)

(c) As A — oo, ®*! has the asymptotic behaviour

7

PM(N) = <I+ A1 (8 408> + O(AQ)) Ni73Ge 3N o0 (2.3.17)

for any 0 < § < w/2 where G, Cjs are given in (2.3.15) and the branches
of X195 and Az are as in (2.3.14).

The (unique) solution can be expressed in terms of the Airy function as

A'(\)  —eF AT (e 37))
—V2 —2im —2im , ifImA >0,
W(iAi()\) e Aie N ) T

PA(N) = (2.3.18)

AT'(\) e FTAY (%))
- 2 2im 247
ver (z Ai(N) e Ai(e® )

2

), if Tm \ < 0.

Proposition 2.3.4. When m =0, the RH problem for ¥, has a unique solu-
tion for all s € R which can written as

U, (X s]0) = ((1) ?) Y, (\; 5)@AI(N) (2.3.19)

where ®21(\) := @A\ + 5). Moreover,
(2.3.20)

and the kernel LI (\, j1) of the operator LI = KM (1— M K2) ™1 can be written

as

(Vo (s s[0) " Wo (N; 510)),
2mi(A — p) ’
Proof. As explained in Remark 2.3.3, uniqueness of the solution follows from

standard arguments, so it suffices to verify that (2.3.19) solves the RH problem.
Condition (a) is easily checked, while for condition (b) we use the identity

L7\ p) = (2.3.21)

I—2mif(As)hT (A s) = @A (1) ((1) too (A)) BN (N, (2322)

which follows directly from the identities

f(/\;s):i;%)q>fi()\) (é) h(/\;s):—\/%cbfi()\)‘T (?) (2.3.23)
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and from condition (b) in the RH problem for ®*i. Finally, combining con-
ditions (c) in the RH problems for Y and ®*! we obtain that as A — oo we
have

Y, (A s)@2 () = (I £ (ii((i)) i<n(§9}32§>478)) ’ O(A_Q)) g (2.3.24)

(A + s)imsGeF09 iy
and expanding for A large and s fixed we verify condition (d) in the RH problem

for ¥, along with the claimed relation (2.3.20). Finally, (2.3.21) follows directly
from the expression (2.3.5) for the kernel of (1— M KA) "t —1 = M, L7, along

with the identities (2.3.19) and (2.3.23) O
Proposition 2.3.5. The RH problem for ¥, has a unique solution for all s € R
and all v = (11, ... ,vy) with v; # v; for i # j, which can be expressed as

Vo (Assl) = M(X; s|w)Wo(X; s[0), (2.3.25)
where M is a rational function of \, with poles at A = v1,... vy only, given
by

1 & (Lg(z’z)_l)ji 0 1\ .,_4
M(A’SM)ZI*TMZ )\_—yj\:[ja’(yi;sw]) (O 0> \Ila (Vj;sw))a

i,j=1
(2.3.26)
where we use the notation (2.2.11).

Proof. By the conditions in the RH problem for V¥, it is straightforward to
verify that M (X; s|v) := W, (\; s[v) ¥, (); s|) 71 is a rational matrix with simple

poles at vy, ..., vy, only and M (\;s|v) — I as A — co. Hence we write
M(A's|u):I+iM (2.3.27)
;sly 2 v, 3.

Condition (c) in the RH problem for ¥, then translates to the condition

M(X;s|[v)W,(A;s|0) (A —v;)7 7 =0(1), as A — v, ji=1,...,m,
(2.3.28)
and we claim that this condition uniquely determines the coefficients M;(s|v).
Indeed, the expansion at A — v; of the left-hand side of (2.3.28) gives

(IJFMJ(SIV)Jr 3 Mi(SV)JrO()\_Vj))

ATV Sy VT (2.3.29)

X (%(Vj; s|0) + W (vy; s[0)(A = ;) + O((A - Vj)Q)) A=)

where U/ (A; s|lv) := Or\W,(A; s|lv). Vanishing of singular terms in this Laurent
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series yields

(2.3.31)

Equation (2.3.30) implies existence of a column vector a; = a;(s|v) € C?, for
every j =1,...,m, such that

M;(sly) = (0, 1) (15 10). (2:3.32)
Plugging (2.3.32) into (2.3.31) using (2.3.21) we get

(0, 1)W1 (145 810) Ui (55 5]0) ((1)>

1
vyl (3) + Y a —

1<i<m
i#]

= 27ri(L§(z,z)) )

Jsi

+a; (0, 1)U, (v;; s|0) W ()5 5|0) (é) = <8> (2.3.33)

= 2“(%(55))“

and so, cf. Proposition 2.2.6,

L =t (2.3.34)
_ -1
= 8= —5— ;(Ls (v,v)™h). W,(vs;s]0) (0) ,
and by (2.3.32), we finally get (3.4.6). O

2.3.2 Stark equation

It is convenient to introduce the following variant of ¥, , namely

O\ sly) = (é p‘f(f“’)) e TIW,(\; s|p)e T3, (2.3.35)

The RH conditions on ¥, imply that O, is the unique solution to the following
RH problem.
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RH problem for 6,
(a) O,(;s|v): C\ R — C?*2 is analytic for all s € R and all finite v C R.

(b) The boundary values of O, (+; s|v) are continuous on R\ v and are related

by
O 1 (N 5l) = O (N sl) ((1) it ‘f“”) CNER A £ v vm
(2.3.36)
(¢) Forall i =1,...,m, as A — v; from either side of the real axis we have
O, (A;sl) (N —1)77 = 0O(1). (2.3.37)

(d) As A\ — oo, we have

O, (s slv) = <(1) Z{) (I—i—)\_l (37 _2> +O()\_2)> X

( 1 1)
3 1
)\ias -1 1 (7§>\27$)\2)USC5

e

(2.3.38)
for any 0 € (0, §); here p = p,(s|v), ¢ = ¢o(s|v), and r = r,(s|v) are the
same as in (2.3.14), Cs is in (2.3.15), and the branches of A7 and A2
are taken as in (2.3.14).

The formula (2.3.21) is equivalent to

(©0 (ks 510) 7105 (N: 510)),
2r(A — p) '

LI\ p) = (2.3.39)

Proposition 2.3.6. For any A\ € C\ R and for any v = (v1,...,Vm) with
v; # vj fori# j, Os(X;sly) is differentiable in s, and

0,0, (\: sl) = (? At 23;)790(5”)) 0, (\:sly) | (2.3.40)

where py(s|v) appears in (2.3.14).

Proof. The differentiability of ©, in s, and the fact (2.3.38) continues to hold
after differentiating formally in s, can be proved using standard techniques
from RH theory, and we refer the reader to [48, Section 3] for details. The
matrix function A(X; s|v) = 9s0,(\; s|lv)O,(); s|v) ! is entire in A; indeed it
has no jump across the real axis and no singularities at v because of the RH
conditions (b) and (c¢) for ©,. Moreover, condition (d) in the RH problem for
O, implies that as A — oo

. (0 X+p?+2q+0sp 1 * * 9
A\ sly) = (1 0 +A P2+ 0 +O0(\77),
(2.3.41)
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where p = p,(s|v) and g = g, (s|v) are as in (2.3.38) and * denote expressions

which are not relevant to us now. Since A(\;s|v) is entire, Liouville’s theo-
rem implies that A(A; s|v) coincides with the linear and constant terms in the
Laurent series (2.3.41) and that higher order terms vanish. This yields

Po(51)? 4 240 (s]v) = Ospo(sv), (2.3.42)
and the proof is complete. O

From equation (2.3.40) it follows that

O, (X; slv) = —V2r (awf‘zg’\sfx) axic('ysfx)) , (2.3.43)

where either f = ¢, (\; s|lv) or f = x,(A; s|v) solves
(8? - 2(6Spa(s|u))>f =\ (2.3.44)
Proposition 2.3.7. We have
Os LI (A 1) = —po (A; 8[0) oo (115 510) (2.3.45)
Proof. We use (2.3.39) to compute

O, (A; 5|0)E1204 (5 50) 1 )

Os LI (A, ) = tr 05 (

2m(A = p)
_ (AQ510) — A 510) € (A 510)E1205 (15 510)
- 2r(A — )
. . -1
_ ¢ £1200 (X [0)E120, (13 5[0) (2.3.46)

2w ’

where we used the cyclic property of the trace and Proposition 2.3.6 and we
denoted

(0 1 . (0 XN+20sp,(s|0)
Finally, it suffices to insert (2.3.43) into (2.3.46). O

We can finally characterize the Janossy densities in terms of the RH problem
for ¥,.

Proposition 2.3.8. For all s € R and adll finite sets v = (v1,...,vm) with
v; # v for alli # j, we have
2
0slog jo (slr) = - = po(sly) (2.3.48)

where py(s|v) appears in (2.3.14).
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Proof. Using Proposition 2.3.5 we get
P (slr) — ipo (s]0) = (Mo (s|v), , (2.3.49)

where M(X\;sly) = I + A"1ML (s|lv) + O(A\72) as A — oo. Using (3.4.6) we
compute

1« 01
1 _ o —1 . 1
Moo (sly) = —5— | 71(Ls (,2)71);  Uo(vis s|0) (0 O> U (vy; s|0)
(2.3.50)
and so, using (2.3.35) and (2.3.43), we obtain
(M3 (s =i Z 5.0 (Vi 810) @5 (v5 5(0) (2.3.51)
i,j=1
On the other hand, by (2.3.45) we have
m o(LI(v,v)), .
s logdet LI (v,v) = A 07%7) I P —
0s log det LY (v, v) Zﬂ( S (v,v) )m 95
I (2.3.52)
== Z (v,v) 900(’/2’ s10)pq (vj; s|0)
i,j=1

and the proof now follows from (2.3.49) because log j, (s|v) = logdet LI (v, v)+
log j,(s]0) by (2.2.13) and because

D 0w io(610) = % — o 610 (2:8.59)
as Og.]O’ &) - 4 DPolS o

by (2.3.4) and (2.3.20). O

2.3.3 Asymptotics as s - +0

The jump matrix of condition (b) in the RH problem for Y can be rewritten,
thanks to (2.3.23), as

[—2mif(As)hT (Ass) = I+ DA\ (8 ”E)”) MO (2.3.54)
We now show that this jump matrix is close to the identity in the appropriate
norms in order to apply the standard small-norm RH theory [97]. To this end,
we introduce the following notation for a measurable matrix-valued function
X :R— Cmxm™

1/p
.. p
g;x{( [ 1xsran) } pe i, +o0),

X -
1<i<glya¥<j<n{€S§€bup| i, (1 )|}7 P =00

11X, := (2.3.55)
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Lemma 2.3.9. Let o satisfy Assumption A. Then, with the same k > 0 as in
Assumption A, we have

10 ag iy —
s (5 7) s

Proof. The entries in ®21(\) (

=0(s™"), ass— +oo, p=1,2,00. (2.3.56)
P

0 o))
0 0
propriate sign) o(A)B(A + s) where B(\) is one of the functions Ai(\)? or
Ai(A\)AT'(M) or Ai'(A)2. By Assumption A, there are A,C; > 0 such that
A < —A implies o(\) < C1|A|~27%. Assuming s > 2A, we have, using standard
asymptotic properties of Ai and Ai’:

) O (\)~! are (possibly, up to an ap-

o for A > —s/2,0(\) < 1and |B(A+s)| < Caexp(—A—s) for some Cy > 0,

o for A < —5/2, o(A) < C1|A|"2" and |B(A + s)| < Cs|A|z for some
Cs3>0.

Therefore, as s — +00 we get:

—s/2 +o0

leOVBO+ )], < / CLOs A A+ [ ChemdA = O(s~),
—00 —s/2
(2.3.57)
—s/2 400
le(NB(A + s)|l3 < / (C1C3)? N 7272d\ + C2e™27%d\  (2.3.58)
—00 —s/2
=O(s72 1), (2.3.59)

S

lo(\B(A + 5)||, < max {0103 (2

—Kk—1
) ,026_3/2} = O(s™1), (2.3.60)

and the lemma is proved. O
Proposition 2.3.10. If o satisfies Assumption A, we have

0o (N s0) = Ai(A +5) (1 + 0(57%7”)), s — +00, (2.3.61)
for all X € R.
Proof. Rewriting condition (b) in the RH problem for Y as

0 o()

Vo Os) = Yo () = 820 (0

) DMLY, (N 5), A\ €R,

(2.3.62)
standard RH theory implies that we can write

V0u9) =14 g [ (o Gus) = Do (§ 700) a2

211 R

L i 0 o(p)) gair, -1
— [ oM o —.
o O W) (0 o ) ®s (k)
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Moreover, by Lemma 2.3.9 and standard small-norm RH theory [?], Y_(-;s)—1
is in L? (entry-wise) for all s € R and satisfies

Yo, —(38) = I||l, = O(s™"), s — +00. (2.3.64)

By (2.3.19), (2.3.35), (2.3.43) we have V2o, (X;s|0) = i (Yo (A;5)@2 (M), ,,
such that multiplying (2.3.63) by ®2i(\) and extracting the (2,1)-entry we
obtain

©o(A;5(0)

=i 49+ =[O0 - D280 (o) oKV )
(2.3.65)

1 A 1 A
+ o L0820 (§) otor O
(2.3.66)
Hence, for some C > 0,
o (A;sl0) C
A\ + 5) ‘ S A+ 367

(1 = 1l ).

Therefore, denoting A either Ai or Ai’, we need to estimate the LP(R, dyu)-norm
(for p =1,2) of

Y RZ=Y

"

02 (5) o)
2

KM\, )

0T (2.3.68)

a(p) == A(p+ s)o(n)

as s — +oo, for fixed A\. We can assume s is sufficiently large such that s > 2|A|
and Ai(\ + s) < |AT' (A + )|

« When p < —5/2, we have [A(u+s)| = O(|u|%), o(1) = O(Ju|~27"), and

KX AT+ 9)] (Al + ) + ATt 9 _ gy
Ai(A +s) Ai(A+s) A —
(2.3.69)
hence
a(p) = O(|p|~1~"s7 7). (2.3.70)

e When p > —s/2, we have |A(u + s)| = O(e™#7%), o(u) = O(1), and

KM\, p) AN+ .
' A+ s)| = / Ay 1 s) e+ mdn (371)
- 3.
< [ Ailu+n)dn = O(e).

S
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Hence [a| 11 g) = O(s~2 %) and llallp2®) = O(s717%), so that resuming from

(2.3.67) we get

900()\;5“2)) 14
— 1| = 2.3.72
’Ai()\+s) O, (2872)
and the proof is complete. O
Corollary 2.3.11. We have
+oo
0w = [ eaOsrn i) (2.3.73)

Proof. Follows directly by integrating (2.3.45) from s to +oo thanks to (2.3.61).
O

2.3.4 Proofs of Theorems I and I1

Proof of Theorem I. The first relation (2.1.27) is nothing else than (2.2.13).

The first equality in (2.1.28) is (2.3.73) while the second one is a rewriting
of (2.3.39) using (2.3.43).

That ¢, solves the Stark boundary value problem (2.1.6) with potential
vy (8]0) := 0% log j, (s|0) follows from (2.3.44), (2.3.53), and (2.3.61).

Finally, in order to prove (2.1.29), we first consider the following chain
of equalities, where we use (2.3.53) and the asymptotics as s — +oo of Sec-
tion 2.3.3:

+o0 +oo
logja(sl0) == [ Orloga(ri0dr = [ (r = 5)0 log o (ri0)ar
+oo
- / (r — 5)vo (r|0)dr.
S
In the first step we use lim, | jo(r|0) = lim, 1 o det 2Ry (1 — K7) = 1 be-
cause K7 converges to the zero operator in trace-norm when s — +oco. Indeed,

K? is a non-negative trace-class operator with (jointly) continuous integral
kernel so that its trace-norm is

—s/2 +o0

/a(A)KSAi(/\,A)d/\:/ a(N KX\ N) d)\+/ oV KM N

oo N——————— /9 e et

§ O(IAI=1=") 2 O(exp(—A—s))

=0(s™")

(2.3.74)
as s — +oo; here we use that as s — 400 we have o(\) = O(A~2°*%
and KA(A\A) = O(|A]2) for A < —s/2, and o(A) = O(1) and KAM(\ ) =

O(exp(—A —s)) for A > —s/2 (cf. Assumption A).

The identity [ ¢?()\;s|0)do(X) = —v,(s|0), proved in [48, Proposition 4.1],
completes the proof. This identity also follows by setting ¥ = @) in the more
general identity (2.3.80) below, which will be shown in the proof of Theorem IT
by an adaptation of the argument in loc. cit. (and not relying on the case
v=0). O
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Proof of Theorem II. Let us introduce

m

2\ slw) =0, (X sl)EA) %, EA) =[N —w). (2.3.75)
i=1
As it follows from conditions (b) and (¢) in the RH problem for O, Z(A; s|v) is
a sectionally analytic matrix-valued function of X satisfying a jump condition
across the real axis of the form

1 2
=4 (N sly) = 2 (\;slw) ((1) i1 "(Al))w@ ) . AER. (2.3.76)
It follows that C(X;s|lv) := (OxE(X;s|v))E(A;s|v) ! is also a sectionally an-
alytic matrix-valued function of A satisfying a jump condition across the real
axis of the form

C(Ass|y)=C-(A; slv) = E(N; sly) x
(8 iEA[)*((1 - U(A))2gx log{(Alv) — o (M)) =0 slw) Y,

for all A € R. In the right-hand side of this equation we omit the choice of
boundary values for = as the expression is independent from this choice, as
it can be shown by (2.3.76). It therefore follows from a contour deformation
argument that

/ =\ s|u)(0 i) ((1-0(3))205 log EAl) —o’ (V) )E(A; s@)-l?
[R 0

0 )
A (2.3.77)
= lim C(Nsly)=—,
R—+o00 ¢R 211,
where cp is the clock-wise oriented circle |A| = R. By the identity
C = (W2)E7" = (020,)0, ' — (0r10g€)0,030, " (2.3.78)

and the asymptotic relation (2.3.38) we obtain that, as A — oo uniformly in
the complex plane, we have

S

(COuslw),, =1+27 (5

—8spa(s|g)) o). (2.3.79)
Here we also use (2.3.42). Taking the (2,1)-entry of (2.3.77), we obtain, also
using Proposition 2.3.8,

= [ ahisle)? (1= (020 Tog €M) = (1) X = Dup (o) — 5

= —03log jo (s|v).
(2.3.80)
Taking into account that £(A|v) = []%, (X — v;), the identity (2.3.80) we just
proved is (2.1.31).
Next, the Stark equation (2.1.32) follows from (2.3.44) and Proposition 2.3.8.
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Finally, extracting the (2, 1)-entry in (2.3.25), using (3.4.6) and (2.3.43),

o (LEwv) ).,
poNisly)=[1- g%(w;ﬂ@)@s%(ww\@) Pa(A; 5[0)

A—vj
i,j=1 J

m (LS (v v) )
+ Z(A_V)J’wa(vi;slﬁ))soa(Vj;slﬁ)) Dstps (A; s|0)
i

ij=1
= 0o(Nssl0) = Y (LZ(w,w) ™), 0o (vis sI0) LT (A, vi)
ij=1
o(Nis|0)  LI(A\ 1) oo LI(Avm)
1 (pg(l/l,SW)) Lg(yhyl) Lg(yhym)
= ——————det ) . )
det LI (v, v) : : - :
o (Vm,s|0) LI (Vm,v1) -+ LI (Viny Vi)

(2.3.81)

where in the second step we use (2.1.28) and in the third a standard manipu-
lation of the determinant of a block matrix. Therefore (2.1.34) holds true and
the proof is complete. O

2.3.5 Comparison with inverse scattering for the Stark
operator

We now comment on the connection between our probabilistic construction
based on the o-thinned (shifted) Airy process and the classical inverse scatter-
ing problem for the Stark operator, as described in [101], see also [132, 133].
The latter can be formulated through the following RH problem, cf. [101, Def-
inition 2.3].
RH problem for M

(a) M(:;€):C\ R — C?*? is analytic for all £ € R.

(b) The boundary values of M (-;£) are continuous on R and are related by

M. (56) = (S(OM) 51(”)) M_(i€),  peR (2382)

(¢) As pu — oo, we have

M (p;€) = Moo (15 €) (I + 0(1)),

—wo(§ —p) —wp(§— p)
wi(§—p)  wi(§—p)
w2(§ = p)  wy(€— p) -

wo (& — 1) wé(é—u))’ <0

| >0,
> e (2.3.83)

MM(§§M) =
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where
wo (k) = 2iv/mAi(k),

wy (k) = 2y/me™ Ai(e 5 k), (2.3.84)

wo(k) == 2y/me™ % Ai(e™ 5 k).

In (2.3.82), s(u) = a(u)(m)_l (for p € R), and a(u) is part of the
scattering data for the Stark operator. In particular, cf. [101, Theorem 2.2],
a(y) is analytic and non-zero in the half-plane Im y < 0 and a(u) = 1+o(|u|~2)
as p — oo within Im ¢ < 0. Then, the matrix

_ 0 a(=A\)~t
MT(=)5) ( “a(=A) 0

1 —1
=5 () ar sy [V ( ;
’ 0 a(—=N)

), ImA >0,

)—1 , ImM\ <0,

(2.3.85)
essentially solves the RH problem for ¥, for o(\) = 1 — |a(=\)|~2 and m = 0,
with the caveat that it only satisfies a slightly weaker normalization at A = oo
in which the sub-leading term is just o(1) rather than O(A™1).
Indeed, the expression in the right-hand side of (2.3.85) is analytic for
A € C\ R by the above mentioned properties of a, and a direct computation
suffices to ascertain that

Ai 1 /0 —i T 0 1 , ImA>0,
QAN +5) = — MI(=xs)x{\-1 o (2.3.86)
AV
1, Im A <0,

such that the normalization at co of the two RH problems match (up to the
order of the sub-leading contribution, as we already mentioned). Moreover, a
direct computation shows that the jump condition of the RH problem for ¥,
is satisfied by the right-hand side of (2.3.85).

There is however an essential difference between our assumptions on o, and
the assumptions in [101]. Whereas we consider functions o converging to 0
at —oo, but not necessarily converging to 0 at 400, cf. Assumption A, it is
required in [101, Theorem 2.2(c)] that o(\) = 1 — |a(—=\)|72 — 0 as A\ — Fo0.
Hence, the class of functions o that we consider, is not included in the class of
scattering data considered by classical inverse scattering theory for the Stark
operator.

2.3.6 Connection with the theory of Schlesinger transfor-
mations

It is also worth to make a comparison of our setting with the general theory
of Schlesinger transformations (see [102, 20, 21]).For a general RH problem
depending on parameters, one can define the Malgrange—Bertola differential
on the space of parameters [20]. The general definition, applied to the RH
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problem for T'(}; s) := ¥, (A — s;5]0), specializes to the following one-form in
st

_ dT'_(\;s) dJdr(X;s) dA
_ L 1ry. > ) 1y,
Q=w(s)ds, w(s) .—/[Rtr[F (A 8) Y p Jr(X;8) 57
(2.3.87)
1 1—0(A—25) . :
where Jr(\;s) = 0 1 . Using the form of Jr and the jump

condition T'; (A; s) = T'_(); s)Jr(}A; 8), the integrand can be rewritten as

o 2 (0 70 9)] -

1 1 d’T_(\; s) 1 AT, (\;8)
(2.3.88)
and hence a residue computation gives

_pa(sw)) = 88 long(SW))

(2.3.89)
The logarithmic potential j, of € is then termed tau function of the RH prob-
lem [20]. Note that a tau function in this sense is defined only up to a mul-
tiplicative (integration) constant. Accordingly, we can say that the Fredholm
determinant j,(s|@) is the tau function associated with the RH problem for
T'(A; ).

Pole insertion in a RH problem (Schlesinger transformation) and its ef-
fect on © have been studied in depth in [21] (expanding on [102, 20]) for RH
problems with identity normalization at infinity and insertion of poles off the
jump contour. The general results of op. cit. formally match with our setting.
Namely, in our setting we consider the RH problem for I'(A; s|v) := ¥(A—s; s|v)
which is obtained from the one for I" by inserting poles at v; + s such that
(A sly) = (A —wv; —s)7730(1) for 4 = 1,...,m. The characteristic matriz
of [21, Definition 2.2], such that the logarithmic differential of its determinant
expresses the variation between the Malgrange-Bertola differential after pole
insertion [21, Theorem 2.2 part (3)], would reduce in the present setting to

d\2 T4

2 . 2
wo(s) = —éggsotr(F‘l(A;s)W) .

res res (F_l(A; il S))2’1 dX
A=vits p=vi+s (A — p) (A —v; —s)(p—v; —s) (2.3.90)

= —2mi L (v4,v;), 5,5j=1,...,m.

Hence, the above-mentioned [21, Theorem 2.2 part (3)] predicts that the tau
function associated with the RH problem for T'(\; s|v) is (within an absolute
multiplicative constant) j,(s|)) times the determinant of LI (v, v), i.e. j,(s|v)
by (2.2.12), as we showed in Proposition 2.3.8.
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2.3.7 Isospectral deformation and cKdV:
proof of Theorem III

As explained in Section 2.1, the connection with the cKdV equation is made
by studying the shifted and dilated Airy kernel

K¥,(\p) =T 3K (Té A+ X), T3 (u+ X)), (2.3.91)

where X € R, T > 0 are parameters. The Janossy density J, (X, T|v), defined
in (2.1.24), is recovered from j,(s|v) by (2.1.25). In view of Proposition 2.3.8,
we have

Oxlog J, (X, T|v) = T5 0, 10gj;(s|T*%g)

(2.3.92)

Throughout this section we use the notation &(\) = (T3 \), as in (2.1.25). It
is straightforward to verify by the RH problem for ¥, that the matrix

U, (X X, Tly) = T W~(\T~5; XT3 [T 5) (2.3.93)
is the (unique) solution to the following RH problem.

RH problem for \Tlg
(a) @U(-;X7T|g) : C\ R — C?*? is analytic for all X € R, T > 0, and all v.

(b) The boundary values of W, (-; X, T|v) are continuous on R\ {v1, ..., vm}
and are related by

Tyt (N X, Tl) = By (s X, TI) ((1) 1 f(A)> . NER A4,
(2.3.94)

(¢) Foralli=1,...,m, as A — v; from either side of the real axis we have
U, (X X, Tlv)(A — )% = O(1). (2.3.95)

(d) As A — oo, we have

3 . _ l ZI\G(XaT|Z) Z?J(X7T|Z) -2
‘PO(A’X’T'”—(I +A<iﬁg(X,T|v) G (X, Tlp)) TOXT) )%

_1 3 1
1 -T 2(§>\2+X)\2)a3
A273(Ge 5
(2.3.96)
for any 6 € (0,%). Here we take principal branches of the roots of A
as explained after (2.3.14), and G, Cjs are as in (2.3.15). Moreover, the

coefficients in the sub-leading term are related to the ones in (2.3.14) by

s (X, Tlv) = T3 q=(XT ™5 |T" 3v),

7o (X, Tlv) = T3r=(XT 3T~ %), (2.3.97)
Po(X,Tlv) = Topz(XT~3|T %) (2.3.98)



It is convenient to reformulate (2.3.92) using (2.3.98), as

X2
Ox log Jo (X, Tlv) = o — T~ 25,(X,T|v). (2.3.99)

Introduce now, cf. (2.3.35) and (2.3.43),
O,(X X, T|v) == T O-(\I~%; XT~3|T" %)
_ (1 ﬁa(X7T|V)> o, (s X, Tw)e— 5o
o (Téaxsa;(A;X,Tu) T%8X20<A;X7Tu>)

0o (M X, T|v) Xo (X X, T|v)
(2.3.100)

where we define, cf. (2.3.43),

1

@a()\;X7T|2) = T_12%;()\T—é;XT_%‘T_%Z)7
SC\O'(A;X’T|Z) = T_%X'V()\T_%,XT_ |T_

o

(2.3.101)

=

W=
|

5y).

Proposition 2.3.12. Let V,(X,T|v) := 0% log J,(X,T|v) and f be in the
linear span of 0, (N; X, T|v) and Xo(X\; X, T|v). We have the “Laz pair”

Lf=N, Af=0rf, (2.3.102)

where

L =T0% +2TV,(X,Tlv) - X,
o = —la;”; — Vo (X, T|v)0x — 1aXV(,(X,T\g) pip o Loy (2.3.103)
3 2 3 12
Proof. Although the first equation .Zf = \f follows directly from (2.3.44) by
using (2.3.101), it is convenient to deduce it again; doing so will provide us
with additional information useful in the derivation of the second equation.
We start by noting that the matrix function A(A\; X, T|v) :=
(6)((:)(,()\;X,T|g))@)g()\;X,T|g)_1 has no jump across the real axis because
the jump condition for @U across the real axis does not depend on X as if
follows from (2.3.100) along with condition (b) in the RH problem for ¥,.
Once more, we refer the reader to [48, Section 3] for the rigorous justification
of the differentiability of the RH solution.
Moreover, it is readily checked, cf. (2.3.38), that as A — oo we have

0, (\; slv) = (1 ﬁo(X,TIV)> (I+ 1 (ZJL(X,Tlu) —?U(X,T|y))

0 1 A ﬁU(X7T|Z) _§U(X7T|2)
(1 1 ( )
1 . N C ) yoasa \ 1 1) =773 (8AT4x02 o
#3 (a oy 1) OO <

(2.3.104)
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for any ¢ € (0, ). The notations are as in (2.3.38) but now we also need to ex-
plicitly record the (2, 1)-entry of the second sub-leading term in the asymptotic
series, denoted 7.

Next, from (2.3.104), we deduce that A has an expansion for large A of the
form

~9 ~ 1 ~
A — T—% ((1) )‘+po' +2q8 +T28Xpo'> +)\—1T—%X

* *
(T%axﬁg — P2 =2, T+ Ty + P> + 3Pty — 3T20x (P2 + 2@,))
+0(\7?). (2.3.105)

Liouville theorem guarantees then that A is a polynomial in A\. Consequently,
the higher-order Laurent coefficient in this expansion must vanish; we do not
need the information coming from the first row (and we have accordingly omit-
ted these terms), while from the second row at order A~! we obtain

o ~ 1, - o P 1 -
Dy + 20y = T20xPs,  Tg + 7 + Py + 3ole = 5T0XPs.  (2:3.106)

Summarizing, also thanks to (2.3.99), we have

1 ~
P ((1) )\+2T02c'9xpo> _ -t <(13 *—2‘(/)0+X) . (2.3.107)

Comparing with (2.3.100) we obtain £ f = Af whenever f is in the linear span
of (ﬁav )?0 . R R

Next, the matrix function B(A\; X, T|v) := (BTG,,()\;X,T|g))®g()\;X,T|g)*1
has no jump across the real axis because the jump condition for @U across the
real axis does not depend on 7', and so B is entire in A. It then follows from
an application of Liouville theorem that B is a polynomial in A. In particular,

from (2.3.104), the (2, 1)-entry of B is expressed as

3X 3
3738y = — A+ <ﬁ(2; + 245 — ) = A+ T3xp, — X =-A-TV, - X,

2
(2.3.108)
and, similarly, the (2,2)-entry of B as
3 ~ —~ ~3 ~ o~ 1 2 ~ 1 3 1
312 Byy = — (Mo + To + Py + 3Dols) = —5T0xPs = 5T20xVo — 7.
(2.3.109)

We have used (2.3.106) and (2.3.99) to simplify these expressions. Comparing
with (2.3.100), we must have

ATV, + X 20xV, —T—%
3T Oxf + 12

orf =— /) (2.3.110)

for f equal to either @, or X, and hence for any f in their linear span. By
the relation .Z f = Af obtained above we can rewrite the last relation by using
Ax f = Ox (L f) which finally yields Orf = &/ f. O
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Corollary 2.3.13. The function V,(X,T|v) := 0% log J,(X, T|v) satisfies the
cKdV equation (2.1.14).

Proof. This is a classical argument [115]. From the compatibility condition
of (2.3.102) we obtain
(0rL + &, ) f =0. (2.3.111)

A direct computation gives that 0r.Z +[.%Z, &/] is the operator of multiplication
with the function

1
Vo (X, Tl) 4200 Vo (X, Tw) 42TV, (X, TI)0x Vo (X, Tl)+ S TR Vi (X, T,
(2.3.112)
The equation (2.3.111) must be true for any f in the linear span of @, Xo-
Since det ©, = 1 identically in all variables A, X, T, the functions @, and X,
never vanish simultaneously, hence (2.3.112) must vanish identically. O

This proves Theorem III.

2.3.8 Generalisation to discontinuous o’s

In this section we briefly explain how to extend the results to a broader class
of functions o, including in particular o = 1(g 4 o0)-

Assumption C. The function o : R — [0,1] can be written as o = oo +
Z;.c:l wil(g, yo0) for some (finite) integer f > 0, some wi,...,wy > 0 and
some &1, ...,&; € R, and a smooth function oq such that oo(\) = O(|\[~2~%)
as A\ — —oo for some k > 0.

These are the assumptions made in [48], to which we refer for more details,
and they include the setting of [57] which corresponds to the case oy = 0. Under
these more general assumptions, the RH problems for Y, and ¥, have to be
complemented with the condition that Y, and W, have, at worst, logarithmic
singularities at ¢;.

Theorem I holds true verbatim except for (2.1.29), which is to be replaced
by

+o0 f
60 =exp = [0 =5) | [ patiri0Pai0in+ Y Al
s j=1
(2.3.113)
where Aj = w; —wj_q for 2 < j < f and Ay := w;. This follows directly
from [48, equations (1.8) and (1.26)].
Moreover, Theorem IT holds true verbatim except for (2.1.31), which is to
be replaced by

9?log jo(slv) =

, ™ 2(1—o(N) !
/RSDU(A;S|Z)2 <Uo(>\) +Z()\_Ui))d/\ZAj¢o(§j§5|V)2,

i=1 j=1

(2.3.114)
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and Theorem III holds true verbatim. These two generalisations are obtained
by studying the local behaviour of W, near the logarithmic singularities at
the points §;, as is done in the end of the proof of [48, Proposition 4.1], cf.
equations (4.5) and (4.6) there.

2.4 Asymptotics
2.4.1 Outline

The goal of this section is to prove Theorem IV.

The proof of part (i) of Theorem IV will rely on elementary operator es-
timates, starting from the analogue of the factorization (2.2.12) in the cKdV
variables,

Jo(X, Tlv) = det (K41 (v, v)) et (1 ~ M s M ﬁ) . (240)

where ﬁ)A({T is the integral operator with kernel, similarly to (2.2.9),
det K7 (A »), (1, 1))

det K§'p (v, v) (2.4.2)
= K{'r (A1) — KX'r () KX p (v, v) T KR (v, ).

Consequently, by (2.1.11), we also have

H)K(,T()‘u ,U,) =

_ 2 _ v
Vo (X, Tl) = Vo=o(X, T) + 3% log et (1 M ot 7 M ﬁ) . (24.3)

We will prove in Section 2.4.2 that the second factor in (2.4.1) is close to 1 and
that the second term in (2.4.3) is close to 0, and this will result in part (i) of
Theorem IV.

For part (ii) of Theorem IV, we will instead use the analogue of (2.2.13) in
the ¢cKdV variables X, T. Using (2.1.25), (2.1.27), and (2.1.28), we obtain the
identity

m

Jo (X, Tlv) = det (L 1 (v, v5)) ., Jo (X, T|0) (2.4.4)

ij=1
where N e . 1
Lyrp)=T"3L7 o (T75AT 5 p), (2.4.5)

with 7(A) = o(T'3)) as in (2.1.25), which can be rewritten by (2.1.28) and
(2.3.100)~(2.3.101) as

LA m)
_ 1 PN X T10)0x Go (13 X, TN0) — §o (5 X, T'10)0x 2o (X X, T0)
A—p
(2.4.6)
(B s X, T10) 16, (% X.710))
= 2L (2.4.7)

2m(A — )
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It also follows that

m

Vo (X, Tlv) = V, (X, T|0) + 0% log det (L +(vi, v;)) (2.4.8)

i.4=1"

The asymptotic behaviour of the second factor in (2.4.4) and of the first
term in (2.4.8) has been established in [48, 56], and can be summarized as
follows in the cases where XT~2 — —o0.

Theorem 2.4.1. Let o satisfy Assumption B. For any Ty > 0 there exists
K > 0 such that

. 4 5 4 2 1 5 .

log J,(X, T|0) = p*T* <15 (1-6)% + - -3¢+ 252> +0 (IX[FT—4),
(2.4.9)
V(X T10) = p (1= VI=€) + 0 (IX]#77%), (2.4.10)

where p = c2 /7% and & := X/(pT), uniformly for X < —KT? ant T > Tp.
+

This result is contained in [56, Theorem 1.3].
Therefore, in order to prove part (ii) of Theorem IV we only need to study,
in Section 2.4.3, the additional contributions to (2.4.4) and (2.4.8) coming from

det(EQ’T(Vi’ Vj))zljzl'

2.4.2 Right tail: X773 — oo

We start with a Fredholm determinant estimate for the trace-class operator
M\/gHé(fTM /&> hot only valid for large positive X, but also for complex large
X with arg X sufficiently small.

Lemma 2.4.2. Let o satisfy Assumption A and let v = (v1,...,Vm) with
v; # vj for all i # j. For any To > 0 there exist M,c,d > 0 such that

et (1= M5 oMz ) =1+ 0(XT7), (2.4.11)

uniformly for | X| > MT5, |arg X| < 6, and T > Ty.

Proof. Using the integral representation for the Airy kernel in (2.1.3), (2.1.10),
and the asymptotic behaviour for the Airy function, it is straightforward to
verify that

. -1 -1
|K§tT()‘7ﬂ)| -0 (|)\u|ie—cT 3Re (A +X)4 o—cT 3 Re (u+x)+) 7 (2.4.12)

uniformly for [X| > MT3, |arg X| < 6, and T > Ty, where R, = max{R,0},
for any ¢ > 0, and uniformly for A, u € R. Hence, by (2.4.2),

’ﬁ)ﬂ( T()\)N)’ —0 <|/\M|ie—cTéRe (A+X)4 g—eT 3 Re ([L+X)+> L (24.13)
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uniformly for the same values of X, T, A, u. We can now use the triangular
inequality in the Fredholm series

det (1= MH% 1M 7) —1=

L)
S ED T e (8 00 0) [T o),
n=1 n' R™ 4,j=lin X v j=1 ! g

(2.4.14)

in order to obtain

et (1= M o Myz) - 1‘

n

— 1 n 0T . 1
< Zﬁ/n det(O(l))M:lHe 2¢T 3Re()\y+X)+|)\j‘2o'<)\j)d)\j

n=1""" j=1
1
> Za—ncl 3ReX n
—o( e T (et R0 (A
1 n' R
=0 2-:1 T

where Hadamard’s inequality guarantees that det (O(l))?j: = O(n?), and in

the last step we set & := e~ *ReX [ e~ T 3Re(MX)4 | \|25(\)d). Finally,

n
the power series » >° 2t

> ”—%5" = O(&) when ¢ — 0; since

n=1 n!

& in ¢ has infinite radius of convergence, hence

H ge—cT’gReX/ IAIZo(A)dA, (2.4.15)
R

and since the integral on the right-hand side is finite by Assumption A, we have
1
€ =0(e T *ReX) and the proof is complete. O

Taking logarithms on both sides in (2.4.1), we obtain

_ Ai i 77 AL
log Jo (X, Ty) = log det. (Kr(v.)) +log det (1- M A M)

(2.4.16)
and it follows from Lemma 2.4.2 (for real X)) that
1
_ 75 AL _ —cXT™3
et (1- M A Myz) =14 Ofe ) (2.4.17)

as X, T — oo uniformly for X > MT3% and T > Tp. This implies (2.1.44).

Taking the second logarithmic X-derivative in (2.1.44), we obtain

_ 2 _ 77Ai
Vo (X, Tl) = Vo(X, T) + 8% los det. (1 MﬁHX,TMﬁ). (2.4.18)
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Since the estimate from Lemma 2.4.2 holds uniformly for |X| > MT3, |arg X|
< d,and T > Ty, we can use Cauchy’s integral formula for the second derivative
to obtain

~p . _1
82 log det (1 - Ai ) — O(eXT 7 2.4.19
X 108 LQ%R) M\/EHX,TM\/E (e )s ( )
and thus we prove (2.1.45), so the proof of part (i) of Theorem IV is concluded.

2.4.3 Left tail: X/T — —oc0

In this section we use the results of [56]; the latter rely on Assumption B, which
we assume throughout this section. We recall the transformation x = —X T3
and t = T2 between the ¢KdV variables of the present paper and the KdV
variables of [56]. For the ease of notations, we will denote ©(A) := ©,(A\; X, T|0)
throughout this section for the function defined in (2.3.100). Let us now assume
that, for an arbitrary Ty > 0 and for a sufficiently large K > 0, we have X <
—KT and T > Ty. In this regime (in fact, in the larger regime X < —KT'%),
the relevant asymptotics have been studied in [56] via a RH analysis involving
a series of transformations which we can condense in the relation

R 1 p\ i, Lo (1 X714
Gi(|X|w)=<O 11)>e4 3|X43<0 7 |21 291)R(w)

1 0

_a)ie X137 3 (g4 (w)—go)os o~ o
x (w—a)ine (ieXﬁT%m(w) 1>e TR,

(2.4.20)

for w sufficiently close to 0. Here, c. [56, equations (4.15), (4.17)], with principal
branches for the roots,

o) = [ " g (s)ds,

(W) = —(w - a)} T: [t o(IXls) 1 ds
glw)=-(w-a) <1+27T|X|5/ool—a(X|s)\/ﬁs—w>7
_ T2 log(1 —o(|X|a))

21X |2

g0

)

T= log(1 — o(|X|w))
X2

p(w) = 2(g(w) — go) + (2.4.21)

Moreover, G is given in (2.3.15) and p = p,(X, T|0). The value of a = a(X,T)
is implicitly defined by the endpoint condition, namely ¢/, (w)—g’_ (w) = O((w—
a)%) as w — a with w < a, cf. [56, equation (4.3)]. For X < —KT and T > Tp,
a is bounded away from zero and infinity, and by [56, Lemma 4.5],

Rw)=T1+0(X|"3T3),  8,R(w)=O0(X|"2T?), (2.4.22)

uniformly in w, T" > Ty, X < —KT. Finally, the value of g; is given explicitly
in [56, equation (4.16)] but it is not needed for our current purposes.
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As explained in Section 2.4.1, in order to describe the behaviour of J, (X, T|v),
Vo (X, T|v) in this regime we will use equations (2.4.4) and (2.4.8). Thus what
is fundamental to understand is the behavior of E}'(’T(yi, vj). The following
two lemmas will show how the kernel behaves on and off the diagonal.

We are interested in values of © at v = | X |w, hence we assume throughout
this section that w is real and small. Therefore, (2.4.20) implies

5 X2
1 p+T%91

éi<|X|w><O : )|Xi“30<1>x

X137 (g2 (w)—g0) 0
Fiel XIET 3 (g5 (w)=g0)  o=IXI3T73 (9 (w)—g0)

(2.4.23)
where we also use the identity ¢+ = g+ — g [56, equation below (4.17)].
From [56, Proposition 4.7 and equation (1.32)] we have

P+ X2T 29, = O(|X|7'T7), (2.4.24)
such that the previous relation implies

8u(xlw) = (PP o«

X137 (g2 (w)—g0) 0
Fiel XT3 (g5 (w)=g0) o~ IXI3T7 3 (gx(w)=g0) |

(2.4.25)
Finally, we study the last factor, involving g, go. By (2.4.21) and the Sokhotski—
Plemelj formula, we have

gy (w) = Fiva — wx

- T= / o(|X]s) 1 ds T3|X|"2 o (|X]|w)
—Pp.V. 7
2 X2V 1= o(X[s) Va—ss—w  2a—w L —o(|X[w)
(2.4.26)
where p.v. [ is the principal value integral. It follows that
T: (X
Re gl (w) = ——— (IXw) (2.4.27)

S 21X|3 1 —o(|X|w)

and so

T3

21X |3

Re (9+(¢) — 90) = /w Re gy (s)ds — go = — log(1 — o(|X|w)). (2.4.28)

Finally, let us set w = | X|~1v, for a fixed v and sufficiently large | X|. It follows

from the last estimates and (2.4.25) that

A <1 O(X|~1T2)

0:(v) =, ) ) | X]7720(1) (2.4.29)
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because from (2.4.28) we have

SXBETH (g ix =) 1 (2.4.30)
1-0(v)

which is bounded away from 0 and oo, uniformly in the regime under consid-
eration. In particular, by (2.3.100),

Go (X, TI0) = O(X|7%),  T?0x3s(; X,T|0) = O(|X|7).  (2.4.31)

From (2.4.7) and (2.4.31), we immediately obtain boundedness of the kernel
L% 7(v1,v2) for vy # 5. Namely, we have proved the following lemma.

Lemma 2.4.3. Let Ty > 0,11 # vy € R be fized. There exists K > 0 such that
L% r(v1,v2) = O(1) (2.4.32)
uniformly for X < —KT and T > Ty.

On the other hand, we now show that on the diagonal, the kernel E%T(V, v)
grows.

Lemma 2.4.4. Let Ty > 0,v € R be fized. We have

X[z 1

L5 ~
X,T(V7 l/) WT% 1 _ U(V)’

as — —o00, (2.4.33)

X
Tlog? [ X]|

uniformly for T > Ty. In particular, Zg(’T(z/, V)"l =0O(|X|"2T2).

Proof. We combine (2.4.7) (in the confluent limit p, A\ — v) with (2.4.20) to
get

~ 1~ ~

Brlr) = 5-(631)9,0, (1),

_ 1 —x(9+ (%) —90)o 1 0 -1 v —tos 51, »
277'{6 TR _e X+ (%) G (*m*a) TR ()%

v v %‘7 1 0 T=T)—90)0
3, [R(H)(—)q —a)'"G (e—xm(;) 1) X9+ (7&7)—90) 3] }2 1

o X(9+(1%7)=90) 0 1/ —193 1/ v
2m{<_ex(g(§}|)—go) oX(9+(7%7)=90) G (7W7a) TR (ﬁ)x

o [p , %U3G X9+ (1%7)—90) 0
v (ﬁ)(_ﬁ —a) oX(9- (%) =90)  =x(9+(%7)—90) .
(2.4.34)

where we denote x := \X|%T_% and in the last step we use the relation ¢ =
g+ —g_, cf. [56, equation below (4.17)]. As we proved in (2.4.30), eX(9=(1x7)=90)
is bounded away from 0, co and so the triangular matrices appearing in (2.4.34)
are O(1). Therefore, when the derivative in v acts in (2.4.34) it produces terms
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of order O(]X|~!) when it acts on the first two factors, see also (2.4.22), and
another term when it acts on the triangular matrix, which provides the leading
asymptotic contribution, yielding

To __ X x(g+(L)+g—(L)—2go) I (v 1
LX,T(V7 v) = i |X|e X1 X (97(| |) 9+(\ )) +O(1X]77).
(2.4.35)
By the construction of g, cf. [56, Section 4.2], we have (recall that FF = 1/(1—0))
X (g+(w) + g—(w) — 2g0) = (log F) (| X|w), (2.4.36)

hence we can rewrite the last expression as

|X|%
2mi T3

L% p(v,v) = F(v) (9~ (%) — 94 (%) + O(X 7). (2.4.37)

Next, we use (2.4.26), a change of integration variable, and an integration by
parts in order to get

9= (w) = ¢ (w) =

o T: alX| , 1 ds
2iva—w( 1+ — v/ log F')'(s )
( e B O P e P

— Tz ol Y Va—w+/a—s|X|!
(x/a W+ —— 27T|X| / (log F)"(s) log Vi Ja sX[T ds )

(2.4.38)

Now, it is useful to recall the following asymptotic properties for a = a(X,T)
from [56, Proposition 4.1]:

(\/1—|—y— 1)2

Y

O(|X|73T7) (2.4.39)

2
y=27|X|/T
1

uniformly in —X/T < K, T > Ty (for any K,Ty > 0). Hence,

| 213 +0(X|7'7) vy Tt +0(X|"'7)
a = - ) a4 — 7 = - 9
| X |2 |X] 7| X |2

(2.4.40)
as X/T — —oo, T > Tp. Let us now show that the second term in (2.4.38) is
sub-dominant. To start with, notice that, in the same limit, and uniformly for
s € (—o0,a|X]),

= log |ia|X|| +0(1)+0 (log(s\X\*l)) )

\/CL—Z/|X| Ty Va—s| Xt
\/a—z/|X| T Va—s| Xt

It follows that as X7~ log™? | X| — —o0

(2.4.41)

|X|%
xT3

F(v) [1 - ;Ii +0 (\X| iri log|X|>} (2.4.42)

L r(v,v) =
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To achieve this bound, we used
alX| 400
/ (log F)"(s)ds = / (log F)"(s)ds + o(1) = ¢4 + o(1) = O(1) (2.4.43)
(note that, by Assumption B,

+oo
/ (log F)"(s)ds = lim (log F)'(s) — limoo(log F)(s) =cy

oo s—+o00 S——

) and

alX| 400
[ gy ston as = [ og (610 s+ of1) = O

. —o0 ls — vl
(2.4.44)
which, in turn, follow by the Lebesgue dominated convergence theorem, and a

similar bound for falX‘(log F)"(s)log |s|ds. Thus we obtain

Brv) = X by 10 (T g ) |,

1
A

and the thesis follows. O

Remark 2.4.5. It is straightforward to adapt the above proof in order to ob-
tain asymptotics in the full region X /T — —oo, slightly larger than the region
TTog?[X] — —° Note however that the error term will then no longer be small,
and the asymptotic expression contains several terms, see (2.4.43) and (2.4.44).
For the sake of simplicity, we present the results only as Thog? x| — —
Using the two previous results, we can prove an important decorrelation
property: since the matrix Lg(yT(g, v) is dominated by its diagonal, the m-
point correlation function det Eg(’T(g, v) decomposes at leading order into a
product of one-point correlation functions. Similarly, its second logarithmic
derivative decomposes at leading order into a sum of rapidly oscillating terms.

Proposition 2.4.6. Let Ty > 0, v € R™. We have

det L r(v,v) = (1+O(|X|72T%)) H (Wi, ) (2.4.45)

0% log det ES} r(v,v) = (2.4.46)
X2 21X}

\/WZ ( 1+ XT*?

vl +BX,T<V1«>>) L o(x|™)

uniformly for T > Ty as — —o0, where Ax ,Bx (V) converge to 0

X
Tlog? | X]|
as ‘QL — —00

T log? | X| :
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Proof. For the case of notation, let us denote L = (E”) for the m x m matrix
with entries L;; := L% 7(v4, ;). By Lemma 2.4.3 and Lemma 2.4.4 we have

Lij = Lu(0;; + O(X|73T%)),  1<ij<m. (2.4.47)
Taking determinants we get (2.4.45). Moreover, (2.4.47) also implies

~ b .
L7y = = = (0 +O(XIETH) = 22 4 O(X|7'T),  1<ijsm.

! " (2.4.48)
(In the second equality we use again Lemma 2.4.4.) By a direct computation,
we have

Oxlogdet T =3 (R Li)(L )5 = D (OxLi)(L™")u(0x L) (L .
ij=1 ik, l=1

(2.4.49)
We have the relation Téaxfij = —$,p;, where we denote ; := @, (v4; X, T|0).
This is the analogue, for the full set of ¢cKdV variables X,T', of the rela-
tion (2.3.45). As a consequence, Téag(Lij = —(0x%i)p; — pi(0x ;). Hence,
by (2.4.31), we have

OxLij = O(|X|73T~2), %Ly =O(T ). (2.4.50)
Therefore, by Lemma 2.4.4, (2.4.48), and (2.4.50), we have the estimates

~

m m L
> (93 L) Z = -,
ij=1 i=1 i

. (2.4.51)
Y OxLi) (L) w@x L) (L) = O(1 X[ 7).

In the last one we combined (2.4.48) and Lemma 2.4.4 to get (Z*l)ij =
O(]X|~2T?). Substituting these estimates into (2.4.49), we obtain

. 2 &1
O%logdet L = ——=> —3:0x%; + O(|X|~!
2 log \/TZL“Q x @i+ O(1X[7)
- (2.4.52)
= > (BaEB) ) +O(X]
1 Eu ' ' 2,2 7

where the elementary unit matrix E5 is defined in (2.3.47), and where we used
(2.3.100).
Using (2.4.20), we can write after straightforward computations

(@(V)Elgé(y)*l)w = vBw, (2.4.53)

where, writing y := |X|2T~2 as before,

= (0.) R(%).  w=R(%)™" (Z'X“’f* iX91> : (2.4.54)
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and,
2X(9+(1x7)—90) oy
B=" (% -G (ew,;l) 1) x

(2.4.55)
E 1 0 G—l v —%9’
2 ( _xer(5) (xp—a)” 7.

Using (2.4.22) and the asymptotic estimate (2.4.24), we obtain

v=(0(x "), 1+0(x™)), w = (1 f(OX(Xl)l)) , as X/T — —o0,
(2.4.56)

and in particular as ﬁz\xl — —o0. By (2.4.21), we can simplify the expres-

sion for B and obtain

B = —iF(V)(f% —0) ¥ G (ex¢_+1(u/Xl) eX¢+1(|X|>> G-
_ F;”)(ﬁ _a)%x (2.4.57)
( X+ (XD . o~ Xé+ (X 5 _ i+ XD | X+ (XD
5 — i+ (XD 4 jo X0+ (XD xo+(TX7) _ X0+ (7K
x (g —a)~ 7.

Since (;SJF(')”(—‘) is purely imaginary and B is bounded and bounded away from
0, we have

1 Oo(1) 0(1)
B=3F(@) ( (D e—x¢+()l’<|)> : (2.4.58)

Hence

(@(V)Elgé(y)*l) — vBw = —F(v) cos (X|¢+(ﬁ)\) +O(x7Y). (24.59)

2,2

We finally obtain

1 <= F(yy)
9% logdet L = e ; i cos <X|¢+(
1 5,1
= > cos (|X[IT o

=1

D) +o0x1™)

sl) + 00X, (2:4.60)

;

where we used Lemma 2.4.4. It remains to compute

|6+ (1%

=/ 101~ g-) o)l (2.461)

i
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For this, we recall (2.4.38) and the estimates below that equation; in the same
way as in the proof of Lemma 2.4.4, we then obtain

4 i
3 1o (EI = o )] ~ —2‘% (2.4.62)

¢+ (0)] —

as ﬁm — —o00. The argument of the cosine is thus equal to

43 2 /X |
3\/T (1+AX,T)* \/T V1(1+BX7T(VZ)), (2.4.63)

with Ax r — 0, Bxr(v;) = 0 as ﬁm — —o0, and the result follows. [

Combining the above result with (2.4.4), and then substituting the asymp-
totics from Lemma 2.4.4, we complete the proof of part (ii) of Theorem IV.

With some more effort, we could obtain asymptotics in the slightly bigger
asymptotic region where X/T — —oo, as already mentioned in Remark 2.4.5.

2.4.4 Intermediate regimes: —K7T < X < MTs3

We will now discuss the asymptotic behaviour as T — oo of various relevant
quantities in the intermediate regimes where —K7T < X < M T for sufficiently
large constants K, M > 0. The asymptotics for the Janossy density J, (X, T|v)
and the ¢cKdV solution V, (X, T|v) become, unfortunately, rather involved and
implicit. In order to understand the mechanisms behind these asymptotics, an
interesting and relevant object to consider, is the kernel L%’T(Vl, va). Indeed,
in view of the factorization (2.4.4), determinants of this kernel describe the
effect of the points v4,..., v, on the Janossy densities J,(X,T|v), and the
second logarithmic X-derivative of such determinants describe the effect of the
points v1,...,v;, on the cKdV solutions V,(X,T|v). Recall that the kernel
Eg(,T(lll, vy) is expressed in terms of the RH solution © through (2.4.7). We
distinguish three further asymptotic regimes.

Left-intermediate regime: —KT < X < —IE’T% for any K,K' > 0.
The asymptotic analysis of the RH problem for © has been carried through
in [56] and is very similar to the one utilized for the left tail. However, there
is an important difference in that the decorrelation property from Proposi-
tion 2.4.6 no longer holds. For that reason, even if we could obtain asymp-
totics for L‘)’(,T(Vl, va), the explicit asymptotic behaviour of the determinants

det Z%T(g v) and their logarithmic derivatives becomes cumbersome for m >
1.

Right-intermediate regime: —~MT3 < X < MT3 for any M > 0. In
this case, it was proved in [48, Theorem 1.15] that there exists a (sufficiently
large) Tp > 0 such that for all M > 0 we have

log J, (X, T|0) = log Frw (XT %) + O(T %), (2.4.64)
Vo (X, TI0) = =T 3yuu (XT73)° + O(T™), (2.4.65)
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uniformly for |X| < M T3 and T > Ty, where ypy is the Hastings-McLeod
solution of the Painlevé II equation, and Frv is the Tracy-Widom distribution
(see also Example 2.1.2).

The asymptotic analysis of O has also been obtained in [48], and it implies
that the leading order asymptotics of Z%T()H u) are determined by the soft-

to-hard edge transition kernel L;(O“”) from Example 2.1.4, as we prove next.

Proposition 2.4.7. Let M > 0. As T — oo, we have uniformly for —MT3 <
X < MT%, and uniformly for vy, v in compact subsets of the real line that

L& p(vi,ve) = T3L 00 (T80, T 81y) + O(T5), (2.4.66)
: xT—}
and this error estimate continues to hold upon differentiating an arbitrary num-

ber of times with respect to vy and vs.

Proof. The proof relies on the RH analysis performed in [48, Section 6]: the
result is that, for every fixed v € C, we have the factorization

O, (v X, T|0) = (é p{,) e TBT 7SI 5)x

Uy, (vT5; XT75|0) (

(2.4.67)
where D, = p,(X,T|0), a has an explicit expression which is not needed for
our purposes (cf. [48, equation (6.10)]). The matrix S should be interpreted
as an error term: it satisfies a small-norm RH problem, which means that,
provided |w| < 1, S(w) = I + O(T~3) and 8,S(w) = O(T~3), uniformly for
—MT3 < X < MT3 (for any M > 0). In particular, for every fixed vq,v5 € R
and T sufficiently large we also have

ST~ 3) ' S(nT~5) =1+ O(T 3 (1 — ). (2.4.68)
Combining this with (2.4.7) and (2.4.67), we get

Zg{,T(Vh Vo) =

= T 5L OF (T 3y, T 31)
s=XT"3
+ (\:[Jl(o,+oo)(y2T_§;XT_§|@)_1O(T_§)\Ill(0,+oo)(VlT_g;XT_§|(Z)))2,1
27 ’
(2.4.69)
where we also use the identity
Lio+= (T*%ul,T*%yg) -
(\111(0,+oo> (raT75; ) I ST (T35 s|@))2 1 (2.4.70)

5
)

2miT 3 (v — 1)
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which is a special case of (2.3.21). The last term is O(T~3) since it is a
combination of the entries of the first column of \Ill(oyﬂc)(uiT_%), i = 1,2,
which are both entire. The above identities extend to vy, 5 in compact subsets
of the complex plane, hence we can apply Cauchy’s formula to differentiate,
without affecting the error term. O

A first, crucial, obstruction for obtaining explicit asymptotlcs for the Janossy
densities J, (X, T|v) lies in the fact that the kernel L 10 o0) 1 is itself a transcen-

dental object, which we cannot evaluate explicitly. However we can proceed in
the hope of descrlblng J»(X,T|v) asymptotically in terms of the o-independent

quantity L “;;’) For m = 1, we immediately find by (2.4.4) that

Jo (X, T|v) ~ T3 L'+ 7,(0,0)75(X,T10), (2.4.71)

s=XT

where the asymptotics for J, (X, T|0) are given by (2.4.64). For m > 1, we can
estimate J, (X, T|v) as follows.

Proposition 2.4.8. Let M >0, v = (v1,...,vm) € R™, and v; # v; fori # j.
As T — oo, we have uniformly for —MT3 < X < MT3 that

Jo(X,Tlw) ~ CuT™5 T =151, (X, TIO), (2.4.72)

1<j<k<m

for some constant C,, > 0 possibly depending on m but not on o,v, X, T.

Proof. Let us abbreviate L = L% %.r and L=L'" By (2.4.4), we have

s=XT"
Jo (X, Tlv) = det (L(vi, v));"_; Jo(X, T10), (2.4.73)
hence by (2.4.64), it remains to prove that
m?2
det (L(vi, )y ~ Co 75 [ (e —vy)%, (2.4.74)
' 1<j<k<m

in the relevant limit. Since L(-,-) is entire in its variables, we have

b
L(vi,vj) = Y L(0,0) bf (2.4.75)
a,b>0
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hence

L(Vlal/l) L(Vlal/Q) L(V17V7n)
L(va,11)  L(ve,va) -+ L(va,vp)
L(vayl) L(VwL;VQ) L(Vmal/m)
vy
S ) ooy L0000 LE00,0)
Low 5t LOD,0) LEY(0,0) LEV(©0,0) ---
=100 o 220,00 232 0,0) LZ2(0,0) - | X

1 1 1
1 vy Vm,
41 ﬁ i

(2.4.76)

Then we use Proposition 2.4.7 to obtain

S LE1-D(0,0), as T — oo, | XT3| < M.
(2.4.77)
Expanding (2.4.76) by the Binet—Cauchy identity, we immediately see that the

leading order as T" — oo is given by

m uj_l m i1 m Vj—l
det | 2 det (T“ KGR 0,0) det | 2
b=l ((] - 1)!> ij=1 0.0 ig=1\ (j — 1)!

LO=1371(0,0) ~ T~

2 1T m ey o
= —m_ - (i—1,57—1) .771
T g b (L (0,0)) et (1/z ) . (2.4.78)

In the latter, we recognize the Vandermonde determinant, and the result fol-
lows. O

Middle-intermediate regime: ~K'T? < X < -MT53 for some K' M >
0. Here, the asymptotic analysis of the RH problem for © has also been
completed in [48], but the asymptotics are implicit and described in terms
of the solution of an integro-differential generalisation of the fifth Painlevé

equation.
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Chapter 3

Asymptotics for Averages
over Classical Orthogonal
Ensembles

This chapter retakes my first article [59] in collaboration with Tom Claeys,
Alexander Minakov and Meng Yang. This is a stand-alone part as it came be-
fore the main topic of this thesis. I obtained a generalisation of known factor-
ization identities expressing Toeplitz determinants in terms of Toeplitz+Hankel
determinants, but involving in addition the associated orthogonal polynomials
on the unit circle (OPUC). I was then able to write averages over the Classical
Orthogonal Ensembles in terms of Toeplitz determinants and OPUC. This is
especially powerful as Toeplitz determinants are well-studied, mainly using the
famous Fokas-Its-Kitaev Riemann-Hilbert problem, and the latter naturally
involve the appropriate OPUC. This allowed my collaborators to compute
asymptotics for interesting symbols, and I then used those results to derive
asymptotics for gap probabilities, moment generating functions of occupancy
number and global concentration inequalities.

Abstract

We study averages of multiplicative eigenvalue statistics in ensembles of or-
thogonal Haar distributed matrices, which can alternatively be written as
Toeplitz+Hankel determinants. We obtain new asymptotics for symbols with
Fisher-Hartwig singularities in cases where some of the singularities merge to-
gether, and for symbols with a gap or an emerging gap. We obtain these
asymptotics by relying on known analogous results in the unitary group and
on asymptotics for associated orthogonal polynomials on the unit circle. As
consequences of our results, we derive asymptotics for gap probabilities in the
Circular Orthogonal and Symplectic Ensembles, and an upper bound for the
global eigenvalue rigidity in the orthogonal ensembles.
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3.1 Introduction

Consider the classical orthogonal group Ox of N x N orthogonal matrices
equipped with the Haar measure, and its components (Dﬁ of N x N orthogo-
nal matrices with determinant equal to +1. If N is even, the eigenvalues of a

matrix M € (DE = O;rn come in complex conjugate pairs e ... eTn with
01,...,0, € [0,7], while a matrix M € Oy = 05, ,, has complex conjugate
pairs of eigenvalues e ... e with 0,...,6, € [0,7], and fixed eigenval-
ues —1 and +1. If N = 2n+1 is odd, a matrix M € OJ{[, has complex conjugate
pairs of eigenvalues e, ... et with 0y,...,6, € [0,7] complemented by
the fixed eigenvalue £1. Due to Weyl’s integration formula, the joint probabil-
ity distributions of the free eigenangles 6y, ...,6, € [0, 7] are given by (see e.g.

[81, p71-72], [123, p76] and [106])

2 n
03, : o H (2cos Oy, —2cosb;)? Hdej,
nl(2m) 1<j<k<n j=1
1 "
Ozp40: ' I_I(Zsinﬁj)2 H (2cos by — 2(:0s19j)2 Hdﬁj,
n.(27r)" j=1 1<j<k<n j=1
J "
(Détn+1 : ' . HQ(l:FCOSHj) H (20080167200503-)2 Hdﬂj.
n'(ZF) ' j=1 1<j<k<n j=1

(3.1.1)
We also mention that the joint probability distribution of the free eigenangles
of a symplectic matrix U € Spao,, distributed with respect to Haar measure is
the same as 05,5 [123, Theorem 3.5]. Our results thus cover all the cases of
the classical groups S0O,, and Sps,, equipped with Haar measure. In all three
above cases, there are n free variables 61,...,6,. We are interested in large n
asymptotics for multiplicative averages of the form

n
(4, %) ._ 0 —i0)
EL )= oy, TL A7) (3.1.2)
where f is an integrable function on the unit circle which we will call the
symbol, and [Eoﬁ denotes the average with respect to (3.1.1). In the notation
at the left hand side, j is the number of fixed eigenvalues, n the number of
free eigenangles, and +1 the determinant of the random matrix M. The 4
admissible values for the pair (j,+) are (0,4),(2,—), (1,+), and (1,—).

It is well understood that such averages can be written as determinants of
matrices of Toeplitz+Hankel type [10, 81]. These determinants can in turn be
expressed either in terms of Hankel determinants with Jacobi-type weights de-
pending on f, or in terms of Toeplitz determinants and orthogonal polynomials
on the unit circle with symbols depending on f, see [69].

Identities relating orthogonal and unitary ensembles. Our approach
will rely on a variant of such existing identities, which is particularly convenient
for asymptotic analysis, and which allows us to write averages over orthogonal
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ensembles of a symbol f in terms of averages over the unitary group Uy of
Haar distributed N x N unitary matrices for the symbol

ge") = f(e") f(e™) (3.1.3)
and related orthogonal polynomials on the unit circle evaluated at +1. Before
stating these identities, let us recall that the eigenvalues e*#1,..., e~ with

©1,..., 9N € [0,27), of a Haar-distributed matrix U from the unitary group Uy
of N x N unitary matrices, often referred to as the Circular Unitary Ensemble
(CUE), have the joint probability distribution

N

1 1pj 1 2

UN : W H |€ #i —€¢k| Hdgﬁj (314)
1<k<j<N j=1

Moreover, averages

N
EX (9] := Eu, det g(U) = Ey,, [ ] g(e"#), (3.1.5)

Jj=1

where g is a non-negative integrable function on the unit circle and where Ey,
denotes the average over the unitary group Uy, can be written via Heine’s
identity as Toeplitz determinants: we have

N—1
Exlg] = det (9;-); =g » (3.1.6)
where g¢,,, is the m-th Fourier coefficient of g,

1 2m

9m = 5 ; g(e)e "™ dt, (3.1.7)

We also need the monic orthogonal polynomials ®5 of degree N on the unit
circle with respect to an integrable weight function g(e®*) > 0, characterized
by the conditions

2m
/ Dy (eM)e *lg(e™)dt = 0 for any integer 0 < k < N. (3.1.8)
0

These polynomials can also be written as determinants

go g-1 - g-nNy1 1

g1 go t g-N42 %

det | 92 9 tt g-N+3 22

N N.N—1 : : : :

det (gj—k Zj)j,k:o gN gN-1 - 91 zN
Pn(z) = N_1 = N_1
det(gj—k)j,kzo det(gj—k)j,k:o

(3.1.9)

In the next result, we express averages over the orthogonal ensembles in terms
of averages over the unitary group and orthogonal polynomials, and this will
be the starting point of our asymptotic analysis later on.
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Proposition 3.1.1. Let f be a function on the unit circle which is such that
g defined by (3.1.3) is non-negative and integrable on [0,2x]. Let @y be the
degree k monic orthogonal polynomial on the unit circle with respect to the
weight g(e®t). Then for all positive integers n,

o[ Bl ]
EQH(f] = _¢2n_1(12)<1>2n_1(1)] 7
EZT[f] = [@20(1)02n(~1ES, [g] e

B0 =

[ B, (1) 1/2
_¢>zn(¢1) g”[g]] '

Asymptotics for averages in orthogonal ensembles. There is a vast lit-
erature on asymptotics for Toeplitz determinants, and large N asymptotics for
(3.1.5)—(3.1.6) are well understood for large classes of complex-valued symbols
g. The most classical result in this context is Szegd’s strong limit theorem,
which states that [136, 96, 103] with g(e*) = ¢¥(¢") and V sufficiently smooth
on the unit circle, as N — oo,

B -~ 1 27 ) )
det (g;_) V! = eNVoe2oiia FVEVor (14 o(1)) with Vj, = — V(et)e*at,

J;k=0 27 Jy

(3.1.11)
More precisely, this holds for any V' such that Y- | k|Vk|? < co. More general
results allow for symbols which vanish on an arc of the unit circle [140] or for
the presence of Fisher-Hartwig singularities, which are combinations of root-
type singularities with jump discontinuities. Such symbols have a long history
[12, 13, 17, 39, 76, 78, 118, 140], and asymptotics for the associated Toeplitz
determinants are now completely understood in the large N limit, as long as
the symbol does not depend on N [69]. In cases where the symbol depends on
N, various interesting transitions in the large N asymptotics can take place,
such as the emergence of a Fisher-Hartwig singularity [142, 61], the emergence
of an arc of vanishing [53, 54], or the merging of Fisher-Hartwig singularities
(62, 77].

Large N asymptotics for the analogues in the orthogonal ensembles (Dﬁ,
namely (3.1.2), are also known for fixed symbols (i.e. independent of N) with
Fisher-Hartwig singularities, see [69, Theorem 1.25] for the most complete re-
sult in this respect and [10, 14, 15, 16] for earlier developments. However, the
picture for averages in O is incomplete because, as far as we know, asymptotics
are not known for symbols vanishing on an arc, and no results are available
about transition asymptotics in situations where either several singularities ap-
proach each other in the large N limit (except for the results from [80] obtained
simultaneously with ours, see Remark 3.2.4 below), or parameters are tuned
in such a way that a gap in the support emerges as N — oco. The objective
in this paper is to complete this task. In order to avoid technical and nota-
tional complications, we restrict ourselves to non-negative real-valued symbols
g, although some of the results could be generalised to complex-valued symbols.
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Outline for the rest of the paper. After stating our main results in Section
3.2, we will prove Proposition 3.1.1 in Section 3.3. In Section 3.4, we will
analyse orthogonal polynomials on the unit circle for symbols with Fisher-
Hartwig singularities, which possibly merge in the large degree limit, and this
will allow us to prove Theorem 3.2.1 and Theorem 3.2.2 below. In Section 3.5,
we will analyse the case of symbols with a gap or an emerging gap, and this
will lead us to the proof of Theorem 3.2.5. In Section 3.6, we will study gap

o+

probabilities and global rigidity of eigenvalues in and prove Theorem

3.2.12.

3.2 Statement of results

3.2.1 Symbols with Fisher-Hartwig singularities

Let V be an analytic function in a neighbourhood of the unit circle which is
real-valued on the unit circle and such that V(e") = V(e™%), and let 0 < ¢; <
e <ty <m,withm € N. Forany j =0,1,...,m,m+ 1, we have parameters
aj > 0 and for any j = 1,...,m we have parameters 3; € iR. We will consider
symbols f such that g given by (3.1.3) is of the form

g(eit) _ ev(eit)|eit _ 1|2a0|eit + 1‘2am+1

m eit Bj e—it \ P y 20 2,
I | (2 271 J (2 —l4 J

% <€i(7r+tj)> (ei(ﬂ+tj)) ‘e - ¢ J’ ‘e -¢€ J’ , (3:2.1)
j=1

where 2% = |z|feP¥8* with —m < argz < m. This is one of the standard
forms of a positive symbol with Fisher-Hartwig singularities, symmetric with
respect to the real line and having singularities at the points e*®, j =1,...,m,
and at the points +1. These singularities are combinations of jump and root
singularities whose nature depends on the parameters «;, ;. For instance, if
we set m =1, qp = a1 = ag = 0, V = 0, then g is piece-wise constant:
g(et) = e 218 for [t| > t; and g(e™) = e~ 2*1P1e2i™0 for |t| < t;. Note that
the symmetry with respect to the real line excludes the possibility of having
jump singularities (with non-zero parameters By, Bm+1) at £1.

If V,m,t;, 0 , B; are independent of N, large N asymptotics for EX[g] =
det (gj,k)?,;io were obtained in [69] (in more general situations where the
symbol is complex and not necessarily symmetric with respect to the real line,
where V' is not necessarily analytic, and where a; > —1/2 is allowed to be
negative). Translating the results from [76] (see also [69] for a more general
result) to our setting, we have

2

2 2 m 2
[Egn[g] — E262’I’LV() (2n)040+06m,+1+2 Zj:1(a.7'76.7')(1 +0(1)), (322)
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as n — oo, with E given by

1 +oo 2 9, m . m _9omi ) ] m 3.
E =e2 Zk:l kEVy 621 Zj:l @ Zk:l t’“B’“e 27”21§j<k§m O‘Jﬁ’“e m Zj:l ;B

2 2i8; S Vi sin kt;

x ﬁ |G(L+ o + By)[2 3% 25y Vesinkts |25int, |+

L G(1+2a) ei(V(25)=Vo) !

j=

2(BjBr—aja) —2(B;Br+ajak)
t; — ty | ty+t 1Pk

X H QSinu 2sing

1<j<k<m

) m ) m
9T @0%m ez(a0+am+1) Z_j:l tihB; e o Zj:l Bi

GO+ 040)1 o~ hao(v(-vy) G+ am+1)l o= am i (V(=1)=Vp)
G(1—|—2a0)§ G(1+2am+1)§

m —20mt1Q;
<11
j=1

—2apa;

t,
2sin -2
Sln2

2 cos 2
cos -

(3.2.3)
where G is Barnes’s G function. It follows from the techniques used in [69] that
these asymptotics are valid uniformly for « in compact subsets of (—1/2,00), 8
in compact subsets of iR, and as long as the distance between the singularities
et remains bounded from below.

One possible choice of f leading through (3.1.3) to (3.2.1) is the positive
square root of g, namely

fet) = e%V(e“)|e“ — 1|0l 4 1|¥m+r
m eit Bj/2 it Bj/2 ! e .
it ity | X5 | it —1 3J
8 H(M) (e<+t>> e — et [T e’ — e ML (3.2.4)
j=1

The following result, which we will prove in Section 3.4, describes the large n
asymptotics of (3.1.2), in terms of (3.1.5), in the case of a symbol with Fisher-
Hartwig singularities, and holds uniformly in the position of the singularities,
as long as they do not approach +1 too fast as n — oc.

Theorem 3.2.1. Let m € N, 0 < ¢, < ... < t,, < 7, a; > 0 forj =
0,....,m+1, 3 €iR forj=1,...,m, and let V be analytic in a neighbourhood
of the unit circle, real-valued on the unit circle and such that V (e't) = V(e™%),
with Laurent series V(z) = > 70 VizF and Vi, = V_j, € R. Let f be such that
g is of the form (3.2.1). There exists M > 0 such that as n — oo, uniformly

z'ntheregion%<t1<...<tm<7r—%, we have

£0 0111 = G (E5ll) (140 (o)),

nmin{t;, 7 — t;,}

ECf] = ¢t (EY, [g)? (1 +0 (nmin{tiw — tm})> . (325)
EL[f) = O (ES,[g) (1 +0 (nmm{tiﬂ - tm}>) :
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where

1
aot+m+1 bl
c, = ARSI (1 I ao) ( I am+1) V)V (-1 -2V0)

aotamil

n= 2 /7
m
H { 2sint;) e —iBjtj T BJ} )

Jj=

1 m Cw
F( +ao)? =1

—

In the case where m, the positions of the singularities ¢;, and the values of
the parameters «;, 8; are independent of n, we can write the above results in
a more explicit form by substituting (3.2.2)—(3.2.3). This yields

QD[] = €, BemVo (2n) @0+ om0 (1 o(1)),
EE)[f] = € Beno (2n) T PRLIL T (1 o(1)),  (3:27)
[Esll,:t)[f] _ éflEe"V" (2n)(ag+a72n+1)/2+22n:1(a?—ﬁ?)(1 + 0(1>)

Here, we recover [69, Theorem 1.25] in the case of a positive symbol f (to see
this, one needs to use the doubling formula for Barnes’ G-function, see [69,
formula (2.39)]).

Let us now consider in more detail the situation where the positions of
the Fisher-Hartwig singularities are allowed to vary with n. This includes in
particular situations where singularities merge in the large n limit or converge
to £1. For notational convenience, we now set g = a1 = 0 in (3.1.3),
but one should note that we can do this without loss of generality because
we will now allow ¢; = 0 and ¢, = m. Although we expect (3.2.7) to hold
whenever the distance between singularities decays slower than 1/n, the main
obstacle to prove this, is that strong asymptotics (including the value of the
multiplicative constant) for £, [g] have not been established, except for m = 1
[62], when they are related to the Painlevé V equation. Weak asymptotics,
without explicit value for the multiplicative constant, have been obtained in
general [77]. The result of [77] translated to our setting is

™ (202-282) T 1\ 2520
EY, [g) = F2e2"V0 (2n) 2172 T (sintj + n) D (3.2.8)
j=1

as n — oo, uniformly for 0 < ¢; < ... < t, < m, with

1 2(ajar—B;Br) 1 2(ajar+B;Pk)
F = _ _— .
1§j1<_£§m (Si g ) (Sm M i)

(3.2.9)
We can substitute this in (3.2.5) to obtain weak large n asymptotics for the
averages [ng’i)[f}, uniformly for %[ <t < ...<ty <m—= but we can
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moreover extend this to cases where t; < % or t,, > m— % This is the

content of our next result, which we will also prove in Section 3.4.

Theorem 3.2.2. Let m €¢ N, 0 < t; < ... < ty, <7, a9 = apy1 = 0,
o; >0, B; €iR for j=1,...,m, and let V be analytic in a neighbourhood of
the unit circle, real-valued on the unit circle and such that V(e) = V(e™%),
with Laurent series V(z) = Z;i_oo Viz® and Vi, = V_i, € R. Let f be such
that g is of the form (3.2.1). Then we have uniformly over the entire region
O<ti <...<ty <m, asn — o0,

m aj ajfﬁ?
ECH[f] = Fen'o H n; 5 <sin t; + > x M),
n
j=1
m —a;j—a’-p2
1 7 J J
[Eg’*)[f} = Fe"o H n® B3 <sintj + > x %),
n
j=1

2 2 2 2
m s 1 :Fajfajfﬂj t: 1 :tajfajfﬁj
ESH[f] = Fer'o jl:[lno‘?_ﬁ? <sin 5] + n) (cos 5] + n>

(3.2.10)
with F given by (3.2.9). Here e denotes a function which is uniformly
bounded and bounded away from 0 as n — oco. These results are also uniform
for a; and B; in compact subsets of [0,+00) and iR respectively.

Remark 3.2.3. The factors sint; + % have to be interpreted as follows: when-
ever t; does not converge too rapidly to 0 or m as n — o0, the sine is the
dominant term; ift; — 0 ort; — 7 as n — oo with speed of convergence faster
than %, the term % will be dominant. Similarly for the factors sin % —&—% as

t; 1
t; —0 andcongrE ast; — m.

Remark 3.2.4. As mentioned before, one of the problems in determining the
explicit value of the e©M) factor lies in the asymptotics for EY[g], which are
known only up to a multiplicative constant as n — oo. In the case m = 1
where we have only two singularities, this multiplicative constant can be evalu-
ated explicitly in terms of quantities related to a solution of the fifth Painlevé
equation [62]. Simultaneously with this work, Forkel and Keating [80] eval-
uated the e factor in (3.2.10) explicitly in terms of the same Painlevé V
solution when m = 2, as long as the singularities e e*"2 do not approach
+1. When there are more than two singularities approaching each other, one
might expect a multiplicative constant connected to a generalisation of the fifth
Painlevé equation, but the problem of evaluating the constant remains open.

3.2.2 Symbols with a gap or an emerging gap

Next, we take s > 0 and tg € (0, 7). We consider symbols f such that g, defined
by (3.1.3), is of the form

, 1 for0<|t| <t
glett) = V() or 0 < [t] < to, (3.2.11)
s fortg < Jt| <,
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and suppose that V is, as before, real on the unit circle, and analytic in a
neighbourhood of the unit circle. Note that in view of (3.1.3), we have V (e®*) =
V(e~™). For s > 0 fixed, this is (up to a multiplicative constant) a special case
of a symbol with two Fisher-Hartwig singularities (m = 1, a; = 0). However,
the limit s — 0 corresponds to 81 — —ioo, and the results stated before do not
remain valid in this limit. To state our results, we need the Fourier coefficients
V). of the function

‘7(6“) — V(62iarcsin(sin%0sin%)). (3212)

In the cases where either s = 0, or s depends on N and s — 0 sufficiently fast

as N — oo, such that s < (tan tz")zN, asymptotics for [E%[g] were obtained in
[55, Theorem 1.1]:

tO)N2 N\7D+Z k:AVik/\\/:k ( t
2

—1/4
[E%[g] =N-/4 (sin 5 e k=1 cos 0) o1 log2+3¢" (—1)
x (1+o0(1)),

as N — oco. Setting N = 2n, we have

4\ 4n° 2n%+i KV V_y, p\ VA /
[Egn l9] = (271)71/4 (sin 20> e k=1 (COS 20) o1z log2+3¢ (-1)
x (14 0(1)),
(3.2.13)
as n — oo with either s = 0 or s — 0 sufficiently fast such that s < (tan %0)4”

This result is moreover valid uniformly as tg — 7, as long as n(m — tg) — .
We also need the function

h(z) / (CV(C)dC , where h(C) — ((C_ eito)(c_ efito))l/Z7

S €= z)h(C)
(3.2.14)

where v denotes the counter-clockwise oriented circular arc going from e~*° to
e and passing through 1, and where h is determined by the conditions that
it has a branch cut along the complementary circular arc going from e’ to
e~ and passing through —1, and that it is asymptotic to ¢ for large {. We
will need in particular the values

z—(—1)_ i

-

b-(-0i= i, 66 = | = (ci(%i%o ’

2mi h

which are both positive. We will prove the following in Section 3.5.
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Theorem 3.2.5. Letty € (0,7), let V' be real-valued on the unit circle, analytic
in a neighbourhood of the unit circle and such that V(e'*) = V(e=%). Let f be
such that g is of the form (3.2.11). Then, as n — oo, uniformly with respect to

4
0<s< (tan %‘)) n, we have

EQD[f] = Coly (ES,lg)) " (1 +0(1)),
EE(f) = Can (Eula))"” (14 0(1), (3:2.15)
ECH[f] = Gl (EY,[9]) % (1 + o(1)),

where

n 3n—1 1/2
_ g2 (g to to —1vy9-(=1)
Copn_1=2 (sm4> (cos4) S
3n+1
1 §_(—1)1/?
= 92ntg — v/
Copn =2 (Sln > ( ) 3o0) (3.2.16)

Gy = 2t ()" )
2n — cos t;f (5_(— )1/2.

These asymptotics are also valid as tog — m in such a way that n(m —tg) — oo.
The o(1) terms can be written as O((n(m—to)) 1+ (n(r—t)) =Y/ s(tan L) =4m).

Using the known asymptotics for ES) [g] given by (3.2.13), we can write the
above results in a more explicit form:

[[(O,-&-)[ﬂ _ 281V (1) 5(c0) e3¢/ (-1) e%z:’ A )

0_(—1) (sin t;)% (cos o )1/8

-1 to 2%2—71-"‘% n\70

n~s (sin €

g ™ o),
(1+conty)

E@)[f] = 26e3¢ (=1 cos lo \/—e2zk RO y

eZV(l) §(c0) (cos 5)1/8

L ¢ 2n2+n n n -
n-s (sin 20> (1 + cos 2O> " (1 4 o(1)),

9} o3¢ FIVWE XL Vg (_1)71/2

1/8
t20)/

¢ 2n%+n ¢ Fn
(sin 20) (1 + cos 20> e (1 +o(1)),

where ( is Riemann’s zeta function.

ELHIf] = 1
213 (cos

n

ool
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3.2.3 Gap probabilities and global rigidity

The above results can be used to compute asymptotics for gap probabilities and

generating functions in (D%j %) and also in the Circular Orthogonal Ensemble
(COE) and in the Circular Symplectic Ensemble (CSE). These have the joint
probability distributions [81, Proposition 2.8.7]

N
1 ip; idr
CBEy : Pl IT e =) Hldqu, (3.2.17)
i

N 1<k<j<N

with the normalization constant

~T(BN/241)
rp/2+1)°

where 8 = 1 for the COE, and 8 = 4 for the CSE. Recall from (3.1.4) that
B = 2 corresponds to the CUE. Define the piecewise constant symbol

Z¥ = (2r) (3.2.18)

. s, 0< |t| <ty
Sef)y=7 T =T 3.2.19
Gio.s(€") {1, to < [t| < . ( )

The average
N

B (to; 5) = Ecppy [ ] gro.s(e’®)
j=1

over (3.2.17) is the generating function for occupancy numbers of the arc be-
tween e and e~*° passing through 1, in the sense that

N
Ej[g] (to;s) = Z s™Pcpry (there are exactly m eigenangles in [—t, to]) -

m=0

Equivalently, for s € (0,1), EJ[\?] (to; s) is the probability that the thinned CSE y,
obtained by removing each eigenvalue independently with probability s, has no
eigenangles in [—tg, to]. Similarly, if we define

1, to <t <2m,

(3.2.20)
5, 0<t< th

ftoys(eit) - {

we have the following identity in the orthogonal ensembles,

ET(Lj,i) to:8) = [EsLj,i) Fros] = s"P o+
(t0: 5) [feo.s] mz_:o of,., (3.2.21)

(there are exactly m eigenangles in (0,%)) .

Equivalently, for s € (0,1), Er(lj’i)(to,s) is the probability that the thinned

orthogonal ensemble (D,(lj ’i), obtained by removing each free eigenangle 0, k =
1,...,n independently with probability s, has no eigenvalues in (0,%y). The
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following identities relate the COE and CSE generating functions to those of
the orthogonal ensembles (Df,, see [25, 26]:

SE,(Abz’f)(to; s?) + E(O’H(to; s?)

(1] . _ n+1
E2n+1(t0a s) = 1+ )
Wy oy SE (o3 82) + BR T (t0; 52) (3.2.22)
EQn(tOvS)_ 1+s 5

1
Ef(t; 5) = > (Er(Ll’Jr) (to; s) + Eél’f)(t0;5)> :

To compute asymptotics for the right hand sides of the expressions in the case
where s = 0, we can apply Theorem 3.2.5 in the case V=0 and s = 0.

In Section 3.6.1, we will show that this yields asymptotics for the (Dﬁ7 COE
and CSE gap probabilities which correspond to s = 0. Asymptotics for similar
averages were established in [26] in the microscopic regime where tg is of the
order of 1/n. For tg — 0 at a slower rate, these asymptotics are new to the
best of our knowledge.

Corollary 3.2.6. Let tg € (0,7). As n — oo, with fized ty or with tg — 0 in
such a way that ntg — +o00,

B (16:0) = 77D (

where 1 = n—i—% and ef = 14f+1 is a fized eigenvalue of O;LH and e;t =-1
otherwise. In other words, Ear =-1, ef =1l,¢ =-1,¢ =1

Moreover, as N — oo and to € (0,7) is either fized or tends to 0 in such a way
that Ntg — oo, we have

1+sink

to 2 o\ 72
EN (t9;0) = 271¢3¢ (-1 ( ° 2 ) (cos 3) (1+o(1)),
2

sin Lo N cos 2
Lt ) (€53) 1 4o,

cosP /) (Nsinl)®

Ej[é} (t0;0) = 27 53¢ (-1) <
2

Remark 3.2.7. We can compare these results with the corresponding result in
the CUE, which reads [140]

2] e (cos )™
By (t;0) = 212 (D 22 (1 + o(1)).
(Nsin )7
To compute asymptotics for the right hand sides of (3.2.22) in the case
where s > 0 is fixed, we can apply Theorem 3.2.1 and [62]. Through (3.2.22),
this yields asymptotics for the generating functions/gap probabilities in the
thinned COE and thinned CSE, which we prove in Section 3.6.2.
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Corollary 3.2.8. Asn =n+ % — 00, with to € (0,7) fized or such that
ntog — oo, and with e;t as above,

EY®) (to;5) = s~ 1

1 2 og?s a
G<1+ ggis)‘ (47 sinto) 57" 5™ (1 4+ o(1)).
e

Moreover, as N — +oo with tg € (0,7) fized or such that Nty — oo, we have

2 3 1 2 log? s t

B tois) = |6 (1457 )| @ sinan) "5 1+ o),
1+s2 log s og? s

B (to;s) = —— G<1+ g,)‘ (4N sinto) 57 5™ (1 + o(1)).
251 2m

Remark 3.2.9. The above results should be compared to the CUE analogue
(see Section 3.6.2)

log”® s

1 2
Bt = [o (14 52| v 5 21 4ot

T

Finally we can use Theorem 3.2.2 to obtain weak uniform asymptotics for
the generating functions when s > 0, see Section 3.6.2 for the proof of this
result.

Corollary 3.2.10. Uniformly for to € [0,7], s in compact sets of (0, +00), as
n — 0o:

. log?2s nt
E&JF‘:) (t()a 5) — (n sin to —+ 1) Air S 7\'0 eo(l)

hence for B =1,4, as N — oo,

log? s ‘
EJ[@] (to;s) = (Nsintg + 1) =2 g0

Remark 3.2.11. The above result also holds for 5 = 2, see [62] for an expres-
sion of the multiplicative constant.

The previous corollary allows us to derive global rigidity estimates for the
ordered eigenangles 0 < 6; < ... < 6, < 7 in the orthogonal ensembles
03,03, 42, 0z, 41- Given the joint probability distribution of the eigenvalues
(3.1.1) which implies that the eigenvalues repel each other, we can expect that
in a typical situation, the eigenangles are distributed in a rather regular way,
in other words we can expect that 6; will typically lie not too far from the
deterministic value %ﬂ We can also expect that the counting function N ),
counting the number of eigenangles in (0,t) for ¢ < 7, will behave to leading

order typically like ”—t. We prove the following in Section 3.6.3.
Theorem 3.2.12. In the ensembles 03,03, ., (D;H_l, we have for any e >0

I
mk < (14 OTgLn) =1,

O — | <
n

lim [P( rrl1ax

n—-+00 k=1,...,n
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and

t
lim P | sup [Ny — L
T

n—r+oo (tE(O,'fr)

1
< ( —l—e) logn) =1.
7

Remark 3.2.13. These results should be compared to concentration inequal-
ities in [123, Section 5.4], which yield probabilistic bounds for |N(07t - "?t|
rather than for its supremum, and to global rigidity results in the CBE [3, 49,
113] (see in particular Corollary 1.3 of [115]) and the sine 8 process [93]. The
method that we use to prove this result is based on a bound for the first expo-
nential moment of the eigenvalue counting function, and this does not allow to
get a complementary lower bound for the mazimum and supremum. The ques-
tion of sharpness of the upper bound is closely related to the theory of Gaussian
multiplicative chaos, see e.g. [3, 18, 159] in general and [80] in this specific
situation.

3.2.4 Possible generalisations

Apart from the positive symbols with Fisher-Hartwig singularities and the
symbols with a gap or emerging gap, there are other types of symbols for
which Toeplitz determinant asymptotics are known, and for which one could
use Proposition 3.1.1 in order to generalise them to the orthogonal ensembles.
One could for instance consider complex-valued symbols or non-analytic sym-
bols with Fisher-Hartwig singularities and apply the results from [69]. Another
example consists of a situation where a symbol is smooth but depends on n
and develops a Fisher-Hartwig singularity in the limit n — oo, as considered
in [61]. In this case, like in the case m = 1 of Theorem 3.2.2, it is also possible
to evaluate the multiplicative constant in the asymptotic expansion in terms of
solutions to the Painlevé V equation. Yet another example consists of symbols
with a gap, but with an additional Fisher-Hartwig singularity inside the gap,
as considered in [143]. This situation is related to a system of coupled Painlevé
V equations.

In principle, the results from Theorem 3.2.2 can also be applied to de-
rive asymptotics for moments of moments of characteristic polynomials in the
orthogonal ensembles, which can be written as multiple integrals of the mul-
tiplicative averages we are considering in Theorem 3.2.2, in the special case
where all 3;’s vanish and where all a;’s are equal. The moments of moments
are of interest because they reveal some of the statistics of the extrema of char-
acteristic polynomials. In the case of the unitary group, their asymptotics were
conjectured in [83] and later proved in [62] in the case of two singularities, and
in [77] in general. Both for unitary and orthogonal ensembles, these moments
of moments have been evaluated exactly in terms of symmetric functions in
[11, 5] for «; integer. It would be interesting to see if Theorem 3.2.2 can be
used to generalise the asymptotics to any o; > 0.
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3.3 Proof of Proposition 3.1.1

Given a real-valued integrable function f on the unit circle, define the symbol
g(et) = f(e) f(e~), symmetric with respect to complex conjugation of the
variable, and define its Fourier coefficients as in (3.1.7). It is known that the
averages (3.1.2) can be written as determinants of Toeplitz+Hankel matrices.
More precisely, we have (see e.g. [10, theorem 2.2], [81, p212], or [103]) for all
n €N,

2
E7[f] = det (g -k — gjsni2) ) nio s (3.3.1)
d

n—1
[Eg,i) [f] = det, (gj—k: F gj+lc+1)j,k=0 )

Moreover, there exist identities expressing products of two Toeplitz+Hankel
determinants as a Toeplitz determinant ([141], [10, Corollary 2.4], or [81, p211])

2n—1
[Eg)n [9} = det (gj—k)jj;;:o
n—1 n—1
= det (gj—k — gj+h+1); gm0 A€t (gj—k + Gjtrt1)j 120 -
[Egn—o—l[g} = det (gj—k)j’k:() ( )

1 -1
= 5 det (gj—r + gj+k)j o At (91 — i+hr2)j o

We would like to invert such factorizations, and write a single Toeplitz+Hankel
determinant in terms of a Toeplitz determinant. To that end, we need in
addition analogues of the above identities, but with slightly different products
of Toeplitz+Hankel determinants at the right. As above, let ® be the degree
N monic orthogonal polynomial associated with the symbol g.

Proposition 3.3.1.

Do (1) det (g 1)1y =

—1 —1
det (gj—x — gj+k+2)?’k:0 det (gj—r F gj+k+1)?,k:o )
opq1(£1) det (gjfk)iz:o =

~1
£ det (gj—k F gj+h+1); po det (Gj—k — Gjth+2)] 1o -

(3.3.3)

Proof. The representation of the monic orthogonal polynomials in terms of the
determinant (3.1.9) yields

_ \N.N-1
Py (1) det(gj*k?);\,[k Lo = det (gj- (:t1>j)j,k:0

Setting N = 2n and subtracting the (2n — j)-th row from the j-th row of the
matrix at the right hand side for j = 0,...,n — 1, we obtain
(Gj—k — Gon—ji) pea (0)7 72y
®op (£1) det(gj—x) T4 = det 201 Lm0
I (gn+jfk);‘l,k:0 ((il)n+])j)k:0
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Then, adding the (2n — k)-th column to the k-th column for k = n,...,2n — 1
and dividing by two to take into account the case k = n, we get (g being
symmetric, we have g, = g_m)

Dy, (+1) det(g;—k) T4t
—1n-1 “1,n—1 —~1,0
1 det (gj—k — gznfjfk)?)k:g (O)Zk:(? (O)Zk:o
=35 n—1 n—1 i\ 1,0
2 (9n+i—1) ko (gj—k + gi+k) ey ((FED)™) 50,

This yields
By, (£1) det(g;1) 7
1 n— n,n—1 n+4qi\ 70
= 5 det(g;—x — Gitkt2);pto det ((gjfk +gik)insy  ((£FD) +J)j,k:0> :

Adding or subtracting the (j+ 1)-th row from the j-th for j =0,...,n—1, and
then expanding with respect to the last column, we end up with

n,n—1 n+44i\ 70
det ((gjfk +giek)insy  ((£1) +]>M:0)
n—1
= det (gj—k + gj+k F (gj—k+1 + 9j+k+1))j7k=0 .

For the first identity in (3.3.3), it remains to prove that the second determinant
at the right hand side in the above formula is equal to det(g;_x 4:9j+k+1);;i0-
To see this, it suffices in the latter matrix to subtract or add the (k — 1)-th
column from the k-th for kK =1,...,n — 1, and to multiply the first column by
2. This indeed gives

_ 1 _
det(gj—k F gj+h+1)]nao = 5 det(g—k F gjrrsr F (-1 F 95+1)) hsos

thus proving the first identity. For the second, one proceeds similarly by sub-
tracting or adding the (2n + 1 — j)-th row from the j-th for j = 0,...,n,
and then adding or subtracting the (2n + 1 — k)-th column from the k-th
fork=n+1,...,2n, leading to

Popy1(£1) det(gjfk)?,rfc:o

n n,n—1 n i\
= det(gj—k F gj+k+1)]p—o det ((gj—k £ Girt1)f s ((£1) Hﬂ)j:O) .

As before, subtracting or adding the next row to each row except the last one,
and then expanding with respect to the last column, we get

n,n—1 n i\ T
det ((gj—k £ gjhi1)jre ((F1) +1ﬂ)jzo)
= £ det(gj—r = gjrat1 F (9j—k+1 £ gjrat2)) ] hmo-
Also similarly as before, we have

det(gj—k — Gihr2)rmo = det(gi—k — Gjtrrz F (G—kt1 — Girht1) nsos

and the two above equations allow us to conclude the proof. O
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We can now combine the factorizations (3.3.2) and (3.3.3) to obtain

2
1 n—1 1 2n—1
—det (g,;_ ; . = det(g:_r)5"
(2 et (9 k+g]+k)j’k_0> —Pop—1(—1)P2n-1(1) eU95-) im0
2
(det (9j—k — gj+k+2);;i0) = Bg (1)@ (—1) det(g; 1) 340, (3.3.4)

N2 (Do (=D
1 2 2n—1
(det (95—k igj+k+1)2k:0> = (<I>;(1)) det(gj—k)jffg:o-

To prove Theorem 3.1.1, it then suffices to use (3.3.1) and to note that since
g is non-negative, the zeros of the orthogonal polynomials are symmetric with
respect to the real line and lie inside the unit disk, hence the right hand sides
of (3.3.4) are positive.

3.4 Symbols with Fisher-Hartwig singularities

In this section, we let, as in Theorem 3.2.1 and Theorem 3.2.2, V' be an analytic
function in a neighbourhood of the unit circle, real-valued on the unit circle
and such that V(e®) = V(e~®), with Fourier coefficients V;, = V_; € R, and
welet meN,0<t; <...<t, <m and forany j =1,...,m, o; > 0 and
B; € iR. Then we let g be of the form (3.2.1). This is a positive symbol with
2m + 2 Fisher-Hartwig singularities et and +1.

In order to prove Theorem 3.2.1 and Theorem 3.2.2, by Proposition 3.1.1,
we need to obtain asymptotics for the orthogonal polynomials ® (1), with
N =2nand N =2n — 1.

3.4.1 Asymptotics for ®x(+1)

The large N asymptotics for ® 5 (£1) are not readily available in the literature,
but can be computed using the RH analysis from [77], which was inspired by the
analysis of [69]. Both those RH methods are based on an asymptotic analysis
of the function

b d
Y(z) = 2 1 3.4.1
_ _ — _ Dy _ d :
,X?V_lzN I(I)N—l(z 1) 9;:7 1 f N 15(((_25)7(4) ¢

where Y32, = & fo% ‘<I>N,1(eit)‘2 g(ett)dt and C is the unit circle. This is the
standard solution of the following RH problem for orthogonal polynomials on
the unit circle [79].

RH problem for Y

(a) Y is analytic in C\C, where the unit circle C is oriented counter-clockwise.

(b) Y has continuous boundary values Yy as z € C\ {#1,e*®1 ... etitm} is
approached from inside (+) or outside (—) the unit circle, and they are

related by Y. (2) = Y_(z) <(1) Zng(Z)> .
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(c) Y(2) = (I +0(z71))zN78 as z — 0o, where 03 = (é _01>

If one imposes moreover suitable conditions near the points 41, et the so-
lution to the above RH problem is unique, and one can derive asymptotics for
it as N — oo using the Deift/Zhou steepest descent method [72].

In the following result, we restrict ourselves to symbols g of the form (3.1.3)
with g = 41 = 0, i.e. the case where there are no Fisher-Hartwig singular-
ities at the points £1, in the region needed for Theorem 3.2.1.

Proposition 3.4.1. Let g be of the form (3.2.1) with ag = @1 = 0. Define
uy =t and u_ =7 —t,,. We have

m —2a;
Pn(1) = ez(Vo=V(1) H (2 sin t2]> e'tiPig=imB; (1 + O <N1 >>
Ut

j=1

m —2a; )
(1) = (=1)Nez(Vo=VI(=1) H (2 cos 2) e'tibi <1 +0 (Ni))

j=1

(3.4.2)
as N — oo, uniformly over the region M/N < t; < ...<ty, <7 — M/N with
M > 0 sufficiently large, and uniformly for o and B; in compact subsets of
[0, 4+00) and iR respectively.
Proof. The analysis in [77] is based on partitioning the 2m singularities e** in
different clusters. To do this, let us define for any 0 < M7 < M, the clustering
condition (M, Ma, N) as follows. We say that clustering condition (M7, Ma, N)
is satisfied if the set A = {t1,...,tm,—t1,..., —t;,m} can be partitioned into
£ < 2m clusters Ay, ..., Ay such that the following holds:

(a) for any two values z,y € A belonging to the same cluster Ay, we have
|z—y| < My/N or ||z — y| — 2r| < M7 /N, which means that singularities
corresponding to the same cluster approach each other fast enough as
N — oo,

(b) for any two values z,y € A belonging to a different cluster, we have |z —
y| > My/N and ||z — y| — 27| > My/N, which means that singularities
corresponding to different clusters do not approach each other too fast as
N — oo.

Note that any clustering condition is trivially satisfied if m = 0. Observe
also that different values of M; may lead to a different number of clusters ¢.
Indeed, one cluster corresponding to a bigger value of M; may consist of the
union of several clusters corresponding to a smaller value of M;. Given M; > 0,
partition the t;’s in £ = ¢(M;) clusters A; as above, and define

My, My, N) := i - 3.4.3
(M, Mz, N) zeAkglé%j,#k'x yl, (3.4.3)

i.e. w(My, My, N) is the minimal distance between arguments belonging to dif-
ferent clusters. Next, define arguments #1,...,%,, also depending on M; and
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N, where fj is the average of the arguments ¢, belonging to the cluster A;.
Under the clustering condition (M;, Ms, N) and if in addition M > Ms/2 and
My > 3M,, we have

M, M
3M, WZSM(Ml,Mg,N)gm&. (3.4.4)

The RH analysis in [77] (which is inspired by the one from [69]) consists of
explicit transformations
Y—T—S— R,

where Y is given by (3.4.1), such that in particular we have Y11(2) = ®n(2).
The transformations Y +— T and T — S are similar as in [69] and are fairly
standard; the transformation S — R consists of constructing local parametrices
P in disks U; of radius u(M;, M2, N)/3 around each of the points e’’s for
j=1,...,¢ and a global parametrix P> elsewhere in the complex plane. By
(3.4.4), every singularity e*®* is contained in one of the disjoint disks U, and
the points £1 are not contained in such a disk. Therefore, we do not need the
precise form of the local parametrices.
Let us list more details about each of these transformations.

Step 1. Define
Y(z2), z| <1,
= [YE H
Y(z2)z 5. |zl > 1.

Step 2. Define

1 0
T N ,  when |z| > 1 is inside the lenses,
27 Vg(z) 1
S(z) = 1 0 o
T(z) N o1 , when |z| < 1 is inside the lenses,
—27g(2)7 1
T(z), when z outside the lenses,

where g is the analytic extension of ¢ defined in (3.2.1) to the interior parts of
the lenses, see Figure 3.1 for the shape of the lenses and [69, Section 4] or [77,
Section 6] for an explicit expression of this analytic continuation.

Step 3. Define

0o —1
R(Z) — S(Z)P (Zzl y R € C \ (U] uj)v
S(z)Pj(z)~", z€l;.
Here P is the global parametriz and P;’s are local parametrices. We will
not need their general expressions, but we will need the value of the global
parametrix evaluated at z = +14, which is defined in (3.4.6) below.

For z — 14 or z — —1_, the transformations Y — T +— S — R imply (see
[77, formulas (70), (75), (78), (83)])

Yip (1) = Tyy (£15) (£150)N = (£10)V 1 (1) — f(+14)  S1a(£12)
= (£10)N(RP™) 11 (£11) — f(£1)"H(RP™®)1o(£11), (3.4.5)
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X\

z2 21

Z2 z1

N

Figure 3.1: Opening of lenses in the case of 4 singularities z1, 271, 22,23 parti-
tioned into four clusters.

where (see [77, formulas (79) and (72)])

-1 k m . —a)o . —Bi—a;)o
Poo(ili) — 6_ Zk:7x Vi (£1)% 03 H (1 :Feztj)(ﬂy )03 (1 F efztj)( Bj i)os ,
j=1
(3.4.6)
with the principal branch of the roots.
The final conclusion of the RH analysis in [77] is the following: for any My >

0, then for large enough My > 0, we have R(z) =1+ O (m),

formly in z as N — oo, and uniformly under clustering condition (M, Ms, N).
Let us now choose any value of M; > 0, and let My > 3M; be a con-
stant induced by the above statement, i.e. let My = Ms(M;) be such that

R(z2)=1+0 (m), uniformly in z as N — oo under clustering
condition (Ml, Mg, N)

Next, we iterate by defining M3 = M3(Ms) > 3M> as some value such that
(noting that u(Ms, N) > u(Mq, N))

uni-

1

R(z)—I+O<W> _I+O<W)’

uniformly in z and under clustering condition (My, M3, N) as N — co. We iter-
ate this procedure, which allows us to deduce that R(z) = I+0O (
uniformly as N — oo under the m disjoint clustering conditions

1
Nu(My,Mz,N) )

(M15M27N)3 (M27M3aN)7 cety (MWHMm-‘rl)a
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for some increasing sequence M < ... < My, 41.

We now take M > M,,4+1/2 and claim that for any configuration of ¢;’s such
that M/N < t; < ... <ty < 7m — M/N and for sufficiently large N, at least
one of the m above clustering conditions hold. By contraposition, if this were
false, there would be for any k = 1,...,m a different value jx € {1,...,m—1}
such that

My /N < tj 41— tj, < Myy1/N,
since to, ™ — ty > Mp+1/(2N). This yields a contradiction by the pigeonhole
principle. We can conclude that we have the uniform bound R(z) = I +
o (m) as N — oo, where we recall that the constant M; > 0 was

arbitrary, but its value has an influence on how large M needs to be.
This estimate is weaker than the one needed for (3.4.2), but we know in
addition from [77, formulas (84)—(85), (86), and (89)] that

IRG) - 1) < o “D g

, (3.4.7)

zZ— S8

where A(s) is a matrix-valued function (the jump matrix), and ¥ is the jump
contour consisting of the circles oy, ...,0Uy, and 2¢ arcs connecting neigh-
bouring circles by one arc inside and one arc outside the unit circle. On 90U,
we have the uniform bound A(s) — I = O(m) as N — oo, on the
arcs inside (+) or outside (—) we have A(s) — I = O(|s|*") as N — oo. Sub-
stituting this in (3.4.7) and setting z = +1, we obtain after straightforward
estimates the uniform bound
1

Finally, after all these preparations, the result (3.4.2) follows upon substituting
the asymptotics for R(£1) and (3.4.6) in (3.4.5). O

We will now extend the above result to ag, a1 > 0 in (3.2.1).

Proposition 3.4.2. Writing uy =t; and u_ = 7 — t,,,, we have
m —2a;
_ 3 (Vo—V (1) VAN t; T it By —imB;
Py (1) = ez 22ao+am+11" 040 -|- 1;[ 2sin 2 € c

(eolsi))

N am m N\ —2q5
@N(—l):e%(v‘)_v(_l)) CL) g H<2005> ]e“jﬁj

220m1teo T (qyp,4q _|_ e
1
1+0 ;

(3.4.8)
as N — oo, uniformly over the region M/N < t1 < ...<ty, <7 — M/N with
M > 0 sufficiently large, and uniformly for o; and ; in compact subsets of
[0, +00) and iR respectively.
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Proof. We again follow the RH analysis from [77] to prove this, the main dif-
ference with the proof of Proposition 3.4.1 being that the RH solution at the
points +1 is now approximated in terms of a local parametrix instead of the
global parametrix.

Let Uy be a disk with radius %, centred at £1. The RH analysis from [77]
requires to construct a local parametrix in ¢;. We now have, because of the
explicit transformations Y — T +— S +— R in [77], the identities

Yip(£1) = Toa (£12) (1)Y= (£14) VS (£12) — g(£11) 7 Sia(£14)
= (£12)V(RPF) 11 (£11) — g(£1) " H(RPF)12(£1), (3.4.9)

where g(£1) is the boundary value of ¢ when coming from the region inside
the lenses in the upper half plane, where P* is the local parametrix defined
in Uy, and where R is uniformly close to I as N — oo. In order to obtain
large N asymptotics for @ n(+1), we need to substitute the exact formula for
P* and the large N asymptotics for R. These computations have been done
in [69, Section 7] (see in particular equations (7.23)—(7.26) in that paper, and
note the different notations 8; — —8; and ag — 20 + %, Qi1 > 20041 + %),
for the convenience of the reader we sketch these computations here, restricting
ourselves to the situation in U, as the case U_ is similar, and also restricting
ourselves for simplicity to ag ¢ Z. The local parametrix P+ then takes the
form

PH(z) = B(2)W(((2)g(z)” 7 2~ Noo/2, (3.4.10)

where ((z) = Nlogz, where ¥(({) is the solution to a model RH problem
(depending on ayg, see [69, Section 4.1]) whose solution can be constructed
out of confluent hypergeometric functions which in the case Sy = 0 at hand
degenerate to Bessel functions, and where F is a function analytic at +1. E(z)
and ¥(¢) can be found explicitly in formulas (4.25), (4.32) and (4.50) of [69].
We have

. 23 Noga/2 0 eQﬂ'iaj
B =P 2 (S )

where P> behaves close to 1, outside the unit circle, in the following way (see
[77, formulas (79) and (72)]):

PP (2) ~ 270 (5 — 1)700%8¢7 Dt V8

m
[ (- et) e (1 - emit) 0P 3401
j=1

as z — 1 from outside the unit circle, where all the roots correspond to argu-
ments in (—, ).

After a straightforward calculation we obtain, for z € Uy in the region
outside the unit circle and outside the lens,

Yi1(2) = 2V (RP))11(2) — g(2) ' (RP;)12(2)

— AN PR (2)€7 (U (2)) + €270, (C(2)) (1 +0 (NL))
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as N — oo, where Wq;(¢) and Uaq(() are entries of ¥(¢) in a certain sector of
the complex plane, given by

F(l + Oéo)

Ua1 (C) = _C—Oéoe—3ﬂ'ioéoe—</2,¢)(1 — ag, 1 — 2ap, C) F(Olo)

and ) )
\IIQQ(Q) = CiaoeiﬂZQOEC/Qw(_QO7 1- 20[0, 677”§)7

where ¥(a,c; z) is the confluent hypergeometric function of the second kind
with, in the case where ag ¢ Z, the standard expansion of ¥(a,c; z) as z — 0,

I'(1-e¢)

L(c—1)
I'l+a-c)

I'(a)

Substituting these asymptotics, we obtain after a straightforward computation

Pla,cz) = (1+0(2) + 2701+ 0(2)).

F(—2a0)
I'(—ao)

| 1
(e5C2g=2minn 4 =c(21/2) (1 Lo (Nu )) .
+

Substituting the above asymptotics for P> and ((z) = N log z, we obtain

Yii(z) = ZNPff(Z)emaOC(Z)aD

m —2a;
1 t J . .
(I)N(]_) = ef(Vo—V(l))NOéo I |1 (2 sin 2J> eztjﬁje—urﬁj «
j=

cosmag I'(—2ap) 1
1+0( — 3.4.12
20m1—1 T'(—qp) + Nuy ( )
as N — oo. Using the reflection formula and the doubling formula for the
Gamma function, as well as the relation I'(1 + z) = zI'(z), we obtain the
statement of the proposition. The other cases, namely the asymptotics for

@ N (1) for ap € Z and the asymptotics for @ (—1) can be obtained in a similar
way, we refer the reader to [69, Section 7] for details. O

Proposition 3.4.3. We have

- e (3.4.13)
t; 1\ Y
On(—1) = H (cos EJ + n> x 1)
7j=1
as N — oo, uniformly over the entire region 0 < t; < ... < t,, < m, and

uniformly for a; and B; in compact subsets of [0, +00) and iR respectively.

Proof. We again follow the RH analysis from [77] to prove this. We restrict to
the computation of ®(+1), as the computation of ®x(—1) is similar, or can
be derived from log @ (+1) after transforming the symbol by a rotation. Also,
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22

21
zZ1

Z2

Figure 3.2: Opening of lenses in the case of 4 singularities z1, 27, 22,23 parti-
tioned into three clusters.

we can restrict to the case t; < M/N for some large M > 0, since the case
t; > M/N was handled in Proposition 3.4.1 and this implies the weaker result
(3.4.2).

Let us take M; > 2M, such that 2t; < M;/N, and define the clusters
Aq,..., Ay, depending on M7 and on N, as before. The points +¢; will then
belong to the same cluster, which we label as A;. By restricting to a subse-
quence of the positive integers IV, we can assume that the numbers of points
in each cluster are independent of N. We write 2u; for the number of points
in Ay, such that A; = {eT!*}1'1 and we observe that the average of the
points in A; is equal to ¢; = 0. Next, we write U; for the disk with radius
w(My, Ma, N)/3 centred at 1, with pu(M;y, M2, N) given by (3.4.3), and we use
the local transformation ((z) = Nlog z for z € U;. We have ((1) = 0 and we
define wg, v = —i¢(e"*) = Nty for 1 < k < p;. Note that wy, ny < My /2 for all
k < py because of the clustering condition.

The RH analysis from [77] requires us to construct a local parametrix in
U;. We now have, because of the explicit transformations Y +— T+ S +— R in
[77] (see Figure 3.2 for the shape of the jump contour for S in this case), the
identities

Yii(1) = (1)V T (14) = Sia(14) = (RP)u(14),

where R(1) is bounded as N — oo, uniformly under clustering condition
(My, M5, N) for sufficiently large M> (it is in fact close to I, but we will not
need this). The corresponding lenses are described in Figure 3.2. Moreover, P
is the local parametrix defined in &/;. The construction of this local parametrix
is explained in detail in [77, Section 6.3]. We omit the technical details of this

118



construction, and restrict ourselves to the elements from it that we need for
our purposes. As z — 14, we have

0 g(14)%
P(1y) = E(1)®(0; 3.4.14
) =B (O O eaan
where ®((; w1, ..., w,,) is the solution to a model RH problem depending on
parameters wy, ..., w,,, F(1) is given by

0o 1\ 1, . - . L1,
B = P10 (] ) T (i)™ e, — 8)oela(1) 47,
v=1
(3.4.15)
with P>°(1,) the global parametrix given by (3.4.6). It is easily seen from
this expression that F(1) is bounded as N — oo, uniformly in the parameters
t et
Since P*°(1;) is diagonal, E(1) is off-diagonal and after a straightforward
calculation we obtain

Yi1(1) = (RP)11(14)
= E12(1)®@22(0; w1 v, - - - 7wm,N)g(1+)_% (3.4.16)

Lo g(1.)7 200wy N, - - ., Wy N)
Np(My, Ma, N) ’

as N — oo, uniformly under clustering condition (My, M3, N) for M, large
enough.

The matrix ®(0; w1, ..., w,, ) is continuous as a function of w1, ..., w,, >€
for any ¢, see [77, Section 5.3|, and this implies that

Yu(1) =0(g(1+)""%), N = o,

uniformly under clustering condition (M;, M, N) for My large enough and

with wy n,...,w,,, N > € for some € > 0, which implies the result in this case
by (3.2.1).

In order to evaluate the asymptotics of ®(0; w1, ..., w,,) when some of the
wj’s, say wi, ..., Wy, tend to 0 as N — oo, we need to follow the construction

of another local parametrix @ in [77, Section 5.3]. We again omit the details of
this construction and refer the interested reader to [77]. The result from this
construction is that

k
C oane 1 -1
Q(0;wi,...,wy,) =Fn H(fzw,,)2 v73UN (1 O)D,

v=1

where Fy is uniformly bounded as N — oo, Uy is upper-triangular, and D is
a diagonal matrix independent of N, and the determinants of Fy, D,Uy are
all equal to 1. It follows that

k
log @22 (0; w1, ..., wy, ) = ZQaV log |w,| + O(1).

v=1
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Substituting this in (??) and recalling that F(1) is uniformly bounded as N —
00, we get

k
1
logY11(1) = —3 logg(14) + Z 2a, log |w, n| + O(1)
v=1
m , k
= -2 a;log|l —e™|+2> a,log(Nt;) + O(1).
j=1 v=1
It is straightforward to derive the result from this estimate. O

3.4.2 Proofs of Theorem 3.2.1 and Theorem 3.2.2

Under the assumptions of Theorem 3.2.1, we have by Proposition 3.1.1 and
Propositions 3.4.1-3.4.2 that

1/2 1o

U
B = —Pay_ 1[52;‘1[’92]71—1(—1)

as n — 0o, where Cy, is as in (3.2.6). The asymptotics for [Eg’_)[f] and ES-® [f]
follow in a similar fashion. This ends the proof of Theorem 3.2.1.

Under the assumptions of Theorem 3.2.2, we use Proposition 3.1.1 and
Proposition 3.4.3 to obtain the uniform large N asymptotics

N|=

EOD[f] = (EY[9]) " [~®an—1 (1) 201 (~1)]

1 m (e %] t 1 5
[EéUn )? H (sm = ) <cos §J + n) x e

1 m Oéj
[EUQJn 2 H (smt + ) x P,

By similar computations, we obtain the required asymptotics for [Eg’_) [f] and
IE%l’i)[f]. This ends the proof of Theorem 3.2.2.

3.5 Symbols with a gap or an emerging gap

In this section, we assume that g(e®) defined by (3.1.3) is of the form (3.2.11),
ie.

g(eit) _ ev(eit) % 1 for O S ‘t| S to,
s fortg < Jt| <,

for some real-valued function V' analytic in a neighbourhood of the unit circle,
and with s € [0, 1].
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3.5.1 Asymptotics for ®x(+1)

Let @ be the monic polynomial of degree IV, orthogonal with the weight g
on the unit circle, characterized by the orthogonality conditions (3.1.8). The
proof of the following result is based on the RH representation for ® y(z), see
Section 3.4.1, and on the large N asymptotic analysis of the RH problem in
spirit of the analysis performed in [55]. We do not follow exactly the steps of
transformations from [55], but introduce a slightly different sequence of trans-
formations. The most significant differences of our analysis from the one done
in [55] is that, first, during the step Y — T we make a cosmetic transforma-
tion inside the unit disk, |z| < 1, and second, the function ¢ used in Step 3 is
different from the one in [55]: they coincide up to a constant for |z| > 1 but
have opposite signs for |z| < 1.

Proposition 3.5.1. Let V be as in Theorem 3.2.5. As N — oo with s =0, or

as N — oo and at the same time s — 0 in such a way that s < (tan %")QN, we
have the large N asymptotics

—m4+ (=1)Nr N va
Dy (1) = V2 cos o +4( D (sin t20> e—%(S(OO)_l(l +0(1)),
N
dy(—1)=(—1)V cos%0 (1 + cos t20> §_(=1)8(c0) (1 + o(1)).

These asymptotics are also valid as tg — m, as long as N(m —ty) — oo. The

o(1) terms can be written as O <N(7T1_to) + s (tan L) =2V m) .
Remark 3.5.2. Note that when s = 0 or sA(tan %’)QN, the first error term

N(W%t dominates the second. On the other hand, when s is close to (tan ©)2V
0) 4

the second error term becomes dominant, and is O(———=—=). Furthermore
’ VN (m—to) ’

when to is not approaching w, the factor (m — tg) in the error terms can be
omitted, but as tg — m, the error term becomes larger due to it.

Denote
vy={z:]z| =1, argz € (—tg, t0)},
v ={z:]z] =1, argz € (to,m) U (—7,—to)},

both oriented in the counter-clockwise direction.

Proof. The asymptotic analysis of the RH problem from Section 3.4.1 can be
done using the following steps of transformations,

YT T TS R

Here the transformation Y — 7' normalizes the asymptotics at infinity, while
the transformations 7'+ T+ T' are preparatory transformations before open-
ing of the lenses. Then, T+ S consists of opening of the lenses, and S — R is
the final transformation to pass to a small-norm RH problem; this step involves
construction of parametrices. We start by giving some more details about each
of these transformations.
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Step 1. Define
Y (2)z~Nos, |z| > 1,

TG =3y (? _01> 2] < 1.

Here the transformation for |z| > 1 aims at improving the large z asymptotics

of Y, while the transformation for |z| < 1 is a cosmetic one, which makes

factorizations at further steps more transparent. T(z) has the asymptotics
__N

T(z) — I as z — oo and satisfies the jump T (2) = T_(z) (gg\); g ) for z

on the unit circle C.

Step 2. The jump for T'(z) is highly oscillating for z € C, and the next step is
to factorize it into product of two matrix functions, which can then be moved
respectively inside or outside the unit disk where they would be exponentially
small. This is done differently for z € v and for z € ¢, and we start with ~.
The idea is to exchange the term g(z) in the (1,1) entry of the jump for the
T with 1; an appropriate factorization will then easily follow. This is achieved
with the help of the following function 4(z),

h(z) V(§)d¢
/(C—Z)h(C) ’

where the function h(¢) = ((¢ — 20)(¢ — 70))1/2

is analytic in ¢ € C\ ¢ and asymptotic to ¢ as ( — oo. The function ¢ is
analytic in C\ C, has a finite non-zero limit as ( — oo, and its boundary values
satisfy the following conjugation conditions on the circle C :

64(2)0_(2) =1, z €95, ?8 — V),

Using the properties V(z) = V(271) for |z] = 1 and h(¢) = Ch(¢™!), one can

check that for all z we have §(2)8(2~1) = 1 and 6(2) = §(z). Let
T(2) = 6(c0)7T(2)8(2) 7.

T tends to I as z — oo and satisfies the following jumps:

1 —=No(2)?
(2) 1 ) ]FE
ZN6_(2)2eV(®)

~ N V(z) 0-(2) _ _N
T (2)=T-(2) (56 Zﬁngr(Z) g ) 2 €S,

~

O
|
lﬂ>

We see that the jump matrix on «y can be factorized into a product of a lower-
triangular and an upper-triangular matrix with ones on the diagonals, and this
allows to “open lenses” around -, in other words allows to get rid of oscillating
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entries on 7 by transforming them into exponentially small ones on lenses.
However, we still have oscillating entries on v¢, and we cannot follow the same
strategy as for v (i.e., to transform the (1,1) entry in the jump matrix to 1).
Instead, we transform off-diagonal entries into constant ones, by introducing the
following function ¢(z), which is to replace the function log z in 2V = e/V1082,
and thus to transform the entries 2+ into 1.

Step 3. Define

z

d
¢(z):/(<<_;(12)<+77i, €:—210gsin%0>07

Z0

where the path of integration should not cross (—oo,0] U €. Then one can
check that ¢(z) —logz = £+ O(z71) as z — oo, and ¢(z) = ¢(z) for all z, and
@(z) — log z is analytic in C \ v¢, where the principal branch of the logarithm
is taken. The function ¢_(2) — ¢4 (z) is continuous and real-valued on v¢, and
its maximum over ¢ is attained at the point —1, with ¢_(—1) — ¢4 (—1) =
—4logtan tz" > 0. Let

T(Z) = 6%(Z*T”-)Ui%j:'(z)e*%(¢(z)*ﬂ'i710g z)os

3

20
R}
Y
Qin\s-lout
®
-1 1 1 out
out 1Y
’
,.yc

Zof

Figure 3.3: Jump contour for S (on the left), and for R (on the right).

then T(z) — T as z — oo and T satisfies the following jumps:

1 eN(¢(Z)*ﬂi)5+(z)2
Ty (2) =T-(2) <eN<¢<z>m'> —er >

5_(z)2eV(2) 0

1 0\ (1 @5 ()2
= | o~ N@(=)—mi) eV (2) 2 €7,
Toreve 1) \0 1

~ ~ F(o-(2)=d4(2)eV(2) 0=(2)  _ N
sez e z .
T (2) =T-(2) ( N 5+(2) 0 > 2 €°.
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Step 4. The next step is the opening of lenses around . Consider the regions
as indicated in the left part of Figure 3.3, and define

- 1 0
T 50226V (L1)N e NG 1>’ ? € Lour,
S(z) =4 ~ 26-V(2) (_1)N No(2)
(2) T (1 0@ O ) e
0 1
T(2), elsewhere.

Step 5a. Now, we take r > 0 sufficiently small (but fixed) and we define
parametrices, i.e. local approximations, for S as follows. Let U, Uz, U_1 be
(non-intersecting) disks centred at zg, Zg, —1, respectively, of the radius r cos %’;
their boundaries 0U,,, 9Uz;, 0U_1 are oriented in the counter-clockwise direc-
tion. Define (we use the letters u(up), d(down), [(left) to distinguish between
the parametrices at the points zg,Zg, —1, respectively; see also the right part

of Figure 3.3)

P>(z), z€C\ (Uy UUz, UU_1),

Plz) = P,(z), z€U,,
Py(z), ze€Us,,
Pi(2), zeU_q,

We see that the radius rcos %0 of the disks shrinks as t; approaches m. For
us, the explicit expressions for the local parametrices P, and P; will be unim-
portant because we only need to evaluate @y at the points +1; however, we
will still need them in order to estimate the error term. The form of the outer
parametrix P° on the other hand is more important: it is given by

©(2) = %_(”(Z)Jr’f(z)ﬂ) L(k(z) — K(z)7Y)
P = (20000 100

T 1/4
o= (22)

analytic in z € C\ 7° and asymptotic to 1 at infinity. Note that x(1) =
ei(ﬂ'—to)/ﬁl, 57(_1) — e—it0/4.

where

Step 5b: Local parametrix at zj.

Change of variable. First of all, the linear fractional change of variable
k=k(z)= 12__%%0 maps the points of the unit circle to the real line as follows:
20— 0, —1— -1, ZzZg—o00, 11,
and thus allows to separate the points zp, —1,Zy, which might be merging as

to — m. Next, using the variable k the function ¢(z) can be written as

(k+ 1)dk
k+ 20)(k + Z0)VE’

k(z)
¢(z) = mi — 2icos %0 /0 ( (3.5.1)
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where the path of integration does not intersect (—oo,0], and the principal
branch of the square root is taken. This prompts to introduce a local variable
¢ = ((z;to) in the disk U, as follows: ¢(z) =: mi — 4icos £+/(, so that ( =
k(1 + O(k)),k — 0, and the branch cut for /¢, i.e. the half-line ¢ < 0,
corresponds to z € v°. Introduce also the new large parameter 7 := 2N cos %0,
then N(¢p(z) — mi) = —2iT/C.

Bessel parametrix. Similarly as e.g. in [111, Section 6] (but note the different
sign of the off-diagonal entries of the jump matrices), we construct a function
which solves exactly the same jumps as S in a small neighbourhood of the point
2. Define

w0 VA F VCL(=iV0)  Fhe VTR (=iVT)
—/meT Iy(—iy/0) #e%”Ko(*i\ﬁ)
(T VEEVD) e VTK(—iVD)
Fe T KoV J=e T Ko(=iV0)

_ (JreTVEEL(VE)  Vae T VN (iVE)
e F Ko (iv/Q) Ve Iy(iv/Q)

>7 argce(ﬂ-—aaﬂ-)a
), arg( € (-7 + a, 7 — ),

) , arg( € (-7, -7+ a),

where a € (0,7) and I;, K, j = 0,1 are the modified Bessel functions [1, Chap-

ter 9.6]. The function ¥ satisfies the jump conditions ¥, (¢) = ¥_(¢) E ﬂ,
1

¢ € (o000 040 = 0-(0)[g | ¢ € (owonimr,0)

U, (¢)=v_(¢) {(1) _01} ,¢ € (0, —00), where the orientation of the segments
is from the first mentioned point to the last one, and (cce’”,0) denotes the
ray coming from infinity to the origin at an angle 5 € R (see the left part of
Figure 3.4). Besides, the function ¥ satisfies the uniform in arg( € [—m, 7]
asymptotics

1

w0 =c* o (L ) e e =1+ ol

), ¢ — oo.

We will also need the function ¥(¢) := U(¢)G(C), where
0 1

I —s51log( , arg( € (m — a,m),
T O 0
. 11

G() =< I—557log( . ) arg( € (-7 + a, 7 — @),

) 0 0

I+ s5-1log( L o) arg( € (—m,—7 + «).

The function ¥ satisfies the jumps as in the right part of Figure 3.4.
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For z : |z — 20| < rcos 2, define
Pu(z) = Bu(Z),‘f,(72o(5(z)—cfae—%V(Z)Sg;n(log\Z\)Use—%(qﬁ(Z)—?ri)Us7

1

where By(z) = P (2)§(z)7c3V (ssniog s 1 L ﬂ (r2¢)~% and By(z)

is analytic in U,, (i.e., does not have jumps across C). Here sgn(z) = Tay I8
the Slgnum function, so that e~2V (z)sen(log|2D)os equals e2V ()73 for |z] < 1and
equals e=2V ()9 for |z| > 1. The function P,(z) satisfies the same jumps as
S(z) inside U,,, and on the boundary dU,, we have the following matching

condition:
P(2)P) (2) 7! = P (2)§(z) 723V (samllonlzDaa
S(T2C)e—ir\ﬁmG(TQOe_%((b(z)_ﬂ)[f?’(s(z)_gs X
e—%v(z)sgn(IOg IZI)UL%P(OO)(,Z')_1

=14+0(—=),

vl
as 72 — 0o. Here we used that P> is bounded on OU, uniformly in .
Step 5c: Local parametrix at Z,. For z inside Uz, we define P(z) := 0 P(%Z)o,
0 1

1 0|

Step 5d: Local parametrix at —1. For z € U_;, define

where 0 =

P(z) = P (2)Gi(2),

where Gi(z) = [—s}(z) (1)] for |z] < 1 and Gi(z) = [(1) Sfl(Z)] for |z| > 1,

_ 1 [ xe-©-s) ()5(5) df
12) = 51 [[eHe-@ms@ v S

’YC
Note that ¢_ — ¢4 has a double zero at the point z = —1, and hence large NV
asymptotics of f(z) can be obtained by classical saddle point methods. Using
(3.5.1), we see that the large parameter is N cos 22 rather than N, and for

2
z € 0D_1 we have |f(2)| = O( )elV¢~ (=1 The matching condition on

with

to

the circle |z + 1| = rcos % is

P(2)P™) ()7 = PO (2)G(2) P ()7

1 t
=140 | ————s(tan2)" 2N | |
,/Ncosg"

as N cos 2 — 00. Here we used that P*° is bounded on QU_; uniformly in #g.
Step 6. Define the error function R by the formula



Figure 3.4: Jumps for the functions ¥({) (on the left) and \/I\I(C) ( on the right).

where as before, P means P,, Py, P, in the relevant disks, and P means P>
elsewhere. The jump conditions for R on the disks U,,, Uz,,U_; allow to con-
clude that R(2) = I+ O((N cos &)~ + (N cos &) 71/2 s(tan £ )~2V) uniformly
in z, as N cos %’ — 00, under the conditions of Theorem 3.2.5 (note that this
is consistent with the results of the RH analysis from [55]). Tracing back the

chain of transformations from R to Y, we find that (as N cos & — o)

Yia(2) = (506() 4 K2R — 506(2) — w(2) ()

- 5(k(2) + K(2) ) Rua(2) + 5(s(2) — H(Z)‘1)311(2)>

52 (Z)eV(z)eN(QB(z)fﬂ'i)

« X @) Hog—0) 9(2)

§(0)’
for z € Qgut, and that
1 1 1 -1
Yia() = (56 + KR () = 15(0662) = k() D Ria(e))

X (6()+og z—0) 9(2)

d(00)’

for z € {z:]z| > 1} \Qous. From here, using d_(1) = e=2VD ¢(1) = 0, we
obtain

t t
Yii(=1) = <cos ZORH(—l —0) —sin 10312(—1 - 0)> x

(1 + cos t2°>N (-1)N 0_(=1)

5(c0)
Yii(1) = ((cos U ; fo + (=1)" sin T ; to) R11(1)
— — N =v()/2
. tO N ™ tO . t() (&
+ (sm Y (—1)* cos 1 )R12(1)> X (sm 2) o)

Substituting the asymptotics R(z) = I 4 o(1) for R, we obtain the result. O
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3.5.2 Proof of Theorem 3.2.5

From Proposition 3.5.1, we obtain
oy (1)@n (1) = (~)NCX (L +o(1)),

as N — oo, where

to  to—m+ (=1)N t to\\" 5_(—1
CJZ\,:ﬂCOSZOCOSO m )F<sin20(1+coso)> e—2V () )

4 2 §(c0)2”’
&2 _ /3% 7t°7ﬂ+ifl)Nﬂ sin & N e—3v)
N cos & 14 cos % o_(=1)°

Substituting this in Proposition 3.1.1, we obtain (3.2.15).

3.6 Gap probabilities and global rigidity

3.6.1 Proof of Corollary 3.2.6

The goal is to apply Theorem 3.2.5 to compute the averages in (3.2.21), but
this requires certain adaptations. One needs to make the change of variables
O — m — 0y for k =1,...,n in the averages (3.2.21), which given (3.1.1) yields

B3, (to; 0) = EQ[f],
By ia(to; 0) = EZ7(f],
B, 1 (to;0) = ELP[f],

where f is related to g in (3.2.11) with V = 0, s = 0 and with the change of

parameter tg — ™ — tg. One may therefore compute the right-hand side of the
1 3 A

above equalities using Theorem 3.2.5, and this yields with ¢ = 221¢2¢"(=1)

2
to)2

2n—1 n
1 to\ " to) % (cos¥)
EF (to;0 = 23 (cos) (1—1—5111) 27 __(1+4o0(1)),
n 2n+1 1o 202
/ t t 2 cos 2
Ey, 1 5(t0;0) = 271e2¢ ("N~ 1 (cos 20> (1 + sin 20> %

(2n sin %’)é

s to\n +1 COSth 2n?
(ltblntz) ] ( 2) 1(1_’_0(1))7

(2n sin %’) 8

as n — 00, and this is equivalent to the desired result. One then applies the
interrelation (3.2.22) to obtain the asymptotics for the CSE ensembles with
B =14
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3.6.2 Proof of Corollaries 3.2.8 and 3.2.10
The symbol f, s in (3.2.20) is associated to g4, s in (3.2.19) through equation
(3.1.3). One then notices the relation
to
Gto,s —S™ Y,

where g is defined by (3.2.1) with V =0, m =1, t; = tp, ag = @1 = Q1 =0
and B = %82 Applying Theorem 3.2.1, we get

27

B (to; s) = 577 CEY,[g]% (1 + o(1)),
Egpioltors) = s CTIEY,[g]2 (1 + o(1)),

ntg ~

EE ,\(toys) = s+ CFIEY,[g]3 (1 + o(1)),

where
logs _ tologs ~ log s

C=e 1 e 2z | C=e 1.

But now from [62, Theorem 1.11], for ¢, fixed or when tqg — 0 and nty — 400
one knows that

log s
271

. 4
O; 2 S

B8,00] = (ansin) 5 |G (14 555)| 1+ o)

from which the result follows. One then applies the interrelation (3.2.22) to

obtain the asymptotics in the CSE ensembles. In a similar fashion, to prove

Corollary 3.2.10, one uses Theorem 3.2.2.

3.6.3 Proof of Theorem 3.2.12

Let n be a positive integer and consider the n free eigenangles #; < ... < 0,
in (Dﬁ. Define the counting measure N ) = Sory X(0,t)(0x) as the number
of eigenangles in (0,t), for 0 < t < m. For later convenience, let us also write
0o =0and 0,1 = 7.

We first use a discretization of the supremum of the counting function to
bound the two quantities of interest in Theorem 3.2.12.

Lemma 3.6.1. In 03,, 05,,,, and ®2in+1, we have almost surely

max
k=1,...,n

wk T
- < = kY — —
O ——| < (1+k_m1?§n Nig,zz) — (k 1)‘),
sup
te(0,m)

t
Neo,p — :Lr’ <24 max

k=1,....,n

Proof. Since [0,7) = u?;(} [%, %), for each k = 1, ..., n there exists a unique
j € {0,...,n — 1} such that ”—nj <0, < w Given that N, is a non-
decreasing function of ¢, we find the following estimates,

nGk

Nziy = (U +1) < Nooy = == < N zuiny = J.

s
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Because of the ordering of the eigenangles, N g,) =k — 1, so that

. n (wk .
(N(o,%f) - (- 1)) —-1< - <n — 9k) < (N(o,”(j:”) *]) +1,
and it then suffices to take the maximum or minimum over k£ and j to obtain
the first estimate. Using a similar partitioning argument, one has

nt

Nown ——

nt
sup N(OJ,) — ? .

te(0,m)

= max sup
R=050m e (05,05 41)

Now as a function of ¢, N(g is left-continuous, has a jump of size 1 at each
Ok, is constant and equals k on (0, 0x+1], therefore

nt nf n [k
sup Ny —— =k —— = — <9k>,
te(Or, 0541 m s T\ n
t 0 kE+1
inf Ny — = M _n (7T<+>_9,M) L
te(0k,0k+1) ’ s s ™ n
This implies the upper bound
k
sup N(O,t)'glJr max kaﬂ— ,
te(0,m) =1,.., n n
and it then suffices to use the previous estimate to conclude. O

Lemma 3.6.2. In 03,, 05, ,,, and (Dé'EnH, for any o > 1,7 > 0 there ewists
Cy > 0 such that

2
P (kil}axn ‘N(07% — (k- 1)‘ > a> < Cve*mnfﬁﬂ.

Proof. By definition and Boole’s inequality one has

P ax
k=1,....n

as well as (the last term of the sum always vanishes)

-1
> P (N >k —1+a),

n
k=

k=1,...,n

[P( maan((J,ﬂT(c) —(k=1)> a> <

k=1,...,

e

[P( min N,z —(k—1)<—a) <Y P(-Nozy>-k+1+a).
k

k=1,...,n =

Applying Chernoff’s bound for v > 0 yields for any ¢ € (0, )
P <N(07t) > %t + a) < e FEGD [erxiralrs)]
P (_N(O,t) > _it + a) < e—’YOéeﬁ'Tm[E%i) [e_WX[ft,t](argz)} ,
7
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Therefore, for any § € R\ {0}, ¢t € [1, 7 — 1], one may write, using Corollary

3.2.8, for some C5 > 0 !

Snt 52

[E;j’i) [e‘sx[*t"](argz)} < Cse = (nsint + 1)a=.

This leads to the following estimate for some C, > 0,
2

~2 ! 7wk :"’72
N,zxy — (k= 1)‘ > a) < Cye™1nax? Z (sin ) ,

n
k=1

P max
k=1,....n

and since as n — +00

2

n—1 i 1
kY 32 2

g <sin 7r> ~ n/ (sint) 2 dt,
n

k=1 0

this ends the proof. O

In order to prove Theorem 3.2.12, we use on one hand Lemma 3.6.1, which
implies

k 1
lP(maX Op — — >(1+e)0gn>
k=1,..., n n n
t 1
+P | sup [Ny — n > ( + 6) logn
te(0,m) ™ ™

< 2P ( max
k=1,...,n

logn
Ny iy — k:—l‘ 1 —2),
oty — (6= D] > (14 92 - )

while on the other it follows from Lemma 3.6.2 that for any v > 0 there exists
C, > 0 such that

P( max
k=1,...,n

Since the minimum of the polynomial % —(1+€)2+1is attained at T = 2(1+¢)
and is equal to 1 — (1 +¢€)? < 0, the desired result follows by letting n — +oo.

1 'Y2 o
Ng,zxy — (k — 1)‘ > (1420 2) < Cypaz—(F9R L

' n e
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Outlook of Further
Research

Similar integrable kernels

We are confident that the results of Chapter 2 can be extended to other classi-
cal kernels of integrable form, such as the sine and Bessel kernels, which share
many similar properties. In particular, both admit integral expressions involv-
ing their integrable representations as well as an associated differential system;
e.g. for the sine kernel (0.0.76) and its integrable representation (0.0.77), we
have

1
" 1 1 1 1
K (z,y) = 7r/ < cos mtx—— sin 7wty + —= sin ity —— cos 7rtx> dt,
0

VT VT VT VT
(3.6.1)

and

Fredholm minors

The Janossy densities are actually a special case of Fredholm minors, which are
defined as follows: let (u,v) := {(u;,v;)}j=1:m C A?, then the Fredholm minor
associated to an integral operator K on L2(A, u) with kernel K : A2 — C, a
bounded function § : A — C and (u, v) is defined via the series

mg(60;u,v) == Z % /n det <II§((;’7?) Ilg((vli’,vv‘:/)» d" e (w)

n>0

= det (K(u,vp))

l,k=1:m

(B (ug o))y (K (ut, )20\ g v
o f e (i R ) ot ”(3“‘6'3)

If for all j =1 :m we have u; = v;, and replacing 6 by —0, then this reduces
to a Janossy density. We already started investigating Fredholm minors and
found that many of the properties of Jinossy densities found in Chapters 1 and
2 generalise to Fredholm minors.
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Derivatives of Fredholm minors

Here we assume furthermore A C C, so that we can talk about operators
of integrable form and (real or complex) derivatives. It is readily seen that the
Fredholm minors vanish whenever two points in u or v, for instance

i (0: (ur, 1), (w1, v)) = det @8123 g&zz;) —0. (3.64)

It is then natural to then regularise and take a limit; we investigated the quan-
tities that arise in this way but with additional symmetries in the derivatives.
For instance the most simplest case would be

m (05 (ug,v1), (ug,v2))

lim =
(uz,v2) = (ur,o1) (U2 — U1)<U2 — 1)

et K(uy,v1) OOV K (uy,v1)
6(1’0)K(u1, Ul) 8(1’1)K(U1, ’Ul) ’

(3.6.5)

This construction led us to generalise the notions of discrete Hilbert and Cauchy
transforms, therefore of discrete Riemann-Hilbert problems as well: instead of
having simple poles, now all these have poles of higher order, for example in
the case above double poles at u; or v;. Now by definition, the above is a
particular derivative of a Fredholm minor:

mK(07 ('LLl, /01)7 (u27 UQ))
im =
(u2,02)=(ur,v1) (U2 —u1)(v2 — 1) (3.6.6)
Duy Doy mic (03 (ug, v1), (uz, v2))]

U2=U1,V2=V1 ;
we thus expect generalisations to exist for the derivatives defined for (p,q) :=
{(pj,¢;)}j=1:m with pj,q; € N by

0P Vmp (0;u,v) := 08192 .00 9l myc (05 u, v). (3.6.7)

i Um

The essential ingredient for the generalisation of discrete Hilbert/Cauchy trans-
form and Riemann-Hilbert problems we have obtained was that the integrable
representation of K(z,y) = f (z)ﬁg(y), which is nothing but the simplest
Fredholm minor mg(0; (u,v)), leads to a more general integrable representa-
tion of the derivatives of Fredholm minors d®®mg (0;u,v). For instance the
matrix whose determinant we take in

. _ K (u1,v1) K(u1,v2)
aume(o,(ul,m),(uQ,w))_det<8(170)K(u27m s ) @)

can be factorized as

1 1

uy—v pys— (7)1)
f(ul) ) 1= 1 1702 g
( Of(uz)  f(uz) PR BP A g(v1) o)
o o (3.6.9)
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In the same way the "factorization" K(z,y) = f(x)m—iyg(y), by cyclic per-
mutation (arising in the computations), will lead us to consider the quantity
g(w) f(w) =, which is the building block of the Hilbert and Cauchy transforms
and thus of Riemann-Hilbert problems, we expect that the above factorisation
will lead to appropriate generalisations of the discrete Hilbert/Cauchy trans-
forms and Riemann-Hilbert problems, in turn guiding to generalisation of the

results obtained in Chapter 2.

From scalars to matrices to operators

Recently, the need to generalise scalar integral kernels to matrix-valued ones
and classical integrable representations involving matrices to operator-valued
ones has arisen. Let us explain why: in the setting of Chapter 1, i.e. given
an operator K on L?(A, i) inducing a determinantal point process and a thin-
ning function @, consider the operator K, , acting on L?(A, u; C?) (here C? is
understood as a Hilbert space) whose matrix-valued kernel is defined by

K3 o(x,y) = < 19_(?8@)) K(z,y) (ly) V1-0())- (3.6.10)

Because of the isometry L2(A,u;C?) ~ L?(A x {0,1},u), we can identify
K., ~ K% where K% is defined in (1.2.6). Now if K is of integrable form

K(z,y) = w with f(x) € C**P, g(y) € CP*1, then K cannot be since

Y
0 o
its domain is never a subset of the complex plane, however K9, , = %gy(y)

can be if we admit a more general definition of integrable representation with
fl(x) € C?*P ¢%(y) € CP*? defined by

P = ( Vi@ =) (G T

(3.6.11)
This construction may seem a bit forced, yet matrix-valued kernels of integral
form do appear more naturally in the context of matrix-valued orthogonal
polynomials. Now consider a so-called finite-temperature version of the Airy
kernel which depends on a function ¢ : R — C (assuming that the following
defines a nice enough kernel)

KA(z,y) = / Ai(x + t)Ai(y + t)o(t)dt. (3.6.12)
R

In the physics literature, this arose in the context of fermionic systems with a
non-zero temperature, i.e. a finite inverse temperature § > 0, and ¢ was given
by
L B8>0
o(t)y={ 14+eFt ’ (3.6.13)
]]-(0,00) (t) ﬂ = Q.
As we can see, the case of zero-temperature (8 = co) yields the standard Airy
kernel (0.0.92). Because Ai(z +t)Ai(y+t) = —0; K (z +t,y+1), if we assume
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that o is of bounded variation (i.e. its distributional derivative is a finite
measure do, this is the case for the explicit o given above), we can integrate
by parts revealing that

KM (x,y) = / KAz +t,y + t)do(t). (3.6.14)
R

Once again we are led to a more general integrable representation

r—=y

where instead of f(x) and g(y) respectively being row and column vectors, they
are now linear maps

f7'(2) € LL(R,do; C?), C), 95'(y) € L(C,L*(R,do; €?)), (3.6.16)

defined for ¢ = (¢1, ¢2) € L?(R,do; C?) ~ L?(R,do)?, a € C by

@l = [ 1+ () aoto

92 W)lal(t) = g™ (y + t)o

(3.6.17)

Moreover, the useful properties that we relied on in Chapter 2 remain: the
integral representation

KM (z,y) = /OOO U{R Ai(m+t+s)Ai(y+t+s)do(t)] ds, (3.6.18)

as well as the differential system

0 1 0 1
0.10) =1 (, 2 o) 000 = (, 1 o) 900
(3.6.19)
where t is the position operator defined for ¢ € L?*(R,do) by

t](t) = t(t). (3.6.20)

Note that unless the support of do is bounded, this is not a bounded opera-
tor; this is one of the "analytical" challenges which appear when considering
operators; yet the algebraic computations remain the same, as such we expect
that the results of Chapter 2 and their generalisations to (derivatives of) Fred-
holm minors generalise appropriately to this operator setting. Operator-valued
Riemann-Hilbert problems already appeared in the literature, see e.g. [99],
[35], and will most likely increase in popularity in the years to come.
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