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Abstract

We consider a large class of deformations of continuous and discrete biorthogonal
ensembles and investigate their behavior in the limit of a large number of particles.
We provide sufficient conditions to ensure that if a biorthogonal ensemble converges
to a (universal) limiting process, then the deformed biorthogonal ensemble converges
to a deformed version of the same limiting process. To construct the deformed version
of the limiting process, we rely on a procedure of marking and conditioning. Our
approach is based on an analysis of the probability generating functionals of the
ensembles and is conceptually different from the traditional approach via correlation
kernels. Thanks to this method, our sufficient conditions are rather mild and do
not rely on much regularity of the original ensemble and of the deformation. As a
consequence of our results, we obtain probabilistic interpretations of several Painlevé-
type kernels that have been constructed in the literature, as deformations of classical
sine and Airy point processes.
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1 Introduction

The notion of universality is omnipresent in the modeling of physical phenomena with
complex interactions. Informally speaking, it means that large families of models share
the same or similar features on microscopic scales, or in other words that microscopic
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behavior is to a large extent independent of specific macroscopic dynamics of the model
at hand [31].

Random matrix theory is among the richest grounds for the manifestation and deep
understanding of universality, and it is understood that the microscopic behavior of
eigenvalues in a large class of Hermitian random matrix ensembles is described in terms
of a limited number of universal point processes. This means that in the large matrix
limit, the microscopic behavior of eigenvalues is described by one of a few canonical
processes, for instance the sine point process in the bulk of the spectrum and the Airy
point process at soft edges of the spectrum. In non-equilibrium statistical mechanics,
large classes of growth models are described, in appropriate large time scales, by
universal fluctuation fields, such as the KPZ fixed point or the Gaussian Free Field, which
contain in appropriate senses several of the aforementioned random matrix limiting
processes [58, 74, 17].

A rigorous mathematical justification of universality is often possible in models that
have an integrable structure. In the aforementioned random matrix theory, for instance,
a form of integrability arises at the level of eigenvalues, which in many models are
described in terms of determinantal point processes. In such models, the relevant
statistics are encoded in a function of two variables, the correlation kernel, which
depends on the size of the system in a parametric way. Through the analysis of this
correlation kernel in the large size limit, one is able to leverage local information to
provide universality results in its various different forms.

A natural viewpoint on universality is that perturbations or deformations of the
original system should not affect their large size microscopic behavior. While it is widely
understood that microscopic properties are indeed little affected by macroscopic and
mesoscopic deformations of models, we will show in contrast that they are sensitive
to microscopic deformations. More precisely, we will show that such microscopic
deformations lead to entire novel families of possible microscopic limit point processes.

We consider a large family of determinantal point processes, known as biorthogonal
ensembles, consisting of n particles whose correlation functions admit a representation
in terms of biorthogonal functions. This family of processes encompasses several im-
portant random matrix models, certain families of growth processes, polymer models,
random tilings, random partitions and more. We consider deformations of biorthog-
onal ensembles, and investigate under which conditions the behavior of the original
biorthogonal ensemble carries over to the deformed ensemble, in the limit of a large
number of particles. Here, we are concerned with the following question: if the original
biorthogonal ensemble satisfies some form of universality on microscopic scales, will
the deformed biorthogonal ensemble satisfy the same type of universality, or will the
deformation cause a different type of microscopic behavior?

For a class of deformations of the finite n particle system which take place at a
microscopic scale, we will show that in the large n limit, the universal limiting point
process is also deformed. Remarkably, both the deformed biorthogonal ensemble and
the deformed limiting point process can be constructed via a procedure of marking and
conditioning. In this way, even if the limiting point process is deformed, our results
show that it is still determined by the limit of the non-deformed biorthogonal ensemble,
together with the form of the deformation.

The main conceptual novelty is that we approach this problem via the probability
generating functional of the point processes and not via the more commonly used scaling
limits of correlation kernels. This different angle has two major advantages. Firstly,
we do not need to perform a technical asymptotic analysis of the deformed models
and we can instead rely on knowledge of the undeformed point process combined with
properties of the deformation. Secondly, we only need minimal regularity requirements
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for the deformations.
We now move on to the detailed discussion of our results.

2 Statement of results

Throughout the paper, we use KK to denote the state space, or in other words the space
to which particles of the system belong. We will restrict ourselves to the case where K =
R¢ with d a positive integer, in particular also encompassing point processes on C" ~
R2?™. Our methods could apply to a more general framework with I being a subspace of
an arbitrary finite-dimensional complex Banach space, but for the applications we have
in mind the case K = R? suffices, and to avoid more technical arguments we restrict to
them.

Biorthogonal ensembles

A biorthogonal ensemble on K [15, 62] is a probability measure on K", invariant
under permutation of the variables, of the form

1 n noT

- det [fi ()]} -, det [gr ()]} H Wy (z;)dv(z;). (2.1)
Here the positive reference measure v is a Radon measure on K, possibly varying with
n, the systems of measurable and complex-valued functions (f;)}_;, (g;)}—; are such that

det [ fi ()]} ,—; det [gr(z;)]] g >0 forv-ae. (21,...,2,) € K",

the weight function w,, : K — [0, 4+00) is v-integrable, and the normalization constant z,
is given by

2= [ detlilep) s detlon(e)luy [[wnlodvey)

Jj=1

The entries of a random vector (zi,...,x,) distributed according to (2.1) are seen
as locations z; of random particles in the state space K, and we refer to (2.1) as a
biorthogonal ensemble with n particles. Typical absolutely continuous choices of v
include the (n-independent) Lebesgue measure dv(z) = dz on R, R2 or C, or also the
Lebesgue measure restricted to the unit interval [0,1] C R. In a similar spirit, in a
discrete setup we can take v = v, to be the counting measure on the rescaled positive
integer lattice %Zzo, hence varying with the number n of particles.

The weight function, as well as the functions f;, = f, 1 and g; = g, 1, may also depend
on the number n of particles, although we will not make such dependence explicit in our
notation unless needed. Without loss of generality we could have omitted the weight w,,
in (2.1), since w, can be absorbed by the reference measure v or by the functions f, gx,
but it will turn out instructive and convenient to separate the dependence on w,, from
the rest of the measure.

Arguably the most studied of such models (2.1) are the orthogonal polynomial en-
sembles [61, 62], obtained when we take dv(z) = dz and fi(z) = gr(z) = 2! on
K = R, such that both determinants are Vandermonde determinants and the distribution

becomes
1 n
— H (zk — acj)2 H wy (xj)de;. (2.2)

z
" 1<j<k<n j=1

For w, = e " and V sufficiently regular and with sufficient growth at +oo, this is
the probability distribution of the eigenvalues in the unitary invariant random matrix
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ensemble

1 n
—e VO aN, dM =[]dM;;  []  dRe MjpdIm Mjy, (2.3)
j=1

Z/
n 1<j<k<n

on the space of n x n Hermitian matrices M [10, 34, 33]. Another interesting and more
general situation occurs when fj(x) = 2! but with g, general, in which case we obtain
the polynomial ensemble [63]

1 H (zg — ;) det [gk(xj)}zkzl H wy (x;)dz;. (2.4)

Zp 1<i -
<j<k<n j=1

Probability distributions of this form occur for singular values of products of random
matrices [2, 3, 63, 59], coupled random matrix models [11, 41] or matrix models with
eigenvalues in the plane [5, 12], and in Muttalib-Borodin ensembles [15]. The general
family of biorthogonal ensembles is rather large, and particular instances occur in
connection to non-intersecting random walks and paths, random growth models, random
tilings, random partitions, last passage percolation and polymer models, among many
others [21, 36, 40, 42, 48].

There is a natural discrete analogue to (2.4), obtained upon replacing dx by the
counting measure dv of, say, the re-scaled integers %LZ C K = R, or another discrete
lattice over R. Such discrete measures form part of the class of discrete Coulomb
gases [47, 55], and besides their natural interest as gases in statistical mechanics, they
also appear in connection with exclusion processes, the six-vertex model, asymptotic
representation theory, random tilings, to mention only a few [53, 56, 19, 9, 13, 17].

Biorthogonal ensembles on subsets of R2 (or equivalently C) arise for non-Hermitian
random matrices and biorthogonal ensembles on higher-dimensional spaces have been
explicitly constructed lately, for instance the higher dimensional elliptic ensembles [1]
and the spherical ensembles [6]. Some related constructions of point processes on more
general manifolds are also of interest (see for instance [7] and the references therein)
and many of the aspects we will discuss may be adapted to these frameworks as well
with non-essential modifications, but for the sake of clarity we restrict to considering the
state space K to be a Euclidean space.

Determinantal point processes

We will assume throughout the paper that the functions f; and g; defining the
biorthogonal ensemble (2.1) are such that \/w, f;, \/w,g; belong to L?(v) = L*(K — C,v).
Then, the biorthogonal ensemble (2.1) is a determinantal point process [15, 79]: the
m-point correlation functions p,, ,,, : K™ — [0, +00) exist for any m € N, and there exists
a kernel k,, : K? — C € L?(v x v) for which they take the form

Pnm (T1s .., T) = det (kn(xj,xk));?kzl . (2.5)

The correlation kernel of a determinantal point process is not unique. However, for
biorthogonal ensembles the kernel k,, may be taken in the form

k’l’L(I7 y) =V wn(x)wn(y) Z ¢k($)wk(y)7 (2.6)
k=1

where the (complex) linear span of (¢;);_, is equal to that of (f;)7_,, and the linear
span of (1;)}7_; is equal to that of (gx);_,, and they satisfy the biorthogonality relations
that give name to the class,

/]quk(x)z/}j(x)wn(x)du(x): ke 2.7)
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Note that the left hand side above is the inner product of ¢, with 1/)7 not the inner
product of ¢, with ;.

From the general theory of determinantal point processes [57, 16, 79], we then know
that statistics of (2.1) can be computed through a Fredholm series: for any bounded
measurable function h : K — R, we have that

En,

k=0

n Y k
[Ta- h(m))] => ( kl') / det (kn(xj,20))5 ) [ [ 1) dv(z;), (2.8)
k=1 © UKk j=1

where the expectation IE,, is with respect to the probability law (2.1), and where all terms
corresponding to k£ > n on the right-hand side vanish.
Since /w, ¢;, \/W,t; are in L?(v), the integral operator

K, f(z) = /}K k(2. 9) £ () ()

is a finite rank (not necessarily Hermitian) linear projection operator on L?(v), whose
range is the linear span of \/w,¢1,...,/w,¢,, and whose kernel is the orthogonal
complement of the linear span of \/w,1,...,\/Wnt,. In particular, k,, is a trace-class
operator, and the right-hand side of (2.8) is then equal to the Fredholm determinant
det(1 — hk,)r>(,) defined through the functional calculus for trace-class operators [78],
where h denotes the operator of multiplication with the function 2. When the underlying
measure is clear from the context or unimportant, we sometimes drop the notation
L?(v) and write simply det(1 — hky)r2(,) = det(1 — hk,). For a sufficiently large class of
functions h, the expectations in (2.8) characterize the point process [27].

Scaling limits

A common approach towards asymptotic results in biorthogonal ensembles goes via
scaling limits of the correlation kernel. Given a sequence of biorthogonal ensembles (2.1)
with correlation kernels k,,, let us fix a reference point z* € IK, and define the re-scaled
kernel

1 N U, v
Ko (u,v) = cnﬁk” (x +chV’x +cn77)’ u,v €K, (2.9)

for suitably chosen ¢ € C,y > 0, possibly depending on the choice of z* € K and on the
choice of w,,. This kernel K,, also defines a scaled determinantal point process X,, which
is a biorthogonal ensemble, namely the probability distribution

n

1 n n
7 det [Fio(u)]; ooy det [Gr(u))]5 H Wi (uwj)dpen (uj), Ur, ..., up, €K, (2.10)

Jj=1

where

Fi(u) = fi (z(w)) ; Gi(u) = gr (x(u)), Wa(u) = wn (2(w)), dpn(u) = cn’dv (z(u)),
(2.11)
with z(u) = * + 2%, and

cn?Y’

2= | det B,y det (Gulus )y T] W) ).
| 11

This is in other words the probability distribution for the scaled points u; = u(z;) =
en”(z; — «*) living on K. When, for instance, dv(z) = dz is the Lebesgue measure on R,
then du, (u) = du is simply the Lebesgue measure on the scale u, which is independent of
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n. In contrast, if say dv is the counting measure on 7, then du,, is the counting measure
on the scaled lattice %Z, hence varying with n.

Let us continue our discussion for a moment assuming that y,, = p is independent of
n. If the re-scaled kernel K,,(u,v) converges as n — oo to a, say continuous, limit kernel
K(u,v), uniformly for u,v in compact subsets of K, some probabilistic consequences
for the point processes may be drawn. First, the limit kernel K then also defines a
determinantal point process X on IK: this follows essentially from a criterion of Lenard
described, e.g., in [79]. Secondly, we have weak convergence of the point processes X,
to X as n — oo, meaning that [28, Section 11.1] the finite dimensional distributions of
X, converge weakly (in the sense of measures) to the finite dimensional distributions of
X. For Hermitian positive-definite kernels, this follows from the fact that the associated
operators converge in trace-norm, see e.g. [77, Proposition 3.10]. In general, proving
weak convergence of the point processes using convergence of the kernels requires
more careful arguments, as we will explain in Remark 2.4.

If 1, depends on n, the same holds true if u,, converges to some limiting measure u
in a sufficiently strong sense. In many situations, the integral operator K with kernel K
will be an infinite rank projection on L?(u), hence not trace-class, but locally trace-class,
i.e. its restriction to every bounded subset of KK is trace-class. In such cases, random
point configurations in X are a.s. infinite [79] but locally finite, and we represent them
as counting measures £ = ). 0.

In orthogonal polynomial ensembles with dv(z) = dz and w,(z) = e V@ on K = R,
such scaling limits are well understood.

If x* is a (regular) point in the bulk of the spectrum, one has to take v = 1, and
one finds the sine kernel Ky, (u,v) := % as limit kernel for a suitable choice of
¢ =c(z*) > 0. If 2* is a (regular) soft edge, one has to take v = 2/3 and an appropriate
¢ > 0, and the limit kernel is the Airy kernel Ka;(u, v) := Ai(u)Ail(”&:ﬁi(v)Ai/(“). Near points
where w,, is discontinuous, limit kernels related to other special functions, like the Bessel
kernel or confluent hypergeometric kernel, arise, see for instance [71, 18, 81, 72, 45, 64]
for some of their early appearances. For choices of weight functions w,, leading to
singular bulk or edge points, limit kernels connected to Painlevé equations appear, see
e.g. [39] for an overview. Similar scaling limits have also been found in a variety of
biorthogonal ensembles beyond the orthogonal polynomial ensembles, though there is
no completely understood classification of all different types of possible limit kernels.

Weak convergence via probability generating functionals

Instead of studying the convergence of point processes via their correlation functions,
we prefer to study the weak convergence of point processes X,, — X in a more direct
way. We recall that weak convergence X,, — X of point processes means that the
finite dimensional distributions of &, converge weakly (in the sense of measures) to
the finite dimensional distributions of X'. In turn, such weak convergence is equivalent
to point-wise convergence of the probability generating functionals [28, Proposition
11.1.VIII]: X,, converges weakly to X as n — oo if and only if lim,_, . G,[h] = G[h] for
every continuous function & : K — [0, 1] of bounded support with sup, ¢ h(z) < 1, where

[Ta- h(wc))] ;G =E
k=1

[Ja- h(uk))] (2.12)

k

are the probability generating functionals for the point processes &), and X [28, Def-
inition 9.4.IV]. In other words, weak convergence is the convergence of all (suitably
regular) multiplicative observables of the particle system.

Naturally, another approach towards convergence results consists in taking scaling

EJP 30 (2025), paper 148. https://www.imstat.org/ejp
Page 6/35


https://doi.org/10.1214/25-EJP1409
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Deformations of biorthogonal ensembles and universality

limits directly on the level of probability generating functionals, instead of correlation
kernels. This will enable us to prove convergence for a large class of weight functions
without explicit expressions for correlation kernels at our disposal. This approach is also
rather natural as well from the physical perspective. In essence, we are approaching
convergence from observables of the model rather than from the correlation functions.

In our context of scaled determinantal point processes with kernels of locally trace-
class integral operators K,,, the condition lim,,_,~ G,[h] = G[h] translates into a limit
condition for Fredholm determinants,

Jimdet(1 — VRK V) 12, = det(1 = VAKVR) L2y, (2.13)
which, in case j,, = u is independent of n, is achieved if the operators vhK,,v/h converge
in trace norm to the operator vAKv/'h as n — co. Observe that det(1— vVAK,Vh)r2(,,) =
det(1 — hK,,)12(,,) on the left-hand side, but the Fredholm determinant det(1 — AK) 2,
is not defined unless if hK is trace-class on L?(u). Since K is locally trace-class and
h is assumed to have bounded support, VhK+Vh is trace-class, hence the Fredholm
determinant det(1 — vhAKVR) £2(u) is well-defined. Therefore, we utilize the symmetrized
operator vhK,vh also on the left.

A class of deformations of biorthogonal ensembles

Let (X,)nen be a biorthogonal ensemble of the form (2.10), with correlation kernel
K, and probability generating functional G,,. From now on, we always have in mind
situations where du,(u) is the reference measure on a microscopic scale, i.e. like in
(2.11), the distribution is induced by a scaling of a distribution of the form (2.1), so we
view &, as the already appropriately scaled biorthogonal ensemble, with corresponding
scaled kernel K,, as above.

Given a measurable function o, : K — [0,1] such that G,[0,] # 0, we define a
deformed biorthogonal ensemble X7~ with probability distribution

Z.G.o det [Fi(uj)]} .y det [Gr(u))]} j—, H(l — 0 (ui))Wa(ug)dpn (ug), — (2.14)

j=1
and with associated probability generating functional

1

Gl = ZGuon]

[ et Bl det (Gl
< TL0 = 1) (1 = o)) W)l ().

Any sequence (o,,) thus induces a deformation
Wi (u) = (1 = o (u)) W (u), (2.15)

of the weight function on microscopic scales; before rescaling, in (2.1), the deformation
corresponds to the deformed weight function

wir(x) = (1 — oy (en(x — 7)) wy (). (2.16)

n

Naturally, one is asked to understand to what extent the convergence of the original
ensemble towards a certain limiting point process results in convergence of the deformed
ensembles as well. The construction of the deformed ensemble (2.14) relies on the
explicit form of the joint distribution of biorthogonal ensembles, but the biorthogonality

EJP 30 (2025), paper 148. https://www.imstat.org/ejp
Page 7/35


https://doi.org/10.1214/25-EJP1409
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Deformations of biorthogonal ensembles and universality

structure is not carried through when taking scaling limits. Hence, before studying
convergence of such deformed ensembles, the first question is whether one can define
similar deformations X? of the limit point processes X of the undeformed biorthogonal
ensembles. To construct such limiting deformed ensembles, we rely on a probabilistic
interpretation of the deformed biorthogonal ensemble X7~ developed in [24], as we
describe next.

Conditional ensembles and universality

We start with a random point configuration £ = ) j 0y, in a ground point process X’ on
the space K with reference measure p, and a sufficiently regular function o : K — [0, 1]
which we view as the symbol for a deformation. For our purposes, this ground process
X will be either a biorthogonal ensemble of the form (2.10), or a determinantal point
process defined by a limit kernel like the sine or Airy kernel. We associate to each
u; independently a random Bernoulli mark m;, which is equal to 0 with probability
1 —o(u;) and equal to 1 with complementary probability o(u;). We then condition this
marked point process on the event that all points have mark m; = 0, and we denote this
conditional point process by X'?. We may view the marked process as the observation
of particles in an experiment, when receiving a mark 1 means that the particle was
effectively observed. The resulting conditional ensemble X'“ is thus the process obtained
under the condition that none of the particles were observed in the experiment. Within
such interpretation, the understanding of X'? provides insights on the lost data.

It was proved in [24] that the result of applying this procedure of marking (with a
function ¢ = ¢,) and conditioning on a biorthogonal ensemble X, of the form (2.11) is
precisely the deformed biorthogonal ensemble (2.14). But the procedure is more general
and applies to general determinantal point processes X. The resulting conditional
process X7 is defined whenever G[o] # 0, and it is still a determinantal point process,
which we can see as the natural n — oo generalization of the deformation (2.14).
Moreover, suppose that X has correlation kernel K, and that the associated integral
operator K is a locally trace-class operator on L?(y1). Then, it was proved in [24] that

K7 :=1-0K(1-0K)'V1-0 (2.17)

is a locally trace-class operator on L?(y), and that the integral kernel K° of this operator
is the correlation kernel of the particles in the deformed determinantal point process
X?. The associated probability generating functional G is thus given by

') k k
Gom => ( kl') ” det (K™ (uj, ue))s ) [ ] Alug)dp(uy) = det(1 — VAKTVR) L2()-
k=0 j=1
’ (2.18)
If 0 = 0, the deformed point process X? is of course equal to the undeformed X.

If we start with &), and assume AX),, converges to a limit determinantal point process
X as n — oo, then what can we say about the large n limit of X7»? From the perspective
of universality, a natural rephrasal of this question would be: how far can we deform X,
to a new process X7 while still preserving the same limiting process X?

As our results will show, if we deform a biorthogonal ensemble on microscopic scales,
for instance by taking o, independent of n in (2.15), then we lose universality of the
limit process: under appropriate but mild conditions, we will actually prove that the
deformed process X7» converges to the deformation X7 of the original limit process
X driven by the symbol ¢ = lim,, ,., 0,,. This is still a natural phenomenon: when we
deform the model on microscopic scales, we modify the limit point process, but the new
limit point process is simply the corresponding deformation of the original limit point
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process. From another perspective, our results drastically enlarge the class of possible
limit kernels arising in biorthogonal ensembles, including in particular the classical
sine, Airy, and Bessel point processes, by adding to it all o-deformations of existing
limit point processes. When the deformation takes place on sub-microscopic scales, we
will show that the limit point process is not deformed, see Remark 2.5. We will prove
our results for a wide variety of biorthogonal ensembles under rather mild conditions,
without assuming much regularity of the deformation symbol ¢,,, and they will yield
asymptotic results of the deformed ensembles basically as consequences of the known
universality results of the corresponding undeformed ensembles.

Remark 2.1. Let us also mention that the kernels K? are intimately connected to the
theory of integrable kernels [50]. These are kernels which can be written in the form

Sk gi(w)hy(v)

u—v

K(u,v) =

k
, with Zgj(u)hj (u) =0,
j=1

like the sine and Airy kernels, as well as all other known limit kernels of orthogonal
polynomial ensembles (with £ = 2). If the kernel K is integrable, then the deformed
kernel K? is also integrable (with the same value of k). Moreover, K? can then be
characterized in terms of a £ x k matrix-valued Riemann-Hilbert problem, which makes
them amenable to asymptotic analysis, and which allows to study associated integrable
differential equations, see [24]. For the deformations of the sine, Airy, and Bessel kernels,
the underlying differential equations are well understood [22, 46, 26, 75], as well as the
asymptotic behavior in certain regimes.

Convergence theorem for non-varying measures

The general setting of our main results starts with a sequence of n-point biorthogonal
ensembles X,,, n € IN, of the form (2.10) with a reference measure pu,, kernels K,,, and
a sequence of deformations X7 of the form (2.14)-(2.15), induced by a sequence of
functions ¢, n € IN. Our main result will ask for convergence of the original point
process X, to a limiting process A in a suitable sense, in order to conclude convergence
of the deformed ensemble X7~ towards a deformation A'“ of the limiting process X.

We will need suitable assumptions on u,, o, and K,,, and we first consider the case
of a non-varying measure u, = . Loosely speaking, in this case we need (1) that the
deformed ensembles are well-defined, (2) that K,, and o,, converge point-wise to a limit
kernel K and a function ¢, and (3) a rough domination bound for the kernels K,,.

Assumption 2.2. Let i, = 1 be a Radon measure on K which is independent of n.
The kernels K,, : K? — C as in (2.9) and the functions o, : K — [0, 1] are such that the
following conditions hold.

1. The deformed ensemble (2.14) is well-defined, i.e. G,[c,] > 0 for every n € IN.

2. There exist a determinantal point process X on IK with kernel K and probability
generating functional G, and a function o : K — [0, 1] for which G[o] # 0, such that
for p-a.e. u,v € K, we have the point-wise limits

lim K, (u,v) = K(u,v) and lim o,(u) =o(u), foru-a.e. u,vekK.
n— oo n— oo

3. For every bounded F C K, there exist ®, ¥ € L?(u), possibly depending on F, such
that for everyn € N,

V1p(u) + op(u)|Ky(u,v)|[\/1p(v) + on(v) < &(u)T(v), forp-a.e. u,v €K,

where 1 is the indicator function of the set F'.
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The following is a general convergence result for deformed biorthogonal ensembles.

Theorem 2.3. Let (X,,)ncn be a sequence of biorthogonal ensembles of the form (2.10)
with corresponding sequence of correlation kernels (K,,),en. Let (0,)nen be a sequence
of Borel measurable functions o,, : K — [0, 1]. If Assumption 2.2 holds, then the limit

lim G (1] = G7[R), (2.19)

holds true for any continuous function h : K — [0,+o00) with bounded support. In
particular, the deformed biorthogonal ensemble X~ converges weakly as n — oo to the
deformed limit point process X°.

Theorem 2.3 is proven in Section 4.

Remark 2.4. The simplest case of the above result occurs when ¢,, = 0, which means
that we do not deform the biorthogonal ensembles X,,. In this case, Assumption 2.2
only means dominated convergence of the kernels K,, to K. Even if this is not the most
interesting situation, it is still worth to mention that Theorem 2.3 then gives a practical
sufficient condition to deduce weak convergence of the point processes X,, to X from
suitable convergence of the correlation kernels K,, to K. Note moreover that, if the
kernels K,,(u,v) are continuous and the convergence of K,, to K is uniform on compacts,
then Assumption 2.2 is always valid for o,, = 0.

Remark 2.5. Another simplified version of Theorem 2.3 occurs when the sequence
o, is not identically 0, but the limit function o is identically zero. This happens for
instance if we set 0, (u) = h(nu) for some ¢ > 0 and for some function » decaying to 0
at infinity, which means that the deformation of the biorthogonal ensemble takes place
on sub-microscopic scales. Then, if Assumption 2.2 holds, Theorem 2.3 states that the
deformed biorthogonal ensembles X7* converge weakly to the undeformed limit point
process X: as announced informally before, limit point processes are insensitive to
sub-microscopic deformations.

We view Theorem 2.3 as a perturbative tool, close to the spirit of universality: once
the convergence of the original kernel K,, is established, we can extend the convergence
of the ground point processes (X,,) to their deformed versions (X?~) after a routine
check of Assumption 2.2. Unlike the traditional approach through an asymptotic analysis
of the correlation kernels, our approach does not require a separate analysis of the
deformed ensembles. In this direction, in Section 3 we will apply Theorem 2.3 to several
concrete situations, extending known convergence results of the original sequences (X,,)
to their deformed versions (X,7), for large families of deformations o,,. Notably, thanks
to Theorem 2.3 we will provide a characterization of the correlation kernel of various
different conditional-thinned deformations of the sine and Airy point processes in terms
of integrable systems previously studied in the literature in depth, see Remark 3.3 later
on.

Convergence theorem for varying measures

There is an analogue to Theorem 2.3 for varying measures f,,, which in particular will
allow us to consider biorthogonal ensembles over lattices. In addition to the previous
assumptions on K,, and ¢,,, we need to assume a suitable type of convergence of the
varying measures j, to a measure p. In the assumption below and in what follows,
for functions f, g we use the notation (f ® g)(z,y) = f(2)g(y), and denote by u ® A the
product measure on K? generated by two measures j and \.

Assumption 2.6. The sequence of Radon measures (i), the kernels K,, : K? — C as in
(2.9), and the functions o, : K — [0, 1] are such that the following hold.

(1) The deformed ensemble (2.14) is well-defined, i.e. G,[0,,] > 0 for every n € N.
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(2) There exist a determinantal point process X on K with continuous kernel K and
associated probability generating functional G, and a continuous function o : K —
[0,1], such that for any compact F C K, the limits

nh—{gc 1r @ 1p)(K, — K)||Lm(un®#n) =0 and nh—{gc I1r(\/on — \/E)HLOO(#,”) =0
are valid.

(3) There is a Radon measure p over K for which for every bounded F' C K, there exist
continuous functions ®, ¥ € L*(u)NL?(uy,), possibly depending on F' but independent
of n, such that

V1E(u) 4 00 (u)[Kn(u, 0) [/ 15 (0) + o0 (v) < @(u)P(v),

for u,-a.e. u,v € K and for every n. Furthermore, the norms

1P 22y 19N oo ) 10N 220y @RA ([ oo )

remain bounded as n — oo, and for these same functions the weak convergence of
measures
() (x)dpn (z) = ®(2)¥(z)du(z) as N — oo

takes place.

In Assumption 2.6, the measures u,, and p need not be finite, so it is not suitable to
talk about their weak convergence directly. However, since ®, ¥ € L?(u)NL?(u,), each of
the measures ®¥dy and ¢W¥dy,, is finite, and the weak convergence from Assumption 2.6
(3) makes sense.

We emphasize that Assumption 2.6 (2)-(3) requires an understanding of the kernel
K, (u,v) for u,v in the varying set supp u,,. In concrete discrete models, the n-dependent
kernel K,, is naturally defined only on supp u,,, but not on the whole space, and its limit
K admits a continuous extension to the whole space K. This point will be clarified in the
concrete example of discrete Coulomb gases discussed in Section 3.3, and explains why
the pointwise convergence and bounds in Assumption 2.2 (2)-(3) are naturally replaced
with Assumption 2.6 (2).

The next result is the previously announced analogue of Theorem 2.3 for varying
measures.

Theorem 2.7. Let (X,,)ncn be a sequence of biorthogonal ensembles of the form (2.11)
with correlation kernels K,, with a varying reference measure du,. Let (0, )n,en be a
sequence of Borel measurable functions o,, : K — [0, 1]. If Assumption 2.6 holds, then
we have the limit

nlin;o Gorlh) = G7[h] (2.20)

for any continuous function h : X — [0, 400) with bounded support. In particular, the
deformed biorthogonal ensemble X" converges weakly as n — oo to the deformed limit
point process X°.

We emphasize that Assumption 2.6 asks for the continuity solely of the limiting
functions K and o, but not of K,,, o,,. Assumption 2.6 involves conditions on K,,, o,, that
must be verified on supp u,, but not on the whole space. The limiting point processes X
and X° are determinantal with respect to the kernel K as acting on L?(u). With these
observations in mind, functions ¢, K,, need to be defined only x,-a.e., and the continuity
of K, 0, ¥, ® on the whole space K can be replaced by the continuity of these functions
on a neighborhood of supp i, and Theorem 2.7 still remains valid under such conditions.

Theorem 2.7 is proven in Section 5. It is particularly useful when dealing with
discrete biorthogonal ensembles, for which the underlying state spaces are scaled with
n to a continuum limit. We discuss some applications in this direction in Section 3.3.
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3 Applications of the general results

We now illustrate how our main theorems apply in several models of interest.

3.1 Bulk deformations of orthogonal polynomial ensembles

Consider orthogonal polynomial ensembles (2.2) with varying measure w,(z) =
e~ V(@) The correlation kernel k, can then be taken of the form (2.6), with ¢ = Yy
being the normalized orthogonal polynomial of degree k& — 1 with respect to the weight
wy(z) on R.

Let us assume that

V is of class C? and lirerl V(x)/log(1 + x?) = +o0. (3.1)
T—> 100

These rather weak regularity conditions ensure that we work under the framework
developed by Lubinsky [68, 67] and further extended together with Levin [66, 65] for the
study of universality. We now collect some known results for these orthogonal polynomial
ensembles that we will need.

A first result is concerned with the global limit density of the ensemble: there exists
an equilibrium density ky : R — [0,+00) supported on a finite number of compact
intervals, for which

lim lkn(gc,ac) = ky(z), (3.2)

n—oo N

uniformly for x in compact subsets of the interior of the support of . The associated
measure sy (z)dz is known as the equilibrium measure, as it is the solution of a mini-
mization problem from logarithmic potential theory [30, Chapter 6]. The convergence
(3.2) has been proved in the literature under various different settings and forms. If V
is real analytic the limit (3.2) holds uniformly for = € R as inferred from [34], whereas
under the weaker regularity we are assuming this result is uniform on compact subsets
of the interior of supp ky as can be seen from [80].

A second result is concerned with local correlations between eigenvalues. Let us fix
a reference point 2* € R for which xy (z*) > 0; such a point is referred to as a bulk point.
Consider the scaling x = z* + —*~- and the corresponding scaled kernel

Ky (z*)n
Ko (1, 0) = ———ky (" + o — (3.3)
nith 7= kv (z¥)n " v f{v(x*)n’x ky(x*)n )’ '

i.e., the kernel defined in (2.9) with ¢ = ky (z*) and v = 1. Then, the following sine kernel
limit is a classical example of bulk universality:
sin(7(u — v))

nh~>Holo Kn(ua U) = Ksin(u7 U) = 7T(U . U)

) (3.4)

point-wise for u,v € R. This limit was proven by Pastur and Shcherbina in [73] under
weak conditions on V, and shortly later established using Riemann-Hilbert methods
(when V is real analytic) by Deift and collaborators using Riemann-Hilbert methods
[35, 30, 34, 33]. The general result under the weaker condition (3.11) below was proved
by Levin and Lubinsky in [65]. The limit kernel Kg;, is the sine kernel, and it defines a
determinantal point process, the sine point process, which we denote as Xgj,,.

Finally, we need a rough uniform bound for the kernel on the diagonal, or in other
words a bound on the one-point correlation function: there exists a constant C' > 0 for
which the inequality
U U

1 * *
@) ( @ Hv(x*)n)‘ =¢ (5:5)
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holds true for any v € R and any n. For u in compacts, this follows from [65, Equa-
tion (4.13)]. It extends to the full real line with the help of the so-called restricted range
inequalities, for instance with an application of [76, Chapter III, Theorem 2.1] - and
following their notation - for the weight w = ¢~"/2 and polynomial P, = Y 7_} ¢?, for
which Py, (2)w(x)?" = k,(z,z), compare with (2.6).

Let us now introduce a suitable deformation of this ensemble. We take an integrable
function f : R — [0, +00) which is such that f(z) = O(]z|~") as © — +oo, for some 1 > 1.
Define o,, by the equation

1—on(u)=e /) ¢>0. (3.6)

The deformation induced by o, lives on microscopic scales if t = 0 and on sub-microscopic
scales ift > 0. Since 1 —e™¥ < y for all y € R, we can bound

o) =1 — eI < fnty)

< Cl[_]\LM](’LL) + |uc|'nl]R\[—M,M](u) = H(’LL), (37)
for some constants C, M > 0. Observe that H : R — R is an integrable function
independent of n.

We proceed by proving that Assumption 2.2 is valid in this setting. Condition (1) is
easily verified, since 1 — o, (u) > 0 for a.e. u € R. To see that the point-wise limits in part
(2) are valid, we recall (3.4), and we observe that

1—e W =0 ueR,
lim o, (u) = o(u) = ¢ “ (3.8)
n—o0 0, t>0, ueR\{0}.
To prove that part (3) of Assumption 2.2 is valid, we recall (3.5). Using that K,, is the
Christoffel-Darboux kernel for orthogonal polynomials, we apply the Cauchy-Schwarz
inequality to bound K, (u,v) in terms of its diagonal values, and obtain

[Kp (1, v)] < /Ky (u, u)Ky (v,0) < C. (3.9

By construction of ¢,,, we have for any compact ' C R that

V1E(W) 4 0n(w)|Kn(u, 0)[V/1 () + 0n(v) < C/1p(u) + H(u)/1p(v) + H(v), t>0.
(3.10)
Since ®(u) = ¥(u) = \/C(1r(u) + H(u)) is square-integrable, part (3) of Assumption 2.2
is valid for t > 0.
Applying Theorem 2.3, we now obtain the following result.

Corollary 3.1. For any compactly supported continuous function h : R — [0, +00), we
have the limits
lim Gp»[h] =

n—roo

ggin[h}v t=0,
gsin[hL t> 0.

where G, and G are the probability generating functionals of the sine point process

sin
and its o-deformation,

Gein[h] = det(1 — VEKanVh), GG, = det(1 — VRKZ, VD),
with
Kgin = mKsin(l - UKsin)_lm.

In particular, the deformed orthogonal polynomial ensemble X7~ converges weakly as
n — oo to the deformed sine point process X3, ift = 0, and to the sine point process X,
ift > 0.
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Let us discuss some special cases that appeared previously in the literature.

(1) If o(u) = 1(_s,5) with s > 0, the deformation of the orthogonal polynomial ensemble
X,, consists of restricting the domain of its particles to R \ [—s, s]. Accordingly, the

deformed sine point process Xsli;’s”‘) is the sine point process conditioned on the

event that a random point configuration contains no points in (—s, s). The Riemann-
) . 1 s . ) .

Hilbert problem characterizing the kernel K~ and a connection to the Painlevé V

equation were analyzed in the groundbreaking works [32] and [51], respectively.

(2) If o(u) = y1l(_ss) with s > 0 and v € (0,1), the deformation of the orthogonal
polynomial ensemble X, and of the sine point process are obtained by conditioning
on the event that a random thinned point configuration contains no points in (—s, s).
Here, the random thinned point configuration is the point configuration obtained
after removing each point independently with probability 1 — . For v € (0, 1], the
limit kernel Kzitf_s’s’ was expressed in terms of the solution of a Riemann-Hilbert
problem in [20], and its Fredholm determinant was associated to the Painlevé V
equation in [70], see also [43].

(3) If o is of Schwartz class, the limit kernel K7, A can be expressed in terms of the solution
of a Riemann-Hilbert problem connected to an integro-differential generalization of
the Painlevé V equation, and is connected to an integrable PDE introduced in [50]
which is an isospectral deformation of the Zakharov-Shabat system. This observation

is computed explicitly in [23], based on the results from [26].

Case (3) corresponds to ¢ as in (3.8), with £ = 0. Case (2) corresponds to ¢t = 0 and
the choice f(u) = —log(1 — v1(_s s (u)) with v € (0,1), which is a function of compact
support and as such satisfying the decay conditions for f.

In turn, Case (1) corresponds to t = 0 and formally to f(u) = —log(1 — 1(_s s)(u)),
so that f(u) = +o00 on (—s,s). In particular, such f is not integrable. Nevertheless,
this case can still be recovered in a similar way as in Corollary 3.1, simply by setting
on(u) = o(u) = H(u) = 1(_s ) (u) directly, instead of (3.6).

3.2 Edge deformations of orthogonal polynomial ensembles

Here, we consider the same class of orthogonal polynomial ensembles as in the previ-
ous subsection, namely we take (2.2) with w, (z) = ¢~V (*), but now with V satisfying
the stronger condition

V is real analytic, strictly convex, and _lim V(x)/log(1 + z?) = +oo. (3.11)
T—r00

The real analyticity is needed to apply the results from [35, 30, 34, 33]; similar results
have been obtained under weaker conditions in [65] and [69], but require more technical
assumptions, and for the sake of brevity we choose not to pursue in this direction. The
strict convexity ensures that the support of the equilibrium density xy is a single interval,
which we denote as [z, z"]. Instead of focusing on bulk points, we now fix one of the
edge points as a reference point, and for the sake of simplicity, we will henceforth
consider the right edge point z+. Thanks to the strict convexity of V, it is known that 2™
is a regular soft edge, meaning that there exists C' > 0 (depending on V and z*) such
that

ky(z) ~ CVat —u, r— (zh)_. (3.12)

In this situation, the proper scaling (2.9) is with v = 2/3 and ¢ = (%0)2/3 with C as in

(3.12). In other words, we consider the re-scaled orthogonal polynomial ensemble X,

with kernel
Kn(u,v) = K, (:c* b2t

cn?/3 cn?/3’ cn2/3> ‘
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We then have the edge scaling limit

lim Ko (i, 0) = Ky (1, 0) = S0 AT() = Ai) AT (w) (3.13)

n— oo u—v

uniformly for u, v in compacts of the real line, which was proved in [34, 33]. The limit
kernel Kajry is the Airy kernel, and it induces the Airy point process which we denote as
Xairy. This limit process is universal, in the sense that it does not depend on V, and in
fact it appears in a wide range of models outside the realm of random matrix theory, see
e.g. [61, 57].

Like in the bulk, we need also a rough bound for the one-point function K, (u,u),
which must be uniform in v € R. It follows also from the asymptotics for K, (u,u)
obtained in [34, 33] that there exists a constant C’ > 0 such that

Kn(u,u) < C'(V]ul +1) foru <0,  Ky(u,u) < C" eV foru > 0. (3.14)

This was not stated explicitly in this form in [34, 33], but such estimates can be deduced
from the asymptotic analysis of the Riemann-Hilbert problem in [34, 33]. More precisely,
for |u| < 6n?/3 with § > 0 sufficiently small, the estimate follows from the construction of
the local Airy parametrix together with the asymptotic behavior of the Airy function and
Airy kernel, while for |u| > dn2/3, it follows from the construction of the outer parametrix.

Similarly to the bulk case, we now introduce a suitable deformation of X),. As before,
we take a locally integrable function f : R — [0,400) and define o, by (3.6). The
conditions we need to impose on f are different from those in the bulk case, because
they are dictated by the (different from the bulk) uniform bound (3.14). Here, we need f
to decay sufficiently fast as 2 — —oo such that f(z) = O(|z|~3/2~¢) for some ¢ > 0, and
we also assume that

xEToo f(z) =L exists, possibly with L = +oc.
These conditions imply that there exists M > 0 such that for n sufficiently large and for
all¢t >0,
on(w) =1 = e 1 () + Ml ™21y (),

Consequently,
on (WK (u,u) < Ce™V M1y 4 () + OMu| ™ 7L 1y (u) = H(u), (3.15)

and H is integrable and independent of n.

We now prove that Assumption 2.2 is valid. Condition (1) is again easily verified,
since 1 — o, is non-negative and does not vanish identically. For part (2), we recall (3.13),
and we observe that

lim o, (u) = o(u) =1—e ift=0,ueR, (3.16)
n— oo
while
0, u <0
lim o,(u) =0c(u) =<1 -—e 7O, yw=0, ift>0. (3.17)
n—oo
1—e X, wu>0

It remains to prove part (3) of Assumption 2.2. By the Cauchy-Schwarz inequality (recall
for instance the first inequality in (3.9)), we have for any compact F' C R that

V 1F(u) + Un(u)|Kn(u7 'U)| \% 1F(v) + Jn(v)

< V/(Lr () + 00 (w)Kn(u,u) v/ (17 (0) + 04(0))Kn (v, 0).
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Moreover, by (3.14), we have
(1p(u) + op(u)Ky(u,u) < 20 eV (W), u >0,
and
(1p(u) + on(uw)Kn(u,u) < Clp(u)(1+ +/|u|) + H(u), u<O0.
We set

Bl — Ul V20 e~ V), u>0
==Y Jorem s i + Hw, w<o

such that ®, ¥ € L2(R), and part (3) of Assumption 2.2 is valid.
Applying Theorem 2.3, we now obtain the following result.

Corollary 3.2. For any compactly supported continuous function h : R — [0, +00), the
limit
nh—>nolo ggn [h} = ggiry [h]7

is valid, where G3; . is the probability generating functional of the o-deformation of the
Airy point process,
ggiry [h] = det(l - \/EKZiry\/E)v

with
Riry = V1 — 0Kpiry (1 — oKaiy) V1 =0,

and o given by (3.16)-(3.17). In particular, the deformed orthogonal polynomial ensem-
ble X7~ converges weakly as n — oo to the deformed Airy point process X, .

Let us again consider some concrete examples.

(1) For o(u) = 15 4o, the deformed orthogonal polynomial ensemble is the original
one restricted to the domain (—co, s). In other words, it consists of introducing a
hard edge in the vicinity of the soft edge, which corresponds to v = 0. This leads to
a hard-to-soft-edge transition, and the limit kernels kar’y* ) in this transition have
been studied in [25] and are connected to the Painlevé II equation; it was however
not noticed there that the limit point process is the Airy point process conditioned

on having no particles bigger than s.

(2) For o(u) = 71(s 100)(u) with s € R and v € (0,1), the limit kernels K%;  and the
associated Riemann-Hilbert problems have been investigated in detail in [82, 14].
These kernels are connected to the Hastings-McLeod and Ablowitz-Segur solutions

of the Painlevé II equation.

(3) For the choice o(u) = 1/(1+ e "~°) with t > 0 and s € R, the kernel K3, was
obtained in [46] as the limit at the soft edge scaling for a class of microscopic defor-
mations of orthogonal polynomial ensembles of the form (2.2). These deformations
were in particular assumed to be real analytic in a neighborhood of the real axis.
Here, we obtain a more general class of limit kernels parametrized by the function o,
and we obtain it under weak regularity assumptions on the deformation. It was also
proved in [46] that the limit kernel Kgiry can be expressed in terms of an integro-
differential generalization of the second Painlevé equation, by combining results

from [22] and [24].

In a similar vein as for the sine process, functions ¢ for which Case (3) applies
correspond to the general ones in (3.16)-(3.17) with ¢ = 0, and Case (2) correspond to
t=0and f(u) = —log(l — v1(s 1o (u)) with v € (0,1). In these two cases Corollary 3.2
applies directly.
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Case (1) corresponds to t = 0, and to apply Theorem 2.3 we modify the arguments
outlined before Corollary 3.2 as follows. With m = min(inf F,s) the bound 1g(u) +
o(u) < 2 X 1, 400)(u) applies, and the function H in (3.15) must be replaced by C' x
L, 400 (1) e~ V(%) which is integrable. The arguments in the sequel of (3.15) can then
be applied.

Along the lines of (3), a combination of [22] and [24] similar to the one explored in
[46], together with Corollary 3.2, yields the characterization of the kernel Kg; | in terms
of an integro-differential Painlevé II equation, for a large class of o : R — [O 1]. Gap
probabilities for a family of kernels which also contain the kernels K7; - for some choices
of 0 have been recently studied by Kimura and Navand [60].

Remark 3.3. As mentioned, in all the cases (1)-(3) mentioned after Corollary 3.1, and
also in the cases (1)-(2) mentioned just above, the deformed kernel K was characterized
in terms of a solution to a Riemann-Hilbert problem. The mentioned works established
the connection of the kernels with integrable differential equations (more specifically
Painlevé equations) and considered asymptotic questions related to them. Curiously, the
probabilistic characterization of such kernels as the correlation kernels of the conditional
thinned versions of the sine and Airy point processes was not noticed before, despite
the fact that it can help to obtain more insight in asymptotic questions, for instance to
construct g-functions needed in asymptotic Riemann-Hilbert analysis.

Even though we focused here on discussing deformations near bulk and soft edge
points, our general result Theorem 2.3 can be used to obtain similar results near hard
edges, near discontinuities of the weight functions, or near other types of singular points
where limiting kernels other than the sine and Airy kernels arise [46, 24].

3.3 Deformations of discrete Coulomb gases

The orthogonal polynomial ensembles (2.2) can be interpreted as continuous log-
gases. They admit natural discrete analogues that we now discuss. For positive integers
n and N with n < N, consider discrete measures of the form

n

P, n(z1, -,z Hdl/N xj) b H H ~N(z;)dvn(xj), (3.18)

nN 1<i<j<n j=1

viewed as a distribution of n particles x; on the discrete set
A:AN::{:UE.N):j:O,...,N—l}C]R. (3.19)

We assume Ay C [0, 1] for simplicity, the considerations that follow would still go through
replacing [0, 1] by any other compact subset of the real axis. The points x( ) are usually
referred to as the nodes for the discrete ensemble. The set of nodes Ay varies with N,
and dvy is the N-dependent counting measure on Ay. The partition function Z,, y is
taken such that (3.18) is a probability measure. The ensemble (3.18) is a biorthogonal
ensemble as well, in fact a discrete orthogonal polynomial ensemble. The functions
¢ = = p(ﬁq in (2.7) are the orthonormal polynomials with respect to the discrete

j
varying measure wy (x)dvy(x) on Ay, namely satisfying

/A i @ @wn (@)dvy (@) = > i @) @wn (@) = Gix, Gk =0,...in
N rEAN

(3.20)
where 0; 1, is the Kronecker delta, and conditions on the weight wy will be placed in a
moment. Particular instances of such orthogonal polynomial ensembles arise with the
rescaled Krawtchouk and Hahn weights, in connection with random domino tilings of
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the Aztec diamond, and random lozenge tilings of the hexagon, respectively [56, 53, 54].
Since their introduction in the seminal work [53], discrete particle systems of the form
(3.18) on various different subsets of the integers have been profoundly explored in
the literature, in particular in connection with growth models and tilings as the ones
mentioned, among many other ones. We refer the reader to [4, 29] for an account of the
overarching connection of (3.18) with other models.

For us, we consider (3.18) under the framework studied in [4], which we now briefly
describe. In summary, we work under the following assumptions.

Assumption 3.4. The discrete Coulomb gas ensemble (3.18) satisfies the following
conditions.

(i) The set of nodes Ay is defined by a quantization rule (3.21) with respect to a
density function p.

(ii) The orthogonality weight is of the form wy (z) = e~ NV~(®) for a suitable function
V.

(iii) The constrained equilibrium measure of the system satisfies a regularity condition
(in the sense discussed around (3.24) below).

Under these assumptions, we are interested in the limit where n — 400 with n = N
and 8 € (0, 1) fixed. We now detail what parts (i)-(iii) of Assumption 3.4 mean. In what
follows, for a compactly supported finite measure A on R, its logarithmic potential is

1
UA(Z) = /10g md)\(fﬂ)7 z € R,
which is a well-defined function assuming values in (—oo, +00].

We assume that the set of nodes Ay is defined through a density function: there
exists a function p which is analytic in a complex neighborhood of [0, 1], p(x) > 0 on [0, 1],
fol p(xz)dx =1, and the nodes are defined through the relation

2V

: 2j +1
p(a)de = ‘72; . j=0,...,N—1, (3.21)

0

which is usually referred to as a quantization rule. We view p as a density on [0, 1], with
its corresponding logarithmic potential U? := Ur0.19%  The weight wy is assumed to be
of the form

wy(z) =e NWE@ with Vy(z) = V(z) - UP(x) + % (3.22)

and where V is independent of N, real analytic in a complex neighborhood G of (0,1),
and 7 is allowed to depend on N but in such a way that

C,, == limsup sup |(z)| < oo. (3.23)
N—oo z€G

The function V' may be viewed as the confining potential for the discrete Coulomb gas.
The term U” in (3.22) could have been incorporated into V, but it has a slightly different
meaning: it arises upon taking the discrete-to-continuous limit of the discrete set Ay to
the interval [0, 1]. Furthermore, for technical reasons it is important that V' admits an
analytic continuation to a full complex neighborhood of [0, 1], which is not necessarily

the case for U”.
The situation of equally spaced nodes is recovered with p = 1 and xS-N) = %
for which U?(z) = —zlogz — (1 — x)log(1 — z) + 1. The particular cases of (rescaled)
Hahn and Krawtchouk polynomials correspond to equally spaced nodes and the choice
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V(z) = —(a+ z)log(a + ) — (b — x)log(b — x) 4+ cx + d, where a,b,¢,d are appropriate
parameters.

A central role is played by the constrained equilibrium measure p"', which is the
unique Borel probability measure on [0, 1] that minimizes

! 1 P o
// =g H@duly) + g/(v(ﬂf) — UP(@))dp(), (3.24)

over all Borel probability measures y on [0, 1] satisfying the constraint u(B) < % [ p(x)da
for every Borel set B C [0, 1].

The constraint implies that the equilibrium measure ;" is absolutely continuous
with respect to the Lebesgue measure, say du" () = ry (z)dz, with 0 < kv (z) < p(x)/B.
Moreover, in our situation, the interval [0, 1] is divided into a finite number of bands,
voids, and saturated regions: a void is an interval on which sy (z) =0, a band is an
interval on which 0 < sy (z) < p(z)/F, and a saturated region is an interval on which
ky(z) = p(x)/B. The density xy is real analytic on each of the bands. We assume that
kv (z)dx is a regular equilibrium measure, in the following sense.

(i) Both xy(z) and p(z)/8 — kv (x) have a square-root behavior at each point where
they vanish.

(ii) The two endpoints 0 and 1 do not belong to the closure of a band.

Condition (i) is a generic condition on V, in the sense that if it is not satisfied by a
specific V, then it is satisfied for any sufficiently small perturbation of V; we refer the
reader to [4, Section 2.1] for a detailed discussion. Condition (ii) implies that sy (0), kv (1)
are either 0 or p(0)/3, p(1)/5. We impose all these technical conditions in order to be
able to use convergence results and bounds for the kernel k,, from established sources
in the literature. The computation of the constrained equilibrium measures for the
Hahn and Krawtchouk orthogonal polynomial ensembles are thoroughly discussed in [4,
Section 2.4] and [38], respectively.

Under the conditions just discussed, it is known that xy describes the one-point
function of the ensemble (3.18). Concretely, if J is any closed interval where 0 <
Ky (z) < %, then the limit

lim kg (x,2) = ky(2), (3.25)

n—oo
holds true as n — oo with n = SN as before, uniformly for € J. As stated, this is [4,
Lemma 7.12]. Variants of this result also appear in [37, 44, 52].
We will now apply Theorem 2.7 to the discrete Coulomb gas under Assumption 3.4.
For that, we need to verify Assumption 2.6, which we do as follows.

(I) Determine the scaling of the kernel (2.9) and the corresponding varying measures
14, that, together, determine a point process X,, with state space Q.

(II) Identify a limiting measure i and the state space {2 where it acts.

(Il) Determine the limiting kernel K acting on L?(u), with the corresponding limiting
point process X on the state space ().

(IV) Determine a suitable class of varying symbols ¢,, and their limit o.
(V) Verify that, in this construction, Assumption 2.6 (1)-(3) holds.

We consider a bulk point, that is, a point «* for which 0 < sy (z*) < p(z*)/8. Scale

the set of nodes Ay to Qp,
Ky (z*)n

Qn = 3

(Ay —2%),
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and scale k,, to K,, as in (2.9), here taking the form

Bu oy Pv

liv(il?*)n7x kv (z*)n

Kp(u,v) = ky <x* + > , u,v € Qp. (3.26)
Notice that we are not adding the usual factor m in front of the scaled kernel. This
is so because we prefer not to scale the counting measure of () later on, and this choice
is also consistent with (3.25).

For later reference, we emphasize that k,, is defined through the discrete orthonormal
polynomials (3.20) with varying weight wy, namely

n—1

kn(2,y) = Vwn @wn () Y pp @)p (y), 2,y € Aw.
k=0

Notice that 2, is naturally a finite set of K = R, and K,, is the correlation kernel of a
point process on {2y, with the reference measure dyu,, being the counting measure on
Qn, hence varying with n = SN. The kernel (3.26), is initially defined only for u,v € Q.
We extend K,, to other values u,v € R by setting it to zero for u,v € R?\ (Qx X Q).
Observe that verifying Assumption 2.6 (2)—(3) requires only information about the kernel
on supp u, = Qy, so such an extension is only needed for completeness but does not
play any substantial role in what follows. This concludes step (I).
To identify the state space of the limiting point process, let us label

Ov=1{<dV<o<gV <V <} =1{¢"}jesy, J=InCZ

(N)

That is, 2 is a collection of N sites ¢;" ' indexed over J C Z, and ¢; ’ is the smallest

non-negative of such sites.

()
J

Condition (3.21) written in terms of the qj(-N)’s implies that these nodes must satisfy
8 (z)
J u Ry (T n
* du = = ). 3.27
/q(N> P (:v + /@V(Jc*)n) b 8 N v (@) ( )

j—1

The density p is continuous and strictly positive on [0, 1], say with m < p(z) < M for
every z € [0,1]. This last identity implies in particular that

k(@) _ vy vy _ kv (ET)
iS4 gt < T (3.28)
for every j. From the fact that q(()N) is the smallest non-negative site we obtain the
inequality |q(()N)| < \q(()N) — q(f\l’) , and therefore the sequence (q(()N)) ~ remains bounded

as N — oo. From now on we assume for definiteness that qéN) — 0, otherwise all the
considerations that will follow still hold true after a suitable shift.

The bound (3.28) and the convergence q(()N) implies that for each j fixed, the sequence
(qéN))N remains bounded as N — oo. Thanks to (3.27), we must thus have

g™ “V(f ) i
p(z*)

Thus, we identified that the set of nodes () is converging to the limiting set (2 := ”’pv(g;;) Z.
More precisely, recalling that du,, is the counting measure for )y, and denoting by du
the counting measure for €2, the limit (3.29) implies that the sequence (u,,) converges
vaguely to p, that is, for any continuous function i with compact support we have
[ hdu, — [hdpas N — oco. This concludes step (II).

as N — oo while j is kept fixed. (3.29)
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For later, we also need the following rough concentration property: there exists
Cp > 0 such that for any interval [—L, L] and any n sufficiently large,

pin([~L, L)) < CoL. (3.30)

Such a concentration is a consequence of (3.27), (3.28) and (3.29), and carries through
to u([—L, L]) = limy, o0 pn ([ L, L]).

As we will see in a moment, the kernel K,, converges to the discrete sine kernel,
defined on (2 by

K(u, ’U) = dein(u, ’U) = B’;Z’L‘(f) ) SIH;ETLEU U)v))a u 7é v, dein(ua u) = ﬁl:)vx(f))

In other words, the expression for Ky, is a multiple of the sine kernel in (3.4), but we
reserve the notation Kggi, to remind the reader that this kernel acts as an operator Kggin
on the space /2(Q2) with the discrete counting measure u. Nevertheless, observe that
Kdsin is continuous on R? = IK?, a condition which is necessary in Assumption 2.6. The
kernel Kgg;, defines a point process Xyg;, on the discrete set 2. Step (III) is therefore
concluded.

We consider functions o, (u) of the form

on(uw)=c(u)=1—e '  yeR, (3.31)

where f : R — [0, +00) is continuous and compactly supported. In particular, o,, does not
depend on n, and is interpreted as already living on the microscopic scale u. In principle,
we could replace the assumption of compact support of f by a mild growth condition on
f (compare with (3.6)), but that would require some mild global bounds on the kernel
K, which we could not find in the literature, and obtaining them would go beyond the
scope of this paper. This concludes step (IV).

Finally, we now verify (V).

We start by analyzing the kernel K,,. First of all, given a compact F' C R, [4,
Lemma 7.13] says that

, (3.32)

slQ

sup  |Kp(u,v) — Kggin(u, v)| <
u,WEFNQ N
where C = Cr(z*) is a constant depending on F', the bulk point z* and 8 € (0,1), and
the inequality is valid as n — oo with n = SN. This statement yields the first limit in
Assumption 2.6 (2). The second limit in Assumption 2.6 (2) is trivial, as in our case of
consideration o,, = ¢ is independent of n.
Finally, we verify Assumption 2.6 (3). For that, we bound the kernel K,, and the factor
V1p + o, separately. For the kernel, the convergence (3.32) and the boundedness of
Kasin give that for any L > 0, a bound of the form

|1[—L,L](U)Kn(uaU)]-[—L,L](U” < Cl[—L,L] (u)l[_L,L](v), u,v € QN (3.33)

holds true.
Next, take L > 0 sufficiently large such that F Usupp f C [—L, L], making also sure
that £L ¢ Q. From the bound (3.33),

IV 1r(u) + on(u)Kn(u,v)\/1p(v) + on(v)| £ 2C 1 ) (w) =g (v) u,v € Qn.

Hence, setting ¥(u) = ®(u) = 2C1_r, 1j(u), the bound in Assumption 2.6 (3) holds
true. Thanks to (3.30), the L?(j, ) and L°°(j, ) norms of both ® and ¥ remain bounded
as n — oo. Because +L ¢ Q = supppu and (u,) converges vaguely to u, the weak
convergence ®Wdyu, — ®Wdyu also holds true. Step (V) is finally completed, and using
Theorem 2.7 we concluded the following.
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Corollary 3.5. Consider the discrete Coulomb gas ensemble (3.18) under Assump-
tion 3.4. Scale it around a bulk point x* as in (3.26) and let ¢ be as in (3.31).
For any compactly supported continuous function h : R — [0, +00), the limit
lim G [h] = Gagnlhl,

n—r oo

is valid, where G4, and G3;,, are the probability generating functionals of the discrete
Ky (™)
p(z*)

sine point process on ) = 7, and its o-deformation,

Gadsin [h] = det(l - \/HKdSiH\/E)’ ggsin [h] = det(l - \/EKgsin\/lTL)’

with
Kgsin =v1- Udein(l - O'dein)71 1-o.

In particular, the deformed discrete Coulomb gas XJ» converges weakly as n — oo to
the deformed discrete sine point process X7

dsin*®

4 Proof of Theorem 2.3

In this section, we consider biorthogonal ensembles X,, as in (2.10) with kernels K,,
as in (2.9) and probability generating functionals G,,, acting on an underlying space
L?(u) over the field C. Given a sequence of functions (o,,), we consider the deformed
biorthogonal ensemble X7 from (2.14), and we assume that K,, and o,, are such that
Assumption 2.2 holds true. As before, we denote KJ~ for the correlation kernel of X7,
and G2 for its probability generating functional; when applying this functional to a
function h, we will always assume that » : K — [0,1) is continuous and compactly
supported, with sup,ci h(z) < 1. The next two auxiliary results are essentially special
cases of more general results in [24], but we include a self-contained proof here in our

settings, for the convenience of the reader.

Lemma 4.1. If Assumption 2.2 (1) holds, we have the identity
Gon[h] = det (1 — VhKo" \/H) , with K7 =1 - 0nKn (1 - 0,K,) ' vVI— o

Proof. Recall from our general discussion on biorthogonal ensembles that the kernel K,
can be taken of the form

where @4, ..., ®,, have the same linear span over C, say A,, as F,...,F,, and ¥,..., ¥,
have the same linear span over C, say B,, as G1,...,G,, and they satisfy the biorthogo-
nality relations

/}K @ ()W () W (1) dpa(at) = 5.

It is then straightforward to verify that the integral operator K,, with kernel K,, acting on
L?(u) is the unique linear projection operator with range /W, 4,, and kernel the orthogo-
nal complement of /W,, B,, on L?(;1), where B,, is the space of functions whose complex
conjugate lies in B,,. Similarly, the integral operator corresponding to the correlation
kernel KZ» of X7 is the unique linear projection operator with range /(1 — 0, )W, A,
and kernel the orthogonal complement of /(1 — o,,)W,, B,,. We will now prove that this
projection operator is given precisely by

Ko :=+v1—0,K, (1 — anKn)71 V1-—o,.
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The operator K,, is finite rank, so ¢, K,, is trace-class. Recalling Assumption 2.2 (1),
Gnlon] =det (1 — /o, ,Kp\/0,) =det (1 —0,K,) >0,

so that 1 — 0,,K,, is an invertible L?(y)-operator.
To see that K{~ is indeed the desired projection, we observe first that it is of rank n,
and that

(K7’ =vVI—0,K, (1—0,Kp) ' (1 - 00)Kn (1 - 0,Ky) ' VI— 0,
=V 1- O-nK'n, (]- - UnKn)_l (1 - U7LK7L)K7L (1 - U7LK7L)_1 \% 1- On
=v1-0,K2 (1~ oK) VI = o,
=K,

so that it is indeed a rank n projection. Furthermore, for ® € A,,, we have

(1— 0 K) (VW @] = VW@ — 0, K[V W, @] = (1 — ) /W, @

because K,, is a projection onto 4,,. Or, in other words, (1 — 0,K,,) "} [(1 — 0,)vVW,®] =
VW, ®, so that
Ko [V(1 = 00)Wn®] = VI = 0,K, (1 - 0,Ky) " [(1 = 0) /W, D]

= V1= 0, K[V W, D]

=1 -0, W,®,
such that the range of K9~ is indeed /(1 — 0,,)W,, 4,,. For F in the orthogonal com-
plement of /(1 — 0,,)W,, B,,, we have K, [\/T —0,F] = 0, so (1 — 0,K,,)[v/1—0,F] =
v1—o0,F, and

K7 [F] = V1—0,K, (1 -0,K,) ' [VI—0,F]
=v1-0,K,[V1—0,F]=0,

which concludes the proof. O
Lemma 4.2. If Assumption 2.2 (1) holds, G2 [h] is given by

_det (1 — [0y, + h — 0,h]K,,)
B det (1 —0,K,)

g [h]
Proof. We recall from Lemma 4.1 that the probability generating functional G2~ [h] is
given by
Gon[h] = det(1 — VAKI"Vh) = det(1 — hK3") = det (1 — h(1 — 0,)Kn(1 — 0, K,) 7).
If det (1 — 0,K,,) # 0, which is true by Assumption 2.2 (1), we rewrite the latter as

_ det (1 — [0y, + h — 0, h|K,,
det ([1 — 0, K, — h(1 — 0,)K,] (1 — 0,K,,) ") = ( dei(l_a K )] ),

and the proof is complete. O

Our strategy now consists in proving that

lim det (1 —Vonth— onhKnSon + h— Jnh) -

n—oo
det (1—\/U+h—ahK\/o+h—Uh>, 4.1)
lim det (1 — /0,K,\/0,) = det (1 — VoK\/0). (4.2)
n—00
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This last determinant is non-zero by Assumption 2.2 (2). By Lemma 4.2, (4.1)-(4.2) imply
that

det (1= Vo +h —ohKyo +h—oh
Jim 67+ [n) = = ( ﬁ;l_\%Kjg)+ g, )

where the last equality follows from [24, Theorem 2.4 (2)]. Thus, to complete the proof
of Theorem 2.3 under Assumption 2.2, it remains to prove (4.1)-(4.2).

For any bounded Borel measurable function ¢ : K — [0, +00), we have that ¢ K, /4
is finite rank and therefore trace-class on L?(u), and

0 Nk
det (1~ VOK./B) = U g,

k!
k=0

with

k

k
1T dpeluy). (4.4)

Jl=1 j=1

Slt] = S iltos ] = /

K

. det ( Y (uj) K (uy, ue) ¢(Utz)>
Similarly, if ¢ : K — [0, +-00) is such that /¢K+/¢ is trace-class on L?(u),

det (1~ /oK /) 3 (7k1!)k5k [4],

k=0

L2(n)
where analogously

k

k
T dpe(uy). (4.5)

JA=1 j=1

Silo] = sulown = [ det (foluK(us, ) /o

We will prove first that S, x[¥n] — Sk[#] as n — oo for any k, with ¢, = 0, ¢ = 0o,
and also with ¥,, = 0, + h — o,h, ® = 0 + h — oh. Afterwards we will prove that the

whole series .-, (7,3!)’“ Sp.k[¥n] converges as n — co to Y oo (7k,1l)k Sk[¢] for the same
choices of 1,,, . These results are proven in Lemmas 4.4 and 4.5, respectively, and imply
(4.1)-(4.2). For proving them, we will need two versions of Hadamard’s inequality, which

we recall as the next lemma.

Lemma 4.3. For a k x k matrix M, denote its j-th column by M; € C*, and for a vector
v=(vy, - ,v;)T € C* denote

i 1/2
vl =Y [wil*] vl = sup |vi].
P 1<i<k

Then for any k x k matrices M and L, the inequalities

k

|det M| < [T 1Ml (4.6)
=1
and
k—1
|det M — det L| < k*/? (max (1M oo |Lioo)> max || M; — Li|s (4.7)
1<i<k 1<i<k
hold true.

Proof. Inequality (4.6) is the classical Hadamard’s inequality. Inequalities similar to
(4.7) are known for other matrix norms, see for instance [49], in particular Theorem 2.12
therein. But we failed to find it in the exact form (4.7), and for completeness we provide
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a simple proof. Let (vy,...,v;) be the matrix whose i-th column is the column vector
v; € C*, and M, be the j-th column of the matrix M. By linearity of the determinant on
each column,

det M = det(M1 — Ly, My, M3, --- ,Mk) +det(L1,M2,M3,--- ,Mk)

= det(My — L1, My, M3, -+ , My) + det(Ly, My — Lo, M3, - , My)
+det(L1, Lo, M3, --- , My,)

k
= Zdet(Ll, cee 7L7;_17M7; — LiaMi—i-l)' .. ,Mk) +d€tL
i=1

Subtracting det L from both sides, and using (4.6) and the basic inequality ||v]2 <
k'/2||v|| s several times, inequality (4.7) follows. O

Lemma 4.4. Let k € IN, and assume that Assumption 2.2 holds. Then,

lim S, x[on] = Sklo], li_>m Sn.klon +h —oph] = Sglo + h — ohl.

n—oo

Proof. It suffices to verify the second limit, as the first limit follows from it by setting
h=0.
Write ¢, = 0, + h —o,h and ¢ = 0 + h — ch. We have

k

k
T dutuy).

amm:/(m<¢mmmww>@m@
Kk Jt=1 =1

By Assumption 2.2, the integrand converges point-wise to

det( d(u;)K(uy,ur) ¢(ue))k

j. =1

for p-a.e. (u1,...,u;) € K¥. Moreover, with ®, ¥ as in Assumption 2.2 for a bounded set
F' containing supp h, set

Z = {(x1,-- o) € K* | ®(x;)¥(2,) = 0, for some j}.

The integrand of S,, ;, vanishes on Z, and we may write

_ VK (0 u0) Vo) P o
Snkln] = /m\z det < D (u;) ¥ (ue) >j,e—1 JI;II o)) dpluy). - (4.8)

Thanks to the inequalities 0 < ¢,, = 0,,(1 — h) + h < 0,, + 1, each entry of the matrix is
bounded in absolute value by 1, hence the determinant is bounded in n, for fixed k. It
follows that there exists a constant C}, > 0 such that the absolute value of the integrand
is bounded from above by

k
Ck H P (uy) ¥ (uy),

which is integrable over K*, since ®, ¥ € L?(u). Thus, by Lebesgue’s Dominated
Convergence Theorem, we have that
k

k
1T dusuy) = Si[e),

JA=1 j=1

i S,080n] = [ et (/oK. 00 V/500))
n—oo Kk
concluding the proof. O
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Lemma 4.5. If Assumption 2.2 holds, then we have the limits (4.1) and (4.2).

Proof. As before, it is sufficient to prove (4.1), the limit (4.2) then follows setting h = 0
We keep denoting ¢,, = 0, + h — 0,h and ¢ = 0 + h — oh. Recall that

det (1= /6, K0 /60 ) = i k, " Sukldnl,
k=0

and we know from Lemma 4.4 that S, x[¢n] — Si[¢] for every k € IN as n — oo. In order
to use Lebesgue’s Dominated Convergence Theorem for series, we bound S, 1.[¢,]. We
start again from identity (4.8), in which we have the determinant of a £ x k£ matrix with
entries bounded in absolute value by 1. By Hadamard’s inequality (4.6), the determinant
is bounded in absolute value by k*/2, and we obtain

k
S albal] < B2 ( / @(u)@(u)dmw) < k¥ 0 5] w5,

where we used the Cauchy-Schwarz inequality. But the series

kk/2

Z el

k=0

is convergent, so we can indeed use Lebesgue’s Dominated Convergence Theorem for
series to obtain

o0 o0
nll)H;o det (1 — ¢nKn n) = n n n k @bn Z ]f'
—0 k=0
= det (1= VoK),
and (4.1) is proved. O

5 Proof of Theorem 2.7

We now consider biorthogonal ensembles &, with kernels K,, which satisfy Assump-
tion 2.6. In particular, the kernel K,, acts on a space L?(u,,) with n-dependent Radon
measure pu,, and the sequence of measures (u,) converges to a measure p in the
sense of Assumption 2.6 (3). As before, we consider the deformed biorthogonal ensem-
ble X7~ from (2.14), with probability generating functional GJ~, and we assume that
h: K — [0, +00) is continuous and compactly supported, with ||A|. <1

Our strategy is the same as in Section 4. Thanks to Lemma 4.2, it suffices to prove

lim det (1 — Jont h—onhKnSon +h — anh) o =
tn

n—oo
det (1—\/o+h—o—hK\/a+h—crh) , (5.1)
L2()
nh_)rr;o det (1 — /7,K, Un)LQ(M”) =det (1 - ﬁK\/E)LZ(“) , (5.2)

as in that case we obtain again that

det (1 — \/a+h—0hK\/0+hfah)L2

. o (w) o
| nlh| = = h]. 5.3
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Recall the quantities Sf: xl¥] and S,‘: [¢] that were introduced in (4.4) and (4.5), where we
now make the dependence on the measure i explicit in our notation. In turn, to prove
(5.1)-(5.2) it suffices to prove

li i(_l)ks"n[ ]—i(_l)ksﬂ[] and (5.4)

b0 I L :
=1 n=

li i (71)'65#"[ +h — o,h] —i (*l)ksﬂ[ +h—oh] (5.5)

n;rréo il n.klOn oph| = 1 Wl e on|. .
k=1 n=

We will show these series convergences by first showing that each term converges to
the corresponding term in the limit, and then arguing that the limit commutes with the
sum. We first need to establish a technical result.

Lemma 5.1. Let (v,,) be a sequence of finite Borel measures over a fixed Euclidean
space F, converging weakly to a finite Borel measure v on E as n — .

(i) If(f,) is a sequence of uniformly bounded Borel measurable functions and f is a
bounded continuous function, for which

nh_)rr;o 115(fn = F)llLec @, =0,

for any compact B C K, then

lim [ f,dyv, = /fdu.

n— oo

(i) If G is an open set for which v(dG) = 0, then v, | , = 1/|G asn — oo.

o

/fndun—/fdu:/(fn—f)dun+/fd1/n—/fdy.

From the weak convergence and the continuity of f, we obtain that [ fdv, — [ fdv — 0
as n — oo, and we now prove that [(f — f,)dv, — 0.

The uniform boundedness of the sequence (f,,) and the boundedness of f imply that
for some constant M > 0, the bound |f,,(z) — f(z)] < M holds true for every x € F and
every n.

Fix an arbitrary € > 0. Since v, 2 v and v is finite, there is a compact B C E for
which v, (E'\ B) < ¢/M for every n sufficiently large. We then write

Proof. Write

‘/(fn—ﬁdun

</E\B|fn—fdvn+/3fn—fdvn

<e+ ”(fn - f)lBHL”(un)Vn(B)
<e+ [I(fo = HlBllze@,)vn(E).

The convergence v, — v implies that v,(E) = [ 1dv, — v(E), so the last term on
the right-hand side above converges to zero by assumption. Since € > 0 is arbitrary, the
proof of (i) is complete. Part (ii) is folklore, but we have not been able to find a detailed
reference, so we provide a proof of it. We start by recalling Portmanteau’s Theorem [8,
Theorem 2.1], which says that for Borel probability measures A,, and \ the following
conditions are equivalent:

1) A =N
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(2) liminf,, oo A (U) > A(U), for every open set U C E;
(3) limsup,,_, ., An(F) < A(F), for every closed set F' C E;
(4) A\ (B) — A\(B), for every Borel set B for which \(0B) = 0.

To prove (ii), assume first that v,, and v are probability measures, with v, X v, and G
is an open set for which v(0G) = 0. If v(G) = 0, then V|G =0, and

limsup v, (G) < limsup v, (G) < v(G) = v(G) Ur(0G) = 0.
and by the implication (3) = (1) we see that V"|G —- 0= u’G. Assuming now that

v(G) > 0, the weak convergence v,, — v and (4) above imply that v,,(G) — v(G) > 0, and
for n sufficiently large we may introduce

G-

We already have the convergence v,(G) — v(G), so to conclude that v, c 5 V| g itis
sufficient to verify that A, — \. For the latter, we now verify the condition (2): given any

open set U,

liminf A\, (U) > limﬁliminfun(Gﬂ U)= ﬁliminfun(Gﬁ U)

v(GNU) = A|,U).

J 1
— (@)

where the last inequality follows from the weak convergence of probability measures
* . P 1.
v, — v. This concludes the proof of (ii) when v,,, v are probability measures.
For the general case of finite measures, if v(F) = 0, that is, v is the trivial measure,
then (ii) is immediate. Otherwise, the weak convergence v, S gives that

Vn(E):/lEdl/n—)/lEdI/,

and we may assume that v, (E) > 0. We now introduce

1 R 1
— = Vn, Vi=——
vn(E)" v(E)

~
Vp =

which are probability measures, and as such the first part of the proof yields that

Un|g = V]g- But v, = vn(E)0|,, v|, = v(E)D|, and v,(E) — v(E), and the result
follows. D

Lemma 5.2. Let k € IN, and let Assumption 2.6 hold. Then,

lim S} [on] = Si o], lim S} [on +h —onh] = Si[o +h—oh].

n—roo n—oo

Proof. For any bounded functions ¢,, and ¢, we have

k
K* i

k k
+/ D(xl,...,xk)Hd,un(xj)—/ Do, aw) [[ diu(ay)|, (5.6)
K* j=1 K* j=1
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where
k

D(z1,...,z) = det < o(z;)K(z5, z¢) ¢($g)> ,

J€=1
A, .. ax) =

det( On(x;) Ky (25, 20) %(Ie))j’e_ldet( o(x;)K(2j, z¢) ¢($€)>

k

Jt=1

As before, we are interested in the choices (¢, ¢) = (o,,0) and (¢n,¢) = (o, + h —
onh,o +h —coh) with h : K — [0,1) continuous and compactly supported. The former
case follows from the latter by setting h = 0. So we focus only on the latter, and verify
that each of the two terms on the right-hand side of (5.6) goes to zero.

Let @, ¥ be as in Assumption 2.6, where F' is a bounded set for which supp h C F (if
h = 0, we can choose for instance F = (). Set

G =K\ {(z1,...,21) € K* | ®(2;)¥(z;) = 0 for some j}.

Because the functions ® and V¥ are continuous, the set GG is open. Assumption 2.6 (3)

implies that whenever (zy,--- , ;) € K* \ G, both determinants in A, (zy,...,z)) vanish
because at least one row in the matrices is identically zero, so that A, (x1,...,2x) = 0.
Therefore, we may write the second line of (5.6) as
D(zq,..
| = H@ (23) W ()t — 1)) 5.7)
G H] 1 ( ) (
as well as

k
/ An(@r,. . o) [[ dpn(a)) / xl"' Hq> )V () dpn (). (5.8)
Kk j=1 H (

The function W

of G we know that the measure of 9G under [[ ®(z;)¥(z;)du(z;) is zero. The weak
convergence ®Wdu, — ®Wdy combined with Lemma 5.1 (ii) then implies that the
difference of integrals in (5.7) goes to 0.

To conclude the proof it remains to verify that the integral on the right-hand side
of (5.8) converges to 0. For that, we will use Lemma 5.1 (i) with £ = K*, an arbitrary
compact set B, and the choices

is continuous on the open set G, and by the definition

fn(Il,...,Ik):1g($1,...,xk) Akn(x17”.7xk) ﬁ x] dﬂn(xj)
Hj:l @(xj)\lf(xj) j=1
k
f((El,...,LCk) =0, H 1'] d,u,((EJ)

From Assumption 2.6 (3) we have v, 5. Using linearity of determinants,

Ap(z1, ..., zp) _
15, ®(z))¥(x;)

ot <\/¢n<xj>r<n<xj,xz) %(w))k e <\/qs(xj)K(:cj,xz)\/aé(w))k
) =1 =1

D ()W (e D(z;)W(ze)
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Since supp h C F we have
0<¢,=0,1—h)+h<o,+1p,

and therefore Assumption 2.6 (3) implies that each entry of each determinant in A, is
bounded by 1. Applying the first Hadamard’s inequality (4.6), we obtain

An(z,...,zk)
TT5_; ®(a)W(xy)

< 2R (24, 2p) € G, (5.9)

so the sequence (f,) is indeed uniformly bounded.
A simple calculation shows that

11 fnllLoew,) = lI1BnG Anll Lo @k ) (5.10)

To bound the right-hand side, we now show how to apply the second Hadamard inequality.
With

k

M = M() = Lanp(o) (/o (0 Kol Vo))
k

L= L) — 1@3(3:)( o K(zy.a0) <15(l’e)) ,

je=1

we have 1gnpA,, = |det M — det L| pointwise, and Assumption 2.6 (3) gives the inequali-
ties
1M () oo (15 () [loo < Nl Loe (o) ¥l Lo (1), & € GO B.

From the definition of M; and L; we also have for each j that

IM;(2) = Lj(@)|lso < 11B(Vén — VO 1w 115 © 1EKnll oo (n ) 11B VOl Lo (1)
118Vl 1 (u) 115 ® 15 (Kn — K) || = (unopen) 118V Bl £ow (1)

+ 115Vl L () 15(V/0n — V&)l o< (i) -

Denote the right-hand side of this last inequality by p,,. Hadamard’s inequality (4.7) then
yields that

1p @ 1BK|l Lo (u,@mun)

11506 A o @) < K2Rl Lo )™~ (N Lo )"

From Assumption 2.6 (3), the L*° norms of ® and ¥ on the right-hand side above remain

bounded as n — oco. From the inequalities 0 < vu+ 1 — v + 1 < v2(y/u — ) for
0 <v <u <1 applied to u = max{o,,oc},v = min{o,, o}, we obtain that

I\/ﬁ—\/5\§|\/07L+1F—¢a+1ﬂ§\/il\/ﬁ—\/c?l,

and when combined with Assumption 2.6 (2) it gives that p,, — 0. Hence, [|15 ful[ 1o (1,) —
0 for every bounded set B, Lemma 5.1 (i) is applicable, and we conclude that the term
on the right-hand side of the first line of (5.6) goes to 0, as we wanted. O

Remark 5.3. Note that in many situations, one may take ®, ¥ strictly positive, such that
G = K* in the above proof. This simplifies some of the arguments such that the proof
can be shortened considerably. In particular, we do not need Lemma 5.1 (ii) in that case.

Lemma 5.4. If Assumption 2.6 holds, then the limits (5.4)-(5.5) hold true.
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Proof. Similarly to Lemma 5.2, it suffices to prove (5.5), the limit (5.4) then follows by
setting & = 0. We follow closely the notation and ideas from the proof of Lemma 5.2.
Setasusual ¢, =0, +h—o,h, p =0+ h —och and

Dn(z1,...,2k) == det ( On(25)Kp (25, 20) qﬁn(w))i 1
b=
Proceeding as we did for (5.9), we obtain
S ilonl]l
S/ 2n($17~- H(I) (25) ¥ (2;)dpn (x;) kk/2/ﬁ<1>(xj)\11(xj)dun(xj)
a |l ‘I)(xj)‘l' j=1

< K2)1@] Fa i,

|\P||L2(/1.n)7

where we used Cauchy-Schwarz for the last inequality. By assumption, the L? norms on
the right-hand side remain bounded as n — oo, yielding that the series

kk/2

Z 120220 19112 )
k=1

is convergent. Therefore, Lebesgue’s Dominated Convergence Theorem applies to the

series
1
Zi H" ¢7L
k!
k=0
and it provides (5.5). O

This concludes the proof of Theorem 2.7.
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