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Abstract We prove that when suitably normalized, small enough powers of the abso-
lute value of the characteristic polynomial of random Hermitian matrices, drawn from
one-cut regular unitary invariant ensembles, converge in law to Gaussian multiplica-
tive chaos measures. We prove this in the so-called L?-phase of multiplicative chaos.
Our main tools are asymptotics of Hankel determinants with Fisher—Hartwig singu-
larities. Using Riemann—Hilbert methods, we prove a rather general Fisher—Hartwig
formula for one-cut regular unitary invariant ensembles.
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1 Introduction
1.1 Main result

Log-correlated Gaussian fields, namely Gaussian random generalized functions whose
covariance kernels have a logarithmic singularity on the diagonal, are known to show
up in various models of modern probability and mathematical physics—e.g. in com-
binatorial models describing random partitions of integers [35], random matrix theory
[31,34,60], lattice models of statistical mechanics [41], the construction of confor-
mally invariant random planar curves such as stochastic Loewner evolution [4,63], and
growth models [9] just to name a few examples. A recent and fundamental development
in the theory of these log-correlated fields has been that while these fields are rough
objects—distributions instead of functions—their geometric properties can be under-
stood to some degree. For example, one can describe the behavior of the extremal values
and level sets of the fields in a suitable sense—see e.g. [58, Section 4 and Section 6.4].

A fundamental tool in describing these geometric properties of the fields is a class
of random measures, which can be formally written as an exponential of the field. As
these fields are distributions instead of functions, exponentiation is not an operation
one can naively perform, but through a suitable limiting and normalization procedure,
these random measures can be rigorously constructed and they are known as Gaussian
multiplicative chaos measures. These objects were introduced by Kahane in the 1980s
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Random Hermitian matrices and Gaussian multiplicative chaos 105

[37]. For arecent review, we refer the reader to [58] and for a concise proof of existence
and uniqueness of these measures we refer to [6].

A typical example of how log-correlated fields show up can be found in random
matrix theory. For a large class of models of random matrix theory, the following is
true: when the size of the matrix tends to infinity, the logarithm of the characteristic
polynomial behaves like a log-correlated field. This is essentially equivalent to a suit-
able central limit theorem for the global linear statistics of the random matrix—see
[31,34,60] for results concerning the GUE, Haar distributed random unitary matrices,
and the complex Ginibre ensemble.

One would thus expect that the characteristic polynomial and powers of it should
behave asymptotically like a multiplicative chaos measure. A related question was
explored thoroughly though non-rigorously in [30,32]. The issue here is that the
construction of the multiplicative chaos measure goes through a very specific approx-
imation of the Gaussian field and typically uses things like independence and
Gaussianity very strongly. In the random matrix theory situation these are present
only asymptotically. Thus the precise extent of the connection between the theory
of log-correlated processes and random matrix theory is far from fully understood.
For rigorous results concerning multiplicative chaos and the study of extrema of
approximately Gaussian log-correlated fields in random matrix theory we refer to
[2,12,46,47,57,67].

In this article we establish a universality result showing that for a class of random
Hermitian matrices, small enough powers of the absolute value of the characteristic
polynomial can be described in terms of a Gaussian multiplicative chaos measure.
More precisely, we prove the following result (for definitions of the relevant quantities,
see Sect. 2).

Theorem 1.1 Let Hy be a random N x N Hermitian matrix drawn from a one-cut
regular, unitary invariant ensemble whose equilibrium measure is normalized to have
support [—1, 11. Then for B € [0, ~/2), the random measure

|det(Hy — x)|”
e — x
E|det(Hy — x)|P

on (—1, 1), converges in distribution with respect to the topology of weak convergence
of measures on (—1, 1) to a Gaussian multiplicative chaos measure which can be

. _8 2 . : .
formally written as ePXO~TEXO gy \where X is a centered Gaussian field with
covariance kernel

1
EX(x)X(y) = 5 log [2(x — y)I.

We note that in particular, this result holds for the Gaussian Unitary Ensemble (GUE)
of random matrices, with a suitable normalization. The proof here is a generalization of
that in [67] by the second author and relies on understanding the large N asymptotics
of quantities which can be written in the form E[e™ T(Hy) ]_[1;=1 |det(Hy — x;) |f3,-]
for a suitable function 7 : R — R, xj€(=1,1)and B; > 0.

It is easy to see, and we will recall the relevant derivations below, that such expec-
tations can be written in terms of Hankel determinants with Fisher—Hartwig symbols,
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and while such quantities (and corresponding Toeplitz determinants) have been studied
in great detail [14,19,20,42], it seems that in the generality we require for Theo-
rem 1.1, many of the results are lacking. Thus we give a proof of such results using
Riemann—Hilbert techniques; see Proposition 2.10 for the precise result. This settles
some conjectures due to Forrester and Frankel—see Remark 2.11 and [28, Conjec-
ture 5 and Conjecture 8] for further information about their conjectures.

1.2 Motivations and related results

One of the main motivations for this work is establishing multiplicative chaos measures
as something appearing universally when studying the global spectral behavior of
random matrices. This is a new type of universality result in random matrix theory and
also suggests that it should be possible to establish some of the geometric properties
of log-correlated fields in the setting of random matrix theory as well. Perhaps on a
more fundamental level, a further motivation for the work here is a general picture
of when does the exponential of an approximation to a log-correlated field converge
to a multiplicative chaos measure. Naturally we don’t answer this question here, but
the fact that our approach works so generally, suggests that part of this argument is
something that transfers beyond random matrix theory to general models where one
expects multiplicative chaos measures to play a role.

On a more speculative level, we also mention as motivation the connection to two-
dimensional quantum gravity. It is well known that random matrix theory is related to
a discretization of two-dimensional quantum gravity, namely the analysis of random
planar maps—see e.g. [25] for a mathematically rigorous discussion of this connection.
On the other hand, multiplicative chaos measures play a significant role in the study of
Liouville quantum gravity [16,24] which is in some instances known to be the scaling
limit of a suitable model of random planar maps [48,50,52-54]. The appearance
of multiplicative chaos measures from random matrix theory seems like a curious
coincidence from this point of view, and one that deserves further study.

One interpretation of Theorem 1.1 is that it gives a way of probing the (ran-
dom fractal) set of points x where the recentered log characteristic polynomial
log|det(Hy — x)| — Elog|det(Hy — x)| is exceptionally large. In analogy with
standard multiplicative chaos results (see e.g. [58, Theorem 4.1] or the approach of

| det(Hy—0)1° ;.

[6]), one would expect that Theorem 1.1 implies that asymptotically, Bl det(Hy )P

lives on the set of points x where

. log|det(Hy — x)| — Elog|det(Hy — x)|
im =
N—o00 Var(log |det(Hy — x)|)

B. (1.1)

We emphasize that this really means that the (approximately Gaussian) random vari-
able log | det(Hy — x)| — Elog|det(Hy — x)| would be of the order of its variance
instead of its standard deviation—as the variance is exploding, this is what motivates
the claim of the log-characteristic polynomial taking exceptionally large values. More-
over, as it is known that the measure g vanishes for 8 > 2, this connection suggests
that for 8 > 2, there are no points where (1.1) is satisfied and that 8 = 2 corresponds
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to the scale of where the maximum of the field lives (note that it is rigorously known
through other methods that the maximum is indeed on the scale of two times the vari-
ance of the field—see [47] and see also [2,12,57] for analogous results in the case of
ensembles of random unitary matrices). This suggests that suitable variants of Theo-
rem 1.1 should provide a tool for studying extremal values of the characteristic poly-
nomial, or even that more generally, existence of multiplicative chaos measures can be
used to study the extremal behavior of log-correlated field. This is significant because
maxima of logarithmically correlated fields (such as the log characteristic polynomial)
are believed to display universality, and have as such been extensively studied in recent
years (see e.g. [29] and references below). In fact, the construction of Gaussian mul-
tiplicative chaos measures supported on points where the value of the field is a given
fraction of the maximal value, may be viewed as part of the programme of establishing
universality for such processes. While our results do not extend to the full range of
values of 8 where one expects the result to be valid (roughly, we examine only the L?
regime in Gaussian multiplicative chaos terminology), we believe that an appropriate
modification of the methods of this paper eventually will yield the result in its full gen-
erality (for instance by combining it with a suitable modification of the approach in [6]).
Regarding this programme, we mention the papers of Arguin et al. [2] which verify
the leading order of the maximum of the CUE log characteristic polynomial, as well
as Paquette and Zeitouni [57] which refined this to obtain the second order, doubly
logarithmic (“Bramson”) correction. This is consistent with a prediction of Fyodorov et
al. [29]. In turn this was subsequently refined and generalized to the so-called circular
B-ensemble by [13] where tightness of the centered maximum was proved. For a
large class of random Hermitian matrices, the leading order behavior was established
recently by Lambert and Paquette [47], while in the case of the Riemann zeta function,
the first order term was obtained (assuming the Riemann hypothesis) by Najnudel [55]
as well as (unconditionally) by Arguin et al. [3]. In the case of the discrete Gaussian
free field in two dimensions, the convergence in law of the recentered maximum
was obtained recently in an important paper of Bramson et al. [8]. As for Gaussian
multiplicative chaos measures (in the L?-phase), the construction in the case of CUE
random matrices was achieved by Webb [67]. Very recently, a related construction of
a Gaussian multiplicative chaos measure was obtained by Lambert et al. [46] in the
full L' regime of CUE random matrices, but for a slightly regularized version of the
logarithm of the characteristic polynomial which is closer to a Gaussian field.

1.3 Organisation of the paper

The outline of the article is the following: in Sect. 2, we describe our model and objects
of interest, our main results, and an outline of the proof. After this, in Sect. 3, we recall
how the relevant moments can be expressed as Hankel determinants as well as how
these determinants are related to orthogonal polynomials on the real line and Riemann—
Hilbert problems. In this section we also recall from [20] a differential identity for the
relevant determinants. Then in Sect. 4 we go over the analysis of the relevant Riemann—
Hilbert problem. This is very similar to the corresponding analysis in [20,42], but for
completeness and due to slight differences in the proofs, we choose to present details
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of this in appendices. After this, in Sect. 5 we use the solution of the Riemann—Hilbert
problem to integrate the differential identity to find the asymptotics of the relevant
moments. Finally in Sect. 6, we put things together and prove our main results.

We have chosen to defer a number of technical proofs to the end of the paper in the
form of multiple appendices. These contain proofs of results which might be consid-
ered in some sense routine calculations by experts in random matrix and integrable
models, but which would require significant effort to readers not familiar with these
techniques. Since we hope that the paper will be of interest to different communities,
we have chosen to keep them in the paper at the cost of increasing its length.

2 Preliminaries and outline of the proof

In this section, we describe the main objects we shall discuss in this article, state our
main results, and give an outline of the proof of them.

2.1 One-cut regular ensembles of random Hermitian matrices

The basic objects we are interested in are N x N random Hermitian matrices Hy
whose distribution can be written as

P(dHy) = e NTVHN g gy | 2.1

Zn(V)

where dHy = l—[ﬁ-vz1 dHjj[]i<i<j<y dReH;j)d(ImHj;) denotes the Lebesgue
measure on the space of N x N Hermitian matrices, TrV (Hy) denotes Zjvz 1 V().
where (4 ;) are the eigenvalues of Hy (we drop the dependence on N from our nota-
tion), the potential V : R — R is a smooth function with nice enough growth at
infinity so that this makes sense, and Zy(V)isa normalizing constant. Perhaps the
simplest model of such form is the Gaussian Unitary Ensemble for which V (x) = 2x2.
This corresponds to the diagonal entries of Hy being i.i.d. centered normal random
variables with variance 1/(4N), and the entries above the diagonal being i.i.d. random
variables whose real and imaginary parts are centered normal random variables with
variance 1/(8N) and are independent of each other and of the diagonal entries. The
entries below the diagonal are determined by the condition that the matrix is Hermitian.

The distribution (2.1) induces a probability distribution for the eigenvalues of Hy .
In analogy with the GUE (see e.g. [1]) one finds that the distribution of the eigenvalues
(on RY) is given by

N
[Tk — 2P [Je ¥V @ dr;, 2.2)
i<j j=1

PdAq, ..., dAny) =
(dr N) Zn )

where Zy (V) is a normalizing constant called the partition function. Our main goal
will be to describe the large N behavior of the characteristic polynomial of Hy, and
more generally a power of this characteristic polynomial. To do this, we will have
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to impose further constraints on the function V. A general family of functions V for
which our argument works is the class of one-cut regular potentials. We will review
the relevant concepts here, but for more details, see [43].

First of all, we assume that V is real analytic on R and lim,_, +o, V(x)/log|x| =
oo. Further conditions on V' are rather indirect as they are statements about the asso-
ciated equilibrium measure py which is defined as the unique minimizer of the
functional

1
Iy () =//10g |x_ylu(dX)/L(dy)+/V(X)M(dX)

on the space of Borel probability measures on R. For further information about py, see
e.g. [21,61]. The measure @y can also be characterized in terms of Euler—Lagrange
equations:

2f10g lx = yluy(dy) = V(x) + Ly, x €supp(uy) (2.3)
Z/IOg lx —yluv(dy) < V(x)+4€y, x ¢ supp(uy) (2.4)

for some constant £y depending on V.
Our first constraint on V is that the support of py is a single interval, and we
normalize it to be [—1, 1]. In this case, on [—1, 1], wy can be written as

wy (dx) =dx)vV1 — x2dx, 2.5)

where d is real analytic in some neighborhood of [—1, 1]—see [21]. For one-cut
regularity, we further assume that d is positive on [—1, 1] and that the inequality (2.4)
is strict. We collect this all into a single definition.

Definition 2.1 (One-cut regular potentials) We say that the potential V : R — R is
one-cut regular (with normalized support of the equilibrium measure) if it satisfies the
following conditions:

1. V is real analytic.

limy s £oo V (x)/ log |x| = oo.

The support of the equilibrium measure wy is [—1, 1].

The inequality (2.4) is strict.

The real analytic function d from (2.5) is positive on [—1, 1].

nok e

The condition that the supportis [—1, 1] instead of say [a, b] is not a real constraint
since the general case can be mapped to this with a simple transformation. Moreover,
note that the support of the equilibrium measure is where the eigenvalues accumulate
asymptotically, as the size of the matrix tends to infinity. So in this limit, we expect
that nearly all of the eigenvalues of Hy are in [—1, 1].

We also point out that this is a non-empty class of functions V, since for the GUE
(V(x) = 2x2), it is known that all of the conditions of Definition 2.1 are satisfied—in
particular d(x) = 2/m in this case.
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110 N. Berestycki et al.

2.2 The characteristic polynomial and powers of its absolute value

As mentioned, our main goal is to describe the large N behavior of the characteristic
polynomial of Hy . There are several possibilities for what one might want to say. One
could consider the characteristic polynomial at a single point, say inside the support
of the equilibrium measure, in which case one might expect in analogy with random
unitary matrices [40] that the logarithm of the characteristic polynomial should, as
a linear statistic of eigenvalues, be asymptotically a Gaussian random variable with
exploding variance. One could consider the behavior of the characteristic polynomial
in a microscopic neighborhood of a fixed point, where one might expect it to be
asymptotically a random analytic function as it is for the CUE—see [13], or one could
consider the logarithm of the absolute value of the characteristic polynomial on a
macroscopic scale inside or outside the support of the equilibrium measure. For the
GUE, on the macroscopic scale and in the support of the equilibrium measure, it is
known [31] that the recentered logarithm of the absolute value of the characteristic
polynomial behaves like a random generalized function which is formally a Gaussian
process with a logarithmic singularity in its covariance.

Our goal is to “exponentiate” this last statement. (Note that since the limiting
process describing the logarithm of a the characteristic polynomial is only a generalized
function, and not an actual function defined pointwise, taking its exponential is a priori
highly nontrivial). More precisely, we make the following definitions.

Definition 2.2 For N € Z,, let Hy be distributed according to (2.1). For x € C,
define

N
Py (x) = det(Hy — x1yxn) = [ [ — ). (2.6)
j=1

Moreover, let

N
Xy(x) =log|Py(x)| =) log|r; — x

, 2.7
j=1
and for 8 > 0, define the following measure on (—1, 1):
BX N (x) | Py ()P
e N (X
un pldx) = FoPXn x = IElPN(x)|/3dx' 2.8)

While exponentiating a generalized function in general is impossible, it turns out
that in our setting, the correct description of such a procedure is in terms of random
measures known as Gaussian multiplicative chaos measures. We now describe some
of the basics of the relevant theory.

2.3 Gaussian multiplicative chaos

Gaussian multiplicative chaos is a theory going back to Kahane [37] with the aim
of defining what the exponential of a Gaussian random (possibly generalized) func-
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tion should mean when the covariance kernel of the Gaussian process has a suitable
structure, as well as describing some geometric properties of these Gaussian processes.

Kahane proved, that if the covariance kernel has a logarithmic singularity, but
otherwise has a particularly nice form, then with a suitable limiting and normalizing
procedure, the exponential of the corresponding generalized function can be indeed
understood as a random multifractal measure, known as a Gaussian multiplicative
chaos measure. For a recent review of the theory, see [58] and for a concise proof for
existence and uniqueness, see [6].

Recently, these measures have found applications in constructing random SLE-
like planar curves through conformal welding [4,63], quantum Loewner evolution
[51], the random geometry of two-dimensional quantum gravity [16,24]—see also
the lecture notes [7,59], and even in models of mathematical finance [5]. Complex
variants of these objects are also connected to the statistical behavior of the Riemann
zeta function on the critical line [62]. Perhaps their greatest importance is the role they
are believed to play in describing the scaling limits of random planar maps embedded
conformally—see [52—-54] and [7]. In all of these cases, the covariance kernel of the
Gaussian field has a logarithmic singularity on the diagonal.

In this section we will give a brief construction of the measures which are relevant
to us. The random distribution we will be interested in is the whole-plane Gaussian
free field restricted to the interval (—1, 1) with a suitable choice of additive constant.
Formally we will want to consider a Gaussian field X defined on (—1, 1) such that it
has a covariance kernel EX (x) X (y) = —% log[2|x — y|]. It can be shown that it is
possible to construct such an object as a random variable taking values in a suitable
Sobolev space of generalized functions, see [31]. However, we will only need to
work with approximations to this distribution which are well defined functions, so we
will not need this fact. To motivate our definitions, we first recall a basic fact about
expanding log |[x — y| for x, y € (—1, 1) in terms of Chebyshev polynomials—see
e.g. [56, Appendix C], [27, Exercise 1.4.4], or [33, Lemma 3.1] for a proof.

Lemma 2.3 Letx,y € (—1,1) and x # y. Then
oo
2
log|x — y| = —log2 = > =T, () T, (), (2.9)
n=1 n

where T, is a Chebyshev polynomial of the first kind, i.e. it is the unique polynomial
of degree n satisfying T, (cos 8) = cosnf for all 0 € [0, 2r].

Thus formally, if (Ag)72 , were i.i.d. standard Gaussians and one defined

Gx) =) —LT;(x),
; Vi

then one would have EG(x)G(y) = —% log[2]|x — y|]. Motivated by this, we make the
following definition.
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112 N. Berestycki et al.

Definition 2.4 Let (A;)72, be i.i.d. standard Gaussian random variables. For x €
(—=1,1)and M € Z4, let

M
A.
Gu(x) =) —£T;(). (2.10)
Vi

We then want to understand 9 (for suitable B) as a limit related to ePIM as
M — oo. The precise statement is the following:

Lemma 2.5 Consider the random measure
2
/L/(gM)(dx) — PO~ TEGU @ g (2.11)

on (—1,1). For B € (—v/2,3/2), Mng) converges weakly almost surely (When the
i.i.d. Gaussians are realized on the same probability space) to a non-trivial random
measure g on (—1, 1), as M — oo.

This measure g is the limiting object in Theorem 1.1. The basic idea is that

the sequence ,LL}(gM) is a measure-valued martingale, and it turns out that for 8 €

(—+/2, v/2), it is bounded in L? so by standard martingale theory it has a non-trivial
limit. The L2-boundedness is somewhat non-trivial and we will return to the details
later.

Remark 2.6 The measure g exists actually for larger values of |B] as well. It essen-
tially follows from the standard theory of multiplicative chaos, or alternatively the
approach of [6], that a non-trivial limiting measure exists for § € (—2,2). In fact,
comparing with other log-correlated fields, it is natural to expect that with a suitable
deterministic normalization, that differs from ours for some values of g, it is possible
to construct a non-trivial limiting object for all 8 € C. However, for complex S, the
limit might not be in general a measure (not even a signed measure), but only a dis-
tribution. We refer to [45] for a study in complex multiplicative chaos and to [49] for
defining g for large real 8. Our approach for proving convergence relies critically
on calculating second moments and it is known for example that the total mass of the
measure g has a finite second moment only for 8 € (=2, v/2), so our approach is
not directly possible for proving a corresponding result in the full range of values of
B where we would expect the result to hold. However, combining our results, those of
[15], and the approach of [46] should yield the result for 8 € (0, 2). This being said,
we wish to point out that while the limiting object 11g should exist for all complex 8,
one should not expect that 1y g converges to itif the real part of § is too negative—e.g.
if B < —1, then with overwhelming probability, fil £ (x)| Py (x)|Pdx will be infinite
and one can not hope for convergence. To avoid this type of complications, we focus
on non-negative .

2.4 Outline of the proof

In this section we define the main objects we analyze in the proof of Theorem 1.1,
and state the main results we need about them. Motivated by the approach in [67],
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we will consider an approximation to uy, g, and we will denote this by ﬁ%w;’ where
M is an integer parametrizing the approximation. Using known results about the
linear statistics of one-cut regular ensembles, it will be clear that as N — oo for

fixed M, M%wg — ;L/(gM) in distribution. Thus our goal is to control the difference

IN.B —,uN ﬂ,whenweﬁrstletN — ooandthenM — 00.

Let us begin by defining our approximation u N }5 Itis essentially just truncating the
Fourier-Chebyshev series of Xy, but we have to be slightly careful as the eigenvalues
can be outside of [—1, 1] with non-zero probability.

Definition 2.7 Fix M € Z4 and € > 0 (small and possibly depending on M). Let
T (x) be a C*°(R)-function with compact support such that T (x) = Tj(x) for each
x € (—1 —€, 1+ €). Then define for x € (—1, 1)

M N
~ 2 ~
Xy ==3 2| 2T (4) | Tetw), (2.12)
k=1 j=1
and 5T
XN, m(x)
~(M) e
dx) = ——=—dx. 2.13
Ay p(dx) = o dx (2.13)

Remark 2.8 Our reasoning here is that if we pretended that all of the A ; are in the
interval (—1, 1), we could make use oi Lemma 2.3. Then Xy would coincide with
the above expansion for M = oo and T replaced by 7. Outside of the interval, we
have to use Tk instead of Ty, as otherwise EefXn.m(x) might not exist for all values of
x and M.

We will break our main statement down into parts now. The statement of our
Theorem 1.1 is equivalent to saying that for each bounded continuous ¢ : (—1,1) —
[0, 00), un (@) = f_ll @(x)n,p(dx) converges in distribution to pg(e). It will
actually be enough to assume that ¢ has compact support in (—1, 1), i.e. to prove
vague convergence. We will be more detailed about these statements in the actual
proof in Sect. 6. The way we will prove vague convergence is to write

N g (@) = [N p () — Ty 5 (@) + iy 4(0).

By using standard central limit theorems for linear statistics of one-cut regular
ensembles, and the definition of pg, we will see that the second term here tends to
g (@) in the limit where first N — o0, and then M — o00. Our main result will then

follow from showing that the second moment of the first term tends to zero in the same
limit. We formulate this as a proposition.

Proposition 2.9 [f we first let N — oo and then M — 00, then for B € (0,+2) and
each compactly supported continuous ¢ : (—1,1) — [0, 00), M ((p) converges in
distribution to g (¢), and

lim lim Eluy.p(0) — Ay @)l = 0. (2.14)

M—oco N
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Proving the second statement takes up most of this article. Expanding the square,

we see that what is critical is having uniform asymptotics for EefXN) EefXn.m @),
EeP XN O+XN ) EPXNuO+XNuD))  and EefEN@O+Xnm()  More precisely,

we have:

E(ePXN@+BXN ()
Elin.p(p) — Ly ﬁ(w)l // w(X)so(y)]E( XN ) (PN DY)

E (B Xn @8N u ()
-2 xd
// PP o B Rnarny Y

eﬁXN M@ +BXy, M(y))
dxdy.
/:/ e () E(e BXN. M(x))E(eﬁXN m () Y

dxdy

Each of these expectations here can be expressed as IE]_[ —1 h(x;) for a suitable
function # : R — R. For instance,

N
PINCHBXN M) — 1_[ % _x|ﬁeT(Aj); where 7(A) = T (A; y)
Jj=1

Moy
— T (MT; .
ﬁ};k k()T (y)

As we will recall in Sect. 3, such quantities can be expressed in terms of Hankel
determinants. Moreover, all of these Hankel determinants have a very specific type of
symbol: one with so-called Fisher—Hartwig singularities. To explain what this means
here, a Hankel matrix is a matrix in which the skew-diagonals are constant. They are
closely related to Toeplitz matrices where the diagonals themselves are constant (these
arise typically in the study of CUE and related random matrix ensembles rather than
the GUE-type ensembles considered in this paper). In the case we will be interested in,
the (i, j)th coefficient of the Hankel matrix will be of the form [ x' ™/ h(x)e= NV ™ dx
where & is as above. When £ is smooth enough and doesn’t have any roots, then the
asymptotic analysis of such determinants would follow from the classical strong Szeg6
theorem (actually this theorem applies in the Toeplitz case rather than the Hankel case,
but here this isn’t a crucial distinction). However in our situation 4 typically contains at
least one root of the form |x — x; |#, which greatly complicates the task of analysing the
corresponding determinant. This type of behavior is an example of a Fisher—Hartwig
singularity. (In general a Fisher—Hartwig singularity might also include a jump at x;
corresponding to the symbol also having a term of the form e?mlogx—xi)y

The asymptotics of Hankel determinants with Fisher—Hartwig singularities is still
very much a subject of active research, and much information is already available
using the steepest descent technique due to Deift and Zhou [23]; see in particular the
papers [14,19,20,42] which play an important role in our proof. Yet results in the
generality we need seem to still be lacking in the literature. What suffices for us is the
following result (which we will only use with k = 1 or k = 2, but since there is no
added difficulty in proving it for a general value of k we will do so).
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Proposition 2.10 Let 7 € C°°(R) be real analytic in some neighborhood of [—1, 1]
and have compact support. Let k € Zy be fixed, and let By, ..., Br € [0, 00) be
fixed. Moreover, let x1,...,xx € (—1,1) be distinct. Finally let Hy be a N x N
random Hermitian matrix drawn from a one-cut regular unitary invariant ensemble

£ GU+p/2>
with potential V. Then for C(B) =272 “GCatp where G is the Barnes G function,
we have as N — 00,

k
N
E |:er1 T()) 1_[ | det(Hy —xi)|ﬁi:|

i=1

k # # _ "
= ]1;[1 C(8) (d(XJ)%M)TJ (g) C vy 1§i1:£§k 20— xp~

5 eN S TodoVT=xZdx+Y%_ %[[ﬂl %a’x—?’(w)}
Sy FE PV L T,(X;Fdxu +o(1)) (2.15)
uniformly on compact subsets of {(x1, ..., x;) € (=1, Dk : x; # x;j fori # j}. Here

P.V. [ denotes the Cauchy principal value integral. Moreover, if there exists a fixed
M € 7, such that in some fixed neighborhood of [—1, 1], T (x) = ijzl a;Ti(x),
then the above asymptotics are uniform also in compact subsets of {(ay, ...,apy) €
RM},

Remark 2.11 As mentioned in the introduction, this settles some conjectures due to
Forrester and Frankel—see [28, Conjecture 5 and Conjecture 8] for more details. In
terms of the potential V', we actually improve on the conjectures as these are only stated
for polynomial V, but concerning the functions 7, our results are not as general as
those appearing in the conjectures of Forrester and Frankel. This being said, one could
easily relax some of our regularity assumptions on 7. In fact, the compact support
or smoothness outside of a neighborhood of the interval [—1, 1] play essentially no
role in our proof, but as this is a simple and clear way of stating the result, we do not
attempt to state things in their greatest generality. Moreover, using techniques from
[20], one could attempt to generalize our estimates and prove a corresponding result
when 7 is less smooth also on [—1, 1]. Again, this is not necessary for our main goal,
so we don’t pursue this further.

We also mention that after the first version of this article appeared, Charlier [11]
proved an extension of this result to the case where the symbol can also have jump-type
singularities.

We prove our results through Riemann—Hilbert methods. In particular, we first show
that with a suitable differential identity, and some analysis of a Riemann—Hilbert
problem, we can relate the 7 = 0 case to the 7 # 0 case. Then with another
differential identity (and further analysis of another Riemann—Hilbert problem) we
relate the 7 = 0, general V -case to the GUE with 7 = 0. The asymptotics in the
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T = 0 case for the GUE have been obtained by Krasovsky [42]. Using these, we are
able to prove Proposition 2.10.

As we will need uniform asymptotics for Ee# X~ ()+B8Xn () and other terms, Propo-
sition 2.10 is not quite enough for us. For uniform estimates, we will rely on a recent
result of Claeys and Fahs [14], which combined with Proposition 2.10 will let us prove
Proposition 2.9.

Next we review the connection between expectations of the form (2.15), Hankel
determinants, and Riemann—Hilbert problems.

3 Hankel determinants and Riemann-Hilbert problems

In this section, we recall how the expectations we are interested in can be written
as Hankel determinants, which are related to orthogonal polynomials, which in turn
can be encoded into a Riemann—Hilbert problem. We also recall certain differential
identities we will need for analyzing the expectations we are interested in. While our
discussion is very similar to thatin e.g. [19,20], there are some minor differences as we
are dealing with Hankel determinants instead of Toeplitz ones. We choose to give some
details for the convenience of a reader with limited experience with Riemann—Hilbert
problems.

3.1 Hankel determinants and orthogonal polynomials

Terms of the form E ]_[?’:1 f(x;) can be written in determinantal form due to
Andreief’s identity—for a proof, one can use e.g. [1, Lemma 3.2.3] with the functions
filx) = f(x)e_NV(")x"_1 and g;(x) = xi—1 as well as the product representation of
the Vandermonde determinant.

Lemma 3.1 Let f : R — R be a nice enough function (measurable and nice enough
decay that all the relevant integrals converge absolutely). Then

E ]_[ fOg) = 7 (V) ——det (/R x"+f'f(x)eNV<X>dx>::O ) (3.1)
where Zn(V) is as in (2.2).
Let us introduce some notation for the Hankel determinant here.
Definition 3.2 For nice enough functions f : R — R, (so that the integrals exist) let
k
Di(f) = Di(f; V) = det (/in+jf(x)e_NV(x)dx>i . (3.2)

As the notation suggests, we will suppress the dependence on V' when it’s conve-
nient. We suppress the dependence on N always.
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It is a well known result in the theory of orthogonal polynomials, that such deter-
minants can be written in terms of orthogonal polynomials. For the convenience of
the reader, we offer a proof for the following result.

Lemma 3.3 Let f : R — R be positive Lebesgue almost everywhere, have nice
enough regularity and growth at infinity, and let (p;(x; f, V))j."’:0 be the sequence
of real polynomials which have a positive leading order coefficient and which are
orthonormal with respect to the measure f(x)e*NV(x)dx onR (we will write pj(x; f)
when we wish to suppress the dependence on V and we will always suppress the
dependence on N):

A;{ P Hpe HF e ™MV Ddx =55, (3.3)

and pj(x; f) = Xj(f)xj + O/ Y as x — oo, where Xxj(f) > 0. Then

k
Di(f)y=[TuiH™> (3.4)
j=0

Note that due to our assumptions on f, the above polynomials do exist as we
can construct them by applying the determinantal representation associated with the
Gram—Schmidt procedure to the monomials.

Proof Consider the space of real polynomials, equipped with an inner product given
by the L? inner product on R with weight f(x)e V™) A consequence of the Gram—
Schmidt procedure applied to the sequence of monomials in this inner product space
is the following: for j > 1

/ Fe NVOgy ... fyjf(y)e_NV(Y)dy
1 : . |
VDt DD) ([ yi=1 f()e NV Wy - [ 321 f(3)e NV Oay|

1 xJ

pjx; f) =

(3.5)

where for j = 0 the determinant is replaced by 1, and D_{(f) = 1.
Note that from our assumption on f and an easy generalization of Lemma 3.1,
D;(f) > Oforall j > 0, so these polynomials exist. From (3.5) one sees that x; (f)—

the coefficient of x/ in pj(x; f)—equals \/D;_1(f)/D;(f). The claim then follows

as the product has a telescopic form, and we defined D_;(f) = 1. O

3.2 Riemann—Hilbert problems and orthogonal polynomials
We now recall a result going back to Fokas, Its, and Kitaev [26] about encoding

orthogonal polynomials on the real line into a Riemann—Hilbert problem. In our setting,
the relevant result is formulated in the following way.
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Proposition 3.4 (Fokas, Its, and Kitaev) Let T be a real valued C*° (R) function with
compact support, let (,3]-)];=1 e [0, oo)k R (xj)';=1 € (=1, DX, and x; # xjfori # j.
Let V be some real analytic function on R satisfying limy_, 1 V (x)/log |x| = oo.
For ) € R, define

k
FGy =IO TTn -7, (3.6)
j=1

and let pj(x; f) be as in Lemma 3.3, with the relevant measure being F)e NVRD gy
on R. Consider the 2 x 2 matrix-valued function

Y=Yz f, V)

1 . 1 PiOsf) fe NV @ gy
— ( Xj(f)Pj(Z, ) 300 Jr 52 St )
. A _
i1 ()Pj—1@ ) a1 () f P £ 0ye NV D
3.7

forz € C\R. Then Y is the unique solution to the following Riemann—Hilbert problem:
find a function Y : C\R — C**2 such that

1. Y is analytic.
2. On R, Y has continuous boundary values Y+, i.e. Y+ (X)) = lim._,o+ Y (X £ i€)
exists and is continuous for all A € R. Moreover, Y+ are related by the jump

condition NV Gy
YoM =Y_(O) (1 f(k)el ) A eR. (3.8)

3. As 7 — o0,

Y@ = +0G ”))( 9,) (3.9)

Remark 3.5 Typically for Riemann—Hilbert problems related to Toeplitz and Hankel
determinants with Fisher—Hartwig singularities (e.g. [14,19,20]) one says that the
boundary values are continuous on the relevant contour minus the singularities x ;, and
then imposes conditions on the behavior of Y near the singularities. This is relevant
when one of the 8 ; 18 negative or non-real, but as we will shortly mention, in our case
the boundary values are truly continuous on R and no further condition is needed.

Sketch of proof The proof for uniqueness is the standard one: one first looks at some
solution to the RHP, say Y. From the jump condition, it follows that det Y is continuous
across R, so it is entire. From the behavior of Y at infinity, it follows that det Y is
bounded, so by Liouville’s theorem and the behavior at infinity, one sees thatdet Y = 1.
In particular, (as a matrix) Y is invertible and the i 1nverse matrix ¥ ~! is analytic in C\R.
Now if Y is another solution, we see that YY ! is analytic in C\R and continuous
across R, so it is entire. From the behavior at infinity, Y(2)Y(z)~! — I (the2 x 2
identity matrix) as z — 00, so again by Liouville, Y =Y.

Consider then the statement that ¥ given in terms of the orthogonal polynomials is
a solution. The analyticity condition is obvious. The continuity of the boundary values
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of the first column is obvious since we are dealing with polynomials. For the second
column, the Sokhotski-Plemelj theorem implies that the boundary values of the second
column can be expressed in terms of p; f e NV(orp jreplaced by p; 1) and its Hilbert
transform (see e.g. [64, Chapter V] for an introduction to the Hilbert transform). The
first term is obviously continuous. For the Hilbert transform, we note that p; f e NV
is Holder continuous, so as the Hilbert transform preserves Holder regularity (see [64,
Chapter V.15]), we see that the boundary values of Y are continuous.

For the jump condition (3.8) and behavior at infinity (3.9), we refer to analogous
problems in [18, Section 3.2 and Section 7]. O

We next discuss how deforming V or 7 changes Dy_1(f; V).

3.3 Differential identities

Let us fix our potential V (and drop dependence on it from our notation) and first
consider how deforming 7 changes Dy_1(f).

The proof of the following result is a minor modification of the proof of [20,
Proposition 3.3], but for completeness, we give a proof in “Appendix A”. The role of
this result is that if we know the asymptotics in the case 7 = 0, instead of studying Y;
for all j, it’s enough to study Y though with a one-parameter family of deformations
of 7.

Lemma 3.6 Let 7 : R — R be a C* function with compact support, let (B j)];:1 €
[0, c0)¥, (x,-)’;:1 € (=1, D% and x; # xj fori # j. Fort € [0, 1]and A € R, define

k
) = [1 4 +zem>] [Tix—x1%. (3.10)
j=1

Let Y(z,t) be as in 3.7) with j = N, f = f,, and pi(x; f) = pi(x; f;) the
orthonormal polynomials with respect to the measure f;(A)e NV ®d) on R. Then

1
9 log Dy—1(f1) = i ./[Yn(x,t)ame(x,t)
Tl JR

— Ya1(x, )3 Y11 (x, D18, fr(0)e NV Pax,  (3.11)

where the indices of Y refer to matrix entries.

The object we are interested in is Dy —_1(f1) which we can analyze by writing

Ly
log Dy—1(f1) = log Dy—1(fo) + /0 = log Dy-1(f)dr

For the GUE, the asymptotics of Dy_1(fo)—the case 7 = 0—were investigated
in [42], so a consequence of Lemma 3.6 is that if we understand the asymptotics of
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Y (z, t) well enough, we are able to study the asymptotics of Dy_1(f1) in the GUE
case.

The other deformation we will consider is what happens when we interpolate
between the potentials Vy(x) = 2x2 (the GUE) and Vi (x) = V(x)inthe 7 = 0
case.

Lemma 3.7 Let (ﬁj)’;zl € [0, co)¥, (xj)’;ZI € (=1, DX and x; # x;j fori # j. Let
f be defined by (3.6) with T = 0 and let V : R — R be a real analytic function
satisfying limy_, 1 V(x)/log|x| = oo. Define for s € [0, 1]

Vi(x) = (1 —$)2x% + sV (x). (3.12)

Let us then write Y (z; Vs) for Y defined as in (3.7) with j = N,V = V; and
pj(x; f) = pj(x; f, V). Then using the notation of (3.2)

05 IOgDN—l(f; Vs)
1
= _NT,/ [Y11(x; V5)ox Ya1(x; Vi)
Tt JR

— Y1 (x5 Vo)ay Y11 (x; V)T £ ()85 Vs (x)]e NV, (3.13)

Again, we give a proof in “Appendix A”. The role of this differential identity is that
if we understand the asymptotics of Y (z; Vi) well enough, then by integrating (3.13),
we can move from the GUE asymptotics to the general ones.

We mention that both of these identities are of course true for a much wider class
of symbols than what we state in the results (in particular, in Lemma 3.7 the condition
T = 0 is not necessary for anything). This is simply the generality we use them in.
Next we move on to describing how to study the large N asymptotics of Y (z, ¢) and
Y(z; Vy).

4 Solving the Riemann-Hilbert problem

In this section we will finally describe the asymptotic behavior of Y (z, #) and Y (z; Vj)
as N — oo. The typical way this is done is through a series of transformations to the
RHP, ultimately leading to a RHP where the jump matrix is asymptotically close to
the identity matrix as N — oo, and the behavior at infinity is close to the identity
matrix. Then using properties of the Cauchy-kernel, the final RHP can be solved in
terms of a Neumann series solution of a suitable integral equation. Moreover, each
term in the series expansion is of lower and lower order in N. We will go into further
details about this part of the problem in Sect. 4.5, but we will start with transforming
the problem.

While we never have both s, ¢ € (0, 1), we will find it notationally convenient to
consider Y (z) to be defined as in (3.7) with f = f; and V = V;. We suppress all
of this in our notation for Y. We will also focus on functions 7 with the regularity
claimed in Proposition 2.10 which was stronger than what we stated in the differential
identities.
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4.1 Transforming the Riemann-Hilbert problem

Let us introduce some further notation to simplify things later on. Let 7 satisfy the
conditions of Proposition 2.10, and let

T,(0) =log(1 — 1 + teZ ™) .1

so that in the notation of Lemma 3.6
k
fi0) =D TT1x =1,
j=1
and let us assume that the singularities are ordered: x; < x;11.
The series of transformations we will now start implementing is a minor modifica-

tion of that in [42, Section 4].
4.1.1 The first transformation
Our first transformation will change the asymptotic behavior of the solution to the
RHP so that it is close to the identity as z — 00, as well as cause the distance between
the jump matrix and the identity matrix to be exponentially small in N when we’re
off of the interval [—1, 1]. The proofs of the statements of this section are either
elementary or straightforward generalizations of standard ones in the RHP-literature,

but for the convenience of readers unfamiliar with the literature, they are sketched in
“Appendix B”. Let us now make the relevant definitions.

Definition 4.1 In the notation of (2.5), for s € [0, 1] as above, let
2
d;(A) = (1 — s); + sd (M), “4.2)

and for z € C\(—o0, 1], let

1
gs(2) = / ds (M) 1 — A%log(z — A)dA, 4.3)
—1
where the branch of the logarithm is the principal one. We also define
by =1 —s)(—1—2log2) + sy, 4.4
where £y is the constant from (2.3) and (2.4). Finally, for z € C\R, let
T(z) = e—le03/2Y(Z)e—N(gx(Z)—es/z)% , 4.5)

where
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Before describing the jump structure and normalization of T near infinity, we first
point out some simple facts about the boundary values of g; on R which follow from
its definition and (2.3) (details may be found in “Appendix B”).

Lemma 4.2 For A € R, let g +- () = lim¢_, g+ gs(A L i€). Then for . € (=1, 1) and
s € [0,1]
8+ ) + g5 —(A) = Vs(A) + £. (4.6)

There exist M, C > 0 (independent of s) so that for A € R\[—1, 1],

—C(A = D32, |A|=1€ (0, M)

A+ g ) = V() — & < . @7
s+ + g5 (X)) = Vo) — £y < i—logl)»l, A1 M 4.7
Forh e R

21i, A< —1
gs i (M) —gs (W) = 2m'fk1 dy()V1 = x2dx, A <1 . (4.8)
0, A>1

The function gs + — gs,— along with an analytic continuation of it will play a
significant role in our analysis of the Riemann—Hilbert problem, so we give it a name.

Definition 4.3 Let U C C be an open neighborhood of R into which d has an analytic
continuation. For z € U\ ((—o0, —1] U [1, 00)) and s € [0, 1], let

hs(z) = =2mi /Z dg(w)v1 — w2dw, (4.9
1

. . . . i 2
where the square root is according to the principal branch (i.e. v/1 — w2 = e2 108(1=%)

and the branch of the logarithm is the principal one), and the contour of integration is
such that it stays in U and does not cross (—oo, —1] U [1, 00).

The function &y will often appear in the form ¢*V%s and to estimate the size of

such an exponential, we will need to know the sign of Re(ky). For this, we use the
following elementary fact.

Lemma 4.4 In a small enough open neighborhood of (—1, 1) (independent of s) in
the complex plane,

Re(hg(z)) >0 if Im(z) >0

and
Re(hs(z)) <0 if Im(z) <O

forall s € [0, 1], and if we restrict to a fixed set in the upper half plane such that the
set is bounded away from the real axis, but inside this neighborhood of (—1, 1), we
have e.g. Re(hg(z)) > € > 0 for some € > 0 independent of s. A similar result holds
in the lower half plane.
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Again, see “Appendix B” for details on the proof of this and the next result, which
describes the Riemann—Hilbert problem 7" solves.

Lemma 4.5 The function T : C\R — C>*? defined by (4.5) is the unique solution
to the following Riemann—Hilbert problem.

1. T : C\R — C>*? is analytic.
2. On R, T has continuous boundary values T+ and these are related by the jump

conditions
o) = () <e1vgx(x> e{/,}f?a)) . he(=1,1) (4.10)
and
T 0y = T_0) <(1) ﬁ(x)eN<gs,+(x>+1gs.(x)—a—%(x)))  AeR-L1L
4.11)
3. Asz = 00,
T()=1+0(z™. (4.12)

The jump matrix given by (4.10) and (4.11) already looks good for A ¢ [—1, 1],
in the sense that it is exponentially close to the identity, (compare (4.11) with (4.7)).
However, the issue is that across (—1, 1), the jump matrix is not close to the identity
in any way. We will next address this issue by performing a second transformation.

4.1.2 The second transformation

As customary in this type of problems, the next step is to “open lenses”. That is, we
will add further jumps to the problem off of the real line. Due to a nice factorization
property of the jump matrix for 7', the new jump matrix will be close to the identity
on the new jump contours when we are not too close to the points &= 1 or x;.

Before going into the details of this, we will define an analytic continuation of f;
into a subset of C. Recall from our assumptions in Proposition 2.10 that on (—1 —
€, 1 +¢€), 7 (x) is real analytic. Thus 7 certainly has an analytic continuation to some
neighborhood of [—1, 1]. Moreover as it is real on [—1, 1], we see that in some small
enough complex neighborhood of [—1, 1] (which is independent of 7), 1 — 7 + 1eT@
has no zeroes for any ¢ € [0, 1]. Thus 7, (see (4.1)) has an analytic continuation to
this neighborhood for all # € [0, 1]. We use this to define the analytic continuation of

Nz

@ Springer



124 N. Berestycki et al.

Fig.1 Opening of lenses, k = 1. The signs indicate the orientation of the curves: the + side is the left side
of the curve and — the right

Definition 4.6 Let U_1 1} be some neighborhood of [—1, 1] which is independent of
t and in which 7; is analytic for ¢ € [0, 1]. In this domain, and for 1 </ <k — 1, let

151 (xj — 2P, Re(z) < x|
fi@) =T x T @ = P TS @ — 2P Re(@) € (. xi41)
I—['}zl(z —xj)bi, Re(z) > x

(4.13)
where the powers are according to the principal branch.

We will now impose some conditions on our new jump contours. Later on, we will
be more precise about what we exactly want from them, but for now, we will ignore
the details.

Definition 4.7 For j = 1,...,k 4+ 1, let Ef (Zj_), be a smooth curve in the upper
(lower) half plane from x; | to x;, where we understand xo as —1 and xz 41 as 1. The
curves are oriented from x;_; to x; and independent of ¢, s, and N. Moreover, they
are contained in U[_1 1).

The domain between E;r and E; is called a lens. The domain between Ef and R

is called the top part of the lens, and that between X and R the bottom part of the
lens. See Fig. 1 for an illustration.

Remark 4.8 Our definition here and our coming construction implicitly assume that
Bj # 0 for all j. If one (or more) B; = 0, one simply ignores the corresponding x ;
(so e.g. one connects x;_1 to x ;41 with a curve in the upper half plane etc).

We use these contours in our next transformation.
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Definition 4.9 Forz ¢ ¥ := u’;i}(zj UZ7)UR, let
T(2), outside of the lenses

1 0
T(2) , top part of the lenses
(—ft(z)‘eth@ 1) PP

S(z) = (4.14)

1 0
T(2) , bottom part of the lenses
(ft(Z)IeNhs(Z) 1) P

Remark 4.10 Note that S depends on our choice of the contours ¥ (as well as s, f,
and N), but we suppress this in our notation. We also point out that as f; has zeroes
at the singularities, the entries in the first column of S(z) blow up when z approaches
a singularity from within the lens. Moreover, we see that we have discontinuities at
the points £ 1. Thus the boundary values are no longer continuous on R, but on
R\{x; : j =0,...,k+ 1}, where again xo = —1 and xz41 = 1.

Using the definition of S, the RHP for 7', and the fact that

e NE®f o0\ 1 0 0 fi(v) 1 0
0 eNh.\v(A) - eNh;()»)ft()\)fl 1 —ft()»)7] 0 e*NhS()\)ft(}L)fl 1

it is simple to check what the Riemann—Hilbert problem for S should be; we omit the
proof.

Lemma 4.11 S is the unique solution to the following Riemann—Hilbert problem:

1. §:C\Z — C>*? is analytic.
2. S has continuous boundary values on L\ {x; }];:(1) and they are related by the jump
conditions

S1(0) = S-(1) ( P m_limsm (1)) C reUHimnady, @19
S+(A) =S_(») (_ft?)‘-)_l fté”) , re(—1, 1)\{xj}’]‘-:1, (4.16)
and
S0 = 5_() ((1) ‘f,(x)eN(gs.+<x)+lgx,<A>—zs—vs(x>>)’ A e R\[-L 11,

4.17)

In (4.15) the F and + notation means that we have e =N

we cross E; and e™"s when we cross Zj_.
3. S@) =1+0(z| Hasz— oo

s in the jump matrix when
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4. For j =1,...,k, S(z) is bounded as z — x; from outside of the lenses, but when
z —> x; from inside of the lenses,
O(lz — x;|7F7) 0(1))
S(z) = 'y . 4.18
@ <O(IZ—Xj| 5y o) (4.18)

Moreover, S is bounded at & 1.

We are now in a situation where if we are on one of the Ef or on R\[—1, 1] and
not close to one of the points & 1 or x, then the distance of the jump matrix from the
identity matrix is exponentially small in N. We thus need to do something close to the
points £ 1 and x; as well as on the interval (—1, 1) to get a small norm problem, i.e.
one that can be solved in terms of a Neumann series.

The way to proceed here is to construct functions which are solutions to approxi-
mations of the Riemann—Hilbert problem where we expect the approximations to be
good if we are close to one of the points £ 1 or x;, or then alternatively when we are
far away from them and we expect the approximate problem related to the behavior
on (—1, 1) to determine the behavior of S. We then construct an ansatz to the original
problem in terms of these approximations. This will lead to a small norm problem.

These approximations are often called parametrices, and we will start with the
solution far away from the points &= 1 and x;. This case is often called the global
parametrix.

4.2 The global parametrix

Our goal is to find a function P(®(z) such that it has the same jumps as S(z) across
(—1, 1), is analytic elsewhere, and has the correct behavior at infinity. We won’t go
into great detail about how such problems are solved, but we will build on similar
problems solved in [42, Section 4.2] (see also for example [44, Section 5]). We will
simply state the result here and sketch a proof in “Appendix C”. Later on we will need
some regularity properties of the solution considered here so we will state and prove
the relevant facts here.
We now define our global parametrix.

Definition 4.12 Let us write for z ¢ (—oo0, 1]

r@2)=@— D"+ D2 (4.19)
and L
(z—1
a(z) = m, (4.20)

where the powers are taken according to the principal branch. Then for ¢ € [0, 1] and
z ¢ (—o0, 1], let

k
— -A @/l _Tt(k) : —x)Bil?
Di(z) = (z+7r(2)) exp[zn y 1—A2z—)»d)h ,1:[1(Z xj) (4.21)

@ Springer



Random Hermitian matrices and Gaussian multiplicative chaos 127

where A = Z];=] B /2 and the powers are according to the principal branch. Finally,
for z ¢ (—oo, 1] and ¢t € [0, 1], define the global parametrix

a) +a@™" —i(a@) —a@™"

PO () = PO (2, 1) = 2Dy (00) <
D=3 i(a)—a@™)  a@+a@™!

) Dyi(2) %,
(4.22)

T (A
_2A2ﬂf—| ,()d)‘

where D, (00) = lim,—, « D;(2)
Remark 4.13 1t’s simple to check that » and @ are continuous across (—oo, —1) so
they can be analytically continued to C\[—1, 1]. Using the fact that (1) is negative
for A < —1, one can check that also D; is continuous across (—oo, —1), so in fact
P is analytic in C\[—1, 1].

We also point out that as 7g(1) = 0 (recall (4.1)) we can also write

T0) @ (1 _Ti0) dx
2L 7 o

POz, 1) = 2 pea, ) P I AT (4.23)

The relevance of this parametrix stems from the following lemma.

Lemma 4.14 For each t € [0, 1], P () = P©)(. 1) satisfies the following
Riemann—Hilbert problem.
1. P C\[-1, 1] = C**2 is analytic.
2. P has continuous boundary values on (—1, 1)\{xj}lj‘-:1, and satisfies the jump
condition

PJ(FOO)(A)zPEOO)(A)<_ﬁ&)1 f‘(()“), re (L D\ @249

3. As 7 — 090,
P =T1+0(z™h. (4.25)

See “Appendix C” for a proof. Later on, we will need some estimates on the regu-
larity of the Cauchy transform appearing in (4.21) near the interval [—1, 1]. The fact
we need is the following one.

Lemma 4.15 The function

T 1
7> r(z)/
1V1—A2zZ2—A

is bounded uniformly in t € [0, 1] and z in a small enough neighborhood of [—1, 1].
Moreover, if in a neighborhood of [—1, 11, T is a real polynomial of fixed degree,
and if we restrict its coefficients to be in some bounded set, then we have uniform
boundedness of the above function in the coefficients of T as well.
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Proof Let us fix a neighborhood of [—1, 1] such that for all ¢ € [0, 1], 7; is analytic in
the closure of this neighborhood (this exists by similar reasoning as in the beginning
of Sect. 4.1.2). Now write

/1 T,(0) ldxzflim)—m) Lo

1V —=A2zZ—A 1 zZ—A V1 =2
1

1
1
+7; / SN Y
A v ey P,

As 7; is analytic, the first term is of order O(sup, (o 1 [17,|loc) (the prime referring
to the z-variable and the sup-norm is over z in the neighborhood we are considering)
which is a finite constant depending on our neighborhood of [—1, 1] and the function
7. In the polynomial case, one can easily check that it is bounded uniformly in the
coefficients when they are restricted to a compact set. The second integral can be
calculated exactly:

! 1 1 T
———dA = —.
11 =AZz—2 r(z)

This can be seen for example by expanding the Cauchy kernel for large |z| as a
geometric series. The integrals resulting from this are simple to calculate and one
can then also calculate the remaining sum exactly. The resulting quantity agrees with
7 /r(z) on (1, 0o) so by analyticity, the statement holds. The claim now follows from

the uniform boundedness of 7; (for which the uniform boundedness in the polynomial
case is again easy to check). O

4.3 Local parametrices near the singularities

We now wish to find functions approximating S(z) well near the points x ;. We will thus
look for functions that satisfy the same jump conditions as S(z) in some fixed neigh-
borhoods of the points x; for j =1, .. ., k, but we will also want these approximations
to be consistent with the global approximation, so we will replace a normalization at
infinity with a matching condition, where we demand that the two approximations are
close to each other on the boundary of the neighborhood we are looking at at. Our
argument is built on [42, Section 4.3], which in turn relies on [65, Section 4]. Again,
we state the relevant facts here and give some further details in “Appendix D”.

In this case, we will have to introduce a bit more notation before defining our actual
object. We first introduce a change of coordinates that will blow up in a neighborhood
of a singularity in a good way.

Definition 4.16 Fix some § > 0 (independent of N, s, and ¢). Let us write U. Xj for
the open §-disk surrounding x ;. We assume that § is small enough that the following
conditions are satisfied:

(i) |x; — x| > 38 fori # j.
(i) |x; 1| > 38 forall j € {1, ..., k}.
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(iii) Forall j, U )éj —the open 3§/2-disk around x j—is contained in U, which is some
neighborhood of R into which d has an analytic continuation (see e.g. Defini-
tion 4.3).

Forz € U;]_, let

4s(2) = JTN/Z [%(1 — ) +sd(w)i| V1 —wdw, (4.26)

where the root is according to the principal branch, and the integration contour does
not leave U .

Remark 4.17 The reason for introducing the two neighborhoods Uy, and U !, is that
we will want the local parametrices to be analytic functions approxmlately agreelng
with P on the boundary of Uy, but to ensure that they behave mcely near the
boundary, we will construct them such that they are analytic in U !

We also point out that by taking § smaller if needed, ¢ can be seen to be injective
as d is positive on [—1, 1]. More precisely, we see that ¢ (x j) > c¢N for some constant
¢ which is independent of s (but not necessarily of §) and |¢.(z)| < CN uniformly in
z € U} for some C > 0 independent of s (but not necessarily of §). From this one
sees that ¢ is injective in a small enough (N - and s-independent) neighborhood of x ;.

In addition to this change of coordinates, we will need to add further jumps to make
our jump contour more symmetric, in order to obtain an approximate problem with a
known solution.

Definition 4.18 For z € Uy , let
Wj(Z) = Wj(Z t)

_eT(z)/Z n(z x;)ﬂl/z 1_[ (x; — )/31/2

I=j+1

L= x;)Z{Z, Jarg &(2)] € (w/2.7). 27
(xj —2)P7%, arg & (2)] € (0, 7/2)
where the roots are principal branch roots. Moreover, let
hs(2) Im(z) >0
2 ’
(z) = . 4.28
$5(2) !—}“‘;), ime) =0 (4.28)

The precise form of g will be important for us to be able to see that the local
parametrices indeed approximately agree with P> on the boundary of U x;- We also
point out that for small enough 8, ¢ is one-to-one, and it preserves the real axis (along
with the orientation of the plane as it’s conformal).
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Rez =1z, / Rez =0 = ()
() oo, G(UL) < "G

by =t o, G nU;)

s N, (5 NUL,)

Fig. 2 Choice of the jump contours near the singularities

We also point out that W; is almost identical to f,l/ 2, apart from the fact that it
introduces some further branch cuts to it: along the imaginary axis in the ;-plane, as
well as on the real axis (recall that f; has no branch cut along the real axis). These
further branch cuts are useful in transforming the Riemann—Hilbert problem for the
parametrix into one with certain constant jump matrices along a very special contour.
This problem has been studied in [65].

We are now able to clarify our choice of the contours Eji apart from the behavior
near the end points + 1.

Definition 4.19 Let (2°); be such that
& (zf_l N U;Cj) - [eﬂ”i/“ x [0, oo)] ne, (U;/_) (4.29)

and
& (ZFnuy) =[5 < 10,00 ne (Ug). (4.30)

Outside of U )’C/_ (apart from close to 1), we take (Eli)l to be smooth, without self-
intersections and the distance between them and the real axis to be bounded away from
zero and of order §, and such that the contours are contained in U—the neighborhood
of R into which d has an analytic continuation. For an illustration, see Fig. 2.

Using the injectivity of ¢; we argued in Remark 4.17 and the Koebe quarter theorem,
itisimmediate that ©T and =T | are well defined for large enough N and small enough
8 (large and small enough being independent of s).

We still need one further ingredient before defining our local parametrix. This is a
solution to a model Riemann—Hilbert problem—a problem where the jump contours
and matrices are particularly simple and a solution can be given explicitly in terms of
suitable special functions. We will give a rather compact definition here with a more
detailed description in “Appendix D”.

Definition 4.20 Let us denote by Roman numerals the octants of the complex plane—
so we write I = {re!’ : r > 0,6 € (0, 7/4)} and so on. Denote by I'; the boundary
rays of these octants: for 1 </ <8, [} = {re’?(l_l), r > 0}, oriented as in Fig. 3.
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Fig. 3 Jump contour of the Ty
model RHP

I's L
Iz
For ¢ €1, let
) -
L (HE© SHL O
V(@) = 5v/me PR @3

it b
HY @ i, ©
T2 2

2

where Hlfi) are Hankel functions and the root is according to the principal branch. In
other octants, W satisfies the following Riemann—Hilbert problem:

1. w:C\ U18:1 T, — C?*? s analytic.
2. W has continuous boundary values on each I'; and satisfies the following jump
condition (again for the orientation, see Fig. 3) W, (¢) = V_(¢)K(¢) for § €

US_, Ty, where
0 1
1 ol el Urls

0
K@) = Qn% J,;emum (4.32)

B
e o3, telzuly

1 0
b 1) tel4UTy

Uniqueness of such a W can be argued in a similar manner as usual. First of all, one
can check thatfor ¢ € I, det W(¢) = 1. As the jump matrices all have unit determinant,
det W is analytic in C\{0}, so det W(¢) = 1 for ¢ € C (one can check that { = 0Oisa
removable singularity). Consider then some other solution to the problem, say . As
detW = det ¥ = 1, \I/(g)ﬁ?(g)—l is analytic in C\ U;—; T, and equals I for ¢ € L.
Again it follows from the jump structure that \Il({)\I'({)_l continues analytically to
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C\{0} so it must equal I everywhere. For an explicit description of the solution, see
“Appendix D”.

The local parametrices will then be formulated in terms of this function W, a coordi-
nate change given by s, the function W, and an analytic (C?*2-valued) “compatibility
matrix” E, which is needed for the matching condition to be satisfied. We now make
the relevant definitions.

Definition 4.21 For z € U)’C], N {Im(z) > 0}, write

00 03 N5 +(xi)0 1FB8j)wioz /4
E(z) = E(z,t,s) = P( )(Z, l‘)‘/Vj(Z, H%e 5,4 () 3¢ (IFBj)mioz /4 _~ (i 1)

(4.33)
where the — sign is in the domain {z € C : arg(¢s(z)) € (0, 7/2)} and the + sign is
in the domain {z € C : arg(¢,(z)) € (w/2, m)}. For z € U)/c/- N {Im(z) < 0}, write

0 1 ) i 1 /1 i
_ p(oco) ()03 Ngs +(xj)oz ,—(1FBj)mioz /4
Ez) = P QW) (_1 0>e )71~ (175, ﬁ<i 1) (4.34)

where — sign is in the domain {z € C : arg(¢;(z)) € (—m/2, 0)} and the + sign is in
the domain {z € C : arg(¢s(2)) € (—mw, —m/2)}.
Finally, forz € U )/Cj \XZ, let

PUD(z) = P9 (z,5,1) = E(z, 5, DW (L ()W (2, 1) e V@3 (4.35)

Remark 4.22 Using (4.27)—the definition of W;—as well as (4.24)—the jump condi-
tions of P(®), one can check that E has no jumps in U . Moreover, using the behavior
of both functions near x;, one can check that E does not have an isolated singularity
at x;, so E is analytic in U

We also point out that it follows directly from the definitions, i.e. (4.27), (4.33),
(4.34), and (4.35), that for z € U)/c,- \Z

-1
PUD(z,t,5) = P (g, t)e%Tr(Z)fh [P(OO) (2, 0)] PY) (2,0, S)g_%/];(z)o-3.
(4.36)

The main claim about P®/) is the following, whose proof we sketch in
“Appendix D”.

Lemma 4.23 The function P satisfies the following Riemann—Hilbert problem.
1. PO U’ N\Z —> C**2 is analytic.

2. P has contmuous boundary values on £ N U, \{x i} and these satisfy the
following jump conditions (with the same orientation as for S and same convention
for the sign in eFNEM): for ) € (U)’Cj \{x;hnN (Z+ Uz U E+ u E_l)

x x 1 0
P00 = “)m(m) 1Ny () 1), (4.37)
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and for A € RN U)’(j\{xj}

PGy = PY () (_ £ &)_1 f (()M) : (4.38)

3. PYi(z) is bounded as 7 — xj from outside of the lenses, but when z — xj from
inside of the lenses

o _ (OUz=x;17P) O(1)
P (z)—(oﬂz_xfi'_ﬁj) O(D)‘ (4.39)

4. Forz € 8ij
~1
p(x_;)(z) [P(oo)(z)] =7+ O(N_l), (4.40)

where the O(N~Y-term is a 2 x 2 matrix whose entries are O(N—1) uniformly
inz,s, t, {|xj —xj| =368 fori # j}, and {|1 £ x| > 36 forallj € {1, ..., k}}. If
in a neighborhood of [—1, 11, 7T is a real polynomial of fixed degree, the error is
also uniform in the coefficients once they are restricted to some bounded set.

For our second differential identity, we will actually need more precise information
about P“/) on E)ij. While we will only use it in the 7 = 0 case, it is not more
difficult to formulate the result in the general case.

Lemma 4.24 For z € dUy;

, -1 B 0o 1+E\ .
p&j) p() -7 ] _F 2\ E 1 2
(2) [ (z)] + 1.0 (2) (1 - % 0 ) @~ +0 (N ) ,

(4.41)
where the O(N~2)-term is a 2 x 2 matrix whose entries are O(N~2%) uniformly in
z,s, and {|x; — x| = 36 fori # j}and {|1 £ x;| > 35 forall j € {1, ..., k}}.

The r = 0, s = 0 case of these results has been proven in [42, Section 4.3], though
without focus on the uniformity relevant to us. Due to this, we will again sketch a
proof in “Appendix D”.

4.4 Local parametrices at the edge of the spectrum

The reasoning here is similar to the previous section—we wish to find a function
approximating S near the points & 1. We will do this by approximating the Riemann—
Hilbert problem and imposing a matching condition. Our argument will follow [42,
Section 4.4], which in turn relies on [22]. We will focus on the approximation at 1,
as the one at —1 is analogous. Again we will provide a sketch of the relevant proofs
in “Appendix E”. We will begin by introducing the relevant coordinate change in this
case (analogous to ¢, in the previous section).
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Rez=0=¢&(1
.y ewp- T

Fig. 4 Choice of the jump contours near the edge of the spectrum

Definition 4.25 Let § > 0 satisfy the conditions of Definition 4.16. Denote by U; a
§-disk around 1 and U7 denote a 35/2-disk around 1. We assume that § is small enough
that d has an analytic extension to U{. Moreover, we assume 8 is small enough—though
independent of s—so that with a suitable choice of the branch, the function

3 2/3
&) = |:_§N¢s (Z):| (4.42)

is analytic and injective in U { ,forall s € [0, 1].

We will justify that this is indeed possible in “Appendix E”. This conformal coor-
dinate change allows us to define what Eki_H looks like near 1. Let § > O be small
enough to satisfy the conditions of Definition 4.25 and so that 7; is analytic in U]
for all # € [0, 1]. We will define the local parametrix in U{ and impose the matching
condition on dUj. Let us thus define E,il inU 1’ (Fig. 4).

Definition 4.26 Inside U7, let E,irl be such that

E(3p NUD = [ei2”"/3 x [0, oo)] N&UY. (4.43)

Remark 4.27 The angle 27 /3 is slightly arbitrary here. In [22] the model Riemann—
Hilbert problem relevant to us is constructed for a family of angle parameters o €
(m/3, ), and any angle here would work just as well for us, but we choose this for
concreteness.

Also we point out that the above definition is fine as we know that &; is injective
and we can apply the Koebe quarter theorem to ensure that the preimage of the rays
is non-empty.

We are now also in a position to define our local parametrix. As in the previous
section, we need for this a solution to a certain model RHP considered in [22] as well
as a function which is analytic in U )’C/, which is required for the matching condition to
hold. '
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Fig. 5 Jump contour of Q(§)

I -\ I
+ +
mo L/ IV

Definition 4.28 Let us write I = {re!? : r > 0,0 € (0,27/3)},11 = {re!’ : r >
0,0 € @n/3, M)}, Il = {re’? : r > 0,0 € (—w, —27/3)}, and IV = {re'® : r >
0,6 € (—27/3, 0)}. Then define

Al/(E) €4ﬂi/3Ai/(€4ni/3§)

Ai)  AiEPe) (10
(Ai/(g) e4”f/3Ai/(e4”"/3$)>e T g) et

(Ai(&) Ai(eg) ) oio6 sel

) . (444
0() AiE)  —e*iBAI(ATIBE)\ os6 (10 (4.44)
' ' ' o—Tio , Eelll
AT —Al(PE) b
AIE) PP sem
AlE) AT

where Ai is the Airy function (see Fig. 5)
Morover, define another “compatibility matrix”

F@) = F(t.5) = PP @0 fi)? 2™ n (} _11) & (0)7 e 12,

(4.45)
where the roots are principal branch roots, and

PW () = PV(z,1,5) = F(2) Q& (2))e N0 f,(z)73/2, (4.46)
Remark 4.29 Note that we can write
PO 1,5) = PO (2, 0T @02 [ OO, 0)]71 P (2,0, 5)e"T@O52 (4.47)

Again the relevant fact about this function is that it satisfies a suitable Riemann—
Hilbert problem. Part of this is the fact that F in (4.45) is an analytic function in U7.
As before, we sketch the proof in “Appendix E”.
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Lemma 4.30 The function F from (4.45) is analytic in U| and the function P M(z)
satisfies the following Riemann—Hilbert problem.

1. PW(z) is analytic in U\(Z;7, U T, UR).
2. For € (=1, 1) nU{, P satisfies
M M 0 Jr(b)
P (M) =P (2 . 4.4
+ *) ~ (W) <_ft()t)_1 0 (4.48)

For ) € (1,00) NU{, P satisfies

POG) = PDG) ((1) f,(x)eN(g+,J(x)+1gj,(x)—%(x)—z&) | 49)
For A € EkiH, P satisfies
PPy =P (M,\)lixzvm(x) ?) . (4.50)
3. Forz € 3Uy, PW satisfies the following matching condition,
PO [PP@] T =10, (451)

where the entries of the ON~Y matrix are O(N—1) uniformly in z € aUj,
uniformly in {x;} for |x; —x;| > 38 fori # jand |x; £1| > 38 for j € {1,...,k},
uniformly in t € [0, 1], and uniformly in s € [0, 1]. If in a neighborhood of
[—1, 11, 7 is a real polynomial with fixed degree, the error is also uniform in the
coefficients once they are restricted to some bounded set.

Again we will need finer asymptotics for our second differential identity and we
will formulate them in the 7 = O case.

Lemma 4.31 Forz € 0U;

-1
PO@[PPw)]
; 1 /1 ;
— Iy P(oo)(Z)f(z)a3/2ema3/4g (_61 _11) o= imo3/4
6

< F@ R [P@] s @ o)

where the O(N~2)-term is a 2 x 2 matrix whose entries are O(N~2) uniformly in
z,8, and {|x; — xj| > 36 fori # j}and {|1 £ x;| > 3éforall j € {1,...,k}}.
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Remark 4.32 Using the definition of F', one can check that this can be written also as

0 e 72

-1
P(l)(z) [P(w)(z)] =14+ F(z) (_l%_ (Z)_l 0
4858

) F(z)~ '+ OWNT?).

From the previous representation of the matching condition matrix, one can easily
see that the subleading term is indeed of order N. The benefit of this representation
is that as F and F~! are analytic in U, the subleading term is analytic in U;\{1} and
has (at most) a second order pole at z = 1.

4.5 The final transformation and asymptotic analysis of the problem

We now perform the final transformation of the problem, and solve it asymptotically.
The proofs of these statements are essentially standard in the RHP literature, but we
don’t know of a reference where the exact calculations we need exist and also issues
such as uniformity in our relevant parameters are essential for us, but not usually
stressed in the literature. Thus we provide proofs in “Appendix F”.

Definition 4.33 Let us fix some small § > 0 (“small” being independent of ¢ and s
and detailed in Sects. 4.3 and 4.4), and write U4 for a §-disk around & 1 and ij
for a §-disk around x;. We also assume that for i # j, |x; — x;| > 36 and for all
i #0,k+1,|x; £ 1] > 35. We then define

SO[P V@], zev s
(x;) -1 .
R(z) — S(z) [P(l) (z)]_1 . 2 € Uy,\X for some j @)
S@[PP@] ., zeU\ET
[

S@ [P @], zeC\U UV U, UUIUS

We now state what is the Riemann-Hilbert solved by R—for details, see
“Appendix F”.

Lemma 4.34 For the § in Definition 4.33, define

Is=R\[-1-5.1+8)( (u’;i{(zj US)O\U-1 UU_ U, U Ul) (4.53)

U (pv-1 vt ou, vouy),

where R and the lenses are oriented as before. Bij and 0U+| are oriented in a
clockwise manner—see Fig. 6. Then R is the unique solution to the following Riemann—
Hilbert problem:

1. R:C\I's — C**? is analytic.
2. R satisfies the jump conditions Ry (A) = R_(X)Jr(X) (with lenses and R oriented

as before, and the circles are oriented clockwise), where the jump matrix Jg take
the following form:
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DHAN(EF10) ZI\;Us,)

S\, Usy) 25\ (U;Uz,)

Fig. 6 The jump contour of the Riemann—Hilbert problem for R, in the case k = 1
(i) Forr € R\[—1 — 8, 1+ 48],

N(gs,+ M) +gs,—- (W)= Vs (M) —Ls) -1
Jr() = PO (1 fehje 5 )[P(Oo>u)] |

0 1
(4.54)
(ii) For € u’;j} E;—L\U_l UUk_ U, Ul
1 0 1
_ p( (o)
TrG) = P () ( £ O-1eFVi) 1) [Pea] . @ss)
(iii) For A € aUy;\ u’;;} (Zfuz)),
—1
Tr() = PED () [P<°°> (x)] . (4.56)
(iv) Forx € 0Us\(RUULI(ZTUTT),
-1
Jr(h) = PED (Y [P(Oo)(k)] . (4.57)
3. As 7 — 00,
R@) =1+ 0(z™h. (4.58)

The first ingredient to solving this Riemann—Hilbert problem is to show that the
jump matrix of R(z) is close to the identity matrix in a suitable sense.

Lemma 4.35 For z € T's, write Jp(z) = [ + Ar(z) = I + A for the jump matrix
of R as described in Lemma 4.34. Then for any p > 1, and large enough N (“large
enough” depending only on V)

1AllLery) = ONTH
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where the norm is any matrix norm, the LP-spaces are with respect to the Lebesgue
measure on the jump contour, and the O(N ™) term is uniform in everything relevant
(i.e., (x;) for |x; —xj| > 36, fori # 0,k +1: |x; £ 1] > 38, ins,t € [0, 1], and
if T is a real polynomial in a neighborhood of [—1, 1], then in its coefficients when
restricted to a bounded set; but may depend on §).

See “Appendix F” for a proof. We will want to show that R is close to the identity,
and the tool which allows us to do this is the following representation of R as a solution
to a suitable integral equation involving its jump matrix.

Proposition 4.36 Let § > 0 be small enough (“small enough” being independent of
s and t). For N sufficiently large (again independent of s and t), the unique solution
of the Riemann—Hilbert problem for R (see Lemma 4.34) is given by

R=1+C[A+(I—Cpr) N Cal)A] (4.59)

where

ds
s—z

1
C(f) = —/ 1 (s)
27 s

is the Cauchy operator on T's, and CA(f) = C_(f A) where C_(f) = lim;_; C(f)
as z approaches a point s € I's\{intersection points} from the —side of I's (for the
orientation, see Lemma 4.34).

Finally, what we want to show is that R(z) = I + O(N~!) uniformly in everything
relevant and use this as well as the explicit form of our parametrices to analyze our
differential identities. The precise statement we need is the following one.

Theorem 4.37 For small enough§ > 0 (again small enough being independent of rel-
evant quantities) and large enough N (large enough being independent of everything
relevant) with respect to any matrix norm | - |, there exists a ¢ > 0 such that

c C
IR(z) =1 =+ and  |R'(2)] <

=]

uniformly in (x;) for |x; — xj| > 36, |x; £ 1| > 36 fori #0,k+1,1,s €[0,1],z €
C\Ts, and if T is a real polynomial in a neighborhood of [—1, 1], then the error is
uniform in its coefficients when these are restricted to a bounded set.

Moreover, for T = 0, we have

R(@) =1+ Ri(z) +0(1/N), R'(z) =R{(z) +0o(1/N)
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uniformly in (x;) for |x; — x| > 38, |x; £ 1| > 36 fori # 0,k + 1,5 € [0, 1], and
2 € C\(Ts UUAENU,). Here Ri(2) = Y XM Ry (2) with

Bj
1 B ) 0 1+ 5 hY -1 .
775 j ) EYi , ell,....k
Y~ 4x Nd, (\:/)\/ﬁ x7) <1_’32/ 0 [ ()] el J
5
RO — Res —— FD ) 0 e D)2 [FEDa)] ™. j=0
@ =1~ Res 5= 1 :
486V (w)
a 0 485" (w)? D ()] ;
—Res L FD(w) ; s [FOw)] ", j=k+1
" 48D (w)

where E and F are the “compatibility matrices” from Definitions 4.21 and 4.28. In
particular, we have

T () = ([P<°°>(z)]‘1[ = (z)P<°°>(z))

2
1_ 1 iBj a()?® (C +c72 — Bi)
4 @) 4 Ndy (xj) 1-x2 ay (xj)? XS "f s
) - )
—"Z(;g (€, Fe s +BD | jell,... .k}
“n7
1 ( ) 2 5496.42 _ SI:GJ ](_1) ( )2
] & 8N 486701 126702 246 ”( 1
1 52 -2, -
T Bva ¢ a@” j=0
m7
SN PCY I PV GO sl o —ag)2—1
(z—1)? 8N ‘ 480‘”(1) 1260 (1)2 7 24601
1 2 -
-1} 48NG“)(1) a(@)", J=krl

where

A
e = (1 i) 1=23) exp | =i 3 B2+ Nos 4 () = (1 + Bpymif4 )

k>j

(-1 . _ DYy = — T a1 — de—
GV 1) = —ixv2ds (1), [ ]( D == TS HA D —ds(- D)

") = 224, [68°] () = =i ) +dy(11

f

Remark 4.38 As discussed in [42], using the asymptotic expansions of the Airy func-
tion and Bessel functions, the matching conditions of the local parametrices can be
extended into asymptotic expansions in inverse powers of N. These then can be used
to prove a full asymptotic expansion for R and R’. We don’t have use for this, so we
won’t discuss it further.
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5 Integrating the differential identities

In this section we will use our asymptotic solution and precise form of the parametrices
to analyze the asymptotics of the differential identities (3.11) and (3.13), and finally
integrate them. We will start with (3.11).

5.1 The differential identity (3.11)

Here we will give a (slightly simplified) variant of the argument in [20, Section 5.3]
to integrate the differential identity (3.11). As there are minor modifications due to
the differences in the models and the argument being relevant for (3.13), we present
a full proof here. The main goal we wish to prove is the following.

Proposition 5.1 Let V be one-cut regular, T as in Proposition 2.10, and § > 0 small
enough, but independent of N. Then as N — o0,

. 1
log Dy V) _ N/ T(x)d(x)V1 — x2dx

Dn_1(fo; V)
A 7 (x) ‘ Bj
Py,
/1 l—x ; 2 ;)

1 / J1 —
+L IO py [ TV xd +o(l)

) y-

5.1

where o(1) is uniform in {(xj)l;zl Dlxi —xj] > 38,0 # jand |x; £1] > 36 Vi}, and
if in a neighborhood of [—1, 1], T is a real polynomial of fixed degree, then the error
is also uniform in the coefficients of T when these are restricted to a bounded set.

The way we will do this is we’ll express the integrand in (3.11) in a slightly different
way which will allow deforming our integration contour in such a way that we can
express Y in terms of R and the global parametrix P(®. The expression will be such
that to leading order, we can treat R as the identity, and using the global parametrix,
we can perform the relevant integrals explicitly.

Let us begin with expressing our integral in terms of the global parametrix. We
first remind the reader that we denoted by Uj_1 1] a fixed (independent of N and ¢)
complex neighborhood of [—1, 1] into which 7; had an analytic contmuatlon for all
t € [0, 1]. We also assumed that the lenses and neighborhoods (ij) 0 were inside
U111

Lemma 5.2 Let vy : [0,1] — {z € C: Im(z) > 0} N U[—1,1] be a smooth simple
curve independent of N. We also assume that 7+ (0) < —1, t4-(1) > 1, and that T (s)
is outside of the lenses and neighborhoods (Uy; )k+(l) for all s. We also define t— in a
similar way but in the lower half plane and wzth the assumption that T_(0) = 7 (0)
aswell as t_(1) = t4(1). See Fig. 7 for an illustration.
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io7(0)

Fig. 7 Deforming the integration contour, k = 1
Then fort € [0, 1]

57 | e 00216, 1) = Yar (x, D Y11 (x, )]  fr(x)e NV Wy
R

1 9 fr (x) 1 Dj(z) 9 f1(2)
=N [ dx)v1-x2""g —U —/}—’ 2 1),
[1 (x) x ) x + wi ). 1D he z+o(1)

where o(1) is uniform int € [0, 1], {(xj)";:1 Slxi —xj| = 38,1 # jand |x; £ 1] >
38 Vi}, and if in a neighborhood of [—1, 11, T is a real polynomial of fixed degree,
then the error is also uniform in the coefficients of T when these are restricted to a
bounded set.

Proof Letus write Y’ = 9, Y. We first note that an elementary calculation using (3.8)
and the fact that the first column of Y consists of polynomials which have no jump
across IR, show that for A € R,

frem™V Yy = YaY{) = (Yo, Y] = Yio - V3)) — (Yoo 4 Y]y = Y124 Y3).
5.2)
Now recall that Y15 + and Y22 + have continuous boundary values on R so we
see that the terms Y7, Yl’ 1 — Y2 Y2’1 are analytic in C\R and are continuous up to the
boundary. Moreover, by our construction, f; ()~ Lo, fi(z) is analytic in Uj_y 1. We
can thus argue by Cauchy’s integral theorem to deform the integration contour. In
particular, plugging (5.2) into (3.11), we find

1 —NV(x)
i e [Y11(x, )0xYa1(x, 1) — Yar(x, )ox Y11 (x, )] 9; fr (x)e dx
1

270 JCoorp 101y (1).00)

1
— [/ —/ ] (Y2 (z, DYz, 1) = Yia(z, Y5, (2, 1))
4 [

T

[Y11(x, Y5, (x, 1) = Yoy (x, Y] (x, D] 8 fi(x)e NV Pdx

9 f1(z)

dz.
fi@ ¢
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Notice that
/ / —1vy7 / / —1vy7
YuYy —YaYy =Y Y, YY) —Yely = Y.

Unravelling our transformations, we note as we are not inside the lenses or the neigh-
borhoods, we have on R\[74(0), t4(1)] and on 74

y-ly — [ewlamSeN(gl—el/zm]’l [eNzlag/ZSeMgl—el/zm]’

— Ngi(73 + e~ N(g1=t1/2)o3 g—1 ¢/ ,N(g1—€1/2)03

= Nglo3 + e~ N&=t1/2)03 [(,;(oo))l R! (RP(OO))/] eN(g1—t1/2)03

(5.3)

where we have used the global parametrix in the last equality. Since the P(°>-RHP
implies that P° (z) is complex analytic when z ¢ [—1, 1], I + O(|z| ") as z — oo,
and det P(® = 1, we see that both (P(O"))_l and (P(oo))/ are bounded when we are
away from a (complex) neighbourhood of [—1, 1]. One can easily check that they are
in fact uniformly bounded in all our relevant parameters. Combined with the estimates

Rz,)=14+ON"Y, R@nH=0N"

in Theorem 4.37, we have ™18’ = (P(OQ))_1 (P(OO))/ +ONh.

Consider first the integral along R\[7+(0), 74+ (1)]. Using the specific form (4.22)
of P, (5.3), and the fact that terms containing R give something o(1), a direct
calculation shows that

Y G0 G0l = N [ PG, 1 P e )

— P00, PG 0 + 0(1)]

B ieN@gi@—t1) - 5 ) 2 =2y
= e L@@ e HEe’ -

— (@2 = @) @@ +a@ ) +o()]
ieNCa@)—t) 1

1
=T D0 2o +0(1)} '

Thus

[Y11(x, )8, Ya1(x, 1) — Ya1(x, ), Y11 (x, )]0, f; (x)e NV
T

k
— — 1B 1 N(g1,+(x)+g1,—(x)—€1 =V (x))
DG — D) llj[l lx —x;[" +o(l) | e
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and one finds from (4.7) that as N — o0, the integral along R\[74(0), 74 (1)] is o(1)
uniformly in everything relevant.
Consider then the integrals along 7. A similar direct calculation shows that

[Y(z, )Y (z, 0111 = Ngj (@) + PS5z, )0, P52, 1)
— PS5z, )0, P (2, 1) + 0(1)

()7 2 —2\2 2 —2\2
=Ngi(@)+ 5 [D() ; ((a(z) +a(z2)7)” — (a(2)” —a(z) )):|+0(1)
/ (Z)
=N — 1
g1 D) +o(1)
and hence
/ . / 0: f1(2) _ ;0 fi(2)
(Y22(Z,I)Y11(Z,t) Yi2(z, t)Y21(ZJ)) ) =Ng\(2)—— 120

Di(2) 9 fi(2) .
D) fi)

o(1),

where again o(1) is uniform in everything relevant. This yields the claim once we
notice that by contour deformation and (4.8)

Cami U /} a’f@d —/ d(x )ﬁaffﬁ(ﬁ)

O
Our next task is to calculate the 4 integrals. To do this, we introduce some notation.

Definition 5.3 For z € C\(—o0, 1], let

k
qru(@) =log | @ +r@) A [ —xpP/* |, (5.4)
j=1

where the logarithm is with the principal branch, A = Zl;zl Bj/2, and F H refers to
Fisher—Hartwig. We also define for z € C\[—1, 1]

r@ (1T 1
2 )V T=a2z— A

qs:(z) = qs:(z, 1) = dx, (5.5)

where r(z) is as in (4.19) and Sz refers to Szegb.

Note that we have D;/D; = g + q,. We will need the following fact before
proving Proposition 5.1. The following is an analogue of a result in [17] in the case
of the circle.
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Lemma 5.4 Write t+ be as in Lemma 5.2. We have

[ = [/ -] e i

T(y) T L,y ’T/(x)vl —x2 (5.:6)

[ =y

Proof Let us recall that we saw in the proof of Lemma 4.15 that off of [—1, 1] we can
write

—A 4/1_124_ 2

which implies that gg, is bounded in a neighborhood of [—1, 1] and gs,(£1,1) =
%7}(:& 1). Moreover, we see from this that

r(Z) T(A) Ti(z) dx 7:(2)
qs;(z,t) = f

r (z) T(A) T.(z) dxr

—A J1 — A2
r(Z) 7?(2) - T () =T/ () (z—2) dxr n 7/ (2)
T ) (z =212 -2 2

This in turn implies that q/SZ is bounded except at z = %1 where it has singularities

of order |z F 1|~'/2; in particular these are integrable ones. Due to the singularities
being integrable, we can perform contour deformation and integrate by parts in the
z-integral in the left hand side of (5.6). Noting that f,_lat fy = 07 =: ’]} (we will
use a dot here and below to indicate time derivatives below when there is no risk of
confusion), we see that

1 dz . ,
I .:/0 dt [/ﬂ —/r} %Tt(z)q&(z,t)

1 1 dx .
=- f dt / 5737 () [4s2.4 (e 0) = g2~ (. D). (5.7)
0 —1 <71

Let us write for x € (=1,1),s(x) = v/1 —x2. Asforx € (—=1,1),r+(x) =
+is(x), we see by Sokhotski—Plemelj that

, 1 L' 7.(y) d
52t 000 — s e =iseo Py [0

() = @A T/,

where 1(_1 1) is the indicator function of the interval (—1, 1), and H denotes the Hilbert
transform (note that the Hilbert transform is well defined as 1(—1,1yZ; /s € L? (R) for

pell,2).
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To simplify notation slightly, let us write ( f, g) fR f(x)g(x)dx. Integrating by
parts in the ¢ integral in (5.7) we see that

1
1.,
I'= —/ 7 T s H (L) Ti/s)) dt
0 T

1 1 .
=5 (T 1insH (1<—1,1)7/S)>+/0 5 T s H (e Ti/s)) .
(5.8)

Our aim is now to show that actually % fol (1/, 1(_1,1)sH(1(_1,1)"T,/s))dt = —
so we would have I = —(77, 1(—1 1)sH(1 (- 1 1)T/s))/4n which we will see to be

equivalent to our claim. To see that indeed - fo (T, 1 —1,1ysH(1 —1, 1)T/s))dt =
—1I, we note first that

@ I sy 1 x+y

sMx—y s@x—y s)sy)

implying that for say a continuous f : [—1,1] - Rand x € (—1, 1)

1 1 1 +
0 [H (10 /5] 0 = o [ (e )] 00 = o [ o Ty,
(5.9)

Using the definition of the Cauchy principal value integral, one can also check
easily that for a smooth f : [—-1,1] - Rand x € (—1, 1)

[(HA1n 9] @) = [HA1n(f9))] (). (5.10)

Thus integrating by parts in the x integral, using the fact that gy (£1,7) =
qg—(x1, 1), and (5.10), we see that

(7;/, 11, ysH (1(—1,1)7;/S))
1 /
=/ dez(x)Lxl ([H (1-1.07s)] (x)—f SRR )
_ s(x) —s()
: v
—/ de(x)ﬁ ([H (L1,1(Z9))] (x)—/ 1) dy). (5.11)

—1 s(y)
‘We then note that
’T 1 T
[HA 1y Fs)I0) — / EAs)] y=—P.V./ 80 <_ 1)dy
_1 s(y) T 1 s(y) \x—y

= —x[HA 1,1 %7/5)1(x)
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and
. x + y
[H (1(_1,1)7;5')] (x) — _/ ( ) T()’)dy
1 7 2 _ 2
_ iP‘V‘/ T(y) [0 =@ =y )]dy
T -1 5(y) x—y
= s HA 10T /$)](x).
Plugging these into (5.11), using the fact that s'(x) = —x/s(x) along with the

anti-self adjointness of H we see that

1! . 1! _ .
Efo (77, 1(—1,1>SH(1<—1,1)7?/S))dl=—§/0 (T s H (AT s))dr

1 )
=27 Jy <77, 11 ySHA 11T /s))dt

-1 (5.12)

Note that 1/s ¢ L*(—1, 1) so we can’t use the anti-self adjointness of the Hilbert
transform on the space L?, but we use the fact that if f € LP(R) and g € LY (R),
where p’ is the Holder conjugate of p, then [gHf = — [ fHg—see e.g. [64,
Theorem 102].

Plugging (5.12) into (5.8), we find our previous claim that

1
I'=—= (T 1K1 T/s)

Making use of the anti-self adjointness of H again, this translates into

- L T(y) TO) py T’(x)vl —x2
w e y—x
which is our claim. O

We are now in a position to finish the proof.

Proof of Proposition 5.1 We start with the result of Lemma 5.2. Consider first the inte-
gral along [—1, 1]. Here we note that by the definition of f;, fol It (x)~1 o fy(x)dt =
log f1(x) — log fo(x) = 7 (x). This yields the O(N)-term in (5.1).

Let us now consider the D, /D,-terms. The contribution from gs; is calculated in
Lemma 5.4, so we need to understand the contribution of gr g . As gF g is independent
of ¢, we find that

fi(@) dz /
/ a |:/ / j| 2mi FH( )ft( ) |:/;+ _/r] %T(Z)QFH(Z). (5.13)
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Now as

Z—=Xj

k
1
==+ % b
=1

we see by Cauchy’s integral theorem, the fact that r4(x) = £i+/1 —x2 for x €
(—1, 1), and Sokhotski-Plemel;j that

i@ A T(x) B
[all -] Jsmamot =2 [ a3 Fra.

j=1
(5.14)
Thus combining (5.14), (5.6), our reasoning about the O(N) term, and Lemma 5.2,
yields

1
log Dy_1(f1) —log Dy_1(fo) = N/IT(x)d(x)mdx

LA T(x) £ B;
o [ R

1 —x2 —
j=1
I T b7 «/
i | dy&P.v. Tovi=>, ., 1),
4r V1= —1 y =
where o(1) is uniform in everything relevant. This is precisely the claim. O

5.2 The differential identity (3.13)

The main goal of this section is to prove the following identity.

Proposition 5.5 Let V be one-cut regular, T as in Proposition 2.10, § > 0 small
enough but independent of N. Then as N — 00,

log Dy —1(fo; V1) —log Dy_1(fo; Vo)

2 1
_ _N_/ <2 +d(x)> (V(x) — 2221 — x2dx

2

—AN/ V(xl)_ dx +NZ'31(V(x])—2x)

.x
kﬁfz'l T d(x; D vog (" acyd(—1 1
+jz::17 Og(E (xj))_ﬂ 0g<7 (Dd(— )>+0( ),

where o(1) is uniform in {(xj)l;:l Dlxi —xj] > 38,i # jand |x; £ 1] > 36 Vi}.

The arguments are largely similar to those related to the differential identity (3.11)
so we will be less detailed here. The arguments in the proof of Lemma 5.2 can be
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repeated in this case with the only difference being that we replace 9; f; by —N f 9, Vs
and d with dy etc, apart from approximating R by the identity—we 1l need the O(N 1)
contribution from R here as well. We will also need to assume that our lenses and neigh-
borhoods of the singularities are chosen so that V is analytic in some neighborhood
of them, but as we assumed V to be real analytic, we can of course do this. We will
also assume that 71 are inside this domain where V can be analytically continued
to. Repeating the arguments from the previous section in such a setting leads to the
following lemma.

Lemma 5.6 Let t4 be as in Lemma 5.2 with the difference that we assume that the

contours are within the domain where V is analytic in.
Then for s € [0, 1]

N _
—E/R[Yu(x; Vi)dx Va1 (x; Vi) —Ya1(x; Vi)da Y11 (x5 Vo)l £ (x)e V@ g v (x)dx

1
= —sz ds ()1 = x20, Vs (x)dx

[f / :|$(Z)8 Vs(2)dz + o(1),
27”

where o(1) is uniform in s € [0, 1], {(xj)§:1 Slxi —xj| = 38,1 # jand |x; £1] >
35 Vi} and
Ts(2) = =Ya2(z; V) Y1 (2 Vi) + Yia(z: Vi) Yy (25 V).

The proof is essentially identical to that of Lemma 5.2 and we omit it. We now
consider the asymptotics of the integral of this from s = 0 to s = 1. Let us first
consider the order N2 term.

Lemma 5.7 We have
1 1
/ ds(—Nz)/ ds(x)3s Vs (V1 — x2dx
0 —1
2 1
- _N_/ (; + d(x)) (V(x) = 2x>)v/1 — x2dx.
-1

2

Proof This follows immediately from the definitions: d; Vs(x) = V(x) — 2x2 and
ds(x) = (1 = 5)2 + 5d(x). o

For [J-terms, we note that we now need to take into account O(N ') terms in the
expansion of R—these will result in O(1) terms in the differential identity. We first
focus on the O(N) terms which come from the O(1) terms in the expansion of R. For
this, repeating our argument from the previous section results in the O(N) term being

D' (x) N DWW
i / % 8 Vi(x)dx = 27 §, D) (V(x) —2x%)dx,
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where y is a nice curve enclosing [—1, 1] inside which everything relevant is analytic.
We again have D'(2)/D(2) = q,(z,0) + 1 (2, 0) = qfp (2, 0) (as gs:(z, 0) = 0).
Recalling that

’ A j
qrp(2) = —r— +Z&
j=

an application of Sokhotski-Plemelj shows that the order N terms combine into the
following quantity

N [ D) N [t )
7 D(j) (V(x>—2x2)dx=——. / @+ ()= _ )V (x)—2x7)dx
V(x) Bj
=— —/ xl_x  ix —|—NZ TV () = 2x5)). (5.15)

Finally, let us consider the O(1) terms. We will make use of the following lemma
(whose variants are surely well known in the literature, but as we don’t know of a
reference exactly in our setting we will sketch a proof of it).

Lemma 5.8 For x € (—1, 1) and one-cut regular potential V,

P.V./ V(k)id = 27 4+ 272d(x)(1 — x?) (5.16)
—1 — X
and
! V1= x2 Vv  da 1
_ 32 _
/)Cd(k)\/l A da = 702 P.V. 1x—K\/— arccos(x) (5.17)

Proof For (5.16), define the function H : (C\[—1, 1]) > C

d(k)«/l — A2 +/‘ V/(M)A/1 —)ﬂdl

H@) =21z — DYz + 1)‘/2f
1 A—zZ

—1 —Z

Using Sokhotksi-Plemelj and (2.3), one can check that this function is continuous
across (—1, 1). One also sees easily that H is bounded at & 1 so we conclude that it is
entire. Finally as H (co) = —2m, Liouville implies that H(z) = —2m. An application
of Sokhotski-Plemelj then implies (5.16).

We note that as a consequence of (5.16), one can check that what’s required for
(5.17) is to prove the identity

V')
p(x) —/ %PV/ \/l—kzdkdy

— L'vay  dx
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One can easily check that these are both smooth functions of x and satisfy p(1) =
q(1) =0, so it’s enough for us to check that p’(x) = ¢’(x). For this, let us first write

145 PaFnvm
V1—22dn — dh.
0= e[ 15 =

We again make use of the fact that differentiation commutes with the Hilbert trans-
form so one can check that

) = ) — / AVQO)  dh
= x/——x YR ey

v T
+ x2)3/2P / @ — A2dh

(1 1X—A
MV O 1 v
~ x“2[ NV f »_
(1=x2)32 ], «/1—x2 V=22 ) V122
, v 1 V1= A2
=pX)+— + 5
V1 —x2 x=A| J1=22  1-x
xz_;\z ]
- ldA = p ().
(1 —x2)/1— A2
We conclude that p = ¢g and (5.17) is true. O

Now to get a hold of the O(1)-terms we are interested in, we need the O(N 1)
term in the expansion of J; for the t4-integrals. Again by Theorem 4.37, we know
that

RZ) =1+ Ri(z) +o(N"Y), = R@ '=I1-Ri@)+oN""
N———
O(N—D

where the claim about R~! follows by Neumann series expansion. Inspecting (5.3),
one realizes that the extra O(N ~!) correction is indeed given by

~1
_ ([P(OO)] R/lp(oo)>” )

Let us consider first the contributions from the Rixj ) terms with j € {1, ..., k} (recall
Theorem 4.37 for the definition of this and 7 %) below).

Lemma 5.9 Let 1+ be as in Lemma 5.4 and j € {1, ..., k}. Then

1
_/0 i [/ / }j(x’)(z)f) Vs(2)dz = ﬂj log[ d(x])] +OMN"hH

(5.19)
uniformly inx; € (=1 +¢€,1 —¢).
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Proof Recall first of all from Theorem 4.37 that for j € {1, ...k}

NI (z) =

iB7 [ a(z)? a+(x,~)2]

i
4(z—x,) Arrdy(x;) /1—x a_,_()cj)2 a(z)?

1 1 llgj(cxj,s +cx/',s) |: a(Z)2 a+(xj)2j|

4G= %) amd () JT— 22 Las()? @

where

A
Cxjs = (xj +i,/1 —xJ2.> exp | —i Zﬁkn/2+N¢s,+(xj) -1+ Bpmi/4

k>j

Let us first focus on the z-integral in the statement of the lemma. Note first that

a()? | ap(x))’ 2i(1 — x;2)
+ = 5.20
a+(xj)2 a(Z)2 (z — 1)1/2(Z + 1)1/2 1 — ij ( )
and
a(z)? at(xj)? B 2i(x; —2) (5.21)

ar(x)?  a@? (z— D2z + 1)1/2\/?)612'.

Using (5.20) and (5.21) one can check with direct calculations that

1 [ a(2)? a+(xj)2:| 2 d =D+
(xj —2)? Lar(x))?  a@? | [{_,2dz Z—Xxj
J

and

1 |: a(z)? a+(xj)2} 20 1 1

(=22 Las@)?  a? 2% —2@= D2+ D2
J

Recalling that 9, Vy(z) = V(z) — 2z%, we thus see by integration by parts, contour
deformation, and Sokhotski-Plemelj that

a(z)? a+(x,-)2] dz
8s Vs _.
[/ / ] (xj —2)? [a+(xj')2 * (2)? @

2 12
=———[/ /}(Z DT+ DT vy — anaz

m Z—)Cj

@ Springer



Random Hermitian matrices and Gaussian multiplicative chaos 153

2 1 /1 _)L2
= ——lP.V./ (V') — 40— (5.22)
w1 —x3 -1 A X

and simply by Sokhotski-Plemelj that

a@)? d+(xj)2} dz.
|:/ / ] ('xj —2)? [a+(xj)2 a(z)? BSVS(Z)zni
2
P V. f V(A) =2\ dr . (523)

N ey
Let us first focus on the integral of the first term. We have from (5.22) and (5.16)

B2 2 32
_/ ds [/ f] ih [ a(z) . +a+(x;2) ] A
4(z—x,) A, (x;) l—x ay(xj) a(z) 2mi
2

/31‘ 2 L as
vy (d(x’) - E)/o d,(x})

B2
= IJ log [%d()ﬁ)] . (5.24)

Let us now turn to the second term. We have from (5.23) and (5.17) that

_/ 4 [/ /] 1 iB(er s e [ a(z)? a+(xj)2} v
g 4@ =2 4ra, (xj)\/i ar(x)?  a(2)? i
2‘ + 7'2
=—(1=-xj)" 3”’2’/ (d(k)——)ﬂd)\/ SM

xj ds (xj)

2iNs [ (dm/)m

Let us note that we can write c)%j,s = /NG, dX, where

€%} is a complex number of unit length and independent of s. Thus

1
/ (d(x)—3> \/1—x2dA/ ds
X v 0 s(x])

ziej:iGN(x/‘)L/‘l 1 i:thstf(d(x) )md)”ds
27iN Jo ds(xj)ds

iZ

Integrating this by parts, noting that ;_sds x)=d(x)— % is bounded and 1/d; (x)?
is bounded in x and s, we see that

! 1 B ) T a)? an(x))? .
Lol e s [ e ]| e -ony
+ 7 dg(xj), /1 Xy J

(5.25)
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uniformly in x; € (=1 +¢€,1 — €). Combining (5.24) and (5.25), yields the claim
(5.19). O

Let us now treat the integrals associated to 71,

Lemma 5.10 We have

N () _ T
/ ds2m [/ f]J ()8, V, (2)dz = log(zd(l)),
1 (5.26)
N JED L T
/ dszm [/ /} (2)8 Vi (2)dz = 2410g(2d( 1)).

Proof We only prove the first equality. From Theorem 4.37 we have

1 21/2 2 (1) 2

<cwa>> <[Geq m)}

s o)

TV =~

572

2
1)3 48NG_§”(1)a(Z)

where G§1) is defined in (E.2) and we have GEI)(I) = n\/ids(l). Note that

a(z)? d (z+ D2 a(? 1d (z-2)z+ DY z-D?

G122 di@-n2 M T3 T 34z - 12

Thus integrating by parts, contour deformation, and a simple application of
Lemma 5.8 imply that

a(z)’ B d (z+1\"?
U _/] 2’ @e=" U _/} i <z - 1) 4
1/2
SIRTATEIES N
T T z—1

PV =x2 .
= 2i ——V'(x)dx = —4mi
-1 x—1

and

a(z)? a(z)?
[/ /] 2_1)28 V(z)dz-[/ /] 1)2(V()—222)d220.

(5.27)
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In a similar manner and with an application of Lemma 5.8,

a(z)? 1 (z=2)(z+D2(z—1)1/2
U _f,L Ty = [/ /]V() -1 dz
1/2¢, _ 17172
U / V,(Z)(z+1) (z—1 i
z—1
. 4+ D2z — D12
+ - [/ / V'(2) e dz
1 1/2 1/2
_[/ / V()(z+1) (z—1) dz
3 —1
1 d (z+1)1/2(z 2
5d— U -/ ]V“ —x~
_ 2 V/(x) L+ Ly 2 d P.V./ V(A)—‘l_dx
3 /. 1—A 3 dx|,_ 1 —X
_4mi 87l
T3

which implies

a(z)? _ 872 2
|:/ / :| 1)38 Vs(z)dz = 3 (d(l) — ;) . (5.28)

Consider finally the a(z) 2 term. One can easily check that

a(z)—? __gg[<z—1)1/2<z+1)1/2} 1 a@)?
z—D2" 39z (z—1)2 3(z— D%

We can safely ignore the second term on the RHS, as we saw that it will integrate to
zero. Moreover, we essentially calculated the integral related to the first term already:

=D+ 16,
"[/ /]V()_[ 1?2 ]dz__?”’d(l)

and we find
a@@)”? 1672 2
|:/ / i| 1)2 05 Vs(2)dz = — 3 <d(1) — ;) . (5.29)

Putting together (5.27), (5.28), and (5.29) a direct calculation leads to

1
_ (1) _
fo 5 U f] (28 Vs (2)dz = 2410g< d(l))

O
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Proof of Proposition 5.5 This is simply a combination of Lemmas 5.6, 5.7, (5.15),
Lemmas 5.9, and 5.10. O

We are now in a position to apply these results.

6 Proof of Theorem 1.1

As discussed earlier, we do this through Proposition 2.9. Before proving this, we will
need to recall Krasovsky’s result for the GUE from [42] and a result of Claeys and
Fahs [14] which we need to control the situation when the singularities are close to
each other. Let us begin with Krasovsky’s result [42, Theorem 1].

Theorem 6.1 (Krasovsky) Let (x j)’]?=1 be distinct pointsin (—1, 1), let B; > —1, and
let Hy be a GUE matrix (i.e. V(x) = 2x2). Then as N — 00

k
E ]‘[ |det(Hy — xj)|Pi
j=1

2
i

k 82 A
N\ 4 B
=Tlewpa-s T (5) ey

x [T1265 = x)I™ "2 (1 + Olog N/N))

i<j
uniformly in compact subsets of {(x1, ..., xx) € (=1, DF 1 x; # xj fori # j}. Here
cB)=27 5 M and G is the Barnes G function.

G(+p)

We mention that Krasovsky’s result is actually valid for complex §; with real part
greater than —1, and he used a slightly different normalization, but obtaining this
formulation follows after trivial scaling. Also his formulation of the result does not
stress the uniformity, but it can easily be checked through uniform bounds on the jump
matrices which are similar to the ones we have considered.

Combining this with Proposition 5.5 yields the following result.

Proposition 6.2 Let Hy be drawn from a one-cut regular ensemble with potential V
and support of the equilibrium measure normalized to [—1, 1]. If(xj)l;=1 are distinct
points in (=1, 1) and B; > 0 for all j, then

d u T 5sz N Bj
v B = . N 42 (V(xj)+ey)=LN
E[] I det(Hy —x)IP = |~ |1C(,3])<d(x])2 1 xj> <_2) SV O+
j:

j=1

RS

BiBj
< []12Gi —x)pI~ 7 (1 +o0(1)

i<j
uniformly in compact subsets of {(x1, ..., xx) € (—1, DX : x; # xj fori # j}.
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Proof Let us write Ey for the expectation with respect to an ensemble with potential
V. Note that from (3.1) setting f = 1, we have

Zn(V)

T = D v)

so we see from Proposition 5.5 that for f(1) = ]_[l;zl A —x; |Bi and Vy(x) = 2x2

k k
logBy [ [ Idet(Hy — x)1P — logEy, [ | | det(Hy — x;)|"
j=l1 j=1
=log Dy-1(f; V) —log Dy—1(f; Vo)—log Dn—1(1; V)+log Dy—1(1; Vo)

k
_ Bi if Ve -2 2}
- N; 5 [n = dx — (V(xj) — 2x7)

g
+Z%10g (%d(xj)) +o(l), ©6.1)

Jj=1

where we have the desired uniformity.
Let us now recall the logarithmic potential of the arcsine law (see e.g. [61, Section

1.3: Example 3.5]): %f_ll log |x — y|/+/1 — x2dx = —log2forall y € (—1, 1). This
along with (2.3) imply that

14
—/ 2 dx+ﬁv——210g2
11 —x2

This in turn implies that

V(x) 2
(2x —1—-2lo 2)—— a’x—}—(V(x-)—Zx.):V(x')—i—Zv.
s T Jor V=2 ’ ! !
Combining this with Theorem 6.1 and (6.1) yields the claim. O

We now recall the result of Claeys and Fahs that we will need, namely [14, Theorem
1.1].

Theorem 6.3 (Claeys and Fahs) Let V be one-cut regular and let the support of the
associated equilibrium measure be [a,b] witha < 0 < b. Let B > 0,u > 0, and
fu(x) = |x* — u|P. Then

SN gg(s) — B2 B

log Dy—1(fu; V) =log Dn—1(fo; V) +/ . ——ds + >SN
0

+ N§<v<ﬁ) F V(=) — 2V (0)) + O(W/a) + O
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uniformly asu — 0 and N — oo. Here

Ji
SNu = —271iN/ d(s)\/(s —a)(b —s)ds
—Ju

and og(s) is analytic on —iR_, independent of V, N, and u and satisfies:

B% + o(l) s — —i0t
6.2
op(s) = { Bs+O(s| ), s — —ico (6.2)

Moreover, the integral involving og is taken along —iR .

Much more is in fact known about 0. For example, it is known to satisfy a Painlevé
V equation. A generalization of it was studied extensively in [15]. Theorem 6.3 and
Proposition 6.2 let us prove the convergence of E[1y ( f)?]—the argument is similar
to analogous ones in [14,15].

Proposition 6.4 Let ¢ : (—1, 1) — [0, 00) be continuous and have compact support.
Moreover, let B € (0, ﬁ). Then

1 1 2
Jim Bl p071 = [ 1 / PP x — )™ T dudy

Proof This is very similar to the proof of [14, Corollary 1.11] where a more general
statement was proven for the GUE. Let us fix some small € > 0, o € (,B2 /2, 1), and
write the relevant moment in the following way:

Eluy ()] = [ / + / + / }w(x)w(y)
[x—y|>e 2AN~*<|x—y|<e [x—y|<2N—¢
E[|det(Hy — x)|P|det(Hy — y)|f]

E|det(Hy — x)|PE|det(Hy — y)|#
=:An,1(6) + Ay 2(e) + Ay 3.

It follows immediately from Proposition 6.2 that if there is some € > 0 such that
[x —y| >e€eand x,y € (—1 4+ €, 1 — €) then uniformly in such x, y

dxdy

E [l det(Hy — x)|P|det(Hy — »)IF] 1
E|det(Hy — x)|PE|det(Hy — y)If

o ; =14+ o0(1)).
x—yp)?

As ¢ has compact support in (—1, 1), this is precisely the situation for the integral
in Ay, 1(e). We conclude that

1
Jim AN,l(e)Z/ PP () ————zdxdy — / / pee)
=00 lx—y|>e Qlx =y E

1
X —dxdy

@lx )T
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Let us now consider Ay 3. Here we find by Cauchy—Schwarz and Proposition 6.2
that there exists some finite B(8) (uniform in the relevant x, y) such that

Eyl[| det(Hy — x)|?| det(Hy — )|’
Ey[ldet(Hy — x)IPIEy[| det(Hy — y)|P]
_ VEvIldet(Hy — x)[#P|Ey[| det(Hy — y)|*]
Ey[ldet(Hy — x)/P1Ey[| det(Hy — y)|#]
< B(HNF

so we see that as N — oo

Ev[ldet(Hy — x)|?|det(Hy — y)|#]
Ey[ldet(Hy — x)|F1Ey[| det(Hy — y)|F]

Ayjz = / p(x)p(y) dxdy
[x—y|<2N—¢

2
< N-eHE

since we chose o > 82/2.
Thus to conclude the proof, it’s enough to show that

lim limsup Ay 2(e) =0.
e~>0" Noo

Let us begin doing this by noting that if we write u = @ and V, ,(A) =
V(A 4+ (x + y)/2), then in the notation of Theorem 6.3

Dy_ us Vx
Ey [| det(Hy — x)IP| det(Hy — y)IP] = W

This follows from (2.2) through the change of variables A; = p; + ’% The goal

is to make use of Theorem 6.3 to estimate Dy_1(fu; Vx,y). There are several issues
we need to check to justify this. First of all, we need V  to be one-cut regular and the
interior of the support of its equilibrium measure to contain the point 0. This is simple
to justify as one can check from the Euler—Lagrange equations that the equilibrium

measure associated to Vy y is simply d(u + %),/ I —(u+ )%)%iu and its support

is[—1— %, 1 - x;y ]. The remaining conditions for one-cut regularity are easy to
check with this representation.

It is less obvious that we can use Theorem 6.3 to study the asymptotics of
Dy_1(fu; Vx,y) as now V, , depends on x and y and we would need the errors
in the theorem to be uniform in V as well. As mentioned in [14] for the GUE, for
x,y € (=1 +¢€,1 — €), this can be checked by going through the relevant estimates
in the proof. This is true also for general one-cut regular ensembles. As checking this
may be non-trivial for a reader with little background in Riemann-Hilbert problems,
we outline how to do this in “Appendix G”.
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We may therefore use Theorem 6.3, and so we have

log Ey[| det(Hy — x)|?| det(Hy — y)|°]

SN gg(s) — B2 B

=log Dy_1(fo; Vx,y) —logDn_1(1;V) +/ ds + ESN,u

0 N

+ Ng(Vx,y(x/ﬁ) + Ve y (=) =2V, (0)) + Ou) + O(N ),

where the error estimates are uniformin |x —y| < e€eandx,y € (—1+¢€, 1 —¢). Note

that now
Ji 2
SN.u = —2niN/ d”(s)\/l — (s n ﬂ) ds
i 2

2
=—4niNﬁd(x;y> 1—<x;y> + O(Nu)

again uniformly in the relevant values of x and y.

2
Recall that we’re considering u such that /u < 2¢ but ,/u > N~ with % <o <
1. We then have sy , — —ioo uniformly in the relevant x, y and using [15, equation
(1.26)] one has

. SN o (s) —p? B B> G+ §)4G(l +28)
| LA P L —1
Jm [/0 p ds + >SN+ - log SN, ul 0g GU+ Y

uniformly forx,y € (=1 +¢€,1 —€)and2N~% < |x — y| < €.
On the other hand, reversing our mapping from V to Vy ,, we see that

28
det <HN — x—;y>

log Dy —1(fo; Vx,y) —logDy_1(1; V) =logEy

Thus we see that uniformly forx,y € (=1 +¢€,1 —€)and2N ™ < [x — y| <€

log Ey[| det(Hy — x)|?| det(Hy — y)|”]

B x+y\|? G(1+5*G1+2p)
B> x+y x+y\?
+ Ng(Vx,y(x/ﬁ) + Viy (=) = 2V, ,(0))
+ OWu) +o(1),
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where o(1) means something that tends to zero as N — oo. Using these estimates,
we can write for such x, y

Ey|[|det(Hy — x)|?| det(Hy — y)|F]

Ey[ldet(Hy — x)|P1Ev[| det(Hy — )|F]
_GU+5*GU+2pB) Ey |det (Hy — 5
B G(1+p)*t Ey[ldet(Hy — x)|P1Ev[| det(Hy — y)|F]

2
2 2 2
x N"T@x -y 5 nd(x;y) 1—(’“2”)

w o7 (Vey Wi +Vey (=i =2Ve y0) JOWD (1 4 (1))

)

uniformly in x,y € (—1+¢€,1 —¢€) and 2N~ < |x — y| < €. Plugging in Proposi-
tion 6.2, we see that this becomes

Ev[| det(Hy — x)|P| det(Hy — y)|’]
Ey[|det(Hy — x)|PIEy (| det(Hy — y)|/]
5\ /2
(a1 - 27) .
= 7 2l = yDT T (1 + o)1+ OWu)
(AeVT=x2d()VT=y2d) *

2
= Qlx — y)™T (1 + 0()(1 + OWa)).

We conclude that

Ey[| det(Hy — x)|?| det(Hy — y)|F]

lim lim su / o(xX)e(y) dxdy =0,
=0 Naot Jowa ey LYY By T det(Hy — x) PRy [ det(Hy — y)[F1

which was the missing part of the proof. O

Next we need to study the cross term Euy g ((p)ﬁxug (¢) along with the fully trun-

cated term E[ZZEVME (¢)2]. For this, we need Proposition 2.10, so let us finish the proof
of it.

Proof of Proposition 2.10 We have now

Dy_1(f; V)

k
N
Ee2i=t 74D T | det(Hy — xj)|Fi = :
l_[ / Dy—1(1; V)

j=1
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where f(A) = f1(A) = eT™ 1_[];=1 [A—x; |i. Since we know the asymptotics of this
for 7 = 0, we can apply Proposition 5.1 to get the relevant asymptotics for 7 # 0:

Dy_1(fi: V) _ Dy1(fo: V) NIL TN T=sas oy B[ 1 -0 ax-T )]
e
Dy-1(1; V)~ Dy-1(1;V)

Ty 1 T(x)\/ —x2
4712f dy \/;PVf y—x (1+0(1))

uniformly in everything relevant. Applying Proposition 6.2 to this yields the claim.
O

We now apply this to understanding the remaining terms.

Proposition 6.5 Let f € (0,+/2) and ¢ : (—1,1) — [0, 00) be continuous with
compact support. Then for fixed M € 7

Jim Bl @)y @) = lim EITY )]

/ / )p(y)ef Tia OO g gy,
—-1J-1

Proof Let us first consider the cross term. We write this as

bt E|det(Hy — x)|ﬁe/3§N,M(y)
Elpn s (@) y 3 (9)] = / / P(0)¢(y) ———dxdy.
B N.B —1J-1 ]El det(HN — x)lﬂEgﬂXN,M(y)

Let us begin by calculating the numerator. Note that as we have only one sin-
gularity, Proposition 2.10 gives us asymptotics which are uniform in x throughout
the whole integration region. To apply Proposition 2.10, we point out that we now
have T7(h) = T(A;y) = —BY ey 2Tc(M)Ti(y). We need uniformity in y, but
this is ensured by the fact that in a neighborhood of [—1, 1], 7 is a polynomial of
fixed degree and its coefficients are uniformly bounded for fixed M. Using the facts

that [, Te(n)/y/T = y2dy = 0 fork = 1, P.V.L [ T/(»)y/T = y2/(x — y)dy =
kTi(x), and the orthogonality of the Chebyshev polynomials: 2 fil T (MT;(V)/
(w1 = 22)d) = 8 fork, 1 > 1, we see that

E[| det(Hy — x)|PeBXnn(
= R det(Hy — x)|F e PN Tior 2760 [ Ted Gy T=32dx

x o5 TIOR8 S R OT0) (1 1 o(1y)
uniformly in x, y € (—1 + €, 1 — €). We see that the E[| det(Hy —Nx)|‘3]-term in the
denominator will cancel, but we still need to understand the EefXn.2 () _term. This

now has no singularity, so we get the asymptotics from Proposition 2.10 by setting
B;j = 0forall j. Thus we find with a similar argument that

@ Springer



Random Hermitian matrices and Gaussian multiplicative chaos 163

EehRvm() _ BN T 2Te0) [, Ted (VT2 By S, 1% (1 1 o(1)),

uniformly in y, and we conclude that

. ~ ! ! AWM 1
lim Eley.p(@)iy 4(0)] = / / 1) f(y)ef? DS 1T OT0 gy gy,
N—o00 ’ 1J

For the fully truncated term one argues in a similar way: in this case

T =TMix.y) = —ﬂZ =T ()(T (%) + T (1))

j= l

and only the part quadratic in 7 affects the leading order asymptotics. Going through
the calculations one finds

llm E[M(M) (o) ]_f / ¢(x)¢(y)gﬁ YL lka(X)Tk(y)dxdy

O

Before proving Proposition 2.9, we need to know that ug exists, namely we need
to prove Lemma 2.5.

Proof of Lemma 2.5 As discussed earlier, this boils down to showing that (,u(M)

(NS 27— 1s bounded in L? for continuous ¢ : [—1,1] — [0, c0). From the definition
of M(M) (see (2.11)), we see that

1 1 M1y .
Elng" 9)] =/ 1/ 1<p(x><p<y>eﬁzzf=lfT«’Wf‘”dxdy.

Now from Propositions 6.4 and 6.5, we see that if ¢ had compact supportin (—1, 1),
then

. ~(M) p(x)e(y)
0 Jim ElGuy,p(0) — )] = / [ G vy

‘/ / p)p(y)el” T HTHOTEO) gy,
—-1J-1

so for fixed M € Z and continuous, compactly supported in (—1, 1), non-negative ¢

B ATk () Cee(y)

as 2/2 < 1. For continuous ¢ : [—1, 1] — [0, 00), we get the same inequality
simply by approximating ¢ by a compactly supported one. We conclude that /,L(M) (o)
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is indeed bounded in L? and thus (as it is a martingale as a function of M), a limit
g (@) exists in L2 (P). o

We are now in a position to prove Proposition 2.9.

Proof of Proposition 2.9 As noted, Propositions 6.4 and 6.5 imply that

1 1
Jim Bla ) = i@ = [ [ ewpo)

[lz( : W2 — iTk(X)Tk(y)} dxdy
x—y

As this is a limit of a second moment, it is non-negative and we see that

1 1
limsupfl'/l(p(x)w(y)eﬂzibﬁl%Tk(x)Tk(y)dxdy

M— o0

1 1 /32
5f]/1¢(x>¢<y><2|x—y|)—7dxdy.

On the other hand, Lemma 2.3 and Fatou’s lemma imply that

1 1 5
flflgo(x)go(yxmx—y|>*”7dxdy

1 1
Sliminf/ / P ()p(y)ef’ Tin HTOTO gy,
—1J-1

M— o0

so we see actually that

lim lim E — 10?1 =0.
Jim  lim [ p(p) — ity 5(@))7]

We still need to prove that when we first let N — oo and then M — o0, ﬁ%‘/[g (o)
converges in law to pg(@). As pg(@) is constructed as a limit of ,ul(gM) (), this will
follow from showing that ﬁ%\% (¢) converges to /L/(SM) (¢) in law if we let N — oo for
fixed M. For this, consider the function F : RM — [0, 00)

1

Fuy,...,uy) =/ p(A)e

1

2
B k= L ARG gy

‘We now have

2 2 ! M _
F ((—ﬁTer(HN) + N / 1 Tk(wv(dm) ) = iy (@)1 +o(1)),
- k=1

where o(1) is deterministic. Moreover, if (Ak),’{”: | are the i.i.d. standard Gaussians

used in the definition of u/(SM), then F(Ay,...,Ay) = M/(SM) (p). It follows easily
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from the dominated convergence theorem that F is a continuous function, so if we
knew that

M

2~ 2 I d
——TrTy (Hy) + —N Tr (A dr A, ... A
< N/ rTi(Hy) NG /_1 k) ey ( ))k:1—>( 1 M)

as N — oo, we would be done. This is of course well known and follows from more
general results such as [36] for polynomial potentials or [10] for more general ones.
Nevertheless, we point out that it also follows from our analysis. If one looks at the
function 7 (1) = Z;‘/Izl aj%(Tj (A) — [ Tj(u)py (du)), one can then check that it
follows from Proposition 2.10 (setting 8; = 0 for all j) that

| M
Eezﬂil TG — p2 2=t 0‘,2'7

which implies the claim. O
Theorem 1.1 is essentially a direct corollary of Proposition 2.9.

Proof of Theorem 1.1 1t is a standard probabilistic argument that Proposition 2.9
implies that also puy g(¢) converges in law to ug(¢) as N — oo (for compactly
supported continuous ¢ : (—1, 1) — [0, co))—see e.g. [39, Theorem 4.28]. Upgrad-
ing to weak convergence is actually also very standard. One can simply approximate
general continuous ¢ : [—1, 1] — [0, 00) by ones with compact support in (—1, 1)
and argue by Markov’s inequality. For further details, we refer to e.g. [38, Section 4].

O
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Appendix A: Proof of differential identities

In this appendix we prove Lemmas 3.6 and 3.7.
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Proof of Lemma 3.6 First of all, note that all of the appearing objects are differentiable
functions of ¢ as can be seen from the determinantal representation of the polynomials
(3.9). _

Recall from (3.4) that log D (f;) = —2 Z,J(:O log xx (ft). Also from (3.3), we see
that all polynomials of degree less than j are orthogonal to p;, so

A;Xj(fr)xjpj(x; ) fi)e NV ®ax =1

and

/ [azpj(x; f;)] pj(x; e NV @y

= [ Bt s o

_ 8th(ft)
Xj(ft) .

Thus we see that
J
ontog Dy =~ [ 8| Y- e £ | ficoe ™ Wdx. A
=0
The Christoffel-Darboux identity (see e.g. [18, page 55]) states that

j .
Y pix: f)? = %[p;mx; fpj s f) = i fopjsi )l (A2)
1=0 J

Here ' denotes differentiation with respect to x. Plugging this into (A.1), we see
that

X (fe) ’
drlog Dj(fr) = —f 0r [m[l?j+1(x§ fopjx; fi)

—P}(x; fOpjr1(x; ﬁ)]] f;(x)e_NV(x)dx
xi(f)
= —8;/)0#(;01)[Pj+1(x; f,)pj(x;ft)
— Pl fopj (e 1fi)e NV dx
xi ()
+ / m[l’jﬂ(x; fopjx: fi)
— P )P (s f1d, fi(x)e VY D,
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Using (3.3), one finds that the first integral equals j + 1 (note that the term corre-
sponding to p} pj+1 integrates to zero by orthogonality) so its derivative equals zero.
Recalling that for Y (z, ) = Y 11(z, t), we have

Ve — ( mrmPia@ )
—2mixi(f)pjz f) *

where we ignore the second column of the matrix as it’s not relevant right now. Thus
we see the claim by replacing p; and p;; by the entries of ¥ and setting j=N — 1.
O

We now prove our second differential identity.

Proof of Lemma 3.7 The beginning of the proof is identical to the proof of Lemma 3.6.
Indeed, we can repeat everything up to (A.1) to get

J
dslog Dj(f, Vs) = —/ A | D pilxs £V | flye MV Wax.
)

Again making use of Christoffel-Darboux and orthogonality, we find

05 10g Dj(f; Vi)

:/ Xj(f§ V)
Xj+1(f5 Vs)

= P £V P (s fo VL f (0)dse MV Wdx,

P41 (x5 £ Vo psas £ Vi)

which yields the claim when we set j = N — 1. O

Appendix B: Proofs for the first transformation

In this appendix we prove Lemmas 4.2, 4.4, and 4.5. Variants of Lemma 4.2 are
certainly well known in Riemann—Hilbert literature (see e.g. [22, Proposition 5.4]),
but to have it in precisely the form we need it, we sketch a proof.

Proof of Lemma 4.2 The first statement—(4.6)—is simply linearity and making use
of the fact that for the GUE, one has £gyr = —1 — 21og 2 in our normalization. This
amounts to simply calculating the logarithmic potential (or noncommutative entropy)
of the semi-circle law. This is a standard calculation and we omit the proof, see e.g.
Theorem 4.1 in [33] or alternatively one can integrate (2.3) against the arcsine law
and use the logarithmic potential of the arcsine law [61, Section 1.3: Example 3.5].

For (4.7) consider first the case where |A| — 1 > M. Here we note that
8s.+(A) + g5 —(A) = 2log|A| + O(1) as |A| — oo (uniformly in s), but we know
that V(1)/log|A| — oo as |[A] — 00, so we see that by choosing M large enough
(independent of s), gy + (1) + g5,— (1) — Vs(1) — £5 < —log [A].
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For the |A| — 1 < M-case, note that the left side of (4.7) is a continuous function,
and if we take M" < M, then our function is a continuous function which is (uniformly
in s) negative on [M’, M]. Thus it’s enough to consider the situation where M is small.
In particular, we can assume it’s so small, that d is positive in |A| — 1 € (0, M). Let
us focus on the A > 1 case. The A < —1 case is similar.

Let us suppress the dependence on s and write F(A) = g+ (A)+g-(A) — V(1) — L.
As F(1) = 0, we have by using the Euler—Lagrange equation (2.3) at the point x = 1

1
FQ)=F®) - F() = 2/ l(log(k —x) —log(l — x))py (dx)

—V/(H( =D +0(r - 1)?)

= f [
_2/
1=
1
=2/ / [ ——] dupy (dx) + O((r — 1)?)
U—Xx 1—

__2/( —1)/ d)V1 - 22 BN T dxdu + O — 1)),
1 (w—x)1—-x)

In the x-integral, let us make the change of variables, 1 —x = (u — 1)y. We find

Mv(dx)

—1
/Lv(dX) +0((x— 1))

/ d()V1—x2 o l)fu Td(1=u=Dy)Vu —Dyy2 — (u— l)ydy
1 w—x)(1—x) X) =Dy +y)

=/2d(1 —17]/2/14?1—
(D@ —1) A+
«/u—l)
+(’)( (1+) y)

=O((u— 1713,

We conclude that F(A) = — fl)” Ou — Ddu + O((x — 1)?) which implies the
claim in (4.7).
For (4.8), we note that for A € Rand x € (—1, 1)

2mi, A <x

lim [log(A + i€ —x) —log(A —ie — = .
E_1>n8+[0g( ie —x) —log( ie —x)] 0. L x

@ Springer



Random Hermitian matrices and Gaussian multiplicative chaos 169

Thus for A € R

2mi, A< —1
8ot (W) — g5 () = 27 [ [(1 = )2 +5d(0)] VT —x2dx, A <1
0, A>1
which is (4.8). o

We now move on to prove Lemma 4.4.

Proof of Lemma 4.4 Let A € (—1, 1) and € > 0 be small. We have

A
hy(A+ie) = —27'[1'/ |:(1 — s)% +sd(x):| V1 —x2dx
1
— 27 /6 [(1 —s); + sd(A +iu):| V1— O +iu)lidu.
0

The first term is purely imaginary. The second term is an analytic function of €
(in a small enough A-dependent neighborhood of the origin), it vanishes at € = 0,
its derivative at ¢ = 0 is positive, and second derivative in a neighborhood of zero
is bounded. From this one can conclude that for small enough € > 0, the real part
of hy(L + ie) > 0. A similar argument works for the claim about the real part of
hs() —i€). Such an argument is easily extended into a uniform one in this case. O

Finally we prove Lemma 4.5.

Proof of Lemma 4.5 Uniqueness can be argued as for Y. The analyticity condition
comes from analyticity of ¥ and g, so let us look at the jump conditions. Consider
first L € (—1,1). Then from (4.5), (3.8), (4.8), (4.6), and some elementary matrix
calculations one finds

3 —NVs(d) i [ 2 .
T, () = e NEw2y_(g) <(1) fi ()\)e1 > o V(8o t2mi [ 1=0) 2sd 0 |VI=Pd s /2)os

2Ngs - (=N, —NVi)
=T_() ((1) ¢ lff (Me ) o~ Nhs ()0

“NBB) £
=T_-(1) (e 0 e]\J]C[h(X()L)).)

For |A] > 1, we note that by (4.8), g5, +(A) — gs.—(A) € {0,2ni}, and a similar
argument results in

1

1 oNErs Mg (I—L=Vs0) £ (5,
To(h) = T_(A) (0 ¢ fr®)

which is precisely (4.11).
For the behavior at infinity, we note that as z — oo (uniformly for z not on
the negative real axis) gs(z) = logz + O(|z|~!). Thus we see from (3.9) and (4.5)
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that indeed (4.12) is satisfied (with behavior on the negative real axis coming from
continuity up to the boundary). O

Appendix C: The RHP for the global parametrix

In this appendix we will sketch a proof of Lemma 4.14. We will make use of the fact
that the result is proven for r = 0, i.e. the case when 7 = 0, in [42, Section 4.2]
(which relies on a similar result in [44, Section 5], which again makes use of results
ine.g. [18]).

Sketch of a proof of Lemma 4.14 The analyticity condition was already argued in
Remark 4.13. The normalization at infinity is easy to see from the fact that the a-
matrix (in right hand side of (4.22)) is 21 + O(|z|~") and D; (z) = D;(c0) + O(|z|™ 1)
as z — 00. Thus the jump condition is the main one to check.

This would be a fairly short calculation to check directly, but we make use of it
being known for # = 0 and the representation (4.23). We start by noting that by the
Sokhotski-Plemelj formula and (4.23), for A € (—1, 1)\{xj}];=1

Tw W[ T L py T dx
f L x2 P(Oo)()\, 0)e 73w V1-22 VoI5 1—x2 A

’

where P.V. denotes the Cauchy principal value integral. Thus from the jump condition
of P (z, 0) (note that det P(®(z, ) = 1 so everything makes sense)

[Pi"") (. z)]_l P01

o3 zf,”[ mi Py, [l T f;‘x] 0 fo)
—fo)™' 0

=e

M| . T Ti(x)  _do
oy S50 i B . 1, |

X e

Noting that (from the definition of r; see (4.19)) r1 (L) = iv/1 —AZandr_(A) =
—i+/1 — A2 so with a simple calculation

(©0) RN _ 0 7™ fon)
[P e.n] Pl ()\,t)_<_e_7tmf0(k)_l i ,

which is precisely the claim as foef = f;. O

Appendix D: The RHP for the local parametrix near a singularity

Here we give further details about the local parametrix near a singularity. First of all,
we give a full description of the solution to the model RHP—the function W.
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Definition D.1 Recall that we use Roman numerals for the octants of the plane: I =
{rem :r > 0,0 € (0,7/4)} and so on. We also write 7, and K, for the modified
Bessel functions of the first and second kind, as well as Hlfl) and H\Sz) for the Hankel
functions of the first and second kind. We then define (again roots are principal branch
roots)

HE, @) —iH)., (©) (%

‘I’(C)=§\/7T H(ﬁ (@) - H(l% © cel, (D.1)
71
ﬁlm(—m) —\/—;Km(—if) o )
W) — > T —gnio I, (.
© Ty (iE) K (i) | € cefl ©2
2 2
VaElga(=ie) =K (SO 4y \
N7, — 2 . 2 3o 111, D.
© iVl ie) — oKy in )T CEH O
2
(D) (2)
| iHy'\ (=0) —Hﬁ,H( ¢) (&#)m
W) = ~/—7¢ TS e v, (D4)
“=32 i om0 | ‘
T 2
—HE, (=0 —iH) (=) -
1 bt 7kl ~(%+})mios
() == ) 2 204 eV, (D))
D= H,S%L( o il o | i

2
—iT 1 (i8) ==K p (0
V() =v¢ o 1 :
Valpo1 G0 =Ko G0)
—iVT Ly (6) = 7Ky G0\ g,

V() = Ve e i0) —TEKM(M) e £ e VI, (D.7)
2

. 1 2
—iH{ (@) —HEL(©) (e}

Bi .
BERLC T § (D.6)

Jries reVIL  (D.8)

1
V() = 5\/7T§ H(l% (@) _H/(jzil @

1 2

In [65, Theorem 4.2] it is shown that this function indeed satisfies the problem we
used in Definition 4.20. An important fact about the function W is its behavior near
the origin. The following was also part of [65, Theorem 4.2]: as { — 0

O(¢IFil?y  O(lg|7Pil?)
O(gIi?y  O(l¢|7Pil%)
O@¢I7Pi%y  O(l¢|7Pil?)
O(l¢I7Pi%)  O(l¢|7Pil?)

) , ¢ ell 1, VI, VII
V() = (D.9)

) , ¢ elL1V,V, VI
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We also mention that the function W could be expressed in terms of the confluent
hypergeometric function of the second kind as in [19,20]. Let us now sketch the proof
of Lemma 4.23.

Sketch of a proof of Lemma 4.23 Consider first the analyticity condition. As we men-
tioned in Remark 4.22, one can check that E is analytic in U j‘j, so the jumps of P/
come from those of W (¢;(z)), W;(z)~* and e Nés(@)os

As ¢, preserves the real axis, and ¥ was chosen so that under ¢;, ¥ N U ;J_ is mapped
to the real axis and lines intersecting origin at angles = /4. Thus from Definition 4.20,
W (Zs(z)) has jumps on ¥ and {z : Re(¢;(z)) = 0}.

From (4.27)—the definition of W;—we see that W; has jumps only across R and
{z : Re(¢s(z)) = 0}. Also from (4.28) and (4.9) we see that ¢ only has a jump across
R.

Thus to see that P /) (z,t, s) is analytic in U )/c/- \ X, we need to check that the jump
of W;(z)™? cancels that of W(,(z)) along {z : Re(¢s(z)) = 0}. Let us look at for
example the jump across {z : Re(¢s(2)) = 0, Im(¢;(2)) > 0} = {S_I(F3). From (4.27)
we find that for A € ¢~ 1(I"'3) (where the orientation is as for I'3)

. Bj
i

] ( ) ] ( ) ( ] )\),3 /2

. Bj . Bj
Y (G DWj ()™ =W_ (G (M) 2™ T 2TPW; (W) = W_ (G (M) Wj,—(A),

so we see that P*/)(z) is continuous across ;S_l (I'3). The argument is similar for the
jump across ¢~ 1(I'7). We conclude that P/ is analytic in U, \E

Consider now the jump structure. The existence of continuous boundary values is
inherited from the correspondmg properties of W, W; and ¢s. As W; and ¢, have no
jumps across ks j_por E , the jumps here come from the jumps of ‘l/ Let us consider

for example A € ¢~ ! (Fz). Here using the jump condition of W, an elementary matrix
calculation shows that

PGy = PED oW 0% NW”( - 10> W)~ Ne )

e—tnﬁj
x 1 0
P ')()») <f (1)~ Le=Nhs) 1)-

Calculating the jump matrix across Ejifl and Ej_ is similar. For the jump across
R, we have for example for > € U }’Cj N (x;, 00), from (4.27), (4.28), the analyticity of
hy across U;C,, N R, along with Definition 4.20:

@ Springer



Random Hermitian matrices and Gaussian multiplicative chaos 173

._Bj
@) 5y = p&i) 0 NI (2)2 N Esm )
PV =PI () (_e_zvhA G+ W, _ (0)~2e~2Ns- () ]0
(xj) 0 fl()")>
=P :
- )(*.ft(k)_l 0

The calculation for the jump across U, N (—o0, x;) is similar.

To see (4.39), note first that as 7 — xj,' ¢s(x) = O(|z — x;|) (the implicit constant
depending on x;, N, and s, but this doesn’t matter now) and W (z) = O(|z —x; |Bil2y.
So we have from (D.9) that for z € ;“;1 (I) and z — x;

O(lz — xj17P) (9(1)) .

e = (O(Iz — 517 o)

As E is analytic in U )/Cj, itis in particular bounded at x j, so as multiplying from the

left doesn’t mix the columns, we have the same behavior for E(z)W (¢s(z))W;(z)™%.
Now also ¢y is bounded at x; and again multiplying by a diagonal matrix doesn’t mix
the columns so we have the claimed asymptotics for PU)(z)asz — x j from CS_I @).
The other regions are similar.

Let us now focus on the matching condition (4.40). We note that as d is positive
on [—1, 1], we see that for z € dUy; (and for § small enough), |¢;(z)| < N where the
implied constants are uniform in x; € (=1 + 38,1 —38),s € [0,1],and z € 8ij.
Thus to study W (¢s(z)), we can make use of the large argument expansion of Bessel
functions. We won’t go into great detail here, but simply refer the reader to [65,
Section 4.3] and references therein.

For simplicity, we focus on the domain {z : arg {s(z) € (0,7/2)}. In the other
domains, one has different asymptotics for W, but the argument is similar. The relevant
asymptotics here are

V() = % (_ll ;‘) [1 + (’)(|§|‘1)] oo gites g mior (D.10)

where the implied constant in O(|¢ |=1) is uniform in the first quadrant. Here and
below, the O-notation will refer to a 2 x 2 matrix whose entries satisfy the relevant
bound. Noting from (4.26), (4.9), and (4.28), that for z € U)’Cj N {Im(z) > 0}

8s(2) = =Ni(gs,+(x;) — ¢5(2)).

It then follows from this and (D.10) that for z € ¢! TUII) N Uy,

\Il(é‘b (Z)) W] (Z)_a3e_N¢s (2)03

_ % <_11 —1l> [, n @(N—l)] o503 =N+ ()5 ()03 y—i o 03
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x Wj (Z)—036—N¢s (z)o3

1 _q .
= ﬁ (_ll 1l> I:I + O(N_l)] e’?(l—ﬁj)03e—N¢s.+(Xj)o'3 Wj(z)_g3’

where the O(N~!) term is uniform in everything relevant. Using (4.33) and (4.35),
we see that for z € g“s_l (Tull) Nnau X;

-1
P (z) [P<°°>(z>] =AU +OWN"NAR ™ =1+ ARQOWN"HAR ™,

where the O(N~!) term is uniform in everything relevant and

Nor —iT(1—B; 1 /1 i\
A(z) = P(oo)(Z)Wj(z)meN%‘*'(xf)me iz(1=Bjos _ E(2) I:E <i l])i|

The claim (in this sector of the boundary) will then follow if we show that A is
uniformly bounded in everything relevant. As ¢,  (x ;) is purely imaginary (see (4.9)),
we see that the relevant question is the boundedness of P (z) W ;(2)%% and its inverse.
Looking at (4.22), we see that this is equivalent to D; (! W;(z) being uniformly
bounded and uniformly bounded away from zero. Let us write this quantity out. From
(4.21) and (4.27) we have

@ T o
(z+r@))te 7T VIRIT @)

D)™ W) =

Z+r(z) is obviously bounded for z in a compact set, the integral term is uniformly
bounded in everything relevant by Lemma 4.15, and the last term is bounded as 7;
is uniformly bounded in everything relevant. Similarly we see uniform boundedness
away from zero. This concludes the proof for z € ¢~ laut nau, ;- The proof in
the remaining parts of the boundary are similar. O

We now move on to considering the proof of Lemma 4.24.
Proof of Lemma 4.24 Here we simply need to take into account the next term in the
asymptotic expansion of W. The argument is otherwise as in the proof of Lemma 4.23.
For simplicity, we will focus on the case where ¢ is in the first quadrant. Other quadrants

are handled in a similar manner. We refer to the discussion around [65, equation (5.9)]
for the following asymptotics:

(1= Bi (% i | i(E-8 )
‘m)_ﬁ(—i 1)[1—:%(? _%)Jro(m )}6(4 )3’
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where the error O(|¢|2) is uniform for ¢ in the first quadrant. Then arguing as in the
previous proof, we see that

WPl =i b & -1 =
PO [PYE] =1 iAo (T )47 0 (k@)

where we used the uniform boundedness of A and A~!. Noting that

A0 )ECY-(0 0 )

making use of {;(z) < N uniformly in everything relevant for z € dUy; and the fact
that the asymptotic expansion of W is uniform, we see the claim. Again, the argument
in the other regions is similar. O

Appendix E: The RHP for the local parametrix near the edge of the spec-
trum

In this section we will give some further details about the parametrices near the edge
of the spectrum. First we will justify the definition of the function & from (4.42).

Justification of the definition of &;. The argument is essentially as in [22, Section 7].
Let us first recall some properties of ¢;. From (4.28) and (4.9), we note that ¢ has
a jump across U{ N (=1, 1) but is continuous across U{ N (1, 00), so it is analytic in
U{\[—l, 1]. Moreover, in U{\[—l, 1] we can write

%ﬂds(z)(z+1)l/2(z D2 = O - D2, E.1)

where 55” is analytic in U{. Expanding 5§1) as a series, integrating, and taking into
account the branch structure of ¢, we can write

— %«ps 2) =GPz — )2, (E.2)

where the power is according to the principal branch and G(l) is analytic in U]. If we
expand G\ (2) = Y52 G} (z = DF and G{ (w) = Y02 G} (w — D)X, then

Now as 5&1()) = f/—’%ds(l) is uniformly bounded away from zero, we see from

the above display that the same holds for Ggl()). By Cauchy’s integral formula (for
derivatives),

@ Springer



176 N. Berestycki et al.

G0 < Gs/27* sup = ¢;38/27%,

lz—1]=8

%\/Z-i- 1 [sd(z) +( —s)%]

for some constant Cs independent of s, so we again get a similar bound for G(l)
From this type of estimate, one can easily argue that by possibly decreasing § by some
s-independent factor, G§ ) is zero free in U [ Thus with a suitable convention for the
branch of the power, the function

£5(2) = Nz — DGV (9)*3

is analytic in U.

For injectivity, note that the derivative of the function z +— (z — l)Ggl)(z)z/ 3
at z = 1 is uniformly (in s) bounded away from zero and its second derivative is
uniformly bounded in s and in a small enough (s independent) neighborhood of 1.
Thus by decreasing § if needed (in an s independent manner), we have univalence of

&s. O
We now sketch the proof of Lemma 4.30.

Sketch of a proof of Lemma 4.30 Let us first of all consider the analyticity of F. P>
is analytic in U/\[—1, 1], £'/2 is analytic in U/, and as £, (1) = 0, Z;’* has a branch
cutin U;. We note from (E.2) that as one can check (from (4.9)) that —¢s (1) > O for
A >1,Gg(A) > 0for A > 1. Thus Gy isreal on R N U{. As we argued above that
it’s zero free, it must be positive on R N U7, so we see that £(A) < 0 for A < 1. As
we are dealing with the principal branch, the cut of Esl/ *is along U N (=1, 1). It’s
thus enough to check that F is continuous across (—1, 1) N U { and does not have an
isolated singularity at z = 1.

For the continuity across (—1, 1),letA € (—1,1)N U{. We have from (4.24) and
the jump for 551/4: forr e (—1,1)NU;

1/4

1517400 = itg1"* o),

so that

—o03 1 s —1
e (I EACS ( 4 i) e E7 f0) "2 [P 0)] T P 0
x fi (27326 503 (i ) ([gé]”“(x))g3

(e 5 (4 ) (G G) G et
1.

Thus F is continuous across (—1, 1) N U{.
For the absence of an isolated singularity, we note that the entries of & (z)73/%
behave at worst like |z — 1|_1/4 as z — 1. From (4.22) and Lemma 4.15, we see that
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the entries of P(°(z) behave at worst like |z — 1|_1/ 4 as well. As f 1/2(7) is bounded
at z = 1, the entries of F(z) behave at worst like |z — 1|~!/2. This is not strong enough
to be a pole, so there can be no isolated singularity at z = 1 and F is analytic.

Towards checking the analyticity of P(!) on U [\ X, we refer to [22, Section 7] on
the following matter (in their notation Q = W7): Q(&,(z)) is analytic on U7\ X and it
satisfies the following jump conditions:

01 (&) = 0 (&) (} ‘1)) resE, nuj, (E3)
0setn=0-con (Y ¢) recivtnun @

and
04 =0 (o 1) ettt E9
As £ is analytic in U] as if F, and ¢, has a jump along (—1, 1) N U/, we see

that P1 indeed is analytic in U;.
The jump conditions come from those of Q. Let us check for example the one
across (—1, 1) N U{—(4.48). For & € (—1, 1) N U}, we have

[P0 PG = 072N D0 (600 6 (e B )

= [0/ 22RO ( 01 (1)> e~ 2INhs (Mo £ (3)=03/2

:< 0 ﬁ(x))
O

The other jump conditions are similar.

Let us then check the matching condition. Let z € dU;. For small enough 6 (inde-
pendent of ), it is clear from (4.9) and (4.28) that |¢(z)| is bounded away from zero
uniformly in s and uniformly in z € dU;. Thus |£(z)] < N 2/3 where the implied
constants are uniform in z and s. We can thus make use of the large |£| asymptotics
of Ai(¢) and Ai’(§) to obtain asymptotics for Q(&(z)). For this, we will again refer
to [22]—in particular [22, (7.30)]: for z € AU,

omi/12

27

where the error is uniformin z and s. Recalling that the construction of & was precisely
so that %Es (2)3? = —N¢;(z), we see that

0 (5. (2))e 6@ =

E(x)" "/ [(_11 }) el O(N‘l)] :

Q& (2ne M7 fi2) "
em’/12

= 27 é’;‘s(Z)_US/4 |:<_11 i) e 503 + O(N_l)] ﬁ(z)—o3/2’

@ Springer



178 N. Berestycki et al.

with the O(N ~!)-term being uniform in everything relevant. Thus

— -1
POO[PO0] =14 PP ™ PO 0 2 [POw)]

As fy (Z)ﬂEl as well as the entries of [ P°®) 1! are uniformly (in everything relevant)
bounded on dU1, the claim follows. O

We will also give a proof of Lemma 4.31.

Proof of Lemma 4.31 This is again proven as the matching condition, but using finer
asymptotics of the Airy function. In particular, one has (see [22, (7.30)])

0(&s (2))e Nos (2)03
wi/12

¢ —o03/4 1 1) ~i 4i -3/2 =3\ | —iZo3
= 2/% &s(2) |:<_1 1)t _1*7:; _jig &s(2) +O(&@)I77) [e 7%,

where the constant implied by the O notation is uniform in everything relevant. Thus
arguing as in the previous proof, we see that for z € dU;

PO () [P(“)(Z)TI

. 1 /1 .
— [ + P(OO)(Z)f(Z)(T3/2el7T(T3/4§ <_61 _11> €7”TU3/4
6

< f P [POO] T a0 o)

uniformly in everything relevant. O

Appendix F: Proofs concerning the final transformation and solving the
R-RHP

In this section we sketch proofs concerning the final transformation and the solution
of the R-RHP. We start with checking that R indeed solves the RHP of Lemma 4.34.

Proof of Lemma 4.34 Uniqueness follows from S being the unique solution to its prob-
lem. The last condition is immediate to check as for large |z|, R(z) = S(z)[P S
and both of these terms are asymptotically 7 + O(|z|~!). The jump conditions simply
make use of the definition of R and the jump conditions of S—these are direct to check
and we skip this.

For the analyticity condition we begin with the domain U4 . Here the construction
of P was such that it would have the same jumps as S so R has no branch cuts
inside of U41. We are left with the possibility that R would have an isolated singularity
at z = *£1. Recall that S(z) is bounded as z — =1, while Lemma 4.15 implies that
the entries of [P°® (z)]~! can blow up at most like |z F 1|74 as z — =+1. Thus the
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possible isolated singularity of R is not strong enough to be a pole (or essential), so it
is removable, and R is analytic in U4.

Consider now a neighborhood Uy;. Again, by the construction of the parametrix,
there are no jumps here, and the only possible singularity is an isolated singularity
at x;. Recall now that as z — x; from outside of the lenses, S(z) = O(1), and as
z — x; from inside of the lenses,

_(O(z—x;I7P)) 0OQ)
5@ = <(9(|z B (9(1)) :

P%)(z) has similar behavior near x j- To estimate it’s inverse, we note that
det PO (z) = 1 for all z € Uy ; - which follows directly from the definitions once
one knows that det U = 1 (which we argued following Definition 4.20, or one could
check directly using the explicit representation of W from “Appendix D”).

We thus see that as z — x; from outside of the lenses, [P ()]~ remains
bounded, and as z — x; from inside the lenses, we have

g o) o)
(x5) —
[P @] ‘<0<|z—xj|ﬂf> 0<|z—xj|ﬂ-f>>

so we conclude that from the inside of the lens, the entries of the matrix
S(2)[PY)(z)]~! have singularities of order O(|z — xj|’ﬁf') at worst. Now we see
that as S(z)[P“/(z)]~! remains bounded as z — x ; from outside of the lenses, it
can’t have a pole at x ;. But as the degree of the singularity is bounded (we can find an
integer k such that (z — xj)kS(z)[P("j) (2)]7! tends to zero as 7 — X ), the singularity
can’t be essential either. Thus the only possibility is that the singularity is removable,
and R(z) is analytic in Uy;. Thus we see that R indeed solves the Riemann-Hilbert
problem. O

We next prove the relevant estimate for the jump matrix.

Proof of Lemma 4.35 Let us first consider the jump matrix on R\[—1—48, 14 §]. Here
we have

N8t ()80, - () =Va ()—£) -
A(A):P(“)(A)(O fi@yeme )[P(Oo)(k)] .

0 0

First of all, we note that the entries of P (1) and [P (1)]~! are bounded

(uniformly in everything relevant) in this area, and f;(X) grows like |A|Z§=1 Fi as
[A| — oo. From (4.7), we see that there exist constants C, M > 0 depending only on
V such that for [A| > 1 + M, eV &s+M+8-M)=Vs()=t) < 131~V and for [A| — 1 €
0, M), eV &+ Mtes -M)=Vi()—t) < e~ NCUM=D"2 From these estimates, it’s easy
to see that any L” norm on R\[—1 — §, 1 + 4] is exponentially small in N.
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Consider next the part of the contour lying on the boundaries of the lenses. More
precisely, we have for A € Uk+1 E \U_1U Uk ]ij UUi,

—1
AG) = P ( P W,I‘ZWM 8) [P0]

We now refer to Lemma 4.4, which states that for example for A € E;\

U_1u Uf‘zl Uy, U Ui, there exists an € > 0 independent of s and A such that
Re(hs(X)) > € (we assume that the distance between this part of the contour and
the real axis is bounded away from zero uniformly in everything relevant). Moreover,
f:(»)~! is uniformly bounded here so we again get exponential smallness for any L?”
norm uniformly in everything relevant for this part of the contour (as the contour has
finite length). The X -case is identical.

For o ij and dU4| the bounds come from the matching conditions in Lemmas 4.23
and 4.30. Combining the estimates from the different parts of the contour is elementary
and we find the claim. O

The next proof we consider is the representation of R in terms of a certain Neumann-
series. The proof follows [22, Theorem 7.8], and while it is a standard fact, we record
it here for completeness.

Proof of Proposition 4.36 By the Sokhotski-Plemelj theorem, we see that the function

= I+ C(R4+ — R_) satisfies R+ —-R_= R — R_ across ['s\ {intersectionpoints}
(note that from our proof of Lemma 4.35, we see that R, — R_ = R_A has nice
enough decay at infinity for R to be well defined). Thus the function R — R has no
jump across I's\{intersectionpoints}. By construction, both functions are bounded at
the intersection points of the different parts of the contour, and behave like 7 +O(|z| 1)
as z — 00, so by Liouville’s theorem

R=I1I+C(Ry —R_)=1+C(R_A).
In particular, taking the limit from the — side, we obtain
R_.—T=C_(R_LA)=Ca(R.) & A—-Cp)(R_—-1)=Cpr().

It is well known that C_ is a bounded operator from L?(Ts) to L?>(I's)—see e.g. the
discussion and references in [22, Appendix A]. Given the estimate in Lemma 4.35 the
operator norm of Cp is of order O(1/N), I — Cp is invertible (and the inverse can be
expanded as a Neumann series) for N sufficiently large and the result follows. O

Finally we prove the main result concerning R. Our proof is a minor modification
of that in [42].

Proof of Theorem 4.37 Note that since (I —Ca)(R— —1I) = Ca(I) and since the L2
boundedness of C_ implies that [|Ca (D[ 2, = ON~h (uniformly in everything
relevant), we have
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R=R
+ z -
—— L A F§
\\EI_)\
R=R

Fig. 8 Deforming the R-RHP

— C1
lIR— — I||L2(F5) <[l = Ca) 1||L2(1“,5)_>142(1“5)||CA(1)||LZ(1*5) = N
for some ¢ > 0 (independent of the relevant quantities).
Now fix some small € > 0, and suppose z is at least € away from the jump contour
I's. Recall that in the proof of (4.59), we saw that (/ — CA)'CAa(l) = R_ =1, 50
we have (for ¢, c3, ¢4 depending on € butnotont,s,...)

IR — 1|

A

IC(A)[+|CUR- = DA

(&) C4
=y +a3llR- = T2y Al L2ry) = v
where we used Cauchy—Schwarz in the second step and the facts that R_ is bounded
on 'y and behaves like 7 + O(|A|71), as A — oo.

For z € C\Ts that is within a distance of € from I's but not close to any intersection
points, we use the usual trick of contour deformation. First note that we can analytically
continue the jump matrix Jg to, without loss of generality, a (2¢)-neighbourhood of
I's, with the estimates in Lemma 4.35 remaining true (up to a change of constants).

We may assume that z lies on the + side of I's. Let Fg be the contour in Fig. 8,
obtained from I's with the dotted part replaced by a half circle of radius €, and R be
defined as shown, where J is the analytic continuation of Jg. Then R (z) satisfies the
same Riemann—Hilbert problem as R(z) except on the new contour Ts. Repeating our
argument for the case where z is at distance at least € from the contour, we see that

IRz)— I =|R@) — 1| < CNS

for a c5 which is uniform in the relevant quantities. Now note that all estimates estab-
lished so far are also uniformin § € K C (0, do] for some compact set K and §p > 0,
see [22, Section 7.2]. If z is close to any intersection points we may then deform our
contour by varying 4.

For the derivative, let us consider the case where the distance between z and the
jump contour is greater than €. Then by Cauchy’s integral formula we have

R,(Z):L R(w) 1 R(w) — I

: W) = — dw = O(N~Y
2700 Jjp—zj=e (W — 2)? 270 Jjp—zj=e (W —2)?

where the last equality follows from the uniform estimates for R(w) — I. For z close
to the contour we argue by contour deformation again.
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We now want to extract the second order asymptotics when 7 = 0. Since
R=1+CA)+CU(R-—=1A),
repeating our argument with minor modifications we see that
R-I1—-C(A)=0ON"? and R —C(A)Y =0ON?

uniformly off of I's and uniformly in everything relevant. Now by definition, we have

A(w) dw
[C(A)](2) =/ Po—

r, W—2z2mi’

With similar arguments as in the proof of Lemma 4.35, one can easily see (e.g.
using Cauchy—Schwarz and a L2-norm bound on the jump matrix on the unbounded
part of the contour and a L°°-norm bound on the part of the contour on the boundary of
the lenses) that the contribution from the part of the contour on R and on the boundary
of the lenses has uniformly (in everything relevant) exponentially small contribution
to C(A). Thus we have for z not on the jump contour

k+1 k+1

c@i@ =Y S oW =3 RYE + 0N,
j=070s

w —z2mi °
J Jj=0

where the orientation of the contours is in the clockwise direction and the O(N ~2) is
uniform in everything relevant. From Lemmas 4.24, 4.31, and Remark 4.32, we can
then write (again for z off of the jump contour)

. 1 dw B , 0o 145 . -1
0= tof, et O e
Xj

27 Joug W =245 () -7 0
l<j<k
5 [e@, T
R(il)(z)sz dw FED () 0 1:|:48[§y (w)]
1 27l UL W—2 _%[g;il)(w)]7 0

[F(il)(w)]_l

where the superscripts have been added to underline that the functions depend on the
singularity we are considering.

Consider now z ¢ ij with j € {1, ..., k}. Thenas E, E~'are analytic in ij and
1/§5(xj)(w) has a simple pole at w = x; (and no other singularities in Ux/.), we see
that
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RE 1 Bi () < 0 I+ %’)
() = E%) (x)) |
X4 N (2(1 — ) —}—sd(xj))\/i -4

I:E(Xj)(xj)]il ,

where, by writing by; = a.,.(xj~)2 + a+(xj)_2 and l;xj = a+(xj)2 — a+(xj)_2, one
finds (after an elementary calculation)

Bi _
. 0 1+5 . !
ECD (x; ‘ 2 [EO‘/) xj ]

—i[2(c2. +c’2)bijxj +,3,(b2 +b2 )] 2D(00)? [(c b2 +c*2b2 )+ﬁ,bv,b 1
2D(00) (e B2, + 2, B) + Biby b1 12, 2>bx/ B0+ B2)]

X] X
Here we made use of the fact that E) is analytic at x; so we can evaluate E/) (x;)
using the formula (4.33).
For Rfil)(z) with z ¢ Uy the residue calculations are more involved (but still

straightforward) because of the presence of a second order pole. We just summarize
here that

RV = 22 5 ( —i D(oo)2>
2N (=1 =22 436D (—1) \D(eo)™* i
oY “n7Y
9062 _ 3" D(oo)? | 1989640+4) s[ai "]
21/2 4 48671y 1260V (12 486V (—1) 1267V (—1)2
+ N
( )] ( 1)
8N z+1 i 19-96A(1-A) s[a ]< D _i | 9moez 5[al ]( )
De? | 486" (-1 1260 V(=12 86D 1260012
RO 22 1 S ( 1 _m(oo)z)
! 2N (1-2)2 4360 (1) \ =D —1
m7 m7
g_oea> |, S[G"]W iD(00)? | 19H96A4+96.42 _ [T
212 486" | 1260012 436 (1) 1267 (12
BN 12 s . s[a o ’
iD(c0) > 19—9&:\14;%,42 _ [ <1>] _ 9= 9(61.)A %
48G; (1) 12G5”(1)? 18601 12680 1)2

where the functions G§i])(z) come from
-1 —in A72/3 ~(=1) (\2/3 1 2/3~(1) (.1\2/3
5@ =e"NPGTV e+, 6@ = NP6 @ e -1,
(see “Appendix E”). 7%/ (z) may now be obtained by direct calculation. O

Appendix G: Uniformity of the asymptotics in Theorem 6.3

In this appendix we will give a brief outline of how to check that the asymptotics in
Theorem 6.3 are still uniform when we replace V by Vy , whenx, y € (—=1+¢€,1—¢)
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(in the notation of Sect. 6). We will not try to be self contained here and we will use
notations both from [14] and ones we’ve adopted earlier in this article. We won’t
provide all of the relevant definitions from [14]. We will simply try to provide a map
of how to go over the argument.

Let us write u = (x — y)2/4 > 0 (which in the notation of [14] is 7) and v =
(x+y)/2 € (—14¢€, 1 —e), where € is determined by the support of our non-negative
test function. We also write V,,(z) = V(z + v). In the notation of Sect. 6, we are
interested in the asymptotics of Dy_1(fy; Vi), which in the notation of [14] would
be Z\/ (u, B, V,)/N!. Note that in the notation of [14], B is replaced by «.

Let us write Y for the solution of the RHP related to Dy_1(f,; Vy). Y depends on
u and v, but as usual, we suppress this dependence in our notation. Then as the “center
of mass” and “relative motion” coordinates decouple, or d,, V;, = 0 for all # and v, the
proof of [14, Proposition 4.1] carries through word to word and one finds

dulog Dy-1(fu: Vo) = —5= | (Y (V™'Y (V)22 = (¥ (—v/i) 'Y (=i |

2f
(G.1)

The goal will be to integrate this from zero to some positive «. Even though +./u lie
on the jump contour of Y, this quantity in fact does not have a jump so the notation is
justified. Moreover one can calculate the relevant quantities at a point z and then let
7 — =£.+/u—in particular the point z can be taken to be outside of the relevant lenses
and for simplicity in the lower half plane (see [14, Figure 8]). In [14, Section 6], using
results of [15], it is argued that near the points 4./u, but outside of the lenses, one
can write

Y@ =N (RUDE@WP 0@ s Wa(@) M O7e 0 (G)

where ¢, and g, refer to the ¢- and g-quantities constructed from the potential V. If
we restrict to points z outside of the lenses and in the lower half plane, then one has

Wv(Z):[(Z —u) P2 e"“”““] (G.3)

where (see the discussion around [14, equation (4.13)] for details about the branch
and integration contour—note that in the notation of [14], d is /& and the support of
the equilibrium measure is [a, b] instead of our [—1 — v, 1 — v])

bu(z) =7 / dy(E)((E +v) + D(E +v) — 1) /2de. (G4)

1—v

Ay 1s a coordinate change which for z in the lower half plane is defined by (see [14,
equation (6.2)])

(G.5)

Gv,+ (V1) + Py 4 (—/u) >
5 .

Ay(2) = —iN <_¢v(2) -
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The main reason the uniformity of the asymptotics holds is that varying v € (—1 4+
€, 1 — €) does not change the qualitative behavior of the asymptotics of A, (z). If one
were to allow v = %1, then the situation would be different.

For the definition of W® (1, s), we refer to [14, Section 3], but point out here that
while it depends on B, it does not depend on x, y, or V. The function E, is analytic
in a neighborhood of zero (containing the points +4/u) and for the values of z we are
interested in, it can be written as (see [14, Section 6.4])

Eu(@) = Ny@Wa(@) e ™07 = Ny [ = wPem#2]”
Xe%(¢v,+(«/ﬁ)+¢v,+(—«/ﬁ))03’ (G.6)

where N, (z) is the global parametrix which is of similar form as the one we consider in
Sect. 4.2 apart from the support of the equilibrium measure now being [—1 — v, 1 —v]
which changes the formulas slightly. See also around [14, equations (5.5) and (6.1)] for

details. In particular, as z — +./u for a fixed N, Nyy(z) ~ (z F \/ﬁ)*g‘” uniformly
in v. This combined with the fact that ¢, 4 (£+/u) is purely imaginary implies that
in a neighborhood of the origin, E,, E I and E! are bounded uniformly in v €
(—1+e€1—¢).

Finally R, is a solution to a small norm RHP. As pointed out in [14], the analysis
of R, and its RHP is essentially carried out in [15]. While verifying in full detail the
asymptotic behavior of R, is not something we will do, we will briefly sketch part
of the argument, namely uniform asymptotics for the jump matrix across part of the
boundary of a neighborhood of the origin. Analyzing the jump matrix of R in the
remaining part of the contour is similar and with a standard argument one finds that
R is uniformly close to the identity and its derivative is uniformly small.

From the definition of R, in [14, Section 6.5] we see for z on the boundary of some
neighborhood of the origin containing the points 4=./u

Ry +(2) = Ry~ Ey@Q¥? (0 (2); sn.) Wo (DN, () (G.7)
Following the notation in [14, Section 3], we note that we can write

v ) = k..
(A, s) =Wk —mz,s x (X, (G.9)

where W is the solution to the RHP in [15, Section 3] and x () is defined in [14,
(3.12)]. We note that as u is always small for us, |A,(z)/|s|] ~ u V2 s large if z
is at a fixed distance from 4./u. We thus want to know the A — oo asymptotics of
Wek (A, s) for all values of s. This was studied in [15]. For the relevant asymptotics
for Wck (¢; 5), we refer to the discussion relevant to [15, equations (3.6), (5.25), and
(6.32)]. For W@ (1; 5) these asymptotics translate into the following: for large ||
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(I + O(s||A|"Y)ei*o3, s — —i0t
WA ss) = LU+ O Ye, s =0(1)
(I 4+ O(sr|~M)eros, s > —ico

Using (G.6) and fact that £, and E !"are uniformly bounded, we thus see that for
all u and uniformly in v, the jump matrix along this part of the jump contour is

I+ Ey(2)Omin(s, IsI™ ) A (2) 7Y Ey(2) ™ = T 4+ O(min([s], [s] ™A, (2)7h.

Going over such an argument in full detail would then imply that R,, can be solved
through the general small-norm approach and one has uniform asymptotics for R, e.g.
Ry(z) = I+ O(N"" and R/ (z) = O(N~!) uniformly inzand v € (=1 +¢, 1 —e¢).

Let us now return to the differential identity (G.1). With a basic matrix algebra
argument, one finds from (G.2) as in [14, Section 5]

g[z —1ﬁ * z—i—l\/ﬁ}

d
+ [W (Ao (@5 S3.) — ¥ (A (2); sN,u)] :
dz 22

(r'@r'e), = Bom - SV +
2 2

where
B(z) = ¥y (2); sv) " HRy () Ey(2) " Ry () Ey(2) WP (1 (2): s .)-

For the asymptotics of the d%‘l-f(z) -term, one can argue exactly like in [14, Section
6.4] (see also [14, equations (5.27) and (5.28); Lemma 5.3]) to find that as z — +./u,

d
(\Iﬂ)(xv(z); )T —w@ (0, (2); s)> — 42i
dz 22 SN,u

Mo(EVu) [op(snu) — %2 4 SN
B 2

_B_ 1
2zF Ju

+ O,

where O(1) is uniform in v.

Thus what remains is the B-term. For this, by what we’ve argued about R and E,
we see that (RE)"Y(RE) = O(1) uniformly in v in a neighborhood of zero. Thus
it is enough to show that as z — +./u, (¥?)~1O(1)w?)y = O(1) uniformly in
v. Here again the asymptotics of W come from [15], and in fact the uniformity in
v follows from the argument for a fixed v as in [14, Section 5.6 and Section 6.6] and
the uniform behavior of A,.
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