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Abstract

We study the eigenvalue behaviour of large complex correlated Wishart matrices near
an interior point of the limiting spectrum where the density vanishes (cusp point), and
refine the existing results at the hard edge as well. More precisely, under mild assumptions
for the population covariance matrix, we show that the limiting density vanishes at generic
cusp points like a cube root, and that the local eigenvalue behaviour is described by means
of the Pearcey kernel if an extra decay assumption is satisfied. As for the hard edge, we
show that the density blows up like an inverse square root at the origin. Moreover, we
provide an explicit formula for the 1/N correction term for the fluctuation of the smallest
random eigenvalue.
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1 Introduction

Empirical covariance matrices are natural random matrix models in applied mathematics
and their study goes back at least to the work of Wishart [35]. In the large dimensional
regime, where both the size of the observations and of the sample go to infinity at the same
speed, Maréenko and Pastur provided in the seminal paper [25] the first description of the
limiting spectral distribution for such matrices, see also [31]. For instance, this limiting
distribution has a continuous density on (0, 00); its support is compact if the spectral norm of
the population covariance matrix is bounded; it may include the origin and may also present
several connected components.

Afterwards, attention turned to the local behaviour of the random eigenvalues near points
of interest in the limiting spectrum, like positive endpoints (soft edges), see e.g. [20, 22, 3, 14,
17], interior points were the density vanishes (cusp points) [26], or the origin when it belongs to
the spectrum (hard edge) [15, 17]. Complex correlated Wishart matrices, namely covariance
matrices with complex Gaussian entries, play a particular role in such investigations since
their random eigenvalues form a determinantal point process. Indeed, for determinantal point
processes, a local asymptotic analysis can often be performed by using tools from complex
analysis such as saddle point analysis or Riemann-Hilbert techniques. In the more general
setting of non-necessarily Gaussian entries, one then typically shows that the local behaviours
are the same as in the Gaussian case by comparison or interpolation methods, see e.g. [23, 24].

For complex correlated Wishart matrices, a fairly complete picture of the local fluctuations
at every edges of the limiting spectrum has been obtained in the recent work [17], provided that
a regularity condition is satisfied. This condition essentially warrants the local fluctuations to
follow the usual laws from random matrix theory. For instance, if one considers a soft edge of
the limiting spectrum, then this regularity condition ensures that the limiting density vanishes
like a square root at the edge, and the fluctuations of the associated extremal eigenvalues follow
the Tracy-Widom law involving the Airy kernel. As for the hard edge, when it is present, the
fluctuations are described instead by means of the Bessel kernel.

The aim of this work is twofold. First, we investigate the local behaviour of the eigenvalues
near a cusp point which satisfies the regularity condition: We show that the limiting density
vanishes like a cube root near the cusp point (hence justifying the name) and, under an



extra assumption on the decay of a speed parameter, we establish that the eigenvalues local
fluctuations near the cusp point are described by means of the Pearcey kernel.

Our second contribution is to strengthen the results of [17] concerning the local analysis at
the hard edge: We show that the density behaves like an inverse square root near the origin,
and we provide an explicit formula for the next-order correction term for the fluctuations.
This last result is motivated by the recent work [12] by Edelman, Guionnet and Péché where
they conjecture a precise formula for the next-order term for the non-correlated Wishart
matrix, a conjecture then proven right by Bornemann [6] and Perret and Schehr [29], with
different strategies. Our result hence extends this formula, with an alternative proof, to the
more general setting of correlated Wishart matrices.

The reader interested in a pedagogical overview on the results from [17] and the present
work may have a look at the survey [18]; it also contains further information on the matrix
model and lists some open problems.

Let us also stress that, at the technical level, the study of this matrix model shares similar
features with the study of the additive perturbation of a GUE random matrix [9], and random
Gelfand-Tsetlin patterns [10, 11], although each model ultimately brings up its own share of
technicalities.

We provide precise statements for our results in Section 2, and then prove the results on
the density behaviour in Section 3, the cusp point fluctuations in Section 4, and the expansion
at the hard edge in Section 5.

Acknowledgements. The authors are pleased to thank Folkmar Bornemann, Antti Knowles
and Anthony Metcalfe for fruitful discussions. During this work, AH was supported by the
grant KAW 2010.0063 from the Knut and Alice Wallenberg Foundation. The work of WH and
JN was partially supported by the program “modeles numériques” of the French Agence Na-
tionale de la Recherche under the grant ANR-12-MONU-0003 (project DIONISOS). Support
of Labex BEZOUT from Université Paris Est is also acknowledged.

2 Statement of the main results

2.1 The matrix model and assumptions

The random matrix model of interest here is the N x N matrix
1 *
My = NXNENXN (2.1)

where X is a N X n matrix with independent and identically distributed (i.i.d.) entries with
zero mean and unit variance, and Xy is a n X n deterministic positive definite Hermitian
matrix. The random matrix My thus has NV non-negative eigenvalues, but which may be of
different nature: The smallest N — min(n, N) eigenvalues are deterministic and all equal to
zero, whereas the other min(n, N) eigenvalues are random. The problem is then to describe
the asymptotic behaviour of the random eigenvalues of My, as the size of the matrix grows
to infinity. As for the asymptotic regime of interest, we let both the number of rows and
columns of Xy grow to infinity at the same speed: We assume n = n(N) and n, N — 0o so
that n

lim N =€ (0,00) . (2.2)



This regime will be simply referred to as N — oo in the sequel.
Let us mention that the n x n random covariance matrix

— 1
My = Sy XA XnEy?

which is also under consideration, has exactly the same random eigenvalues as My, and hence
results on the random eigenvalues can be carried out from one model to the other immediately.

Our first assumption is that the entries of X y are complex Gaussian. As we shall state
later on, this assumption is fundamental for our local eigenvalue behaviour analysis, but not
for our results on the limiting density behaviour, see Remark 2.3.

Assumption 1. The entries of X are i.i.d. standard complex Gaussian random variables.

Considering now the matrix Xy, we denote by 0 < A\; < --- < A, its eigenvalues and by

1 n
VN = ﬁ z:l(s)\j (23)
]:

its spectral measure. We also make the following assumption.
Assumption 2.

(a) For N large enough, the eigenvalues of Xy stay in a compact subset of (0,+00) inde-
pendent of N, i.e.

N—oo

0 < liminf A1, supA, < +oo. (2.4)
N

(b) The measure vy weakly converges towards a limiting probability measure v as N — oo,

namely
n

1
22109 5 [ fawian) (25)

for every bounded and continuous function f.
Again, Assumption 2(a) is necessary for our results on the local eigenvalue behaviour, but

our results on the limiting density behaviour require a weaker assumption, see Remark 2.3.
We now turn to the description of the asymptotic eigenvalue distribution.

2.2 Limiting eigenvalue distribution

Consider the empirical distribution of the eigenvalues (z;) of My, namely

1 N
1=

Since the seminal work of Mar¢enko and Pastur [25], it is known that this measure almost
surely (a.s.) converges weakly towards a limiting probability measure p with compact support,
provided that Assumption 2 holds true:

N

N ) 2 [ (o) (26)

=1



for every bounded and continuous function f. As a probability measure, u is characterized
by its Cauchy-Stieltjes transform, which is the holomorphic function defined by

m(z) = / . i 3 p(dA), z€Ci={z€C: Jm(z) >0}. (2.7)

Marcenko and Pastur proved that m(z) is the unique solution m € C_ = {z € C: Jm(z) < 0}

of the fixed-point equation
A 71
m = <z - fy/ T m}\u(d)\)> , (2.8)

where we recall that v has been introduced in (2.2) and v is the weak limit of vy, see (2.5).
Thanks to this equation, Silverstein and Choi then showed in [31] that x({0}) = (1—~)" and
lim,ec, e m(2) = m(x) exists for every x € R* = R — {0}. Consequently, the function m(z)
can be continuously extended to C; UR* and, furthermore, p has a density on (0, c0) given
by

1 ~.
plx) = ——Im (m(x) (2.9)
We therefore have the representation
p(dz) = (1 =) 6 + p(x)de . (2.10)

They also obtained that p(z) is real analytic wherever it is positive, and they moreover
characterized the (compact) support Supp(p) of the measure p(z)dx by building on ideas
from [25]. More specifically, one can see that the function m(z) has an explicit inverse (for
the composition law) on m(C.) given by

g(m) = % + ’y/ 1 _)\m)\ v(dA) . (2.11)

If we introduce the open subset of the real line
D={zeR: z#0, ' Supp(v)} , (2.12)
then the map ¢ analytically extends to C4 UC_ U D. It was shown in [31] that
R — Supp(p) = {g(m) : m € D, ¢'(m) < 0}. (2.13)
Equipped with the definitions of m, g and D, we are now able to state our results con-

cerning the behaviours of the limiting density p(x) near a cusp point or at the hard edge.

2.3 Density behaviour near a cusp point

As stated in the introduction, we define a cusp point a as an interior point where the density
vanishes, namely a € int(Supp(p)) such that p(a) = 0. In particular, ¢ = m(a) € R by virtue
of (2.9). Our first result states that the density p(x) behaves like a cube root near a cusp
point, provided that ¢ € D.



a
Figure 1: Plot of p(x) with parameters v ~ 0.336 and v = 0.76; + 0.3J3 with a cusp point a.

Proposition 1. Let a € int(Supp(p)) be such that p(a) = 0, and assume that ¢ = m(a) € D.
Then we have
g@=a, J@O=¢"()=0, and ¢?()>0.

Moreover,
V3 6\ 1/3
p(x) = 5 <g(3)(c)> |z —a| ""(1+0(1)) , T —a. (2.14)
In particular, there exists n > 0 such that for every x € (a—mn,a+n)\ {a}, we have p(x) > 0.

Remark 2.1. In the forthcoming local analysis for the random eigenvalues near a cusp point,
we shall focus on cusp points a’s satisfying a regularity condition. This extra assumption
automatically yields that m(a) € D, see Remark 2.5.

Conversely, we have the following result.

Proposition 2. If ¢ € D satisfies ¢'(c) = ¢"(c) = 0, then a = g(c) belongs to int(Supp(p))
and p(a) = 0. In particular, g®)(¢c) > 0 and p(z) satisfies (2.14).

We prove Propositions 1 and 2 in sections 3.1 and 3.2 respectively. Their proofs are based
on the fact that there is a strong relation between the property that a = g(c) is a cusp point
and the local behaviour of g near ¢. For an illustration of these propositions, we refer to Figure
2 where we displayed the graph of the map g associated with the density from Figure 1.

We now turn to the hard edge setting.
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Figure 2: Plot of function  — g(z) on D for v ~ 0.336 and v = 0.70; + 0.393. The vertical
dotted lines are g’s asymptotes at = 1/3 and = 1. The thick segment on the vertical axis
represents Supp(p) who is delimited by the local extrema of g (see Eq. (2.13)). The point a
is a cusp point.

2.4 Density behaviour near the hard edge

As usual in random matrix theory, the hard edge refers here to the origin when it belong
to the limiting spectrum. In general, the limiting eigenvalue distribution may not display a
hard edge, like in Figure 1. In fact, this is always the case when v # 1, see [17, Proposition
2.4 (a),(c)]. Our next result states that there is a hard edge, namely 0 € Supp(p), if and only
if ¥ = 1, and that in this case p(x) blows up like an inverse square root at the origin. We
furthermore relate the presence of a hard edge to the behaviour of g near co. More precisely,
since Supp(v) C (0,00) by Assumption 2, one can see from the definition (2.11) of ¢ that the
map ¢(1/z) is holomorphic at the origin. Thus, we have the analytic expansion as z — 0

g//(;o)z2 T (2.15)

9(1/2) = g(00) + ¢'(00)z +

Clearly, g(oco) = 0 and the coefficients ¢'(c0) and ¢”(oc0) are respectively given by the first
and second derivative of the map z — ¢(1/2) evaluated at z = 0.

Proposition 3. The following three assertions are equivalent:
i) 0 € Supp(p)
i) y=1

iii) ¢/(oc) =



Moreover, we have g"(c0) = —2v [ A7'w(dX) < 0 and, if one of these assertions is satisfied,
then
1 2 N\,
=—| —— - 1 1 — 04 . 2.16
s =+ (g ) o Ao oo, (2.16)
Proposition 3 is proven in Section 3.3.

Remark 2.2. There is an analogous statement for any left edge a > 0 of the spectrum
satisfying ¢ = m(a) € D which follows from [31]; see also [18, Section 2] for further information.
Indeed, in this case we have

g)=a,  g(0)=0,  g¢"(c) <0,

and furthermore, as ¢ — a4,

1/2
w0 =2 () -0 o).

™ g
By analogy with this equation, the preimage ¢ € D corresponding to the hard edge is ¢ = oc.
The fact that it actually belongs to D follows from Assumption 2(a).

Remark 2.3. As we shall see in Section 3, proofs of Propositions 1, 2 and 3 only rely on
the properties of the limiting eigenvalue distribution p, which do not depend on whether the
entries of Xy are Gaussian or not. More precisely, the exact assumptions required for these
propositions are that the entries of X are i.i.d centered random variables with variance one,
Assumption 2-(b), and that ({0}) = 0 (which follows from Assumption 2—(a)), see [25, 31].

2.5 The Pearcey kernel and fluctuations near a cusp point

Our next result essentially states that the random eigenvalues of My, properly scaled near
a regular cusp point, asymptotically behave like the determinantal point process associated
with the Pearcey kernel, provided that an extra condition on a speed parameter is satisfied.

In order to state this result, we first introduce this limiting point process. Next, we define
what we mean by regular, and provide the existence of appropriate scaling parameters. After
that, we finally state our result for the fluctuations near a cusp point.

2.5.1 Determinantal point processes

A point process on R (or in a subset therein), namely a probability distribution P over the
locally finite discrete subsets (y;) of R, is determinantal if there exists an appropriate kernel
K(z,y) : R x R — R which characterizes the correlation functions in the following way: For
every k > 1 and every compactly supported Borel function ® : R¥ — R, we have

k
El S @@, va) :/.../Cb(yl,...,yk)det [K(or,w)] . dyn-dye.
Yiy 7 F iy, R R J=
(2.17)

In particular, the gap probabilities can be expressed as Fredholm determinants. Namely,
given any interval J C R, the probability that the point process avoids J reads

P((yz) NnJ = @) =1 +§ (_kll)k /J . '/Jdet [K(yl,y])] ijldyl codyg (2.18)




and the right hand side is the Fredholm determinant det(/ — K)2(y of the integral operator
acting on L?(J) with kernel K(z, y), provided that it makes sense. For instance, if one assumes
that J is a compact interval, which is enough for the purpose of this work, then det(I —K) L2(J)
is well-defined and finite as soon as |K||; = sup, ,e; [K(7,y)| < co. Moreover, the map
K(z,y) = det(I — K)p2(y) is Lipschitz with respect to || - || ; when restricted to the kernels
satisfying ||K||; < oo (see e.g. [2, Lemma 3.4.5]). We refer the reader to [19, 21, 2] for further
information on determinantal point processes.

2.5.2 The Pearcey kernel

Given any 7 € R, consider the Pearcey-like integral functions
1 22 | 24 1 100 w2 w?
6@ =g [T v =g [ e T,

C2im [ 2 e

where the contour ¥ has two non-intersecting components, one which goes from e™/*oo

to e /400, whereas the other one goes from e 3/4o0 to e3™/400. More precisely, we
parametrize here this contour by
= {iew L 0c [—71'/4,71'/4]} U {tei”r/‘* Lt e (—o0,—1]U [1,+oo)} , (2.19)

with the orientation as shown in Figure 3.

Figure 3: The contour .

It follows from their definitions that the functions ¢ and v satisfy the respective differential
equations

¢"(z) —7¢'(z) + 2xp(x) =0,  P"(y) — 7Y (y) —yi(y) = 0.
The Pearcey kernel is then defined for z,y € R by

K (o.y) = S CNI L AN TR )

see for instance [8]. One can alternatively represent this kernel as a double contour integral

K@) = —— [ de [ dw—Leme ol (2.21)
PO Qi Js T e w2 ! '

9



from which one can easily see the symmetry ng) (z,y) = ng)(—x, —y) by performing the

changes of variables z — —z and w — —w.

The Pearcey kernel first appeared in the works of Brézin and Hikami [7, 8] when studying
the eigenvalues of a specific additive perturbation of a GUE random matrix near a cusp point.
Subsequent generalizations have been considered by Tracy and Widom [34], and a Riemann-
Hilbert analysis has been performed by Bleher and Kuijlaars [5] as well. This kernel also
arises in the description of random combinatorial models, such as certain plane partitions
[27]. Furthermore, it has been established that the gap probabilities for the associated point

process satisfy differential equations. For instance, log det (] — ng)) 12(s,t) Satisfies PDEs with
respect to the variables s, t and 7, see [34, 4, 1], which should be compared to the connection
between the Tracy-Widom distribution and the Painlevé II equation.

2.5.3 The regularity condition

We start with the following definition.
Definition 2.4. A cusp point a is regular if ¢ = m(a) satisfies
n

lim inf min
N—oo j=1

1
c_i
Aj

> 0. (2.22)

The regularity condition (2.22) has been considered in [17] when dealing with soft edges, to
ensure the appearance of the Tracy-Widom distribution. Similarly here, as we soon shall see,
this condition enables the Pearcey kernel to arise at a cusp point. Moreover, the behaviour of
p(x) at such cusp points is well described by Proposition 1, as explained in the next remark.

Remark 2.5. If a is a regular cusp point, then it follows from the weak convergence vy — v
and the definition of D that necessarily ¢ = m(a) € D. Thus, a satisfies the hypothesis of
Proposition 1. In particular, we have a = g(¢) and p(x) behaves like a cube root near a.

Finally, the regularity assumption yields the existence of natural scaling parameters for
the eigenvalue local asymptotics. Consider the counterpart of the map g introduced in (2.11)
after replacing v by vy, see (2.3), and v by n/N, namely

gn(z) = % + % / ﬁ vy (dA). (2.23)

The map gy is the inverse Cauchy transform of a probability measure py usually referred to
as deterministic equivalent for the random eigenvalues distribution of My, see [18, Section
3.2]. According to Section 2.2, uy has a decomposition of the form (2.10). In particular, it
has a density py on (0,+00) which is analytic wherever it is positive.

The next proposition provides an appropriate sequence of finite-/N approximations of c,
which we will use in the definition of the scaling parameters.

Proposition 4. Let a = g(c) be a regular cusp point. Then there exists a sequence (¢y) of
real numbers, unique up to a finite number of terms, converging to ¢ and such that for every
N large enough, we have ¢y € D and

3)

lim gn(cny) = g(c) lim gj(cy) =0, gh(en) =0 and gy (en) > 0.
N—oo N—oo

10



This proposition is the counterpart of [17, Proposition 2.7], with a similar proof. Let us
only provide a sketch here: Combined with Montel’s theorem, the regularity condition ensures
that g](\]f) converge uniformly to ¢*) on a neighbourhood of ¢ for every k > 0. The proposition
then follows by applying Hurwitz’s theorem to g7, since ¢ is a simple root for ¢g”, according
to Proposition 2.14.

Let us emphasize that there is however an important difference with regular soft edges as
described in [17], where it was shown that if a = g(c) is a regular soft edge for u, then gy (cy)
is a soft edge for .

Remark 2.6. A regular cusp point may not be the limit of finite-/N cusp points. More
precisely, if a = g(¢) is a regular cusp point, then in particular ¢’(¢) = ¢”(¢) = 0. However,
this only ensures the existence of a sequence (cy) such that g% (cy) = 0. A priori, gy (cn)
converges to zero as N — oo but might not be equal to zero. In fact, it is not hard to show
we have the following alternatives:

o if ¢g)y(cn) = 0, then gn(cn) is a cusp point for pup;

o if g)y(cn) > 0, then the density py is positive in a vicinity of gn(cn);

o if g, (cy) <0, then gn(cn) does not belong to the support of py.

We are finally in position to state our result concerning the eigenvalue behaviour at a
regular cusp point.
2.5.4 Fluctuations around a cusp point

Thanks to Assumption 1, the random eigenvalues (z;) of My form a determinantal point
process with respect to a kernel Ky (z,y), see [3, 28]. An explicit formula for this kernel is
provided in Section 4. The main result of this section is the local uniform convergence of this
kernel, properly scaled, towards the Pearcey kernel.

Theorem 5. Let a = g(¢) be a regular cusp point. Let (c¢n) be the sequence associated to ¢
coming from Proposition /. Assume moreover that the following decay assumption holds true:
There exists k € R such that

VNgh(eny) — & (2.24)
N—oo
Set
6 1/4 6 1/2
ay = gn(en) ON=| —=7 , T=-—K <> , (2.25)
(gﬁ’)(cm) 99(c)

so that ay — a and oy — (6/g)(c))"/* > 0 as N — oo by Proposition 4. Then, we have

Ky (vt ay
N3/4JN N N N3/40'N7 N N3/4O'N N—o0

uniformly for x,y in compact subsets of R.

KO (2, y) (2.26)

e

This result was obtained by Mo [26] in the special case where the matrix Xy has exactly
two distinct eigenvalues (each with multiplicities proportional V), by means of a Riemann-
Hilbert asymptotic analysis.

11



Notice that if (x;) is determinantal with kernel Ky(z,y), then (N3/4UN(£L‘Z‘ —ay)) is
determinantal with the kernel given by the left hand side of (2.26). Thus, having in mind
Section 2.5.1, a direct consequence of this theorem is the convergence of the compact gap
probabilities.

Corollary 2.7. Under the assumptions of Theorem 5, we have for every s,t € R,

P ((N3/40N(xi - aN)> N[s, 1] = @) — s det(T = K) 10 - (2.27)

N—o0

We now make a few comments on the assumption (2.24).

Remark 2.8. The decay assumption (2.24) roughly states that the cusp point a = g(c)
appears fast enough. More precisely, for a cusp point a = g(¢), one has in particular ¢’(¢) = 0.

e If kK > 0, then ¢/ (cy) > 0 for large N. According to Remark 2.6, the density py is
positive near gy(cy) and will converge to zero to asymptotically give birth to a cusp
point. The family of densities py display a sharp non-negative minimum at gy (cy)
converging to zero which may be thought of as the erosion of a valley, see the thin curve
in Figure 4.

o If kK < 0, then g/ (cny) < 0 for large N and the density py vanishes in a vicinity of
gn(cn). However, this interval will shrink and asymptotically disappear. Thus, two
connected components of the support of pny move towards one another (moving cliffs),
see the dotted curve in Figure 4.

The assumption (2.24) is an indication on the speed at which the bottom of the valley reaches
zero (£ > 0), or at which the two cliffs approach one another (k < 0). See [18] for a more
in-depth discussion.

Remark 2.9. When the assumption (2.24) is not satisfied, namely when g/ (¢x) goes to zero
as N — oo (which is always true by Proposition 4) slow enough so that v Ng) (cn) diverges
to plus or minus infinity, we do not expect the Pearcey kernel to arise. See [18] for further
discussion.

The proof of Theorem 5 is provided in Section 4.

2.6 Asymptotic expansion at the hard edge

Our last result concerns the behaviour of the smallest random eigenvalue of My when the
hard edge is present. Recall that n/N — ~. By Proposition 3, the limiting density displays
a hard edge if and only if v = 1. With this respect, we restrict ourselves here to the case
n = N + a where a € Z is fixed and does not depend on N.

2.6.1 The Bessel kernel
The Bessel function of the first kind J, with parameter o € Z is defined by

Jalz) = (g)(x iﬂ nl r(iz_i): 1) (g)%’ z>0, (2.28)

12



Figure 4: Zoom of the density of uy near the cusp point a. The thick curve is the density of
p in the framework of Figure 1. The thin curve (resp. the dotted curve) is the density of py

when vV Ng)(cn) > 0 (resp. VNghy(cen) < 0).

with the convention that, when a < 0, the first |a| terms in the series vanish (since the
Gamma function I' has simple poles on the non-positive integers).
The Bessel kernel is then defined for z,y > 0 by

(@) _ VW) Jo (V) — VeIl (VE) Ja (V)
KBe (l’, y) - .
2(x —y)
One can alternatively express it as a double contour integral,

dz Z\%® _ +Z24Y _w
— w 2.
(2im)2 7{_? f{w R W Z—wW (w) c ) * (2.30)

where 0 < r < R and the contours are simple and oriented counterclockwise, see for instance
[17, Lemma 6.2]. We set for convenience

Fo(s) =det (I - K](BOQ)

(2.29)

w8

K (2, y) =

o 5> 0 (2.31)

where the right hand side stands for the Fredholm determinant of the restriction to L?(0, s)
of the integral operator K](Bi). According to (2.18), F,(s) is the probability that the smallest

particle of the determinantal point process associated with the Bessel kernel is larger than
s. Tracy and Widom [33] established that certain simple transformations of log Fi,(s) satisfy
Painlevé equations (Painlevé III and Painlevé V are involved).

2.6.2 Correction for the smallest eigenvalue’s fluctuations

We denote by T, the smallest random eigenvalue of My, namely

T ifa>0,
Tmin=19 . (2.32)
Ti_o I a<O.
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Our last result is stated as follows.

Theorem 6. Assume n = N + a where o € Z is fized and does not depend on N. Set

41 8 <. 1
so that (@) (@)
v v

ON 4/ 3 > 0 and (N Y 8/ 2 > 0

by Assumption 2. Then, for every s > 0, we have as N — oo,
1 [aln d 1
2 _
P(N ON Zmin 2 S) = Fa(S) — N <0']2V> SgFa(S) + O <]\72> . (234)

The convergence towards F,(s) has been first observed by Forrester [15] when X is the
identity. As for the general 3y case, it has been established by the authors in [17]. An explicit
formula for the 1/N-correction term was conjectured when Xy is the identity by Edelman,
Guionnet and Péché [12], a conjecture proved true soon after by Perret and Schehr [29] and
Bornemann [6], with different techniques. We thus generalize this formula to the general X
case. The strategy of the proof is rather similar to Bornemann’s one: It relies on an identity
involving the resolvent of KBOQ obtained by Tracy and Widom, although we cannot rely on
existing estimates for the kernel in this general setting.

Remark 2.10. In fact, as we shall see in the proof of Theorem 6 (see Remark 5.2), our
method easily yields for every s > 0 an expansion of the form

L
1 1
2 _ ()
P(N2on in > 5) = Fals) + ;_1 FECNi(s) + 0 (NL+1> (2.35)

for every L > 1 as N — oo. Although we are able to provide a close formula for the
coefficient C](\?%(s) (as stated in Theorem 6) thanks to a formula due to Tracy and Widom,
to the best of our knowledge the next order coefficients do not seem to benefit from such a

simple representation.

We prove Theorem 6 in Section 5.

3 Proofs of the limiting density behaviours

This section is devoted to the proofs of Proposition 1, 2 and 3.

We first recall a few facts stated in Section 2.2 that we shall use in the forthcoming
proofs: The map m is the Cauchy-Stieltjes transform (2.7); it is analytic on C; and extends
continuously to C; UR*. Moreover, Jm(m(x)) = —mp(z) for every z € R*. The map g defined
in (2.11) is analytic on C; UC_ U D. In particular, ¢’ has isolated zeroes on D. Moreover,
after noticing that m(Cy) C C_, we have the identity g(m(z)) = z for every z € C;..

We start with a simple but useful fact, which follows by taking the limit z € Cy — z in
the previous identity and using the continuity of m and g on their respective domains:

Lemma 3.1. If x € CL UR* is such that m(x) € C_ U D, then g(m(x)) = z.

14



We will also use the following property.
Lemma 3.2. If a € Supp(p) satisfies p(a) =0 and ¢ = m(a) € D, then ¢'(c) = 0.

Proof. Consider the map
G(m) ! + / X (dA) eC_uD (3.1)
m)=—— —v m _ .
mP "7 = amp |

and notice it is continuous on its definition domain by dominated convergence. It follows
from the definition (2.11) of g that G(m) = ¢’(m) when m € D, and moreover that for every
m € C_ we have the identity

Jm(g(m)) = Tm(m)G(m).
By using the fact that g(m(z)) = z on C4, we thus obtain for every z € C,
Jm(z) = IJm(m(z))G(m(z)). (3.2)

If z € R* is such that p(x) > 0, then by letting z € C4 — x in (3.2) we see that necessarily
G(m(z)) = 0 because lim,_,, IJm(m(z)) = IJm(m(z)) = —mp(xz) < 0. Now, since a € Supp(p)
by assumption, there exists a sequence (xj) such that xp — a as k — oo and p(xx) > 0, and
hence G(m(zy)) = 0. Since m(x) — m(a) = ¢ and ¢ € D, this yields ¢’(¢c) = G(¢) =0. O

3.1 Density behaviour near a cusp point: Proof of Proposition 1

We now turn to the proof of the first proposition.

Proof. Assume that a € int(Supp(p)) and p(a) = 0. Set ¢ = m(a) and assume moreover that
¢ € D. Thus, the facts that g(¢) = a and ¢'(¢) = 0 directly follows from Lemma 3.1 and
Lemma 3.2.

First, we prove that ¢”(¢) = 0. To do so, we show that ¢’ > 0 on (¢ —n,¢+n) — {c} for
some 7 > 0. Since ¢’(¢) = 0 this would indeed yield that ¢ is a local extremum for ¢’. We
proceed by contradiction: Assume there exists a sequence (zy) in D — {c} such that z; — ¢
and ¢'(xr) < 0. Since ¢’ has isolated zeroes on D, necessarily ¢'(x) < 0 for every k large
enough. It then follows from (2.13) that g(zx) € R — Supp(p) and, since g(zr) — g(c) = a,
this contradicts the assumption that a € int(Supp(p)).

Next, we similarly show that there exists > 0 such that

re€(a—na+n) —{a} = pz)>0. (3.3)

We will use (3.3) later on in this proof. Assume there exists a sequence (zj) in R* — {a}
such that z; — a and p(zx) = 0. Since a € int(Supp(p)) and m(a) € D by assumption, then
xy, € Supp(p) and m(xy) € D for every k large enough. Moreover, we have m(xg) — m(a),
but since Lemma 3.2 then yields ¢'(m(zy)) = 0, this contradicts that ¢’ has isolated zeroes
on D and (3.3) follows.

Now, we show that g®®)(¢) > 0 by direct computation. Recalling the definition (2.11) of
g, the equation ¢”(¢) = 0 reads



As a consequence, we obtain

4
3990 =~ 47 [

_ % (7/(1?:;031/(&)) +v/(1_X;c)4V(dA)

)\3
ZV/MV(d)\)>O~

We finally turn to the proof of the cube root behaviour (2.14). Since ¢'(¢) = ¢”(¢) = 0
and 9(3)(c) > 0, there exists an analytic map ¢ defined on a complex neighbourhood of ¢
such that g(m) —a = p(m)3 and ¢'(c) # 0, see e.g. [30, Theorem 10.32]. In particular,

we have ¢'(¢)? = ¢©®)(c)/6 20> Moreover, the inverse function theorem yields that
¢ has a local inverse ¢!, defined on a neighbourhood of zero, such that ¢~'(0) = ¢ and
(Lpfl)/ (0) = 1/¢'(c). If |x — al is small enough, then p(xz) > 0 by (3.3), hence m(z) € C_,
and we have g(m(z)) = = by Lemma 3.1. In particular, we have

e(m(z))® = g(m(z)) —a=2—a

and, by taking the cube root (principal determination), applying ¢!

Taylor expansion, we obtain

, and performing a

13
mia) = e+d (5) oo - a (3.4

where j is an undetermined cube root of unity. Since m(x) € C_, necessarily j = exp(2in/3)
if v < aand j = exp(—2im/3) if > a. Finally, (2.14) follows by taking the imaginary part
in (3.4).

Proof of Proposition 1 is therefore complete.

3.2 Identification of a cusp point: Proof of Proposition 2

The main part of the proof consists in showing the following lemma.
Lemma 3.3. Let ¢ € D such that ¢’'(¢) = 0. Then g(¢) # 0 and m(g(c)) = c.
Equipped with Lemma 3.3, let us first show how the proposition follows.

Proof of Proposition 2. Assume that ¢ € D satisfies ¢'(¢) = ¢”(¢) = 0 and set a = g(c).
In particular, a € Supp(p) by (2.13), and we just have to show that p(a) = 0 and a ¢
0 Supp(p). We know from Lemma 3.3 that a # 0 and m(a) = ¢. As a consequence, p(a) =
—Jm(m(a))/m = 0. Finally, since a = g(¢) with ¢ € D and p(a) = 0, then [31, Theorem 5.2]
shows the condition a € d Supp(p) requires ¢”(c) # 0, which is not possible by assumption.
O

We now prove the lemma.
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Proof of Lemma 3.3. For every m € D we have

Ay £0,

g(m) +mg'(m) :7/(1—)\m)

and because ¢'(¢) = 0 by assumption, by taking m = ¢ we see that necessarily g(¢) # 0. Let
us now prove that m(g(c)) = ¢. Introduce for convenience the map

By combining the fixed point equation (2.8) for m(z) with z € C; and that

=00 -0+ 1 =90 - [ T vl

¢ 1—cA
we obtain
m(z) — ¢ = cm(z2) <1 - m?z))
= om(z)(g(c) — z) +~(m(z) —¢) / (Am(z))@(Ac) v(dA) .

By reorganizing this equation as
(m(z) - ) (1=~ / D(Am(2)) @(A) v(dN) ) = (g(6) = 2)m(2)e , (3.5)
we see the lemma would follow by taking the limit z € C; — g(¢) € R* assuming that
'1 _ ’y/@()\m(z)) B(\c) u(d)\)| S Clm(z) — <, 2eCy - g(c), (3.6)
for some constant C' > 0. To show (3.6), we start by writing
‘1 s / B(Am(2)) B(Ac) u(d)\)‘
>1- 7/ |B(Am(z)) D(Ac)| v(dN) (3.7)
1 % {/ |B(Am(2))]” v(dX) + / |B(Ae)|* v(dA) — / |B(Am(2)) — ®(Ao)|” u(d/\)} .
Recalling the definition (3.1) of G, we see from (3.2) that G(m(z)) < 0 on C,, and this yields
Zéigi};;()c)y / |®(Am(2))|* v(dr) < 1. (3.8)

Similarly, the equation G(¢) = ¢’(¢) = 0 reads

fy/‘@()\c)fu(d)\) ~1. (3.9)
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Finally, we have

A
(2))(1 = Ac)

A
> [m(z) = cf? /‘ (1+ Alm(2)[) (1 + Ale])

and moreover, since m is continuous on C UR* and ¢(c¢) € R*,

/ |®(Am(2)) — B(Ae)[*v(dN) = |m(z) — ¢ /’ = ‘2y(d)\)

‘QV(d/\) (3.10)

lim inf

A
2€C—g(c) /‘ (1 + Alm(2))(1 + Ale])

The lower bound (3.6) then follows by combining (3.7)-(3.11) and the proof is complete. [J

‘QI/(d)\) >0. (3.11)

3.3 Density behaviour near the hard edge: Proof of Proposition 3

The key to study the hard edge is to study the map g near infinity, which is holomorphic
there. More precisely, we have the analytic expansion as z — 0,

g(1/z) =z — ’yz/ 1_12,/>\1/(d/\)

=(1-79)z— <fy//\1u(d/\)> 22— (fy/)\Qu(d)\)) 24 (3.12)

The reason why one should do so is that |m(z)| goes to co as x N\, 0:

Lemma 3.4. Assume 0 € Supp(p). Then, there exists n > 0 such that p(z) > 0 on (0,7).
Moreover, as x > 0 decreases to zero, we have |m(zx)| — +o0.

Equipped with this lemma, we first provide a proof of the proposition.

Proof of Proposition 3. A comparison between (2.15) and (3.12) readily yields ¢'(c0) =1 —1~
and ¢”(c0) = —2v [A7ly(d\) < 0. In particular, the equivalence between i) and i) is
obvious. That i) = i) follows from [17, Proposition 2.4(a)(c)]. We show ii) = i) by
contradiction: Assume v = 1 and that there exists 0 < ag < min Supp(p). Since v = 1, by
(2.10) we have p(dz) = p(z)dx and thus c¢g = m(ag) = [(ap — ) 'p(z)dz < 0. A close look
at the definition (2.11) of ¢g shows that g < 0 on (—00,0) (see also [17, Proposition 2.4(b)]),
and thus g(cp) < 0. On the other hand, ¢y € D since ¢y < 0 and hence Lemma 3.1 then yields
0 < ag = g(co), which is a contradiction.

We now prove the inverse square root behaviour (2.16). Since ¢’(c0) = 0 and ¢”(c0) < 0,
there exists an analytic map ¢ defined on a complex neighbourhood of the origin such that
g(1/2) = ¢(2)? and ¢'(0) # 0, see [30, Theorem 10.32]. In particular, we have ¢'(0)? =
g"(00)/2 2 _C <0. The map ¢ is uniquely defined up to a sign, and thus ¢'(0) = +iC/2.
Moreover, ¢ has a local inverse ¢!, defined on a neighbourhood of zero, so that ¢~1(0) = 0
and (gofl)l (0) = 1/¢'(0). For every z > 0 small enough, Lemma 3.4 yields that m(z) € C_,
and thus g(m(z)) = = by Lemma 3.1, and moreover that 1/m(x) lies in the definition domain
of ¢. As a consequence,

p(1/m(z))* = g(m(z)) = =

18



1

and, by taking the square root (principal determination), applying ¢~', and performing a

Taylor expansion, we obtain

1 1 rz\1/2
— =+ (2) 12y 0 . 3.13
Since m(z) € C_, the undetermined sign has to be a minus sign, and (2.16) follows by taking
the inverse and then the imaginary part in (3.13).

O

We finally turn to the proof of the lemma.

Proof of Lemma 3.4. Let z = x +1iy with x,y > 0 and assume that p(x) > 0. The fixed point
equation (2.8) yields

v = ot +7/1j() <dA>)
= —NRe(m(2))G +’>’/‘1 v(dA),

where G is defined as in (3.1). When y — 0, since p(x) > 0, we have m(z) — m(z) € C_ and
moreover G(m(z)) — 0 for the same reason as in proof of Lemma 3.2. Thus, we obtain,

xr = /H_)\)Wu(d)\) . (3.14)

We now show that p(x) > 0 for every = € (0,n) for some 1 > 0 by contradiction: Assume
there exists a sequence (zj) such that z; > 0, xp — 0 as k — oo, and p(xy) = 0. Since
0 € Supp(p), without loss of generality one can assume that x; € Supp(p). As a consequence,
using moreover that m is continuous on R*, one can construct a sequence (yi) satisfying
ye > 0, yp — 0 as k — oo, p(xg) > 0, and |m(zr) — m(yx)| < 1. Because Assumption
2 yields min Supp(v) > 0, we see from (3.14) that necessarily |m(yx)| — 400, and hence
|m(zy)| — 400, as k — oo. In particular, m(zy) € D for k large enough and Lemma 3.2
then yields ¢’(m(zg)) = 0. Thus, (1/m(xy)) is a vanishing sequence as k — oo of zeroes of
the derivative of g(1/z). But since g(1/z) is holomorphic near zero, and hence so does its
derivative, this contradicts the isolated zero principle and our claim follows.

Finally, since the identity (3.14) thus holds true on (0,7), that |m(z)| — +oo follows by
letting = > 0 decrease to zero in this identity. O

4 Fluctuations around a cusp point: Proof of Theorem 5

In this Section, we study the local behaviour of the random eigenvalues (x;) of My near a
regular cusp point and prove Theorem 5. Our asymptotic analysis is based on that, thanks
to Assumption 1, the random eigenvalues form a determinantal point process with an explicit
kernel Ky (x,y), see [3, 28]. The kernel has the following double contour integral formula

n _ )\'—1
o~ Ne(z—a)+Ny(w—q) ( 2\ WA
Kn(z,9) 2z7r ?{dz% (w) H ( — /\j_1> ’ (4.1)

, z
j=1

where the ¢ € R is a free parameter and we recall that the A;’s are the eigenvalues of Xy. T’

and © are disjoint closed contours such that I' encloses all the )\j_l’s whereas © encloses the

origin, see for instance Figure 5.
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Convention: All the contours we consider are simple and oriented counterclockwise.

Figure 5: The contours I and © in the definition of Ky (z,y)

Remark 4.1. In [3, 28], it is assumed that ¢ satisfies an extra restriction so that the associated
operator Ky is trace class on the semi-infinite intervals (s, 4o00). Since we are here only
interested in establishing a local uniform convergence for Ky (z,y), such restrictions are not
necessary. See also [17, Remark 4.3].

In the remaining of this section, we assume that the framework (assumptions and nota-
tions) of Theorem 5 holds true. We then set

1

Ky(z,y) = Nligy

x Y
KN <CIN + NT%V, an + ]\/%N> y (42)

and, in order to establish Theorem 5, focus on the proof of the uniform convergence

Ky (z,y) = K (2,9)] —— 0 (4.3)

N—oo

sup
Ivye[_svs]

for every fixed s > 0.

Notations and conventions:
e We denote by B(z, p) the open disc in C with center z € C and radius p > 0.

e By convention, we shall use at several instances a constant C' which depends neither on
N nor on x,y € [—s, s], but may depend on s, and whose exact value may change from
one ligne to another.

e If a contour I' is parametrized by v : I — T for some interval I C R, then for every map

h:T' — C we set
/F h(z)ldz] = /I ho(t) [y (1)dt

when it does make sense. In particular, ¢..|dz| is the length of a closed contour T'.

4.1 Preparation
It follows from (4.1) and (4.2), by setting ¢ = ¢y, that

~ N1/4 N1/4$ —
Ky(z,y) = %dzj{ oy L(zmen)

N1/4
o

)eNfN(Z)*NfN(w)j (4.4)
(2im QUN
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where we introduced the map
1 n
In(z) = —an(z —en) +log(2) — > log(1—A;2) . (4.5)
j=1

Notice the functions exp(fy), Refn, and the derivatives f](\f ) (k > 1) are well-defined on
C\ {0,)\1_1, ..., 2\, 1}. However, one needs to specify an appropriate determination of the
complex logarithm in order to define fy properly. By Assumption 2 and the regularity
condition (2.22), there exists € > 0 such that )\j_l € (0,+00) \ B(c,e) for every 1 < j7 < n and
every N large enough. As a consequence, if we introduce the compact set

K = qi%f Aln,s?vp U \B(c,e)) u{0}, (4.6)

then on every simply connected open subset of C \ K one can find a determination of the
logarithm so that fy is well-defined and holomorphic there.
Recalling the definition (2.23) of gy, an essential observation is that

fn(z) =gn(2) —an . (4.7)
As a consequence, we have for every k > 1,
k+1 k
V@ =) (4.8)

In particular, since ay = gn(cy) by definition, the decay assumption (2.24) and Proposition 4
provide

flen) =0, (4.9)
VNFR(en) ——— 7 (4.10)
fPen) =0, (4.11)
IV () ——— 9¥(e) > 0 (4.12)

By performing a Taylor expansion of fy near ¢y in (4.4), one can already guess from
(4.9)-(4.12) and a change of variables that the Pearcey kernel should appear in the large N
limit, at least if one restricts the contours I" and O to a neighbourhood of ¢y (see also [18] for
a more detailed heuristic, which may serve as a guideline for the forthcoming proof). In a first
step, we provide precise estimates in order to prove that claim, see Section 4.2. In a second
step, we prove that the contribution coming from the pieces of contour away from cy are
exponentially negligible, see Section 4.3. To do so, we establish the existence of appropriate
contours in the same fashion as in [17]. This will enable us to conclude.

Notice that one of the key arguments to assert the existence of appropriate contours is
the maximum principle for subharmonic functions. This argument only appears in the proof
of Lemma 4.9, which is similar to the proof of [17, Lemma 4.11] and hence omitted. The
interested reader may refer to [17] for more details.
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4.2 Step 1: Local analysis around cy

We start with a quantitative Taylor expansion for fy near cy.

Lemma 4.2. There exists po > 0 and A = A(po) > 0 independent of N such that for every N
large enough, B(cn, po) C C\K and, whatever the analytic representation of fn on B(c¢n, po),
we have for every z € B(cn, po)

LINC)

|fn(2) = fn(en) — %gﬁv(w)(z —n)’ - aIn (en)(z = en)!| < Alz — ey

In particular, since g (cn) is real, for every z € B(cn, po),

1 1
[Refr(z) = Refu(en) = Soh(en)Re(z = en)” = oi (en)Re(z — en)*| < Alz — e,

Proof. Choose po such that B(c,2pg) C C\ K. The convergence ¢y — ¢ then yields
B(cn,po) C B(e,2pg) € C\ K for every N large enough. By using (4.8)—(4.11) and per-
forming a Taylor expansion for fy around ¢y, we obtain

[£(2) = iv(ex) = 5oiv{en) (= — ex) = 308 (e — )|

2
1 1" 2 1 (4) 4
= |fn(2) = falew) — §fN(CN)(z —coN)” - afN (en)(z —en)?|
1. 5 (5)
< gk Nl Br({{gz)!f]v |,

provided that z € B(cy, po) and N is sufficiently large. Moreover, since ](\‘? ) = ggé) converges
uniformly on B(c,2pg) to g which is bounded there, the existence of A = A(pg) independent

of N follows. ]

From now, we let p > 0 be small enough so that 0 < p < pg and

9% (c)

gy (en) 1
2 4!

4l

—Ap> (4.13)

We introduce the contours

T+ = {cN PN, g [—7T/4,7r/4]} : (4.14)
i = {cN —te™h s te[—p, —N_1/4]} U {cN +te M te [N_1/4,p]} ,  (4.15)
1o = {cN NV, g [—7T/4,7r/4]} : (4.16)
T = {cN et e p, —N‘1/4]} U {cN Ftedin/t . p e [NTVA p]} . (417)

The orientations of these contours are specified by letting the parameters 6 and t increase in
their definition domains. We also introduce

Y.=YIuYiuY, UuY,, (4.18)
2= {ev+te™2: telpl}. (4.19)
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Similarly, the orientation of contour Z, is specified by letting t increase in its definition

domain.
We now establish the following estimate which essentially allows to replace fy by its
Taylor expansion around ¢y in the double integral over the contours T, and =,.

Lemma 4.3. For every s > 0, the following quantity

N1/4 _N1/4 Goen) | y1/4,, (w=eN)
@2iron / dz/ S (4.20)
iT)%oN =,

(3) / (3)
o {eNfN(z)—NfN(w) B eNgN(;N>(z—cN)2+NgN4(!CN>(z—cN)4—NgN(2cN)(w—cN)2—NgN4(!cN)(w—cN)4}

converges to zero as N — oo, uniformly in z,y € [—s, s].

Proof. Let s > 0 be fixed, and set for convenience
Dy (z,w) = eNIn(2)=N fn(w)

’ / (3)
_ eNgN(;N)( ) +NQN (N>(Z c]\1)47]\[91\/(2€N) (’LU*CN)Qf gN (¢ N)(w CN)4
)

so that it amounts to prove that

_N1/4 (Z CN) N1/4y (w=en)
/ dz/ * °N  Dn(z,w)

N4 sup (4.21)

x,y€[—s,s]

vanishes as N — oo.
First, by definition of the contours (4.14)—(4.19), we have the bound

! < V2 N4

2 —w|

for every z € T, and w € Z,. As a consequence,

1 _N1/4g (z CN) N1/4y (w—en)
N1/4‘/ dz/ dw e * °N  Dp(z, w)’

w—z

N4 RN 4 N1/ M
9N

< \/2N/ dz| [ |duwle DxGw)| . @22
T, S

Next, we use the following elementary inequality,

u v ‘

le“ —e M) |glu=v) _ |

k
< e““”)Z'“;,”' < Ju— v]ePe@ (4.23)
k>1 )

which holds true for every u,v € C. By specializing it to

u = Nfn(z) = Nfn(w) = N(fn(2) = fn(en)) = N(fv(w) = fn(en))

v o= N'ggv(;N)(Z—CN)Q“‘NgNi;N)(Z_CN)ZL
_NM(M—CN)Z—NM(“’_CN)4 ’
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where z € T, and w € Z,, so that Lemma 4.2 yields |u —v| < NA(]z —en|® + |w —cn]?) , we
obtain

‘DN(z,w)‘ < NA(|z = en]® + Jw — ey ]?)
9N (eN) 2 IV Cen) 4 5
« BN#%e(z—cN) +N L= Re(z—en )+ NAlz—cp |

/ (3)
s o NN e (e )2 NN e (w0 —en Yo 4 N A ey |3

As a consequence, it follows

_nl/4 Re(z—cp) 1/4 Re(w—cp)
A‘l/ ]dz!/ dw|e N en TNV ‘DN(Zﬂw)‘
Ty =

, (3)
NV RCoeN) | N INCN) gy g2y N INTEN) (N gre(z—c AL NAz—cn|?
< /I‘ Nz —cnl’e TN 2 (zen) “ (zmew) _— |dz|

(3)
Re(w— ) 9 (en)
6N1/4y *(ZN‘N’—N"N;N %e(w—cN)2—NN47!N9%(1U—CN)4+NA\UJ—CN|5‘dw

X
m\

*

, 3)
NV ReCmen) | NINCN) r o vz NINTEN g VL N A z—ey |
_|_/ e oN 2 ( N) a0 ( N) | N \dz\

*

/ (3)
Ny Bew—en)  nINCEN) gre )2 NIV SN re (e )AL N A Jw—cen |?
Njw —eyl?e” Y7 on 7 ne(wen) T (w=ex) v dqul.

*

X
m\

(4.24)

We now handle the integrals over each piece of contour separately.
First, consider the integrals over the contour Z,. By definition w € Z, if and only if there
exists t € [—p, p] such that w = ¢ + it. Thus,

Re(w — c) =0, Re(w — cy)? = —t2, Re(w — cy)t =14, lw — eyl = |t]°.

For N large enough this yields, together with (4.13),

’ (3)
N1/4 mc(wicN)ngN(cN)%e w—cy)2—NIN N (CN)E)% w—cn) A+ NAJw—cn|®
/ NS 2 Re(w—c) o Re(w—en) N Aw—en | g

e 1

’ (3)
/P NIEM 2 NNy NAJEP g,
—p

’ (3)
p NigN;cN)tQ—Nt‘l <9N :!CN)—pA>
< e dt

—p

!
< /p eNgN(;N)t2_N£t4dt
—p

1/4
_ 1 /pN \/Ng%’(;mtzfét‘ldt
— e
N1/4 7pN1/4

400 I (e
1 e\/NgNgN)ﬁ*&Adt < C (4.25)

N1/4 o N1/4

N
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where we set for convenience

(3)
_1g%(0)
& = 1 > 0.

For the last estimate, we have used the decay assumption VN g (¢y) — « € R. Similarly,

N

/ (3)
NU/AyBew=en) N INCEN) gy 920 NIV N pe 0 VA4 N AJw—cy |5
/ N|w . CN|5 [ —e ) (w—cn) oy (w—cn) |lw—en| \dw|

o / (3)
N/ ‘t‘56N9N(2cN)t2_NgN4(!cN)t4+NA|t|5dt
QN( N) 2 4
< N/ ‘5 N=_-ts—NEt dt

N1/4
ik \/NigNS;N)tLgt‘*d c
= t < —. 4.26
L < = (4.26)

Next, we turn to the integrals over the contours Y¥ and Y. By definition z € Y,
resp. z € Y., if and only if there exists t € [N_1/4,p] such that z = ¢y + eT™/4¢, resp.
z = ¢y — /4 50 that in both cases we have

|Re(z —cn)| < 8, Re(z —cy)? =0, Re(z — eyt = —t4, |z —en]® =15
As a consequence, for every x € [—s, s],
174, ReGz=cy) | A IN(EN) 2 I (eN) 4 5
/ o N A NN e (2 )P+ N e — e ) N A e | 1d2]
TIuTy
p N1/45—t—N7g§3)(cN)t4+NA|t\5
g 4/ e oN 4! dt
N—-1/4
P 1/4 st at 4
N —N¢t
< 4 “at
N71/4
1/4
4 PN st _gqd C
= — ern dt < (4.27)
N1/4 N1/4

where the last inequality follows from the fact that liminfy ox > 0. Similarly,

/ Nz —cn|’e”
Thury

@)
t5€N1/4S—t—N79N RS ONTE

3)
Re(z— N (en) an’ (eN)
N/4g “UN‘N)JFNQN;N me(z—cN)2+NNTNme(z—cN)4+NA|z—cN\5|dz|

< 4N oN B dt
N—1/4
/4 st _
< 4N N or Ve g
N—1/4
4 pN1/4 st t C
= — tPeon At < — . 4.28
\/N/1 vV N ( )

Finally, we consider the integrals over the contours T} and Y, . By definition z € Y U Y,
if and only if there exists § € [—7/4, 7/4] such that z = ¢y = N~/4e_ and hence

Re(z—cen)| S NV |Re(z—en)? S N Y2, [Re(z—en)} S N7, Jz—enP S NT/4
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As a consequence, for every x € [—s, s],

’ (3)
/ 67N1/4xm2<;;cN) +NgN(2CN>9'{e(z7CN)2+N79N 4(!CN)%e(zch)4+NA|zf£N|5 ’dZ’
TIury

s ’ (3) A
< eon YNNI ()t i / dz|
TruY,

T VN (en)+ay (en)+=2; ¢
where for the last estimate, we used the fact that liminfy oxy > 0, the decay assumption

VN g/y(cn) = K € R and the convergence g](\‘?)(cN) — ¢®)(c). Similarly,

/ N‘Z—CN
Trurs

< Leaj\; Ngh, (c1\7)+g§\,)(€1\7)+ NE < ¢ (4.30)

VN S VN
By gathering (4.24)—(4.30), we thus obtain the estimate

1 _N1/4x9“f(§41\7)+N1/4y9‘°<1;*w) C
A /T|dz|/: |dw] e N N (DN(z,w))<N3/4.

’ (3)
‘5671\71/4:1:%?(;;1\7)+N9N(QCN)%e(zch)2+N9N47(;N)9“?(2*CN)4+NA\Z*CN|5’dZ’

Combined together with (4.22), this finally yields

foo L

Hence, (4.21) is proved, which in turn implies (4.20). Proof of Lemma 4.3 is therefore com-
plete. O

(z CN) 1/4 (w—cen) C
1/4 o NVia +N >
NY4 sup N Dy(z,w)| < N

z?ye [_S’S]

The next estimate completes the previous lemma by showing one can replace the constant
Ngly(en) in (4.20) by —V N7 /0%, and that the resulting kernel is the Pearcey kernel, up to
a negligible correction term.

Lemma 4.4. For every s > 0,

N1/4 1 N1/, G CN)+N1/4 (w CN)
72 dz dw
(2im)20N Jy, =, w—z"°

(3)
s NI (o 2 I (gt ) - NI (s

(1)

converges as N — oo towards Kp. (x,y), uniformly in x,y € [—s, s|.

Proof. Let s > 0 be fixed and recall the definition (2.21) of ng) (z,y). We first show that,
uniformly in z,y € [—s, s], as N — oo,

NY4p/oy 1 4 4

pa_ T2y 2 T2 we

I:ge)(xv y) / 1/4 dZ/ dw ———— ¢~ TF 37 t 7 tywtgw =7
En{|z\<N P} —iN4p/oy w—z

9N
1
+O<N1/4> . (431)
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Indeed, keeping in mind that the sequence (oy) is bounded, it follows from the defini-
tion (2.19) of ¥ together with simple estimates that for every z,y € [—s, s,

00 w—z

+oo 4 400 4
< Loy [ et [Tertan < S0
N/4p NV4p/an oo N1/4

o

10 1 T .2 z4 T2 'w4
} dz dw ——— 7 TFT2F T tywt Wi

1/4
Lém{M>NNP

and

_iN1/4p/UN to0 1 T2 z4 T .02 w4
/ dz / _|_/ dw e TF 3% + 3 tywtzw -
by —ioco iNY4p/on w—z

+oo 4 +o0 4
V2oy (4/ es|t|—t4dt+1es+7+i> 2/ e 3V dy < ¢
1

N/4p U NY4p/oy N4’

from which (4.31) follows.

As a consequence, by performing the changes of variables z — N1/ Yz — cy)/on and
w +— N'YV*(w — ¢y) /oy in the right hand side of (4.31) and using the definition (2.25) of oy,
we obtain

N1/A4 1 NV, =N | n1/a, (wmey)
K(T) — / d / d R o
Pe (xa y) (227'(')20']\/' ) z E* w w— 2 e

20N

2 (3) 2 (3)
VN7 EEOT N INIEND (ot /N BT NI END (4 1
X (e N ) O —== (4.32)
N1/4

In order to complete the proof of the proposition, we now prove the estimate (4.32) still holds
true after replacement of the constant —vN7/0% by Ngj(cn). This amounts to showing
that

N1/4

(3) (3)

z— gy’ (en) w— an’ (en)

/ dZ/ dw 1 e_Nl/%( rrzch)'i_NQN 4ICN (z_‘N)4+N1/4y( rrzirN)_NQNzutN (w—cn)?
= w—z

2 2
—\/NT(Zi‘N) —‘r\/ﬁT (w=cy) (z—c¢ )2 (w—c¢ )2
y (e A 2h T _ e Naw(en) CT N en) N (4.33)

converges to zero uniformly in z,y € [—s, s], which we now establish by using the same type
of arguments as in the proof of Lemma 4.3. To do so, we set

An =

T w1 (oW en) - ~ VN gy(ew)
202, > 2 4@ ) ” INLEN

and observe that, since we have the convergences g](?)(cN) — ¢®)(c) and VN gy (cn) — &,
Ay =o(1) as N — co. First, since |z — w|~! < v2N/* for every z € T, and w € Z,, (4.33)
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is bounded from above by

®) ®)
TN/ |dz|/ |dw’6—N1/4xi“e(§;N)+N"Nij)me(z—cN)4+N1/4y“°<jj;v‘N>_NgN;,‘N%e(w—cN)f*
T, =,

(Z cN) (w cN) / I en)
VNIRRT YN L N (o e )

x w=en)*| - (4.34)

Next, we use inequality (4.23) with

u = —\/NT(Z_CN) —|—\ﬁ( )2,

20N 20N
/ /
NgN(;N) (Z . CN)2 o NgN(;N) (w _ CN)2 ,

so that |u — v| < VNAN(|]z — ey|? + |w — cy|?), in order to obtain that (4.34) is bounded
from above by

’ (3)
/ NAN|z =N 26_N1/4zmc(§;m+NQN(2€N>W(z—‘N)QJF‘/NANV_"NR*NgN 4<1€N)W(Z_W)4|dz|
T*

’ (3)
N1/4 ERe(w—cN)_NgN(CN)m _ 21 /NA _ Q_NQN (CN)ER _ 4
x/ e Y on 5 e(w—cn)*+VNAN|w—cy| = NRe(w—cn) |duw|

(3)
_ w174, Re(z—cen) g (en) 2 2 an’ (eN) 4
+/ o NV =R N R e (e ) VN AN [z —en [P+ N e ez ) dz|

/ (3)
‘2 N1/4y%e(1;;[cN) —NgN(;N)me(w—cN)2+\/NAN|w—cN\2—NgN 4(!CN)DRe(w—cN)4 |dw[

X / NAn|w — ¢y
By performing essentially the same estimates as in (4.25)—(4.30), we then prove that (4.34) is
a O (Ayn) as N — oo uniformly in z,y € [—s, s|. This completes the proof of Lemma 4.4. [

We have now completed the local analysis around c¢y. More precisely, by gathering Lem-
mas 4.3 and 4.4, we have established the following result.

Proposition 7. For every s > 0,

N1/4
(2im)20 /*dz =,

(T)(

converges towards Kp,

o VYA TNy TN i (2) =N f v ()

x,y) uniformly in x,y € [—s,s] as N — oo.

4.3 Step 2: Existence of appropriate contours

In this section, we prove the existence of appropriate completions for the contours Y, U Y,
THUYT and Z, into closed contours, on which the contribution coming from eV{/n(2)=fn(w))
in the kernel I~(N(:U,y) will bring an exponential decay as N increases to infinity. More
precisely, we establish the following.
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Proposition 8. For every p > 0 small enough, there exist N-dependent contours Y=, TT
and = which satisfy for every N large enough the following properties.

(1) (a) Y~ encircles the )\;1 's smaller than ¢y

T =T, UTUT.,
b) TH=TrHUTHUTS,
() E=E,UEes

(3) There exists K > 0 independent of N such that

(a) me(fN(Z) — fN(CN)) < =K forall z € Tr_es ) T;j‘es
(b) me(fN(w> - fN(CN)) > K fOT‘ all w € Eyes

(4) There exists d > 0 independent of N such that

inf {|z —w|: z€ YUY}, weE}>
>

d
inf{\z—w\: zeT*UTﬁweEm} d

(5) (a) The contours Y, YT and = lie in a bounded subset of C independent of N
(b) The lengths of Y=, YT and Z are uniformly bounded in N.

In order to provide a proof for Proposition 8, we use the same approach as in [17, Section
4.4], from which we borrow a few lemmas. Introduce the asymptotic counterpart of Refy,
namely

Ref(z) = —aRe(z — ¢) + log | 2| —7/10g|1—mz|u(d:c), ze€ C\ K, (4.35)

where we recall that K has been introduced in (4.6). We shall use the following property.

Lemma 4.5. Refy converges locally uniformly to Ref on C\ K, and moreover,
A}igloo%ef]v(c]v) = Ref(c). (4.36)
Proof. See [17, Lemma 4.7(a)]. O
We now turn to a qualitative analysis for the map fRef. To do so, introduce the sets
Q- ={zeC: Ref(z) <Ref(c)}, Qy ={z€C: Ref(z) > Ref(c)}. (4.37)
The next lemma encodes the behaviours of Ref as |z| — oo.

Lemma 4.6. Both Q)4 and Q1_ have a unique unbounded connected component. Moreover,
given any o € (0,7/2), there exists R > 0 large enough such that

Q@z{ze(@: |z| > R, —g+a<arg(z)<g—a}cﬁ_, (4.38)

3
Qf:{ze(C: |z| > R, g+a<arg(z)<;—a}CQ+- (4.39)
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Proof. See [17, Lemma 4.8]. O
Next, we describe the behaviour of fRef in a neighbourhood of c.

Lemma 4.7. There exist n > 0 and 6 > 0 small enough such that, if we set
Ak:{zEC: 0<|z—r¢|<mn, arg(z—c)—k%‘<9}, (4.40)

then
Air, A3 CQ, Ao, Ato, Ay C Q.

The regions Ay, are shown on Figure 6.

Proof. Let n > 0 be small enough so that B(c,2n) C C\ K. In particular, one can choose a
determination of the logarithm such that the map

f(z) = —a(z —¢) +log(z) — v / log(1 — zz) v(dx)

is well-defined and holomorphic on B(¢,27), and its real part is given by (4.35). Moreover, we
have f'(z) = g(z) — a. Since a = g(¢) and ¢'(c) = ¢”(¢) = 0, a Taylor expansion of f around
¢ then yields for every z € B(¢,n),

1

Ref(2) = Ref(©) - o PRz~ 0| <|12) = 1) - oV - 0

1
< =z —¢f @),
5!Iz Igggg)!g |

Since Me(z — ¢)* = (—=1)kr* when z = ¢ + re?*/4, and because g (¢) > 0, the lemma follows
by choosing n and then # small enough. O

Let Q9441 be the connected component of {2_ which contains Agyy ;. Similarly, let Q9p be
the connected component of €24 which contains Agy. We now prove that the following holds
true.

Lemma 4.8.

(1) We have Q1 = Q_q, the interior of Qy is connected, and for every 0 < o < /2 there
exists R > 0 such that

{zE(C: |z| > R, —g+a<arg(z)<g—a}CQl. (4.41)

(2) We have Qo = Q_o, the interior of Qs is connected, and there exists R > 0 such that

3
{ZG(C: |z| > R, 72r+oz<arg(z)<27r—a}CQg. (4.42)

(3) We have Q3 = Q_3, the interior of Qs is connected and there exists & > 0 such that
B(O, (5) C Q3.

To prove the lemma, we use the following key properties.
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Lemma 4.9. (1) If Q. is a connected component of Q, then Q. is open and, if Q. is
moreover bounded, there exists x € Supp(v) such that x~1 € Q..

(2) Let Q. be a connected component of Q_ such that Q. ¢ R.

(a) If Q. is bounded, then 0 € ..
(b) If Q. is bounded, then its interior is connected.
(c) If 0 ¢ Q, then the interior of Q. is connected.

Proof. See [17, Lemma 4.11]. O

Proof of Lemma 4.8. We first prove (2). Since {2 is by definition a connected subset of Q,
Lemma 4.9-(1) yields that its interior is connected (since {23 is open). Next, we show by
contradiction that 3 is unbounded. If Q3 is bounded, then Lemma 4.9-(1) shows there
exists x € Supp(v) such that 27! € Qy. If 27! < ¢ (resp. 27! > ¢), then it follows from the
symmetry Ref(z) = Ref(z) that Qs completely surrounds Q3 (resp. ;). As a consequence,
Q3 ¢ R (resp. 1 ¢ R) is a bounded connected component of 2_ which does not contain
the origin, and Lemma 4.9-(2a) shows this is impossible. The symmetry Ref(Z) = Ref(z)
moreover provides that Q_s is also unbounded, and (2) follows from the inclusion (4.39) and
the fact that 24 has a unique unbounded connected component, see Lemma 4.6.

We now turn to (1). Since 2 is unbounded, then ©; does not contain the origin and it
follows from Lemma 4.9(2a)-(2c) that §2; is unbounded and has a connected interior. Then,
(1) follows from symmetry Ref(Z) = Ref(z), the inclusion (4.38) and the fact that _ has a
unique unbounded connected component (cf. Lemma 4.6).

Finally, since 3 is bounded as a byproduct of Lemma 4.8—(2), it has a connected interior
(Lemma 4.9—(2b)) and contains the origin (Lemma 4.9—(2a)). Moreover, since Ref(z) — —o0
as z — 0, the origin belongs to its interior and, because of the symmetry Ref(Z) = Ref(2),
necessarily Q3 = Q_3. Hence (3) is established. O

Proof of Proposition 8. Given any p > 0 small enough, it follows from the convergence of ¢y
to ¢ that for every Ny large enough the points ¢y, + pe'™/* and N, + pe~ ™% belong to A
and A_j respectively. Thus both points belong to €1 by Lemma 4.8—(1). As a consequence,
we can complete the path T U Y into a closed contour with a path Y (No) lying in the
interior of ;. Since Y, (No) lies in the interior of 2, the convergence ¢y — ¢ moreover
yields that we can perform the same construction for all N > Ny with T,5 (V) in a closed
tubular neighbourhood 7 C Q5 of Y, ,(Ny). By Lemma 4.8-(1) again, we can moreover
choose YT .(Ng) in a way that it has finite length and only crosses the real axis at a real
number lying on the right of K. By construction, this yields that the set 7 is compact and
that the Y.f_ (N)’s can be chosen with a uniformly bounded length as long as N > Ny. Since
0y C Q_ there exists K > 0 such that Ref(z) < Ref(c) — 3K on T. Since moreover Refn
uniformly converges to Ref on T and Refny(cy) — Ref(c) according to Lemma 4.5, we can
choose Ny large enough such that Refy < Ref + K on T and Ref(c) < Refn(en) + K.
This finally yields that Re(fn(z) — fa(cn)) < —K for all z € T and proves the existence of
a contour Y satisfying the requirements of Proposition 8, except for the point (4).

Similarly, the same conclusion for = follows from the same lines but by using (2, instead
of 1 and Lemma 4.8—(2).

We now turn to the contour Y—. Given any p > 0 small enough, for every Ny large enough

the points ¢y, — pe~™/* and Ny — pei™/* belong to Ag and A_s respectively. Thus both points
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belong to 23 by Lemma 4.8—(3), which contains the origin in its interior. As a consequence,
we can complete the path Y, U Y into a closed contour with a path Y,_,(Np) lying in the
interior of 23, which encircles all the /\j_l’s smaller than ¢y for every IV large enough, since
we assumed liminfy_soo A1 > 0. Then, we can follow the same construction as we did for T*
in order to prove the existence of a contour Y~ satisfying the requirements of Proposition 8,
except for the point (4).
Finally, the item (4) of Proposition 8 is clearly satisfied by construction since the sets {2_
and Q4 are disjoint, and the proof of the proposition is therefore complete.
O

. AI"*, + radius
Ay

Figure 6: Preparation of the saddle point analysis. The two dotted paths in Q_ correspond
to Tt and T,., while the dotted path in Q. corresponds to Z;.s.

Tes

Equipped with Proposition 8, we are now in position to establish the remaining estimate
towards the proof of Theorem 5.

Proposition 9. For every s > 0, the following quantity

(z=cn) (w—cp)
N4 (]{ dz]{ dw —/ dz/ dw) ! e_Nma’aiNN+N1/4ya7NN+NfN(z)—NfN(w)
THUY— = X =, w—z

converges towards zero, uniformly in x,y € [—s,s], as N — oo.

Proof. Let s > 0 be fixed. This amounts to showing that

(=cn) (w—cp)
N/ / dz ?{ duy NV ANy BTSN ()N v ) (4.43)
ThesUTres JE = WT2Z
and ( ) ( )
1/4,,(2=¢ 1/4, (w=c
N/ 4}4 dz / dw eV AN BN v (2) =N v (w) (4.44)
T Eres w—=z
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converge to zero uniformly in z,y € [—s, s|. First, Lemma 4.2 yields

/ eN(mefN(w)_mefN(cN))|dZ|</ eNgfv(fN)‘ﬁe(Z—CN)?—i-Ngﬁ)(CN)WQ(Z—CN)4+N|2—CN|5’

* *

and hence, by using the same estimates as in (4.27) an (4.29), we obtain

/ N ORI ()Rl 3| | < N?/4 . (4.45)
Similarly, using instead (4.25), we get
— w)— C
/: o~ N RSN ()=9efrr(en) | 4| < NiTa (4.46)

Next, Proposition 8 (5-b) yields the existence of L > 0 independent of N such that, for every
z € TUZE, we have |Re(z — c¢y)| < L. Since
eNINGE)=NInw) — (N(N(2)=In(en)) o= N(In(w)=fn(en))

by using moreover Proposition 8 (4) and then Proposition 8 (3-a), we readily obtain

1 _N1/4,, GmeN) | ar1/4,, (W—cn) _
/ dZ?{ dw e N oN +N %y oN +Nfn(2)—N fn(w)
TjesUT;es = w—z

N1/4

1/4 /41
NY Sk / N @Refn (2)=Refn (en)) |4 7{ e~ N@efn (w)=Refn (en)) | qyy|
d T:esur'res E

1/4 1/4p
< N/ eQN"NLKN/ \dz\ </ e—N(mefN(w)—i)’\efN(cN))’dw‘ +€—NK/ \dw\) )
d T;esu’rjes =) ET@S

ity

N

Because of Proposition 8 (5-b) and (4.46), this yields the exponential decay of (4.43) to zero
uniform in z,y € [—s,s|]. The same holds true for (4.44) by using the same arguments, up
to the replacement of Proposition 8 (3-a) by (3-b), and hence the proof of Proposition 9 is
complete. ]

Finally, we can now easily conclude.

4.4 Conclusion

Proof of Theorem 5. Recalling the integral representation (4.4) for IN(N(x,y), we split the
contour I into two pieces I'™ and I'", where I'™ encircles the A;l’s smaller than ¢y, and I'"
the )\]-_1’5 larger than c¢y. Then, we deform © so that it encircles I'". This does not modify
the value of the kernel. Indeed, there is no pole at w = )\j_l and the residue picked at w = z
reads

NYVA N gy (een)

e N

2imoN
and thus vanishes by Cauchy’s theorem since the integrand is analytic.
Now, we can deform by analyticity F+~, '™ and © into the respective contours T+, T~
and = provided by Proposition 8. Hence, Ky (z,y) equals to

1/4 men) (o)
N B & du b NN A D N i (2) N iy (w)
(2im)2on Jy+ur- = w—z

)

and the uniform convergence (4.3) follows for every s > 0 from Proposition 7 and Proposition
9. The proof of Theorem 5 is therefore complete. ]
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5 Hard edge expansion: Proof of Theorem 6

In this section, we use basic properties of Fredholm determinants and trace class operators.
We refer the reader to [32, 16] for comprehensive introductions, see also [17, Section 4.2] for
a quick overview. We also use well-known formulas and identities for the Bessel function that
can be found in [13].

5.1 Preparation and proof of Theorem 6

Recalling the definition (2.33) of on and the definition (4.1) of the kernel Ky, we consider
here the scaled kernel

Ry(z,y) = — KN( r_ Y ) rye0,s) ) (5.1)

N2gy N2o5’ N2oy

and denote by Ky the associated integral operator acting on L2(0,s). Thus, if Zpy, is the
smallest random eigenvalue of My (see (2.32)), we have

P(N2oy ain > 5) = det (I - Ky) 1 (5.2)

(0,8)

Recalling the definition (2.29) of the Bessel kernel, [17, Proposition 6.1] states that, for every
s > 0, we have uniformly in z,y € (0,s) as N — oo,

Ruv(a,y) = (Zj)m K +0 (). (53)

Notice that the limiting kernel appearing in the right hand side is exactly (2.30) without the
pre-factor (y/z)®/2, and hence is bounded on (0,s) x (0, s). The integral operator associated

with this kernel is EK](;;)E_I, where E acts on L?(0,s) by Ef(z) = z®/2f(z). From (5.3), it
is easy to derive the convergence

det (I = Kn) (g ) ——— det (I ~ Kiy)) — Fu(z) . (5.4)

(0,s L2(0,s) —

Indeed, (5.3) yields det(I — KN)B(O,S) — det(I — EK](;;)E*l)Lz(O,S) and, for any trace class
operators A,B on L?(0, s) we have

det(I — AB)LQ(O,s) = det(I — BA)L2(O,5) . (5.5)

Thus, (5.4) follows because both the operators E and K}(BO(?E_1 are well-defined on L2(0, s)

and trace class when a > 0, and so are the operators EK%;) and E~! when a < 0. See e.g.
[17, Section 6] for a proof.

To prove Theorem 6, the first step is to improve (5.3) by making explicit the 1/N-
correction term, and showing the remainder is of order 1/N2. More precisely, with (y defined
as in (2.33), we prove the following kernel expansion.

Proposition 10. For every s > 0, we have uniformly in x,y € (0,s) as N — oo,
IfZN(xa y)

- <§)a/z {Kg? @9) - 2N (0o (V) Ja(vE) + (&~ )G (. y))} +0 (;225.6)
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The proof of the proposition is deferred to Section 5.2. If Q) is the integral operator on
L%(0, s) with kernel

(N

Q(z,y) = do 2

(a(Va) JalV5) + (@ = K (@) ). (5.7)
then Proposition 10 yields the operator expansion (for the trace class norm on L?(0, s)),
Ry = B(Kf ——Q)E +(’)<N2> (5.8)

Now, to prove Theorem 6, one just has to plug (5.8) into the Fredholm determinant (5.2),
expand it, and identify the 1/N order term. For the last step, we need the following lemma,
which essentially relies on a formula established by Tracy and Widom.

Lemma 5.1. We have the identity

) o d a
Tr ((I - K](Be)) 1Q) = <€N) Sdi log det (I B I<£3e))L2(0 s) °
O'N S ’

Proof. Introduce the trace class operator Mf(x) = xf(z) on L?(0,s), so that one can write

Q= % (V) @ JalvF) + LK)

40N

where [A,B] = AB — BA. If R(z,y) is the kernel of the resolvent Kg)é) (I - K](soé))*l, then we
have

d ()
e log det (I — Ky, )LQ(Oys) = —R(s, s).

Equations (2.5) and (2.21) of [33] then provide the identity
4sR(s,8) = (Jo(v/), (I = KW~ RACO (5.9)

Since the right hand side of (5.9) equals Tr ((I — K](Bi))_lJa(\/) ® Ja(v/*)), the lemma would
follow provided that
Tr (1 — K&)' M, KE)) =0
r Be ? Be I

but this is obvious since Tr(AB) = Tr(BA) and K](go;) commutes with (I — Kg;))_l. O
It is now easy to prove Theorem 6.

Proof of Theorem 6. The identity (5.2) and the operator expansion (5.8) yield

a) 1 _ 1
P(N2on tmin > 5) = det (I = E(K(Y) = TQ)E™) ) +0 <N2> . (5.10)

By plugging the identity z.J),(z) = aJy(z) — xJas1(2) into (2.29), we obtain

VTJar1 (V) Ja(VY) = ViIar1(vY) Ja(vT)

()
K =
Be (:Uay) 2($_y)

(5.11)
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Combined with the asymptotic behaviour (which follows from the definition (2.28)),

sign(a))® 2\ e
() = CEEE (V) 1 0w) o

it is then easy to check from (5.7) that both EQ and QE~! are trace class and thus, by (5.5),

(5.12)

L2(0,s)

a) 1 _
det (I - B(K{5) - NQ)E Y L2(0,5)"

1
= det (1 — K& + =
e ( Be + NQ)
Finally, using the following expansion of a Fredholm determinant:
det(I — B) =1—Tr(B) + O(||B|?) ,

where B is trace class with trace norm ||B|| < 1, we obtain

1 (a)y—1
(0,5) det (I + N<I - KBe ) Q)L2(O,s)

= det (I = Ki)) 2 (1 + % Tr (1 - KY)'Q) + 0 (N7?) )
(5.13)

o 1 o
det (I B Kl(Be) + NQ) 12(0,s) det (I B I<](Se))L2

and Theorem 6 follows by combining (5.10), (5.12), (5.13) together with Lemma 5.1. O

We now turn to the proof of the proposition.

5.2 Proof of the kernel expansion
Proof of Proposition 10. First, by using the representation (5.11) of the Bessel kernel and
then the identity 2a.J, (z) = xJot1(z) + xJo—1(x), we have

0TV ) Ta(VF) + (2 — K (2, 9)
1

= 5(2a(VE)Ja(V) + Va1 (Vo) Ja(V) = ViTa(VE) Tar1 (VY))

= (VR (V)W) + ViV ) Ja 1(V3)):

Thus, to prove Proposition 10 is equivalent to show

T

" a/2
KN(x7y) = <y> K](BC?(xay)

- 8;]2]\\,[N (3;)@/2 (VEdart (V) al/8) + ViIa(VE) a1 (VE) ) + O GQ) (5.14)

uniformly in x,y € (0,s) as N — oo. To do so, let 0 < r < R < liminfx A;/2 and introduce
the map

1 « z
7j=1

Recall that Assumption 2 yields liminfx A; > 0 and thus one can choose a determination of
the logarithm so that Gy is well-defined and holomorphic on {z € C, |z] < R + 1} for every
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N large enough. In the proof of [17, Proposition 6.1], the following representation has been
obtained

dz AN
K z _;+E—N(GN(Z)_GN(U’)), 5.15
N(z,y) = (2im)2 %I—T fwl =g W ZmW <w> 6 o

Recalling the definitions (2.33) of on and (y, straightforward computations yield

and hence we have the Taylor expansion

z 1

uniformly valid for |z| < R+ 1. Plugging this Taylor expansion into (5.15) and recalling the
contour integral representation (2.30) of the Bessel kernel, we readily obtain as N — oo,

~ 2\« x Yy z _w
Kn(z, = (7) “ztwtiT
N, y) 2277 fz_r 7{” _R wz—w \w ¢ v
1
2
><exp<16N 5 (27 — )+O<N2)>
= % j{ (i)aef%r%%—%
2271' lo|=r % Jjw|=R W Z — W \W

X(HMUN(; ?+0(52))

g |
_l’_
S
|
INIS

(i) £ B O
16N0‘N (2im)? |2|=r lw|=R W w

+0 (;2> (5.17)

uniformly for z,y € (0, s). In the light of (5.14), we are left to show that

dz Z\N® _z vz _w
f z—|—u))< ) e ztwti—g
217'( |z|=r |lw|=R w w

2\ ¥/
—2(2) " (VAW a0 + VIS VE ar (V) (519
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in order to complete the proof of the proposition. But this easily follows from the contour
integral representations of the Bessel function,

e opozpzdz J2V5) [ bt dw
Ja(ﬁ)‘m(zﬁ)aﬁf T V=D gmﬂ{m e w

(5.19)
see for instance [17, Eq. (164) and (165)] and perform the respective changes of variables
2+ —z~ 1 and w — —w~'. The proof of the proposition is therefore complete.

O]

Remark 5.2. By extending the Taylor expansion (5.16) to higher order terms, the compu-
tation (5.17) easily yields the kernel expansion as N — oo, uniform in z,y € (0, s),

N /2 Lo 1
Ky(z,y) = (;) {K]ge)(a:,y) + Z WQ%)(%?/)} +0 (NL+1>
(=1

for every L > 1. The kernels Q%)(a:,y) can be expressed in terms of sums of Bessel func-
tions (by using (5.19)). By plugging this formula into the Fredholm determinant (5.2), and
expanding it, this yields an asymptotic expansion of the form (2.35), although we are not
able to provide a simple representation for the coefficients C'](\?%(s) when ¢ > 2. It would be
interesting to identify these coefficients in terms of F,(s) if it is possible.
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