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Weak and strong confinement in the Freud random matrix ensemble

and gap probabilities

T. Claeys* I. Krasovsky! O. Minakov *

September 23, 2022

Abstract

The Freud ensemble of random matrices is the unitary invariant ensemble corresponding to
the weight exp(—n|z|?), 8 > 0, on the real line. We consider the local behaviour of eigenvalues
near zero, which exhibits a transition in 8. If § > 1, it is described by the standard sine process.
Below the critical value 8 = 1, it is described by a process depending on the value of 3, and we
determine the first two terms of the large gap probability in it. This so called weak confinement
range 0 < B < 1 corresponds to the Freud weight with the indeterminate moment problem. We
also find the multiplicative constant in the asymptotic expansion of the Freud multiple integral for
B>1
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1 Introduction

Consider a random matrix ensemble on the space of n x n Hermitian matrices M, defined by the
probability measure

1 n
= o (—nTr yM\ﬁ) dM,  dM=][dm;; J[ dReMjdim My, (1.1)
n j=1 1<j<k<n

where 3 > 0 is a parameter, Z,, = Z,(f) is a normalization constant, and Tr [M|? = > i1 IA;1%, where
A1, ..., A, are the eigenvalues of M. The case 8 = 2 corresponds to the Gaussian Unitary Ensemble
(GUE). For general 8 > 0, (L)) induces a probability distribution on the eigenvalues of M which is
given by (see, e.g., [7])

n 1 n
PO, A H =7 T =Ml an, M, aeR, (1.2)

1<j<k<n j=1

where the normalisation constant Z,, = Z, () is given by

Zn = T w —)\k\2He_”|A dA;. (1.3)

R™ 1<j<k<n

The probability distribution (L2]) has two qualitative features, namely repulsion of the eigenvalues
caused by the factor ng j<k<n |\ — Ax|2, and confinement of the eigenvalues around 0 because of the
decay of the weight function e~nl=l” for large |x|.

One is interested in the statistical properties of the eigenvalues when n is large. These are well-
understood when 8 = 2m, m = 1,2,..., and more generally, when z?" is replaced by an analytic
function with sufficient growth at infinity and satisfying generic regularity conditions, see e.g. [7, 12}

13]: the eigenvalues for large n tend to accumulate on one or several intervals; in the local scaling



regime, the behaviour of the eigenvalues near the edges of the intervals is governed by the Airy point
process, and near any point inside the intervals (bulk of the spectrum), by the sine process, see below.

In our case of the ensemble (II]), 8 > 0, the eigenvalues accumulate on the single interval [— A, A],
where (in terms of Euler’s B and I' functions)

1 1y
A:A(ﬁ)zB(é,%)ﬁ:<%> . (1.4)

Locally, the behaviour of the eigenvalues near the points +A is described by the Airy point process,
and near any = € (—A, A) \ {0}, by the sine process for any 8 > 0. However, as observed by Canali,
Wallin, and Kravtsov [4] (see also [T}, 5, 20L [18]), the local eigenvalue behaviour near z = 0 shows
remarkably different features if 5 < 1. This regime is known as weak confinement (as opposed to
strong confinement if § > 1). Namely, in the weak confinement, as § decreases from the critical
value § = 1, the local statistics of eigenvalues near x = 0 depend on the value of § in a crucial
way, and one observes a transition between the Wigner-Dyson statistics (which correspond to the
sine process) and Poissonian statistics (scaling  appropriately). The authors in [4] made these
observations by numerical simulations and also by examining the behaviour of the mean eigenvalue
density close to 0. Transitions of this type, describing a crossover between strongly repulsive points and
independent points or deterministic points, occur also in other models, like Dyson’s Brownian motion,
finite temperature free fermion models, and random thinnings of determinantal point processes. The
ensemble ([L2]) has the convenient feature that its general structure (that of an orthogonal polynomial
ensemble, see below) is preserved as 5 > 0 varies.

Indeed, the distribution (L2]) for any 8 > 0 is a determinantal point process on R with correlation
kernel given in terms of orthogonal polynomials,

1
p()‘17 e 7)‘71) = H det(Kn()\_ﬁ Ak))?,k:l?

n—1
Ko(,y) = e 3040 S by () Py(y) = e 3 0ot +) Xom2 o) s () = Paly) P ()

k=0 Xn r—1YY

(1.5)

where P, = P]EB ) is the degree k normalized orthogonal polynomial with positive leading coefficient

Xk = x,(f) with respect to the weight e

_"|x|6, characterized by the conditions

+oo
/ Pj(x)Pk(x)e_mx'Bda: = 0k, J,k=0,1,...

—00
These orthogonal polynomials are known as the Freud polynomials [19] (usually after the rescaling
x = n~YPy), and have a rich history in approximation theory. The weight e~ lel? possesses a re-
markable feature: for 8 > 1 the corresponding moment problem is determinate, while for § < 1 it is
indeterminate (see [2]). That is, given the moments f_Jr;o zFdu(z), k= 0,1,..., the moment problem

is determinate if there exists a unique measure y with these moments, and indeterminate if there is
more than one such measure. If 5§ < 1, then the measures e~12” 4z and

w (z; B)dx = e_|x|B(1 + v cos(|z|? tan(Bm/2))dx  with any v € [—1, 1]

have the same moments. Thus, in the indeterminate case, the same orthogonal polynomials possess a
one-parameter family of orthogonality measures. Moreover, the ensemble (L2]) with e~nlil? replaced



by w (n!/# Aj; B), v € [—1,1], defines a one-parameter family of determinantal point process, with
correlation kernels that are equal up to a prefactor, namely

K,(;’) (z,y) = \/(1 + v cos(n|z|? tan(B7/2))(1 + v cos(n|y|? tan(Br/2)) K, (x,y). (1.6)

The large n asymptotics for the recurrence coefficients associated to the Freud polynomials have
been studied extensively, see e.g. [27, 20] 28]. Kriecherbauer and McLaughlin [24] established global
asymptotics in the complex plane for the Freud polynomials, except in the vicinity of 0, where their
construction is implicit. Wong and Zhao [31] contributed to the description of the polynomials near 0
by expressing relevant quantities in terms of certain integral equations.

The results of [24] on the asymptotics of the leading coefficients of the Freud polynomials eas-
ily imply (see Section M) the large n asymptotics of the Freud multiple integral (I3) but without
identification of the constant term c(f):

Proposition 1.1 Asn — oo, there hold the following asymptotics for any [ > 0,

Zn A 3\, 1
log — . <log§ — %> n’ + nlog(2m) — - logn + ¢(8) + o(1), (1.7)

for some ¢(B) € R independent of n, and with A given by (4.

Remark 1.2 For 8 = 1, Z, is, up to a prefactor, a special case of the partition function in the
six-vertex model with domain wall boundary conditions, and an expansion equivalent to (L)) was in
this case already proved in [3, Theorem 2 (z = 0)].

We are interested in the behaviour of the eigenvalues near 0, in the local scaling regime. To gain
insight into it, we consider the probability of an interval (gap) [—\, A] around 0 without eigenvalues,
where A = A\(n) decreases with n in a certain way. In order to determine the scaling, we need to
consider the limiting (large n) distribution of the eigenvalues. As is known in a very general setting
(see, e.g., [7, 14, 130]), the limiting distribution of the eigenvalues is given as the equilibrium measure:
the unique probability measure v on R minimizing a logarithmic energy functional, which in our case
is given by

//R2 log |$ — dz/ )dv(y / |z[Pdv(z) (1.8)

The measure v = v(#) minimizing this quantity is (see [29, Chapter IV.5] or [I, 4, 5, 20, 18]) supported
on the interval [—A, A], where A is defined in (I.4)), and given by

B _ Blxfft Allz] -, B-1
v(z) = ¢Y(x)dx, P(x) = ry Rl A ﬁdu. (1.9)
As it must, it satisfies the normalisation

A
IR

—A

In the limit £ — 0, we obtain the expansion
BLLA for g > 1,

P() ~ § 2 log x| 7L, for g =1, (1.10)

|x|5_1w, for0 < g <1



For § > 1, where 9 (z) is constant to the main order near 0, we can guess the suitable scaling of
the local variable s by imposing the condition

/ U(w 1 +0o(1)), n — 0o, (1.11)

which implies that the average number of eigenvalues in [0, \] is approximately equal to s for large n.
Using this condition also for 5 = 1 and using (LI0]), we define the scaling as follows,

s = BlpAs  for B> 1,
)\(n,S) = {TL@ZJ(O) 5 B n for /8 1

(1.12)
7T‘Anlogn’

For 8 < 1, the function v (z) depends on z strongly near 0, a somewhat similar situation occurs,
e.g., in the rescaling for the Airy point process at the edge of the GUE. So, similarly to the Airy point
process, we apply a linear rescaling s(\) corresponding to the condition

/ e (1 Fo(1)), A>0, n— oo, (1.13)

according to which we define the local variable s by

A _ 2m W s 1 1.14
o= (rgm) wm A<t (L14)

Note that for f = 2, A = /2, ¢(z) = % 2 — 22, and (LI2) is the usual scaling for GUE at 0,

A=~ ¢S(0)' In this case, it is well-known that the kernel (IH) converges to the sine-kernel K (#=2):
1 u v _ sin(m(u — v))
K, , — K6=2) u,v) = ———= n — o0,
™ (w0 ) o= )

uniformly for w,v in compact subsets of the real line, and the probability of the gap (—s,s) in the
local variable becomes the Fredholm determinant
sin(ms(u — v))

det(‘[ - K(ﬁzz))(—s,s) = det(‘[ - Ks(ﬁ:2))(—1,1)7 K§622) (u7 U) = ( )
T \u —v

Its large s asymptotics are given by the expression [33] 11l 21} 15 [10] (see also [23], [16])

7T2

- 1 1
log det (I — K(ﬁ_m)(_&s) = —732 ~1 log(ms) +3¢'(—1) + 12 log 2 + o(1), s — o0, (1.15)

where ('(z) is the derivative of the Riemann zeta-function. Below (see Remark [[L8)) we provide yet
another proof of (LIH).
For general > 0, we have as a corollary of the results in [24] the following (proved in Section [2).

Proposition 1.3 For any 8 > 0, there exists a function K®) (u,v) independent of n such that with

the scalings (L12)), (T14]),
)\(TL, 1)Kn ()\(TL, U), )\(TL, U)) - K(B) (U, U)? n — 00,

uniformly for u,v in compact subsets of the real line, and K ¥ (u,v) = K(#=2) (u,v) for any g > 1.
Furthermore, the Fredholm determinant FP)(s) = det(I — K(B))(_S,S) exists for any > 0 and
s> 0.



Thus, if 8 > 1, the kernel (L5 converges to the standard sine-kernel K(¥=2)(u,v) independent
of . (Note a connection with the determinacy of the moment problem.) However, if 0 < < 1,
the local asymptotics of the Freud polynomials around 0 are not known explicitly, and therefore we
cannot write the explicit local limit for the kernel in this case: K#) (u,v), 0 < B < 1, can be written
though in terms of the solution of a Riemann-Hilbert problem [24, eq. (6.41)—(6.43)], whose existence
was proven in [24].

It follows by standard arguments from Proposition [3] that the limiting kernel K®) also defines a
determinantal point process; the Fredholm determinant F(ﬂ)(s) is the probability of the gap (—s, s)
in this point process.

Remark 1.4 Observe that for 8 < 1, with the same scaling, a one-parameter family of limiting
kernels

KB (y,v) = \/(1 + 7 cos (2|ul?)) (1 + v cos (2x|v|8)) KB (u,v)

arises if we replace, in Proposition [[.3], K, by K,(f’) (from (L6])) with v € [—1, 1], each of which defines
a determinantal point process.

We will now see that although K (%) (u,v) is not given explicitly for 0 < 8 < 1, the 2 leading terms
of the large s asymptotics of F(#)(s) can be found.

Theorem 1.5 As s — oo, we have the asymptotics

—%232—%10g8+0+0(1), B =1,
log F¥)(s) = (1.16)
ﬁB B 1 2 28 Bl C
-z (5,5) 5P —2logs+C(B) +o(1), 0<pB<1,

for some C(f3) € R independent of s. For 3 > 1, C(B) = C is independent of B and equals
C—3g’(—1)+ilo 2L, (1.17)
= TR 7 log . .

Remark 1.6 We see from ([I6]) that the large gap probability is larger if 8 < 1. This effect was
noticed numerically in [4] for the nearest-neighbor spacing distribution.

Remark 1.7 Each of the 2 main terms in (L.16]) is continuous as a function of 5 at the critical point

g=1.

Remark 1.8 We only use the fact that K®) (u,v) = K(#=2) (4, v) for 8 > 1 in the proof of this theorem
to identify the constant C(3) for 5 > 1 by (LI5). (The proof of (LI6) with unidentified C'(/3) does
not rely on this fact and (LI5])). Now ignoring this fact, and using Propositions [T and [[L.I0l below, we
can write the constant C'(/3) in terms of the unknown (in general) constant ¢(/3) in the expansion (L.7))
of the Freud multiple integral (I.3]). If § = 2, this integral is the well-known Selberg integral related to
Hermite polynomials and ¢(2) = ¢’(—1), which in turn implies that C(2) = 3¢'(—1)+ 75 log2— L log 7.
Thus (L.I0) reproduces (II5) in this case (see Appendix A).

As discussed in Remark [[.8, we can write C(/3) in terms of the constant ¢(5) in the expansion
(L7). Using the fact that C' = C(/3) is identified in Theorem for 8 > 1, we obtain in Section [3] the
following



Theorem 1.9 The constant in the large n expansion (1) of the Freud multiple integral (L3) is

¢(B) = ¢(~1) — = 1og P

— > 1.
g5, B2

We now describe our approach to prove Theorem By standard arguments, (L2)) and Proposi-
tion [[3 imply that the gap probability F(%)(s) is given by the limit

FP(s) = lim E¥(A(n,s)), (1.18)

n—o0

where A(n, s) is as in (L12), (I.I4), and

1 o abul®
FOM) = — A — M2 e an,.
Zn J®\[-AN) 1§g§n E

Moreover, by Heine’s formula, the n-fold integrals above can be expressed in terms of the Hankel
determinants

n—1

‘ 1 n
H,(\) = det (/ \xyﬁ’fe—"lxl"da;) = IT =P [e™ an;.
R\[—A,A] n

Tl
5,k=0 (R\[_)‘v)‘}) 1<j<k<n 7j=1

In particular, Z,, = n!H,(0), so that

EW () = 2227 (1.19)
The function e "%l is called the symbol (weight) of the Hankel determinant H,, (), and the set

R\ [\, )] its support. The determinants H,(\) are closely connected to orthogonal polynomials: we
have the well-known formula

n—1
H,(\) = [T (1.20)
k=0

where X,(CA) are the leading coefficients of the orthonormal polynomials Plg)‘) with respect to the weight

e~lel” on R\ [\ A

To prove Theorem using (19, we will compute the asymptotics of the Hankel determinant
H,(\(n,s)) as n — oo and s is large. Here A\(n,s) is given by ([12)), (I.I4). It turns out that the
leading terms of the asymptotics of H, () for fixed A remain valid also when A tends to 0 as n — oo
at a rate slower or equal to (ILI12]), (LI4]). In fact, in view of future applications, we obtain a slightly
more general result.

It is easily verified (see Appendix B) that for any A > 0,

Hon(A) = 27 B HE1D () FE=1D (), = 22/5)2, (1.21)
where
. oo 5/ et
H' (1) = det </ g thenl] :Eo‘da:) . (1.22)
1 4,k=0

The following result about Hankel determinant asymptotics will be the key to prove Theorem
A large part of this paper (Sections BHIT]) will be devoted to its proof.



Proposition 1.10 Let o € R, 8 > 0, and define

B 6/2 1 dt
2m Vi) =)t —p)

where a(,u) > 1 is the unique solution of the equation

B 6/2 1 [ t—p _
- ‘lia(u) T (1.24)

For any po > 0 there exists M > 0 such that

log H{) (1) = Co(pn? + Cs(n — + logn + Cofa) + O <W> +o() (1.25)

o) = (1.23)

M2
n?p(p)

Ca(n) = log Mf_“ - % - %up(u) - %u(a(u) — wp(p)?,

as n — oo uniformly for > < p < po, where C; = Cj(p), j =0,1,2 are as follows:

C1(p) = log(27) + 2 log Vel + Vi 2_a + g\/ﬁ(\/a(u) = Vr)p(p), (1.26)

Colp) = 2¢/(~1) ~ ¢ g (W—‘“p<u>)+ﬂloga<m+ . V4 Wf_f

Remark 1.11 One can show (see, in particular, Remark [[0.2] below) that the term o(1) in (25]) is
in fact O (bg").

Remark 1.12 The asymptotics of Hankel determinants with weights on [u, +00) for fized p were

obtained for more general weights (for which z%e™* o

[6].

Remark 1.13 Explicit small x4 asymptotics for a(u) and p(u) are given in Lemma 311

Substituting the asymptotics of Proposition [LI0into (I21]) and taking the scaling (I12]), (I.14), it
is easy to obtain the asymptotics of H,,(A(n,s)). Recalling now that the asymptotics of H,(0) = Z,,/n!
are given by Proposition[[.J]we can complete the proof of Theorem L5 by (I.I9]). We do this in Section
Bl

is a particular case) by Charlier and Gharakhloo

Our main task will therefore be to prove Proposition [L.T0l We proceed with this proof as follows.

In Section [l we derive a differential identity, expressing the logarithmic p-derivative of H (a)( ) in

terms of the related orthogonal polynomials p( abom), Then, we obtain asymptotics for p( B Via a

Riemann-Hilbert (RH) approach. Here we need to distinguish between 3 different regimes. In Section
[0, we use a standard RH approach, which leads us to results when p can tend to 0 slowly with n.
In Section [§] we refine the RH analysis to allow u to tend to O faster. This first refinement, which
involves an unusual normalization of the RH problem, allows us to obtain good enough asymptotics
when 8 > 1, but not when 8 < 1. In Section 8 we resolve this issue using a further improvement of
the RH analysis, and obtain the asymptotics of the polynomials in the full regime of Proposition [[LTI0l
Finally, in Section[I0], we substitute the asymptotics from the RH analysis into the differential identity.
To integrate the differential identity, we need a suitable starting point where the full asymptotics of
ﬁr(fx) () are known or can be determined independently. In our case, the starting point is a fixed value
of = po > 0, where we use the result of [6]. We then integrate the differential identity in Section [IT]
and obtain the expressions for the C; sl

The reason why we use a differential identity rather than the formula of type ([L20) to determine the asymptotics is



2 Convergence of kernels and determinants. Proof of Proposition

1.3

In [24], the authors considered the orthonormal polynomials ¢ (z) = ek +..., k=0,1,..., with re-

1
spect to the weight e~1421” on R. Note that by the change of variable y = n~ 8 Ax in the orthonormality
condition for the polynomials ¢y (x), with A given by (IL4]), we obtain the identity

Pily) = =0 (n7a7l), k=01, (2.1)
where Pi.(y) = xxy* + --- are, as before, the orthonormal polynomials with respect to the weight

e~"lWl” on R. For the leading coefficients, we thus have

£
n 2
T (2:2)

Xk

It was shown in [24) Theorem 1.5] that for any 8 > 0,

1
log v = 10g%(;§ppm$) +0 <m> ) m — o0,
2.3
1 (GPPT0$)__11 _l _|_1 1 _|_@_|_ 1 2+H ( )

Moreover, it follows from [24, Theorem 1.16] that uniformly for z in a fixed e-neighbourhood of 0
as n — oo, for any 8 > 1,

e 2l g, (n1/P2/A) =

7m21/5 cos <7m /AZ P(t)dt + %arcsin(z/A)) (1+0(z%)+0(1/logn)), (2.4)

with ¢ as in (L9). On the other hand, for any 0 < 8 < 1, for z in the first quarter of the e-
neighbourhood of 0,

2
mnl/B

X {COS <7Tn /AZ W»(t)dt + %arcsin(z/A)) (®an)11(z/A) +r18(n,2))  (2.5)

e 5 $(n1/B 2/ 4) = (1 —2/A) VA1 + z/A)7

+sin <7m/ W»(t)dt — %arcsin(z/A)) (i(Ppn)i2(2/A) + 12 58(n, z))} )
A
where the 2 x 2 matrix ®g,(z) takes the form
Dp.,(2) = N(2)L((2ndg)Piz)N(2) 7,

where the matrix-valued function L(w) is the solution to the RH problem [24], (6.41)—-(6.43)]. The
constant dg is given in [24] explicitly, as well as the matrix N(z), which satisfies N(z) = O(1) as
z — 0. The error terms 1 g(n, z), 2 5(n, z) are bounded by O(n™!) + O(n'T9=1/#) as n — oo for any
0 > 0, uniformly for z in the first quarter of the e-neighbourhood of 0.

that (I20]) does not allow to determine Co (cf. the proof of Proposition [IT]), but this coefficient is crucial for the proof
of Theorem



Let first 5 > 1. We recall the scaling (LI2]), denoting

u v

T YT o)

Now use the formulae (ZI)-(24]) above and substitute P,(x), P,(y), P,—1(z), Po—1(y) into (LH).
Recall that in our scaling, by (L.I1),

Ax¢<t)dt:%_/ox¢<t)dt:%_

and similarly for y, where the error term is uniform for u,v in compact subsets of the real line. We
then obtain, with the same uniformity,

1 u v (B=2) (4, ) = sin(m(u — v)) " s oo
)" (nw<0>’nw<0>> B S i e e

We easily obtain the convergence to the sine kernel for 8 = 1 as well, using the appropriate scaling
in (LI2)). Given the different scaling, this sine kernel convergence may seem surprising at first sight.
Note however that this is consistent with the analysis from [3].

If B < 1, one verifies, using in particular (2.3]), the existence of the limiting kernel, which is
expressed in terms of L(w). By standard arguments, see e.g. [§], one can show that the uniform on
compacts convergence of the kernels implies convergence of the corresponding Fredholm determinants
on [—s,s], and in particular the existence of the Fredholm determinant F(s).

3|

+o(1/n), n — oo,

3 Asymptotics of F(¥)(s). Proof of Theorems and

We will now prove Theorems [[5], L9, relying on Propositions [Tl and [L.I0l First we need small y
expansions for a(u) and p(p) defined in (L24]) and (L23]).

Lemma 3.1 As u— 0,

ao + arp + O(uBV2) £ 0(u2), B> 1,

a(p) = § 4m? — Jplog i+ O(p), B=1,
ag + a1 p P2+ O(p), B <1,
where
1 - a T
0= (2B =R = = WQDBWZ 12t 2 (3.)
Furthermore, with this ag, as p — 0,
oy + O 1+ 0(u), B> 1,
p(p) = § =gz log u+ O(1), B=1, (3.2)

—%f@B(a —B)/2,1/2)p=D/2 L O(1), B<1.

Proof. First of all, making the change of variable t = p + (a(u) — @)y in the integral in (L.24]), we
see that for every p > 0, the left hand side there depends monotonically on a, and hence equation
(C24)) indeed defines a unique a = a(p) € (u, +00).

Next, to obtain the expansion of a(u), we split the integral in (I.24]) into two parts: the first part
contains the contribution of the interval (u, /i) and the second part is the remaining part of the

10



integral over (y/f,a(u)). We then apply the change of variable ¢ = pu in the first, and ¢ = a(u)u in
the second, and expand the integrands in small parameters using the expression

1
B(v,0) = / 271 — 2) Y.
0
The expansion for p(u) is found in a similar way. |

To prove Theorem [[L5], by (I.I8)) and (LI9]), it is sufficient to estimate the ratio H,(\(n,s))/H,(0),

where A\(n,s) is as in (I12), (I14). By (L21), (I7), and Proposition [LI0, we have, denoting (note
the doubling of n)

uin,s) = 22/°\(2n, )2,

that
2 _ -
log %ﬁgﬂ — 2 tog 2+ log (/%) (i, 5)) FE %) (. 5))| ~ log Haa 0)
_ 4 2 1 (a=1/2)
=~ log 2 + 2C5(p(n, s))n” + 2nlog(2m) — 3 logn + Cj ((n, s))
(3.3)
+ Co(a:_l/z) (u(n,s)) — <lo g — %) 4n? — 2nlog(2m) + 1—12 log(2n)
1
—e(B) + 0 +o(1),
%) <nﬁ<n—,s>p<u<n,s>>> o)

as n — oo, provided that u(n,s) converges to 0 and np(u(n,s))\/u(n,s) is sufficiently large. We
already see that the terms of order n cancel out, and that in the limit n — oo the error terms become
(@) (s_l) + o(1) when 8 > 1 and O (3_5) + o(1) when 0 < 8 < 1, for s sufficiently large. We further
consider different ranges of 5 separately.

1) Let 5 > 1. By (L12]), recalling the definition of ay in ([B.I]), we have

2 2 2
9 9 Tag (B—1\"s
u(n,s) = 22°X(2n,s)? = 1 <T> 3

As n — oo, for large s fixed, we can use the expansions of Lemma B3] for a(u(n,s)) and p(u(n,s)),
and substituting them into (L.26]) we obtain

L, ay  ap—1 3 wu(n,s) [ 28 8 1? 2
Calptn, ) = log 22 + 2L () — 5 - L (5_1+[5_1])+o<1/n )

Colpn, )2 4 Co(p(n, )@=/ = Llogn — logs +2(6) +o(1),  n o0,

where

(B) =4 (1) — 1—12 logg - ilog . (3.4)

Substituting these expressions into ([B.3]) and taking the limit n — oo, we prove (L.IG) for 5 > 1 with
- 1
C(B) =e(B) + 5 log 2 — ¢c(6). (3.5)

11



On the other hand, recalling that K (u,v) = K#=2)(u,v) for § > 1, and recalling the expansion
([CIR) for 8 = 2, we immediately have an alternative proof of (LI for 8 > 1 with the explicit
constant C(8) = 3¢'(—1) + £ log 2 — L log 7. Furthermore, substituting this value into (5] and using
B4), we prove Theorem [L.O for 5 > 1.

2) Let 8 < 1. By (L.I4),
47 1\%?
= =228 \2n,s)? = ———— — 2
lu M(n, S) ( n? S) tan(ﬂ',@/Q) 2n
Note that ;3+1)/2p2 - 0, and also un? — 0 as n — co. Moreover, since by &2) p(n) = O(ulP~1/2),
we have that up(u)n? — 0. However, up(u)?n? in Con? gives a nonzero contribution in the limit,

namely,

o, o )% = B0 8)/2,1/2)7(n, 5021 + o(1) -

= ﬁ—QB(ﬂ/z 1/2)?s* (1 + o(1)), |

as n — 0o, where we used the reflection formula for the I function,

Mx)'(1—z) = —_
Using (3.6), we obtain

Colun,s)) =108 % = &~ (32,122 4 o(1/n). 87)
Furthermore, one easily obtains

Colplrn, )@= + Colp(m, £)*=2 = — 2 log ul# /2 1 log uP~1/2 — Clog

+4¢(—1) — élog <%2w§%3((1 — )2, 1/2)) + 1—12 log <ﬁ - 1a‘1> 4 ilog @ +0(1) (3.8)

1 1 1 1
= Zlogn — glogs +4¢'(—-1) — ZlogB(ﬁ/Z, 1/2) — glogﬁ + ﬁlogZ +o(1).

Substituting (3.7) and (B.8)) into (B3) and taking the limit n — oo we prove the statement of Theorem
for g < 1.

3) Let § = 1. By (I.12)),

p(n,s) = 4\(2n, 5)% = (%)2

We have un? — 0, (ulog u)n? — 0, up(u)n? — 0, but
n2 2

s
pp(p)*n® = W(Nlogz p)(d+o(1))=—1(1+o(1)),  n— oo
Note that
(a=1/2) (a=—1/2) _ 1 1 -~
Co(p) + Co(p) = Zlogn— Zlogs%—c(l) +o(1), n — 0o, (3.9)

where ¢(f) is given by ([B.4]). Using the expressions above, we obtain (LI6]) with undetermined C(1).
On the other hand, we have an immediate alternative proof which also provides the value of C(1),

and hence the proof of Theorem [[LJ for § = 1 as above, by the fact that K=Y (u,v) = K#=2)(u, v).
This completes the proof of Theorems and

12



4 Hankel determinant for the Freud weight. Proof of Proposition
1.1

Asymptotics of the leading coefficients of the orthonormal polynomials allow to find the asymptotics of
the corresponding Hankel determinant up to an undetermined multiplicative constant, cf. [25]. Recall
the expression (2.3)) for the leading coefficients of the polynomials ¢y (z). The corresponding Hankel
determinant I;Tn with symbol e=1421” on R is then

n—1

—2

k= 1

Note that the second product here converges as n — oo by the error term estimate in (2.3]), and the
first one is straightforward to estimate for large n using the expansions:

n—1 2

1
Zklogk——logn—nz——logn—i-—logn—l—ﬁ—C( 1)+ 0(1/n),
k=1

n—1
Zlogk: logn! — logn—nlogn—n——logn—i— log(27r)—|—(9(1/n)
k=1

We then obtain
log H,, = Bn logn — | log2 + 25 n* + nlog(2m) — 3 logn + ¢(B8) + o(1), n— oo, (4.1)

for some constant c(f3).
To obtain the asymptotics for the determinant H,(0) with symbol e~"W” and thus prove the
proposition, we use the relation (Z2]) between the appropriate leading coefficients, which implies that

n—1 An n—1 2k
_2 ’\
A ()"

Using this identity and (4.1]), we prove the proposition.

5 Differential identity
In this section, we establish an identity for the logarithmic p-derivative of ﬁn(u) = ~7(La)( ), given by
a,—nzP/?

(C22), in terms of the orthonormal polynomials p(” ) with respect to the weight wy,(z) := z%

n (u,00). Note that the polynomials p, depend not only on p but also on «, 3, although we omit

this in our notation. We denote k,(p), kn—1(1) for the leading coefficients of psl ), p(” :

Proposition 5.1 (Differential identity) For any o > —1, > 0, and p > 0, we have the identity

Oy log Hy (1) = —wnw)“:;—glﬂ’;‘) (@2 @)pY (2) = PP (@) (@up ()

. (5.1)
T=p

Denoting

2mikn (1) u—z

1 /+°° pg“) (u)wy, (u)du
n

ot s () s () / pn—l(Z)iUr;(u)du
nw

13



we can alternatively write this as

0108 (1) = — 2 (v 02 1), Y (2 0),, (5.3

21

m:u.
Proof. The proof (cf. [22]) is based on the confluent form of the Christoffel-Darboux formula,

n—1
3 @) = B (@ @) () 9 ) 01, (@)
=0

n

and the relation )
Hy(p) =[] mi(w) 2
=0

From the latter we obtain .
e

oo H _ au"ij(,“)
Oy log Hy(p) = 2]2::0 o)

From the orthonormality of pg“ ) (x) we obtain

T W, B () o (2)dp — Qi (1)
[ @ (0 @) wa@ar = 2

and substituting this into the previous formula, and continuing the calculations, we obtain further

Oy log H, (1) = —/

+00 n—1
Oy Zpg-“) (2)? | wn(z)dz.
2 j=0

By the orthogonality of the polynomials, we have

4oo [n—1 +oo n—1 n—1
0=0. | [ X @? | wawde| = [0 | Xl @ | walado — wnl) 3ol 0,
“ j=0 ® j=0 j=0
hence
_ n—1
O log Hy (1) = —wn (1) Y pi (2)?,
§=0

and using the confluent form of the Christoffel-Darboux formula, we obtain the first identity (G5.1)).
The second identity (5.3]) follows by using the fact that the determinant of Y is identically equal to
1 (this is a standard consequence of the RH conditions for Y given in Section [7]), by writing out the
right hand side in terms of the entries Y71 and Y51 of Y, and by substituting their values given in

(G.2). ]
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6 The g-function and equilibrium measure

6.1 Construction

In this section we construct and study a g-function and an associated function ¢(z), which will play
a fundamental role in the asymptotic RH analysis in the following sections.

It is well understood that the asymptotic analysis of the function Y from (5.2]) involves an equi-
librium measure, characterized as the minimizer of a logarithmic energy functional, and coinciding
with the limiting zero distribution of the orthogonal polynomials, see e.g. [7]. For the polynomials
Pt

under consideration here, the relevant equilibrium problem is to minimize

// log \xi dv(z)dv(y) + /xﬁ/Qdu(x)

among all probability measures v supported on a subset of [, +00). Assuming that v is supported
on a single interval [u, a(u)], the associated Euler-Lagrange conditions (see e.g. [29]) state that there
exists a constant £, such that

2 [og o~ yldv(y) — o*2 =26, for 2 € [u.aly)]
(6.1)

2/log |z — y|dv(y) — %2 < 20,  for x > a(y).

If we can construct a probability measure v satisfying these properties for some ¢, and for some a(u),
we can conclude that v is the unique equilibrium measure minimizing the above energy functional
(and hence that the one-interval assumption was correct). Rather than constructing the measure v
directly, we will construct the associated g-function

oz 1) = / log(x — z)dv(z), (6.2)

corresponding to the principal branch of the logarithm. Note that the Euler-Lagrange conditions are
equivalent to g4 (a; ) + g (25 ) = 2P/? 4 24, for @ € [u,a(p)] and g4 (w; p) + g— (25 p) < 212 424,
f du(w)

for x > a(u). If these conditions are satisfied, the Stieltjes transform ¢'(z; ) = needs to satisfy

the identity ¢/, (x;p) + ¢ (z;p) = éxz L for 2 € [u,a(p)]. The Sokhotsky—PlemelJ formula and the
fact that ¢’ tends to 0 at infinity then imply that ¢’ takes the form

g - (220 f R o

47 z— )—x x—=z

1

where <%(u”)) > is chosen analytic in C\ [, a(p)] and tending to 1 at infinity, and where /7 is the
positive square root. The Stieltjes inversion formula yields

a(p) B/2-14
dv(a) = vl with ez = g [ p ][ e e (naln). (64

By construction, the first of the Euler-Lagrange conditions, i.e. the equality in (6.1I), is satisfied.
Moreover, if a(p) > p is such that (I24]) holds, we have ¢'(z) ~ 1/z as z — oo, hence [dv(z) = 1.
This also implies that g+ — g— = 2mi on (—oo, ). Since

][W@ 1 dt
wo V=) —tt—=
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which is easily seen by a contour deformation argument applied to an associated Cauchy integral, we
can alternatively write ¢ as the non-singular integral

,/ )@ / Dl Gl ) (6.5)
T (t —x)y/(t — p)(a(p) —t)

which implies that 1 is positive on (i, a(p)) and hence that v is a probability measure.
In order to prove that v is the equilibrium measure we are looking for, we still need to prove that
the inequality in (6.1 is satisfied. To see this, it is convenient to introduce

plein) = =35 +glen) by 2 €T\ (oc,alp) (6.

where z7/2 corresponds to arguments in (—m, 7). From the properties of g discussed above, we obtain
directly that

pi(zsp) —p—(zsp) =2mi forz € (0,pn) and @y (z;sp)+e-(z3p) =0 for z € (u,a(p)). (6.7)

From this we conclude that

a(y)
204 (T3 1) = oo (T3 p) —p— (75 1) = g4 (25 ) —g— (73 1) = 27?%'/ ' Y& p)d§  for x € (u,a(p)). (6.8)

Substituting (6.0 and extending the resulting expression analytically, we get

e =3 [ (S22) s, e\ (-oovatul (6.9)

(1)

where f is given by

LN i I G T i
20 Ju o (t=2)/(alp) = t)(t — p)

with 22! analytic in C\ (—o0,0] and positive for z > 0. Observe that f(u;u) is equal to the function

p(p) defined in (I23]),
P55 11) = () (6.11)

From the positivity of the integrand in this expression, it is easy to deduce that ¢(z;u) < 0 for
x > a(p), which in view of (6.6]), ([6.2)) implies the Euler-Lagrange inequality in (6.I]). We can finally
conclude that v is indeed the equilibrium measure we were looking for. Note that we can also write f
as a contour integral,

B t—p \ 821
faw=m [ (ohs) S seCiml (6.12)
r

flzip) =

dt, zeC\ (—o0,0], (6.10)

where the square root is analytic for ¢ € C\ [u,a(p)] and tends to 1 as t — oo, and where T is a
counter-clock-wise oriented loop around z and around [u,a(p)], but not intersecting (—oo,0]. This
representation will be useful later in Section [I11

Remark 6.1 The double integral representation (6.9) is sufficient to establish the relevant properties
of the function ¢ (given in the rest of this Section), however, for numerical computations it is more
convenient to operate with a single integral representation of ¢ given in Appendix [Bl
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Remark 6.2 Though in what follows we will not need an expression for the constant £, from (E1I),
we give it for the sake of completeness: it equals

8/2 _
/ 2P/ “dx +log a(p) ”
V (af ) 4

This can be seen from the large z asymptotics of g(z), the relation (6.6) between the functions g and
¢, and the representation (B.I)): the formula follows by taking the limit z — oo in .
6.2 Asymptotic estimates: small .

Lemma 6.3 Let ug > 0 be an arbitrary but fized number. For every 5 > 0 there exists ¢ = c¢(B, po) > 0
such that for all p € (0, po] and for all x € [u,a(p)] the following holds:

B—1

':UT7 5<17
fl@yp) >cq1+[logz|, =1,
1, 5> 1.

Proof. We distinguish between the cases 8 <1, 8=1,1< < 2,and 8> 2. For 0 < 8 < 1 and
B > 2, we use a representation of f as an integral over [u,a(u)], while for =1 and 1 < 8 < 2, we
use a representation of f as an integral over [0, c0).

1. Integration over [u,a(u)]. Let us rewrite (6.10) as

fein) = |
/

and substitute the identity

e ! _1)dt, 2€C\ (~00,0], (6.13)
(t —2)\/(a(p) = t)(t — p)

R R S l(15g —27) - Z(t- 2t
to obtain
3 ) (t5 — 2%) dt B AT
Zyp) = 1- ) 2 i K i , z€C\(—00,0].
[z ) < Z) 27 “/ (t—z)\/(a(u)—t)(t—u) T z2m / \/(a(u)—t)(t—ﬂ) < T\l ]

Now we take z = x € (u,a(p)), and we note that the first integral is a nonsingular one.

1.1. 0 < B < 1. For z € [u,a(u)], we split the interval of integration in the first integral of the last ex-

tB/2—ah/? B48/2—-1 B,.B/2—-1

(note that the order of the endpoints depends on whether § is bigger or smaller than 2). We obtain

pression into two parts: [u,z] and [z, a(u)], and then use the estimate

N tidt RAWSEY
T 2o / Jea=aa=s T U 2ﬂ2/¢ =
wop s da
(-5 | Ty e



where we already note that I, Iy, I3 > 0. If p < = < p(l + 0) for some § > 0, we substitute
t =pu+ (a(p) — p)ur in the integral from I, and we find that

41 5_
o o1 B8 [ (0t aln) = )
| 2 Jy V)
B+1 1 B+1
S HZ B[R0 (A (alw) — p)T)2 ‘dr ST S
T 27 0 T(l—MT) T

for sufficiently small ¢, ¢ > 0.
If u(1+9) <z <a(p) for sufficiently small § > 0, we have

f(x;u)zlzz(l—g)wﬁ 12W2\/—/F>cu

for sufficiently small ¢ > 0.
1.2. 8 >2.Set z =z € [u,a(p)] and subsitute t — p = (t — x) + (z — p) in (EI0). This gives

8 a(p) (@ — ﬁﬂu ﬁ_ gl)
_2_/ t—u)d /t—w (1) —t)(t M)dt.

It is easy to see that this is an increasing function of x > p for § > 2, so f(x;pu) > f(u; p), which
proves the lemma since f(u; 1) has a positive limit as 4 — 0 and hence is uniformly separated from 0

for i€ (0, po]-

2. Integration over [0, 00). Deforming the contour of integration in (G.12]) to a large circle and both
branches of the negative real line, and then sending the radius of the circle to infinity, we obtain an
integral over the negative real half-line; changing the variable ¢ — —t in the obtained integral, we
obtain the following representation:

tru taldt
f<z;u>——sm—/,/t+a” 2, €T\ (00,0 (6.14)

which is valid for 0 < 8 < 2.

2.1. 5 =1. We set z =z € [u,a(u)], split the integration interval in (6.14]) into [0, 1] and [1, 00), and
then introduce convenient cross-terms, to obtain

P 1) = / t—i—u dt 1 /1 t+u Vit dt
8 277\/a t+ax 2m/a(u) )\t +alp) <\/t+a )+ /a(u >t+x

1 yi t+u dt
+%1/,/t(t+a(m) S e palu)
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The last two terms here are uniformly bounded for all 1 € (0, o] and x € [u, a(p)], while the integral
in the first term evaluates explicitly to

1
/ 1 / 1
/ +p_df :<1— 1—H>log—+ 1—Elog e
t t+x T 7! x T
0
—2,/1—§1og< 1—|—,u+1/1—§>+210g<\/1—|—,u—|—1>.

The second line here is uniformly bounded, while the first line is estimated from below by C|log x|
for some C (indeed, for pp < z < p(1 4 §) with sufficiently small § > 0 the estimate follows from the
first term, while for pu(1+90) <z < a(p) it follows from the second term of the first line). Finally, the
estimate from below by a constant easily follows from (G.14]).

2.2. 1 < 8 < 2. The representation (6.14)) implies that f(x;u) decreases monotonically as a function
of x, and hence f(z;u) > f(a(p); 1), and the latter is uniformly separated from 0 for u € (0, po].

a

Lemma 6.4 Let pg > 0 be an arbitrary but fired number. There exists § > 0 such that we have
uniformly for p € (0, pol, p(1+6) <z < a(p) —0, 0 <y < oz,

B—=3

O( Ty)v 5 < 17
flaxiy;p) — fasp) = SO ((1+ [logz)z™y), B=1,
O(x_ly), 6> 1.

Proof. Let us focus on z = = + iy with y > 0, as the case y < 0 is similar. By (6.12]), we have

. By t—pu \"* 5. dt
s =t =5 [ (7565) o w

Let us now choose I' as the circle of radius r = a(u) — p/2 around a(p). Then, for t € T, if
w(l+6) <z <a-—46,0<y<du, we have
S Ry p——
2+26

t—a—iy| 2|t -z |yl > 2~ 5~ x> (1- o) -

=

hence for § > 0 sufficiently small

1
[t = a(w)2lt -z —ay|

O(z™1),

and we obtain

' ~ ‘_ 1/2t§
o +iyip) — faim) =0 [aty [ B G
TR =]

Parametrizing t = a(u) —re with 6 € [—, 7], note that the contribution of || > & is O(1), and focus
on the part |#] < § for sufficiently small 5. We can then estimate |t| by the sum of absolute values of
its real and imaginary part, using a Taylor expansion for small 6,

< alu) = (alu) — ) cos 6+ (alu) = 5)lsind] < & +C16] < C(a +6)),
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for sufficiently large C', and similarly

£ =1l < Ja(u) = 1= (a(n) = 5) cos 0| + (a(u) = 5)[sind] < 5 +Cl6] < Cla+ o).

Moreover,

t| = \/(a(,u) — (a(p) — g)cos 0)% + (a(p) — g)2 sin? 6 > c(u + |6]),

and

] = \/(a(u) (a2 eos )2 + () — E)25in20 > el + o),

for sufficiently small ¢ > 0. Hence, |t — p|'/2/|t|'/? is bounded, and

5 p—
ot i) = fasn) = O+ 0 (7% [ (oo 100" ot 1) 2as).
-0
Making the substitution |§| = —x + (z — p)s in the latter integral, we obtain that the above is
O ™'y) + 0T y)
for 8 # 1, and
O(z 'y (|logz| + 1)),
for § =1. O

Next, we need information about the sign of the real part of . See Figure [I] for an illustration.

pe L a(p)

Figure 1: Distribution of signs of Re ¢(z) in a neighborhood of the segment [u, a(u)].

Lemma 6.5 Let g > 0 be an arbitrary but fized number. There exist ¢,0 > 0 such that for u € (0, o,
u(l+90) <z <a(p) —9d,0<y<dz,

Rep(x + iy) > c/yf(z;p).
Proof. By (69), we have

41y —a 1/2
sO(eriy;u)—w(w;u):—%/ f&n) <§§_if)> dg.

8

It follows that

r+iy

p(z +iy;p) — p(z;p) = —w\/a(,u)i—:n/ (€ — p)~V2de
Flasp) (= ((g—a@\"?  (p—a(u))"
R / <<§—u> _<ﬁ> a4
1

5 [ s - s (

o 1/2
3 (u)) .
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The first term is
T4y

—iv/a(u) — o f (2 p) (€ — p)? e

and has real part

a(p) — xf(x; p) ((96 — )+ y2)1/4 cos <% arctan . 2 M)
> S Jaln) ) — w? > ef oy

It remains to prove that the two other terms are smaller than, say, one third of the above expression.
The second term can be estimated as

0 <f(:z:;u) / e u)1/2d£> = O (f@s e — ptiy2y) = O (flaswa'l2y)

and is indeed much smaller than the first one. For the third term, we use the previous lemma and
obtain for g < 1,

o <x¥ /:Hy(g ) <§£—_a§i$)>1/2 dg) o <$¥$_1/2y2> —0 <f(:17;u):17_3/2y2> ‘

By choosing 4 > 0 small enough, we can make this also smaller than one third of the first term. The
estimates for 8 > 1 follow similarly. O

6.3 Local changes of variables
Next, we need estimates for the derivative of f(z;u) near z = p and z = a(p).
Proposition 6.6 For any pg > 0, there exists rg > 0 such that the following holds.

1. Uniformly for p € (0, po] and for |z — pu| < rop, we have

o), B >3,

fEm) =0 (),  0:f(zp) =0 (logy), B=3 (6.15)
o(u=), g<s.

2. Uniformly for p € (0, po] and for |z —a(p)| < ro, we have
0. (2 1) = O(1). (6.16)

Proof. For the proof of (6.15]), we proceed as in the proof of Lemmal6.4l Let us focus on the estimate
for 0, f(z; 1), as the one for f(z;u) is similar. In (612]), we let I be the circle of radius r = a(u) — p1/2
around a(u), and we differentiate to obtain the estimate
— o |Y2 B2
t—p [¢17/7|de
0. f(z;0) =0 / .
f (e ) < r|t—a(u)

[t].Jt — =
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Parametrizing t = a(u) —re’® with § € [—, 7], note that the contribution of |§] > ¢ is O(1), and focus
on the part || < ¢ for sufficiently small 0. Like in the proof of Lemma [6.4, we have

[t =O(u+10]), [t—pul=0@+18), #=0(u+6)"), [t—alw|'=0).
For |z — p| < rop with ro > 0 sufficiently small, we have moreover
[t =2 2 |t = pl = [p— 2] = [t = pl = rop = e(p +10]),

for ¢ sufficiently small. Hence,

0.f(zi1) = O ( / (u+ dee) +o() =0 (i3*) + o),

-6

for 5 # 3. For B = 3, we get O <log %) This proves (6.15). The proof of (6.16]) is similar but simpler,
and we omit it. O

Expanding formula (6.9)) in the vicinities of the points p,a(u), we obtain

o(z; ) = £mi+p(p)y/alp) — p(p—2)"2 (1+ O(u — 2)), as z — pu  with +Imz >0, (6.17)
and
pleip) = T (o o)52 (14 O —a(w)) s = alp), (6.19
3va(u) —p

where, as usual, ,/7 denotes the positive square root and ()Y2, (.)/? denote the principal branches of
the roots, and where we used (G.1T]).

Formulas (6.I7)), (G.I8) suggest to introduce local conformal changes of the variable z in small
neighborhoods of the points u, a(i), respectively, as follows:
vz, 20 2= a(p), (6.19)

2
z =, oz 1) = —7n(z; 1)

@(z; 1) F i =: (—=C(2; 1)) 3

where the roots in n(z; )32, (=((z; u))"/? correspond to arg(.) € (—m, 7).
In the following lemma, we gather some properties of ((z; 1) and n(z; 1) that we will need later.

Lemma 6.7 For any pg > 0, there exists rg > 0 such that the following holds.

1. For any p € (0, uo], the function ((z; ) is conformal in the disk |z — u| < rop, and

Clpsp) =0, 0:0(25 1) 2= = p(p)*(alp) — p) > 0. (6.20)
Moreover, for any 0 < r < rq, there exists C > 0 such that we have

1[Gz p)

— < <C  forall pe (0,u0) and |z — p| = pr. 6.21

iy (0. o) and |z — (6.21)

2. For any pu € (0, uol, the function n(z;u) is conformal for |z — a(u)| < ro. There exists ¢ > 0
(independent of i) such that

n(a(p); ) =0, 0m(2; ) smq(uy > ¢ >0, for any p € (0, pol. (6.22)

Moreover, for any 0 < r < 1, there exists C' > 0 such that we have

é <|n(z;p)| < C  forall pe€ (0,uo) and |z —a(p)| =r. (6.23)
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Proof. With ¢ and 7 defined by (6.19)), (6.20) and (6.22)) follow easily from (6.17) and (6.IR]). Next,
we write ([6.9) (using (6.11])) as

o(z;p) F i = ) f;(u) — /: <M15>1/2 p

17/ 1 \Y? 172
—Q/H <ﬁ> <(a(#)£ f(&n) —Va fuu)dé,ﬂm2>0-

For |€ — u| < rop with 79 > 0 small enough, we have

((a(u) V2 F(& 1) — Va( fuu‘ gu)‘( oy2 \/7‘
+Valu) = plf(&§5 ) — fpsp)

By (6.15)), the first term at the right is O (p(u)|€ — u|), and the second is, also by [B.2), O <7p(“)5_“‘)
for 8 # 3, and O <|£ — p|log %) for 8 = 3. Hence, it follows that

p(zip) T i = pp)va(p) —plp—2)"? 1+ 0 (' u—=z)),  +Imz >0,

for B8 # 3, and similarly but with error term O (log %|,u —& |) for p = 3. It then follows from (G.19)
that

(2 1) = p(n)(a(p) — ) (z — p) (14O (uHpu — 2))

for |z — p| < rou with rg sufficiently small. It follows that ((z;u) is conformal in |z — u| < rou with
sufficiently small o > 0, and the estimate (6.21]) also follows easily. The analogous results for n are
proved similarly but simpler, and we omit the details. O

7 Standard asymptotic analysis of the RH problem: large n asymp-

. M
totics for o < < .

In this section, we will obtain asymptotics for Y defined in (5.2)) as n — oo, uniformly for % <
< pg., where pg > 0 is an arbitrary constant and M > 0 is a sufficiently large constant. This
asymptotic analysis is rather standard, and was done for instance in [6] for © > 0 fixed. The analysis
in this section follows the same lines as [6], with minor adaptations in order to be able to cover also
the case where i depends on n and tends to 0 slow enough as n — co. We repeat the analysis mainly
for the sake of completeness, and to be able to write all relevant quantities explicitly using coherent
notations. There is only one unusual feature worth noticing in the RH analysis in this section: we
do not normalize the global parametrix to the identity, but rather to a fixed matrix op. This leads,
compared to [6], to a modified definition of P(°) in (Z9) and of R in (720). In this section, those
changes are convenient but not important; however, in our refinements of the RH analysis in the next
sections, the modified normalization of P(>) will have important implications.

7.1 RH problem for Y

It is well-known [I7] that the function Y defined by (5.2) is the unique function satisfying the following
RH conditions.
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RH problem for Y
(a) Y : C\ [p, +00) = C?*2 is analytic,

(b) Y has continuous boundary values Y (z) when = € (u,+o00) is approached from above and
below, and they are related by
B2

Vi) = v-o) (§ 7

0 1 > ; z € (1, +00),

(¢) Y has the asymptotics

Y(z)= (I + (Q(z—l)) L1103 as z — 00, with o3 = <(1) _01>,

(d) as z — u, Y(2) = O(log(z — i), by which we mean that each entry of the matrix is of this order.

We will now analyze Y asymptotically as n — oo together with p — 0 by applying the Deift-Zhou
nonlinear steepest descent method [7, 12, [13]. This method consists of a series of explicit and invertible
transformations Y — T +— S +— R, where we will in the end arrive at a RH problem for R which we
will be able to solve approximately. Inverting the transformations will then allow us to recover the
asymptotics for Y.

7.2 Normalization at infinity and on the interval [y, a(p)]: Y — T

The first feature of the RH problem for Y which we would like to improve is its asymptotics as z — oo.
Our first transformation will ensure that the RH solution tends to I as z — oo. For this, we use the
g-function constructed in Section [f], and the associated quantity £,. Namely, we define

T(2) = §(c0) e oY (z)e 918 nluTs 5 (£)%8 (7.1)

where the function 0(z) is defined in the following way:

s(z) = Vo= ' + Vi — a2
(z — )2 + (2 — a(p))V/? .

The function ¢ satisfies the jump and normalisation properties

0y (x)o_(z) = a® for p < x < a(p), d(c0) = lim §(z

Z—00

(2) = <7\’a(“)2+\/ﬁ) , (7.3)

and the function § is analytic for z € C\ [, a(u)]. For further usage we denote

5(2) = 0(2)2~/2, (7.4)

~ ~ ~

where the principal branch of z® is chosen. Observe that §(p) = d(a(p)) = 1, and that d(z) is uniformly
bounded and bounded away from 0 for z in the disks |z — u| < w, |z —a(p)| < %,
uniformly for all p € (0, 4+00).

Later on, we will need expansions for 5 and 6! for z near . For this, we introduce the local
change of variable

w=—""2_ = (alp) - pw, 2 —alp) = —(a(p) — )1+ w), (7.5)



such that

M;( VAVIFw + Va(p)vw )
V(= (a(p) — pw) (VI+w+ )

We need to expand & as w — 0 up to terms of order o(w). The direct computation of the O(w) term
in this expansion is rather involved, but we can circumvent that computation by using the relation

8\+(:E)8\_ () =1for p <z < a(p). Writing

5(2) = 1+ c1vw + cow + O(w/?),

and multiplying these two expressions, we find ¢y = %C% The coefficient ¢; can be computed rather

easily, and we obtain

2
5(z)=1+a (LW - 1) vV + %cﬁ <M - 1) w+ O(w’?),

1 1
\/\F( > f( Y "
~ a(p 1, a(p 3/2
)y t=1—a|l X221 )| Vu+ =2 | X222 1] w+ O@w??).
% (M 1) v o (L 1) w0
Using the function ¢ from (6.6]), we can show that T" solves the following RH problem.
RH problem for T
(a) T:C\ [u,+00) = C*>*2 is analytic,
(b) T satisfies the jump relations
=1
. a,n i)+ (;
5+($’”)e—n(w(x;u)—%(ﬂc;u)) zel (e (@)
T+(3§‘) - T_(ﬂj) 5_ (:E"u) 5+(ﬂj, M)é_ ($7M) ) T e (,u,a(,u)),
0 0—(z; 1) en(e(z;p)—o—(z;1))
04 (s p
) e2ne(x;p)
To@) =T-@) [ Fag? |- 7 € (a(p), +0),
0 1

(¢) T has the asymptotics

T(z)=I+0(:"" as z — 0o,

(d) as z — u, T(z) = O(log(z — n)).

Note that, by (6.1), the (1,2) entry in the jump matrix equals 1 on (i, a(p)).
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Figure 2: Contour for the RH problem for the function S(z). The dashed lines are the circles U, 0U,
and the lines |Im z| = %‘.

7.3 Opening of lenses: T'+— S

Whereas the asymptotics at infinity of 7" are more convenient than the ones for Y, the jump matrices
are at first sight more complicated because they are oscillatory on the interval [u,a(u)]. The idea
now is to transform the jumps in such a way that the oscillating exponentials will be moved from the
contour [u, a(u)] to contours in the complex plane on which they are rapidly decaying.

To this end, we use the factorization

Fie e ! _ 1 0\ 0 1 1 0
0 _57(%“;6—2@7(%#) - 75*(:;‘/’;”)26—2ns07(x;u) 1N\=1 0 7‘5*(;3;“)26—271%(:0;#) 1)

o (w5

for p < < a(p). Next, we define lenses ¥y connecting p with a(u) in the upper and lower parts
of the complex plane, as shown in Figure 2l The precise shape of the lenses will not be important,
but they need to satisfy some further conditions. Let us take § > 0 sufficiently small and define disks
U, of radius 6u around p, and U, of radius ¢ around a(u). Then we require that ¥_ = >, and that
Y1\ (U,UU,) lies in the region Im z > % i, i.e. the upper part of the lens outside the disks lies above
the line connecting 0 with a(u) + 3. Let us now define

T(z), for z outside the lenses,
1 0
T(z —~ , for z in the upper part of the lens,
() = { TN 50 pype2metem 1) Pperp (7.7)
1 0
T(z) |~ 5 —onels: , for z in the lower part of the lens,
5(2;7 M) e nﬂo(zxu) 1

where we recall the definition (7.4]) of 3\, and the lens-shaped region is as illustrated in Figure 2l

RH problem for S
(a) S:C\ [u, +00) — C?*2 is analytic,
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(b) S satisfies the jump relations

1 0
SJ,_(Z) — S_(Z) <;5\(Z'M)2e—2”@(z§ﬂ) 1> 5 A 2+ U 2_,
0 1
sew) =5 (4 ) p< e <alp)

T =2 200 (w)
L S(asp)2e > 7 € (a(u), +o0),

Si(@) = S_(x) (0 1

(c) S has the asymptotics

S(z)=T+0(z"") as z — 00,
(d) as z — u, S(z) = O(log(z — p)).

7.4 Construction of the global parametrix P()

The RH problem for S has constant jump on the interval (i, a(u)), and exponentially small jumps on
the other parts of the contour as long as one is not too close to the endpoints p and a(u). We will
show that the solution S outside small neighbourhoods of the points p, a(u) is close to the solution of
the RH problem obtained formally from the one for S if we let n — oo, as long as p does not go to 0
too rapidly. In other words, we then obtain the following RH problem, which, as already mentioned
earlier, we normalize in an unusual way, which helps us to obtain simpler matching conditions on
circles around the points p,a(p).

RH problem for P(°°)
(a) P):C\ [, a(p)] — C**? is analytic,
(b) P satisfies the jump relation
S 00 0 1
Pw =P (O 5), w<a<atu),

(¢) lim P = gp, where

o — % (1 i) . (7.8)

Note that the asymptotics at co of P() ig gp rather than the identity matrix, and hence we expect
P() to approximate opS rather than S. There are many solutions to this RH problem, depending
on how one wants to normalize it at the points p and a(u). The solution that will turn out to be a
good approximation to opS for large p is defined as

PO (2) <7(ZO)‘1 V(‘L)) g, where v(z) = (%“(:)YM, (7.9)

where « is analytic in C\ [, a(u)], and tends to 1 at infinity.
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7.5 Construction of the local parametrix P*) near u

As already mentioned, we expect (and will show) that P(*) is close to opS outside some small
neighborhoods of p,a(p). However, we can not expect this also inside these neighborhoods, since
P() blows up at g and a(p), while opS remains bounded there. In order to find the behavior of
S when z is close to p,a(n), we will construct functions satisfying the exact jump relations locally
(referred to as parametrices) in neighbourhoods of z = p, z = a(u).

We start with the local parametrix at the point z = u. Let us denote, as before, U,, for the disk of
radius dp around p, for some sufficiently small 6 > 0 independent of p. For p < pg and § > 0 small,
a(p) is not contained in this disk. The aim of this section is to construct a function satisfying the
following conditions.

RH problem for P®
(a) P is analytic in U, \ (X4 U S_ U [, a(w)]),
(b) P (2) satisfies exactly the jump relations as S for z € U, N (X4 U S_ U [, a(p)]),

(c) P matches with P(>) on the boundary of the disk, in the sense that

P (2) <P<°°> (z)> T (7.10)

M
p(p)n

uniformly for z € 9U, < p < po in the limit where n — oo.
The limitation of the present RH analysis lies in this condition (c): we will only be able to achieve
[@IQ) if np(p)p is sufficiently large. If yp — 0 more rapidly, we will have to refine our RH analysis
later on.

Recall the analytic for z € Uy, \ [, a(p)] function ¢(z; 1), defined in (G.8]), and recall the function
((z; p) defined in (6.19), whose properties are described in Lemma

We will construct P*) in terms of the unique solution to the following Bessel model RH problem,
for which we construct the explicit solution below.

RH problem for ¥p

(a) Up is analytic for ¢ € C\ g, where £p = [0, +00) U [0,e?00) U[0,e"*00), and 0 < 0 < 7, with
each of the rays oriented away from the origin,

(b) Wp satisfies the jumps ¥p 4 ({) = U _(¢)Jw,(¢), where

1 )
1 (1) . Ce0,¢%0),
1 0 .
T =3 (1) celeo),
0 1
) 6 07 b
0 o

(¢) ¥p has the following asymptotics as ( — oo, uniformly w.r.t. arg( € (—m, ) : for any integer
M>1,

Up(Q) = (—¢) /g2 Ep(¢) g - €978,
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where ¢, is as in (7.8) and £p(¢) has the following asymptotics as ( — oo, which is uniform w.r.t.
arg ¢ € [—m,m] : for any integer M > 1,

. N4k-3)! M (4k—1)N(4k—5)!
Z %W ¢ Z 2k—1) 182k—1 k—1
! - c 73
()= ;0 =1 (M =0 +O(c-M-12), (7.11)
S (4k—3)112 Z (4k—1)112
Zk:1 (2k—1)!82k*1(—C)k*1/2 = 2k '8%( OF

In what follows we will need an explicit expression for the sub-leading term of &g,

0 2\ 1

E(Q) =1+ <Z 8) —— +O(CY, (= oo (7.12)
s 0/ V=

Construction of a parametrix out of modified Bessel functions. We refer the reader

interested in a more detailed and pedagogical construction of similar Bessel parametrices to [25] (see
also [32]). We define

() = Vrlo(v—=() J—%Ko(\/—_o
-\ VIV SRR (VD))

and then we set

v (C), arg ¢ € (0,7 U [, —0),
~ 1 0

w0 =4 O\ 1)’ arg € (0,6) (7.13)
o (| f) arg ¢ € (~6,0).

Next, we let

P (2) = B (2)0 p(n?C(2: ) "CEMFIOG (21 103 Llmz > 0.
where

BW(2) = PO ()55 1)~ g (=0 (25 )",

such that EW is analytic in U, and such that the matching condition becomes (by Lemma [6.7),
uniformly for 0 < p < po and np(p)p > M as n — oo,

-~

P (PE(E)) T = 2(2) 008 )" (e )65 2110 ()7

(7.14)
=7(2)"" (I + O(H‘lp(u)‘lu‘m)) v(2)%,

for z € OU,,. Here we used that ;5\(2; ) is uniformly bounded from 0 and oo in z € U,. Henceforth,
since y(z) is O(u~Y/*) on 9U,,, estimate (TI4) becomes

PU(z) (PO(z)) =T+ O™ o)~ u7). (7.15)

7.6 Construction of the local parametrix P near a(ju)

We now fix, as before, a disk U, with sufficiently small radius § > 0 around a(u), such that U, does not
intersect with U,,. The aim of this section is to construct a function satisfying the following conditions.
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RH problem for P(®
(a) P is analytic in U, \ (24 UX_ UR),
(b) Pl@(z) satisfies exactly the same jump relations as S for z € U, N (X4 UX_ UR),

(¢) P matches with P(*) on the boundary of the disk, in the sense that
~1
P@(z) (P(‘X’)(z)) —I+0mn™

uniformly for z € 9U, and 0 < p < pg in the limit where n — oo.

Recall the function ¢(z) defined in ([6.6]), which is analytic for z € U, \ [, a(p)], and recall the conformal
in U, map n(.) = n(.; u) defined in the second of the formulas ([G.19]),

2 3

o(z) = —377(2) z € U,.

We will construct P(® in terms of the Airy function in the following way.

Construction of a parametrix in terms of Airy functions. Define

Vo i’l)l
-, ,) , argn € (0,2m/3),
—ivy Uy
Vo z'v_1
. ’ , argmn € (_277/370)7
—ivy vy
ailn) = v v
—1V-1 1
. .|, argne (2n/3,7),
—v 1
i’l)l z’v_l
’ / ) argn € (_71-7 _27T/3)7
vy vy
where

vo(n) = \/ﬁAi(n), vi(n) = \/ﬁe_mmAi(ne_zm’/zj’), v_1(n) = \/ﬁemmAi(nezm/?’).

Then, ®a; solves the following model RH problem.

RH problem for ®,;

(a) ®a; is analytic for n € C\ Xa;, where Ya; = (—00, +00) U e?™/3(4-00,0) U e~ 27/3(400,0) is an
oriented contour, with the orientation of the (half-)lines from the first mentioned point to the
second one.

(b) ®a; satisfies the jumps ®a; 4 (1) = Pai—(1)Jo,, (1), where

1 0 . .
L) mEETPHoe,0) U (400, 0),
11
J@Ai(n) = O 1 b 7] € (07 +OO)7
0 1
9 € _00707
1 0) ne( )
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(¢) ®a; has the following asymptotics as 7 — oo, uniformly w.r.t. argn € (—m,m) :
®ai(n) = 03/ AEni(n)ape 51,

where g, is defined in (7.8)), and £a; has the following asymptotic expansion as n — oo, which

is uniform w.r.t. argn € [—x, x| : for any integer M > 1, we have

) M (12m—1)-(12m—5)! M (12m—7)-(12m—11)!!
g ( ) +mzl 287”347”*1(2m)!(4m—3)!!1’]3m ng_:l 287”*4347”*3(2m—1)!(4m—5)”?73m73/2
AilN) = B B
: . % (12m—5)-(12m—11)1! 14+ % —(12m+1)-(12m—5)!!
? 1 28"”*434’”73(2m—1)!(4m—5)”?737”*3/2 1 28m34m71(4m_3)!!(2m)!n3m
m= m=

+ O(n~3M=3/2) 0 (7.16)

The form of the expansion (.I6]) is not important at this point, but it will become crucial later on
that

5y
48 n

We define
P (2) = B ()0 (02 (2 1) e #0735 (2 )
If we set

-~

o3
B (2) = PO (2)5(z: 1)~ (0 On(z )

then (%) is analytic in U, and the matching condition becomes by LemmalG.7, as n — oo, for z € U,

-1 - ~

PO () (PO(=)) - =y(2) ™ d(z5 1)~ 7 Ens(n® n(z: ) ar (25 1) 1 ()

(7.18)

Hence
-1
P (z) <P<°°>(z)> = I+0m™, (7.19)
uniformly for z on OU, and 0 < pu < pg as n — oo.

7.7 Final transformation S — R

Define

0. S(2)PW ()=t for z € U,
R(2) =4 ,.5(2)PW(2)~'  for z € U, (7.20)
0,5(2)P(>)(2)~1  elsewhere,

where g, is defined in (7.8]). The function R solves the following RH problem:
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RH problem for R

(a) Ris analytic in C\ <8UM UdU, UL, US_ U (a(y) + 6, +oo)), where $4 = 34\ (U,uU,), and
¢ is the radius of the disk U,,

(b) R satisfies the jump relations Ry (z) = R_(z)Jgr(z), where

oo 1 0 0o — S
Jr(z) = P )(z) <g(z.lu)2e—2ngo(zm) 1) P )(z) L z € Y,

Jr(z) = P (z) ( ) PN (2)™ x e (a(p) + 6, 400),

0 1
Jr(z) = P (2)P@) (2)71 z € dl,,
Jr(z) = P (2)PW ()71, 2 € AU,

(¢) R has the asymptotics

R(z)=1+0(z"1), as z — 0.

Lemma 7.1 For any pg > 0 there exist M,c > 0, such that as n — 0o, we have uniformly for
0 < p < pg, up(p)n > M, and for z on the jump contour for R that

Jr(z) — I =0(n™1), for z € 0U,,
Jr(z) =TI =0np(p)tu™r), for z € OU,,
Jr(z) — I = O(e Pk, for z on Sy,
Jr(z) —1I = O(e‘cmﬁ), for z > a(p) +9.

Proof. For z on 0U, and 0U,, the required estimates for Jr(z) — I follow from (Z.I5) and (Z.I9).

For z = u +iv on §J+, it follows from Lemma and from the shape of the lenses (recall that we
imposed v > gu on Y1) that for some ¢, ¢’ > 0,

|e—2nso(2)| < e~ 2nVp(n) < o2 np(W)Vu < 6—20”np(u)\/ﬁ7
which tends to 0 rapidly in the limit under consideration. It follows that
Jr(z) — I = P> (2)0 (e—2cffnp<u>ﬁ g(z)2> P®) ()1,

We also recall that g(z)N2 is uniformly bounded on 3 and that we have the uniform bound P(*)(z) =
O(|z — p|~Y/*) for z € ¥, such that

Jr(z) —I=0 <M—1/26—20”np(V’)\/ﬁ) -0 (np(u)\/ﬁe_%”"p(”)‘/ﬁ) —0 (e—cnp(u)u)
as n — oo with 0 < g < po, pp(p)n > M. The analogous estimate on S_ is obtained by using

the symmetry of the jump matrices. For z on (a(u) + 0, +00), we observe from (6.10) that f(z;u) is
positive, hence by (6.9,

e(z;1) < pla(p) +96) < =C
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for some C > 0. It follows that

Jr(z) — I = P®™)(2)0 (e—zcng(z)_g) P (z)7 = O (e720m) |

Moreover, for z large, we can improve this estimate: by (€8) and (6.2), p(z;p) < —327 for z large
enough, and this yields the required estimate. O

It follows that the L2-, L'-) and L*- norms of the entries of Jg — I on the jump contour are of order
O(n~tp(u)~tu=1). Using standard small-norm theory for RH problems, see e.g. [7, 12, 3], we can
conclude from this that

R(z) =T+ 0(n " p(uw)~'p),

as n — oo, uniformly for 0 < u < po and np(p)p > M sufficiently large, and uniformly in z,
provided that we take M > 0 sufficiently large such that Lemma [7.1] holds. Estimates for R’ can also
be obtained, and we can use this to derive asymptotics for the logarithmic derivative 0, log Hy (1),
uniformly in g. In the next sections, we will explain how to refine the above RH analysis in such a
way that we can extend the uniformity region in u.

8 First refinement: large n asymptotics for (%)2 < u <

In this section, we refine the RH analysis from the previous section in order to obtain large n

asymptotics valid uniformly for (%)2 < p < po (which is, in general, a larger region than the

region % < wu < po from the previous section, but for S small still smaller than the region

2
(n%u)) < p < po which we will ultimately need; recall (8:2]) and (6.I1])), for an arbitrary constant

1o > 0 and a sufficiently large constant M > 0. To achieve this, we modify the choice of normalization
point. This refinement is similar in spirit to the one used in [9], although in that work the authors
used a conformal mapping instead of a different normalization point. We will modify the constructions
of §,P() p) p@) R and we will denote the corresponding objects here as §, ﬁ(oo), 13(“), 13(“), R.
Note that this refinement does not allow to improve immediately the asymptotics for the function
Y from Section [(1] itself, but it allows to obtain immediately an improved asymptotics for the ratio
Y_lﬁuY, which is what we need in order to obtain 0, log Hy, (1) by using Proposition .11

8.1 Refinement of the RH analysis

Normalization of S. Instead of normalizing S at infinity such that S(z) — I as z — oo, we will
now normalize S at the point z = —pu. Let us define for this purpose

S(z) = S(—p)7'S(2). (8.1)

This will turn out to be a convenient choice later on, because it will allow us to keep the size of the
jump matrices near the points p and a(p) in balance. The precise location of the normalization point
is not that important, as long as it is of the order —u for small u.

ljormalization of the global parametrix. Next, we will define a modified global parametrix
P(*) which is also normalized at the point z = —u. To this end, we let

P)(2) :=F(2) "%,

P
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A (2w z—aw)\!
’Y(Z)_'y(—u)_<a(u)+u z—p ) ' (82)

Writing as before, with 6 > 0 sufficiently small, U, for the disk of radius du around u, and U, for the

disk of radius § around a(u), we have that 3(z) and P(>)(z) are uniformly bounded for z € 8U, u, but
on the other hand 7(z)~" and P(*)(z) blow up like O(u~'/4) for z € AU,, as u — 0.

Then, P(®) is a solution to the RH problem for P(°), but with condition (c) replaced by
(¢) P (—p) = g
Modified local parametrix near p. We define P in the same way as P but with P(>)
replaced by P(*): namely, let
PW () = EW ()W g (n¢(z; p))e " PEMF0BE (2107 £Imz > 0, (8.3)
with
B (2) = P () (25 1) g (=0 (2 1)/, (8.4)

where we recall that d is given in (T4)). Similarly as in (7.I4]), we then have the matching condition

—1 —~ ~

PUI(z) (P(2))  =3(2) ™ .0z 1)~ 0 Ep(n*C (2 1)) b (25 1) 0 1 A(2)
= (=)™ (1 + 0™ p(w) " a1 ) A=),

for z € OU,,. Since 7(z) is bounded on 0U,, we get

PUI(z) (Pe)(2)) LT O () ), (8.5)

as n — oo, uniformly for np(u)/n > M and 0 < p < po. This improves the matching condition

([@15).

Modified local parametrix near a(y). We modify the local parametrix in U, by setting
P@(z) = B (2)@ai(n* n(=; p))e " G176 (2 1)7

and

S(a (oo N —03 _— —3n o3/
B0 = PO (el

This results in the matching condition, similar to (T.IJ]),

PO(z) (PO(2))  =A(=) " 00(z5 )™ 07 Eain (2 1)), 3z 1) 5 (2)™ =

(8.6)
=3(=)"7 (I + 0 ™) A=) = I+ O~ u™ '),

for z € OU,, as n — oo in such a way that n,/i — co. Here we used the fact that 7(z) is of the order
1/ due to our modified definition of 7(z).

Note that the matching between the global parametrix and the local parametrix near a has now
become worse, because of our refinement. This is the price we have to pay for the improvement of the
matching condition between the global parametrix and the local parametrix near u.
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Modification of R. Define

S(z)PW(z)"t  for z € Uy,
R(z) ={ 0,8(z)P@(2)"!  for z € Uy, (8.7)
S(z)P) ()1 elsewhere.

Then R solves the RH problem:
RH problem for R
(a) R is analytic in C \ <8UH UOU, UL, US_ U (a(p) + 6, +oo)>,

(b) R(z) satisfies the jump relations R (z) = ﬁ_(z)Jﬁ(z), where

I3 =P (5 e ’

P®) ()1 5
(Z;Iu)2e—2n<p(z;u) 1> (Z) ) zZ € 2y,

- Y =2 2np(z;pu)\  ~
Iat) = P a) (5 7T PO a4 84,
J(2) = P)(2)P@ ()71, z € OU,,

Ja(2) = P (2) PW ()7, z € dU,,

(¢) R has the asymptotics R(—p) = I.
We have the following analogue of Lemma [7.1]

Lemma 8.1 For any pg > 0 there exist M,c > 0, such that we have uniformly for (%)2 < < po,
and for z on the jump contour for R that

Ja(z) =1 =0m  pu=/?), for z € AU,
Ja(z) =1 =0 p(u)~ u='"?), for z € OU,,,
Jp(z) =1 = O(e~cmPir), for z on Sy,
Jp(x) -1 = O(e_cmﬁ), for x> a(u) + 4.

Proof. The proof is similar to that of Lemma [.I] except for the behavior of P(>) that is different
from the one of P(*)(z): P(®)(z) remains uniformly bounded for z on the jump contour close to y;
for z on the jump contour near a(x), we have ]3(00)(2) = O(p~"*). Implementing these changes in
the proof of Lemma [T.I] we obtain the stated result. O

It is straightforward to prove that this implies the following result, which we will utilize later.

Corollary 8.2 Let ||J; — I|;, j = 1,2, 00, denote the mazimum of the L(X3)-norms of the entries
of Jg — I. For any po > 0 there exist M,c > 0, such that we have uniformly for (%)2 < < o,

[Tz —1I]; =0m w2 forj=1200,

and moreover

‘ Jp€) -1

AL | O e TR ) 8.8
c 4 (n="u='%) (8.8)
where H

1

Jﬁﬁ)}:I Hl is the mazimum of the L*($3)-norms of the entries of

Jp&)—1
E—p
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Later on, we will use the explicit form of the jump matrices on dU,, 0U,,,

~

~ -1
o) =) g8z 0 g (Eastnnzm)) g0z 0 0 13(), 2 e ou,
Tp(2) =3(2) " 0.0(zp) "0 L (E5(n*C(z:0) T 0(zi )0 A (), 2 € OU,.

The conclusion of this refined RH analysis is that we improved the jump matrix of Ron dU, 1, but in

(8.9)

exchange the jump matrix of R on oU, now behaves less good. For § > 1, this trade off is convenient,
and it allows us to obtain asymptotics for R, which will allow us next to compute asymptotics for
0y log Hy, (). For <1, we will need one more refinement of the RH analysis.

To obtain asymptotics for ]%, R , we follow the usual techniques of small-norm theory for RH
problems, but adapted to the situation of a RH problems normalized at the point z = —pu instead of
Z = 00.

Proposition 8.3 Asn — oo, we have uniformly 0 < p < pg and n\/;n > M that
R(p) =T+0m™'p™'?),  R(p)=0mn"'u=?).

Proof. Consider the Mobius transformation

Z— w41
w(z) = , z(w) = —p——or,
zZ+ W w—1
which maps the normalization point z = —u to w = co. The function R(z(w)) is then analytic in w

except on the image under w(.) of the jump contour for R, and on this image, it satisfies the jump
relations

R(z(w))4 = R(z(w))-Jp(2(w)).

Moreover, R(z(w)) tends to I as w — co. We are then in a situation similar to that in [9]. Using the
arguments of [0, Lemma 1], one can then use small norm theory for RH problems, Lemma [R1] and
Corollary to conclude that

Riz(w) =1+ 0 <n_1,u_1/2(|w| n 1)—1) or R(z)=T+0(n"(z+p), (8.10)

uniformly for z(w) off the jump contour for R. In particular, this holds for w =0, z = pu.

For the estimate of the derivative R (1), let us return to the variable z instead of w. From the
RH conditions for R we know that R+ ~R_=R_ (Jg — I) on the jump contour Xz, and also that

ﬁ(—u) = I. It follows that the unique RH solution satisfies the following equation,

Ay 2tn [ B©URE) = D)

Ry =I+=55 / E+mE—2) (8.11)
Differentiating, we obtain

S 1 [RA(QURE-T) dg A

R(z)—%/ o, zeC\%g (8.12)
For z = p, this implies

sy L [(RAO-DURE -DdE 1 [ (Jp(§) 1) dg

Bl = %l (€ —p)? " omi / E—-n?
Using the fact that ﬁ = O(p~ ') and (BR) in the second term, and (8I0), ?_F—Z = O(1), and (B8) in
the first term, we obtain the required estimate. O
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2
9 Second refinement: asymptotics in the regime (%) < 1 <

In this section, we will further improve the RH analysis, in order to obtain uniform estimates as

2
n — 00, uniformly for <%> < u < po, where g is an arbitrary constant and M a sufficiently large
constant.
j ~ Ri 1
Observe that the jump Jg for R is I + O(np(u)\/ﬁ)

to the identity. On 9U,, different entries of the jump matrix Jg have different order: we have

Ta(2) =3(2)™° (I +0 <%>> J(2)7 = 15((9\/72? iff(n%))

on OU, as np(u),/ft — oo, and is hence close

(9.1)

as n — oo, i — 0, so it is only the Q, 2) entry of the jump matrix that prevents it from converging
to the identity. We will transform R to R in such a way that the (1,2) entry of the jump matrix

for R becomes O (%) for sufficiently large integer m, and hence (by (3.2])) is also of the order

Vi
1
O (np(u)\/ﬁ

To this end, define the nilpotent matrix o = <8 (1)>, and define

~ ~

R(z) = R(z) (I = F(z;p)oy), (9-2)

where F'(z; ) is a scalar function, analytic in z € C\ 90U, and such that F(—pu; ) = 0, which is to be
determined. We will search for F' in the form

F(zip) = 2—:1 Ffl Ei/g) (9.3)

where m € Nand Fj(z; 1), j = 1,...,m, are uniformly bounded functions that we will construct below.
Using the nilpotency of o, it is straightforward to verify that the function R solves the following RH
problem (see Figure [3)):

RH problem for R

(a) R is analytic in C \ <8UM UAU,US, US_ U (a(p) + 96, —i—oo)),

(b) R(z) satisfies the jump relations R (z) = R_(z)J5(2), where

Jp(2) = (I + F_(2)o4) Jp(2) (I = Fy(2)oy), (9-4)

(¢) R(~p)=1I.

We will construct Fj to be analytic in C \ 0U, and such that it is uniformly bounded in z for u
sufficiently small and n sufficiently large. Moreover, we need it to be small near 0: Fj(z) = O(z + p)
uniformly for |z| < § for some small § > 0, and thus in particular on O(9U,). In this way, F(z; u) is
uniformly small on U, and we can observe that the jump matrices Jz for R will be, like the ones

for E, I+0 (#{M) as np(u),/1t is large, except possibly on 9U,.
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To determine the coefficients Fj(z), we need to take a closer look at the structure of the jump
matrices Jg and Jz on 9U,. By (B.9) and (ZI6), we can write Jg for 2 on the circle OU, in the form

e (Y AGE PG
TRz = <\//70(2;u) 1+1§2;u)>’ (5:5)

where A, B,C, D are functions of z that depend also on n and pu, and that admit the following
asymptotic expansions for large n :

A~ 3 I ey SO BER Gy S G iy L3 PIER (g
j=1 :

n
J=1 J=1 J=1

Substituting (9.5)) in ([@.4]), we obtain

S (1TA+FCVE F_—F++%—F+A+DF_—F_F+C\//7 ©.7)
L N/ 1+D—-CF. i ' '
Now, substituting the asymptotic expansions (0.3) and ([@.0]), we obtain
1 F; _(z;p) — Fj+(z1) + Bj(z;0) + Jj (2, A,C, D, Fy, ... Fj
J1§712(Z; /,L) ~ Z J ( ) j+( ) J( ) ]( J )7 (98)

Vi w
where J;j(z; A, B,C, D, Fy,...,Fj_1) depends on the quantities
Ag(z;p), Ce(z; ), Di(z;p), fork=1,...,7,and on Fy(z;u) fork=1,...,5—1,
but the crucial observation is that it does not depend on Fj(z) for £ > j. We have in particular

Jl = 07
Jo=—-F A+ Di1Fy .,
J3 = —F17+A2 — F2,+A1 + D1 Fy_ + DoFy _ — Fl,—F1,+Cl-

Hence, we can construct Fy(z; u), Fo(z; i), . .. iteratively by requiring that
Fji(zp) — Fj—(zp) = Bj(zsp) + Jj(z0),  Fj(—psp) = 0. (9.9)

This yields, by the Sokhotsky-Plemelj formula,

2+u/ (Bj(& 1) + J;(& 1)) d€
Fi(zp) = , . 9.10
G =50 Jon =+ (5.10)
By construction, the structure of the jump matrix J5(z) on the disk 9U, is as follows:

1 S S

n

S (Z) 1+0()

Moreover, each function F}j(z; pt) is analytic in z € C\0U,, continuous up to the boundary, and satisfies
the normalization condition Fj(—p;p) = 0. Moreover, the functions F'(z; i), Fj(z; p1), their derivatives

38



and boundary values are uniformly bounded for n sufficiently large and p sufficiently small. From
(@I0) and (@.3)), we easily obtain the uniform estimate on U,

F(z;p) = O(/p/n), z € 0Uy, (9.12)

which will be needed later.
Let us now take m an integer larger than % —1lforf<1l,m>1for 5=1,and m >0 for g > 1.

It is then straightforward to verify by ([3.2)) that Jz(z) = I+ O ((n\/ﬁp(,u))_l) as n — 0o, uniformly

2
for z € 90U, and for <%> < u < po.
In what follows we will need an explicit expression for the z-derivative of Fj(z;u) at the point
z = —p.

Lemma 9.1 We have

0. F1(z; 1)

=

iva(p) + p | 92 Walw) — va)? L 08 (& 1ozt (alpr) — 1)
A(ap) — ) f(a(p); p)v2 a(p) 2f(a(p); ) '

Proof. By (89) and (7.16]), we have

L (3(2)% — <L —i (35(224 3 _1
JA(Z) = I—I—( 126 ( (Z) 5(2)2> 487(2)? (3 (Z) 6(1z)2 >) ( 1
nn

1
" —TEE (33()2 + eth 1) 7 (002 - 5 Zp)? T \nPn(z p)?

4(2)?

uniformly for z € 9U,, as n — oo with p < po and np(p)./p sufficiently large. It follows from (9.5])

that
o —iH - 3
Bilzim) = 48n(z; 1)3/27(2)? (35(;;)2 e 1) .

Using ([@.10)), we obtain

cap [ (B3O -1) e
G =5 | BTG E-E+ )
Ua ~ R (9.13)
; i (3O 480 1) e
A = o | GG N (L

a

These integrals can be computed by computing the residues of the integrands. To perform the

computations, we set & = a(u) + (a(pn) — p)v, and find, using (6.19), (7.2), (Z4), (82) that

o 2 1/4
7o) = <(a(u) T +v>> ’
o) — ol — /)2
56 =17 20 %ﬁ + 202 ( (Z)(u) Vi) v+ OW?), v—0,
3 <—1 azf('z; :u)z:a(,u)(a(:u) - :u)

1
€ = SH(a)m i) = e (143 (S 4 EEL et

>U+O(U2)> v — 0,
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(9.14)
and

—i (35(¢)* +33(6)2 — 1) B 5in/al) T |
A87(€)2n(& w32 24f(a(w); p)(a(p) — p) 2 v
n_

' é?} o2 s 2 _ 382.]0(2;“)2:(1(#) (CL(,U,) - :u') 02
(1 e (1 7 <\/ ) 1 (a(u)ip) ) + o )> (8.15)

as v — 0. Combining this with

d¢ ~ (a(p) — ) dv (1_<ZEZ;:Z+ZEZ§15>U+O(U2)>, v =0,

€—2)(E+p)  (alp) —2)(alp) + 1)

and substituting all this in (9.13]), we obtain after computing residues an explicit expression for Fi(z; i)
and its z—derivative for z outside of U,

_ —i(z + p)valp) +p
6v2f(a(p); p)(a(p) — 2)(alp) + )
2 B 2 _ 30: f (23 1) 2=a(u) (alp) — 1) ~ S(a(p) =) 5la(p) — p)
b e ( o) 1) f(a(w): ) Ha(w) — =) Halp) - )

Fi(z;p)

—i(z +p)valp) +p

P = i) — 22 )]
2 301 (2 1) smag (alp) — 1) 5a(u) — p)
14302 < h ) B () B .
2 Wl Af (alu)s 1) 2a(p) — 2)
Substituting z = p in the latter, we obtain the statement of the lemma. O

Remark 9.2 Though we do not need it in the present paper, it is natural to ask whether the above
analysis allows one to obtain the asymptotics for the original function Y from RH problem [7.1] itself,
and not only for its logarithmic derivative Y ~19,Y. So far we did not obtain the asymptotics of the
function S from the RH problem of Section [[3] but instead we studied the function S from (8],
related to S via the unknown quantity 5:\(—,u). We can indeed obtain asymptotics for S, and thus for
Y, using the expression S(z) = S(c0)™1S(z), where the asymptotics for both factors on the right are
known.

M
p(u)n

2
Proposition 9.3 As n — oo, uniformly for ( ) < < po, we have

R(p) =1+ 0 o) u ), R(w) =0 p(w) " u*?),

and
1 - a(p) a2yt azf(z;u)z:u -1/2
12(1) = 8np(1)\/2u <4 TP Ol )> ' (9:16)

40



Proof. The estimates

R(p)=T+0m  p(u) ' u '), R(p)=0Mn " p(u)~ n=5/?)

are proved similarly as in Proposition B3], and we omit the details. Also similarly as in Proposition
B.3l one shows that R_(z) — I = O(n'p(p) = u=3/2(z + p)). It remains to compute the leading order
term in R/(u) explicitly. For this, we use the expression

1 / R_(&)(J5(€) — 1) d¢
(€ —2)? ’

R(z) = o z€C\ Zg. (9.17)

R

For z = 1, the contribution of ¥ \ OU, to this integral is O(WM), so we have

S 1 (RO -DUREO-DdE 1 [ (J&) = 1) d¢
R(u)—mw G=mE +2m.8U/ e + <n2u3/2p(u)2>'(9'18)

Next, we use the above estimate for R_(z)—1I, g*_’—ﬁ = O(1), and an estimate similar to (88]) for Jz—1

to conclude that the first term in this expression is also O (n_2,0(,u)_2,u_3/ 2), so we have

N RS Ry R

e %w (& — p)? 232 p(p)?
1 () —T) A 1
- 2mi / €—w2 © <n2u3/20(u)2>  (819)

©w

where we used (@.12]) in the second step.

We will now use a residue computation to evaluate the (1,2)-entry of the remaining integral at the

right. By (89) and (7.12]), we have

1 v —0o I \N—03 _— 0 % SrNo3 —1o o — —
To(2) =T = e a8 () 803" + 0 (z0)
for z € OU,,, and straightforward computations yield
—1 ~ 1
Js . (2) = 022+ ——+1|4+0n2¢C(z;0)7?), 9.20
held) = g ( @+ 5 ) (03¢ (2510 7) (9.20)

Recall the change of variable z = y — (a(p) — p)w from (). By (€.9),

=0 = ol ol v (14 (- L W20 4 0u2)) as w0, (9020

By (7.6)), we obtain

2
5(2)2 +6(2)"2 =2+ 402 (73%) - 1) w+ O(w?), w — 0.
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Substituting all this and (8.2]) in ([@.20) and using Lemma [6.7] we get in particular that

Tana(s) = oS (o) + o + O(u)).

uniformly in p,n as w — 0, where

Oof (2 11) 2= +O(u~?), uniformly in u,n

f (s )

Substituting this in (9.19]), we obtain the result by computing the residue of the integrand, taking into
account the change of variable z — w.

ho(p) =3+ 0(n),  hi(p) =4y~ +

a

10 Asymptotic form of the differential identity

In this section we compute the asymptotics of 9, log Hy,(1t). To make the exposition uniform regardless
of whether > 1 or 0 < § < 1, we take m > max(0, % — 1) (and hence, m > 1), in the construction
of the function F in Section [ (even though for 8 > 1 we could also proceed with m = 0).

Our objective in this section will be to prove the following result.
Proposition 10.1 Let 8 > 0, a € R be fized parameters. For any po > 0, there exists M > 0 such

2
that we have uniformly in (%) <wu< g asn — oo that

Oy log Hy (1) = Da(p)n® + Dy(pw)n + Do(p) + (s m),

where

D _ L _ 2 _« a(p) _

2(p) = = (alp) = we(p)”,  Di(p) = 5p(u) ( i 1),
_ o 1, Ouf(w;p)

Dolu) = (2 T 20 )
and

rm) — 1 172

(ki) O<nu3/2p(u)> TOW).

Remark 10.2 With more effort, we can prove a slightly stronger version of the above result: if we
replace Dy(u) by

a(,u) i - :u) amf(:Ev ﬂ)m:u

full 1 _ 942 afp) _(a(ﬂ)
P = Sy ' ( p 1) 27 i 10

1 s ) o2 (1o EY @) = 1) B f (@ amage
8 Falu)i 1) (ali) — ) (1 2 (1-4/285) )

7

then the error terms in r(u;n) are improved to O (m) . This allows us to prove the estimate
referred to in Remark [Tl
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Recall the expression (5.3)) for 0, log H,, (1) in terms of the RH solution Y, and the transformations

Y+ T+ S+ S — R+ Rinthe RH analysis, defined in (Z1)), (Z.7), B8.1), (8.7), and (0.2). Inverting
these transformations, we can express Y in terms of R for z — u_ as follows:

Y(z) = 5(oo)°3e"£“035(—,u; u)ol;_l E(z)(l + F(z)a+)]3(“)(z)e"g(zw)°3 e_"£“036(z)_"3 . (10.1)
~—_— ———
matrix independent of z diagonal matrix

Substituting this expression in (5.3) and deducing from (7.3), 6.8), (67) that 6(pu_) = u®/?, g(u_ +
i0) = %,uﬁ/z + £, £ i, we obtain the identity

~ o~ ~ ~

0108 1,00 = 5 ( (Rl Q@) P i) 0. (Rtasm@@)PW i) )

. (10.2)

2 T=p_

where P is given by ([@.2) and [83), and Q is given by Q(z) = I + F(z)o4.
Next, by (83]) and (84]), we have

R(w; 1) Qs ;i) PY (1) =R (w3 1) Q (3 i) EW) ()W s (nC (a5 )y PIFT93 5 ),

By (67) and (74), the diagonal matrix at the right of ¥p is equal to I at z = u. Substituting
this into (I0.2]), we get

Oy log ]?In(:u) =
= 5 ( (R 0Q@ B @0wst(a)) - 0r (R QB 0)wstam)) |-
(10.3)

The expression between parentheses above decomposes into

9,0 + VT'ETOE- U + UTIETYQT0,Q)EY + UT'ET'\QT'RTI6,R- QEV, (10.4)
where we abbreviated

U = Up(n?((z;p)), E = E'(“)(x), Q = Q(z; ).

We will compute the first two terms in the above expression in Lemma’s [[0.3] and [I0.4] and estimate
the third term in Lemma [10.5l1 The fourth term will be computed in Lemma, [10.0l

1
=T .
r=pi \/_<0>
Proof. We have

V0,0 = Wp(n*C(w; 1)~ 0V (n*C(a; 1) = n*0uC (3 )W (2 (a3 1)~ W (n( (s 1)),

Lemma 10.3 We have

_1 _
9. (‘If 1890\1')21

211

— Dy(p)n?®  and m(é)

T=p_

Furthermore, since ¥ has determinant 1, only the first column contributes to the (2, 1) entry of \I/;\I»'jg.

Recall from (7I3]) that the first column of ¥p can be expanded as ( — 04 in the following way,

T 5(0) <(1)> — T <_ Z. \/Iﬂ—(gﬁ\/)_—& _Jr <1 %_Ca+0<(9€(§)2)> ,
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where O-terms can be differentiated. Hence
—1.7/ —1.7/ 1 —i )

(UB(04)" W5(04)), = (0 1) ¥p(04) " W(04) () == (0 1){ *) =5

Furthermore, recall from (6.19]) and (6.20]) that
(x5 ) = p(p)P(alp) = p)(x = (1 + Oz — ) asz—p,
where the O-term can be differentiated, and thus
0:C (@5 )amp = p(p)?(al) — p),

By the chain rule, this easily yields the statement of the proposition. O

We proceed with the second term in (I0.4)).

Lemma 10.4 We have

-1
5= (¢'ETY(0,E)¥)

2o (o)

Proof. By the second part of Proposition 0.3, we obtain

= Di(pu)n
T=p—

21

and

— i/ @) — ((2—“)/ (1):

p) +

T=MU—

)

(¢TETH (0. E)D)
T=p—

2o o) L = v (o)

and it remains to compute E. Since det E = 1, the (2,1) entry of E~19,F involves only the first
column of E. By (84]), we have

=7 (0 1)E'0,E (é)

=0 1)v'EY,E)V (é)

21

T=— T=U—

and

)

T=p_

~

E =73(2)"70,0(2)" " q, (—n*C(z; 1))/,
and careful computations lead us to an expression for the first column,

1

1\ (=n2(zu) (—5t00)
£(o) -

=)
2 (10.5)
5L

=g
—

-~

2 7(2)(0(2) +

>\
)

=9

To compute the limits of the expression above and its derivative when z approaches p_, we use (7.6)),
B2), and @.21)) (with w = ﬁ) Substituting all these ingredients in (I0.5]), we obtain

2p H

1y _ ) - : 1/4 - f (i) e () —p) a2 (V/a() =)
E<0> = VSl p)(an) —u) | (2 <1+<§— T )w :
+O(w?))

1/4
— () ( ] _ 1> w+ O@w?)
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where the O-terms can be differentiated. Thus

5 (5)],.,, — VT —m () " (7).

_ (w)l“ ol S
0 (o) ],._,, = VATGEmaGT 10 " " ,
0/ lw=t0 Z( 2 >1/4 T _ O fmau a)—)  o? (VaWw—yi)?
a(p)+u 24 12 (1) 2 p

and hence

=(0 1)E'9,E (é) (w:w — inf (s ) aln) — ) <%>1/4

_ (M)lﬂla a(p) 1
(=1 0) " !
; (2_u)1/4 T Ouf(ememy (al)=p) | o2 (el —yR)?
a(p)+np 24 12 (pspe) 2 w

(E70uE),, |

w=04

— inf (s 1) (alps) — p)or ( % - 1) |

To finish the proof it is sufficient to observe that 0, = ﬁ@w. O

Next, we deal with the third term in (I0.4]).

2
Lemma 10.5 As n — oo, we have uniformly for <p(%n) < p < pg that

1

2mi

Moreover,

QEY <(1)> L= iv/mp(u)(a(p) — pn i a(/f)i/iru (F(lu )> :

Proof. By Proposition [[0.4], we have

(VT'ET'QTN(0.Q)EY),,

= O(p())-

T=p_

r=

1 I 1 1] 1
—5— (TTETQTHAQEY),, m:uiz—%(o 1)U ETQTH(8:Q)EY <0> _
ip(p)(a(n) = pny/ s
_ 5 w)+p (Q_laxQ)m ‘w:“77

which allows us to concentrate just on the factor involving (). Note that the (2,1) element of the
matrix on the left is expressed in terms of (1,2) element of the matrix on the right. Since @ is
upper-triangular, we have

(Q7'0Q), | =0FEm|
T=p_ Z=p_
Hence,
~ L (0 EQ N 0,Q)BY) — Lp()(al) — iy | = 0. F (23 1)
2mi 2 ey 2 a(p) + p s
By ([@.3) and the fact that the derivatives of F; are bounded, we have 0,F(z; )=, = O (ﬁ) , and
the first result follows. The second statement is obtained similarly. O
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10

Figure 3: Contour for the RH problem for the function ﬁ(z)

Here we treat the fourth term in (T0.4)).

2
Lemma 10.6 As n — oo, we have uniformly for <p(%n) < p < pg that

1

2mi

<\P_1E‘1Q‘1§‘1(8x§)QE\I'>

= Dali) + Olp(a) + 0G40 ().

21 np®2p(p)

T=MU—

Proof. Using Proposition 0.5, we obtain

L (v E'Q B0, R QEY)
27 21 lx=p_
—i 2p p-l9 p (F(N)>
= — — —F— (1 —-F R 0:R , (10.6
5 P a(p) = mny [ oesm (1)) 1) oo, » (100)
and moreover by (0.2 and Proposition [0.3]
I Y A e N
2mi (\II ETQTR (axR)QE\II)m T=p_
—1 ~ 1 1
= — - — — 1). (10.
Sl Rua() + O (s ) +0 (=) +0(0). (107)
We now substitute (9.16]) to obtain the result. O

In order to prove Proposition 0.1l it is now sufficient to substitute the results from Lemma’s
031106l in (I03)-(I04) and to observe that p(u) = O(u~1/?).

11 Integration of the differential identity. Proof of Proposition [1.10l

In this section, we first derive asymptotics for Hn(,u) as n — oo for a fixed p > 0; for this, we use
results from [6]. Then, we integrate the asymptotic form of the differential relation obtained in the
previous section. In order to do that, we need some integral identities, which we collect first.

11.1 Some integrals

Lemma 11.1 Let

a(p) . dt a(p) t —
() = B/2— _ g/2—2 | VT H
i) = [ s = [ \ at i —

46




where a(p) is the unique solution of (L24]). (In particular, p(p) = %I_l, where p is defined in (.23)) ).
Then

@ o) = a0 + (11.2)
_Ar(B+ D)(a(p) +p) | 27 (a(p) + p+ Br) pp(p)

) 305+ 2) (113)

©  Tal) = (Ta(n) = T0) (11.4)
S (D et

@ I = g (27 U ) (11.5)

_ Amd(p)
(e)  Ia(p)= (i) — 1 (1) (11.6)
1
() flalp)sp) = a,(u)p(u)- (11.7)

Proof. (a) By the definition (I.24]) of a(u), we have

B [ow 8/2—1 t—p B
. . \/(t—u)(a(u) iy 47T( o(p) — pd—1(p))
and (IL2)) follows.

(b) follows by integrating % (mﬁ/ Y — a(,u))%(a; - ,u)%> over a contour I' going around the interval

[1t, a(p)] and not intersecting (—oo, 0].
(c) follows from the observation

Ly [ e dt Loy I
Loali) = Gl = [ ¢<t—u><a<u>—t><t I

(d) First note that by (I.24]),

B 1 _ /8 a(n) B8/2—1 t—u 1 1
sy [ ()

Integrating by parts and observing that by (a)

a(p) a — m
[ e S — s - o) = (o) = 100 -
7 p ’

we can write the r.h.s. of (I1.8) as

~ Bla(p) — p) 1
se(5/2 -G W B Dale)
and (IL5) follows.



(e) In (L24]) make the change of the integration variable ¢t = a(u)u. Then

1— B (M)ﬁ/z/ W21 U—M/G(M)du'
ir /(i) 1-u

In this form, the expression is easy to differentiate w.r.t. u, and we obtain (I1.6]).
(f) We now write ([.24]) in the form

_ B [y (= )
1= ¢ dt,
8mi t—a(p)

where I' is a counter-clock-wise oriented closed loop around the interval [u, a(p)] and not intersecting
(—00,0]. Differentiating this identity with respect to p, we obtain

_1 1 g/2-1( L= v de
0= 221_1(u)+2ia(ﬂ)/rt t—a(p) t—a(p)’

which gives (L) since

11.2 Large n asympotics for f[n(u) for fixed pu >0

A particular case of Theorem 1.2 from [6] provides the large n asymptotics for a Hankel determinant
with a weight eV (©) e~V which is such that the corresponding equilibrium measure is supported
on the interval £ € [—1,1] and has the form duca = }—I_gfcc;(f), where fcg(€) > 0 for £ € [—1,1].
Applying this result in the case

a — a 5/2 a — a
V(g):( (,@2 Hey (u)2+u> , W(g):alog< (/uc)2 Hey (u)2+u>’

after the rescaling z = alu %_” &+ alp %Jr” , yields

- N ~ 1 ~ 1
log Ha(12) = Caly)n® + i ()n — Slogn + Co() + O ( Og”) , (11.9)

n

where the error term is uniform in € < pu < pg as n — oo, for any €, o > 0, and

[Nl)ey
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24 4
2 aly) 1 a(p)
o? og T Vy—p)a(p) —y) dy .
" H/ \/(w—u)(a(u)—x)]i ) ’

where f is the principal value integral. Next we will prove that @-(u), j =0,1,2, coincide with C;(u)

given in (L.20).

o Ca(p) = Ca(p).

a(p)
. . . B
Using (6.12) and a contour deformation argument, we can rewrite [ z2

o
complex contour integral, over I'y x I's in the integration variables x and t, where the contours I';

and I'y encircle the segment [u,a(p)] in the counter-clockwise direction and do not intersect each
other and the half-line (—oo, 0]. By exchanging the role of x and ¢ in this representation, we obtain a
second representation. Taking the average of these two representations, we can factor out t — x in the
numerator of the integrand, and this factor cancels out with the denominator. The double integral
then decouples into products of single integrals, and in this way we obtain the identity

% f(z; p)dx as a double

=)

(1)
1 s fa(p) —=

-0 / v\ f@mde = % (—I3 (1) + 2uTo () Ty (1) — pa(p)I? (1))
I

= _71 - ﬁu(a(u) — w)p(p)*.

Next, to compute

_ _a(p) +3p p(alp) + ) _ Bla(p) —p) —4p  pe(p)
=~ sy (10— g e + L) = Gy -t e

we again write the integral as a double contour integral, and then change the order of integration.

Furthermore,
ap)
B S (T 3 0D Rk . _ —Aa(p) —p) +4Bp 2(8+ 1)pp(p)
m(a(w) — p) / v 4= (0w —alw)lo(p) COEPECES) vy

and combining all the above pieces we obtain Ca(u) = Ca(p).

o C1(p) = Ca(p).

We substitute (6IZ) in the definition of Cj(u), write the latter as a double integral, and change the
order of integration. Next, by deforming the contour I' to the circle of a large radius R plus the
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interval [—R, 0], and sending R to infinity, we obtain that for ¢ inside T,

1 (x—a(,u))élogx dx

2mi T— W T —1

=
=

((t=a(u)? + (¢ - w?)
Vali)(t = p)% + Et - a(p)?

= 2log

P ()

Long but straighforward computations then lead to Cy () = Cy(u).

o Co(1) = Coln).
To simplify the double integral in the definition of ao(u), we use the relations

][“(“) Vy = (e —y)dy _ | \/AT / — VK )> log z dz (vt W)z
P

Ty(x —y) mzy/(z — p)(a(p) — ) = 2log A/ pa(p)

and then the property follows from relation (IT7) of Lemma IT.11

The expansion (II.9]) and the above identities together yield Proposition [LI0] for £ < pu < g, for
any €, g > 0. It now remains to prove Proposition [[10 as ;4 — 0 and n — oo simultaneously.

11.3 Integration of differential identity.

We can now integrate the result of Proposition [[0.Il Let pp > 0 be a fixed number. For sufficiently

2
large M > 0, we take p; such that (%) < p < pp < po. Then, we integrate the result from

Proposition [[0.1] between p1 and p, where the crucial observation is that the integral of the error term
is small enough: by the asymptotics ([B.2)) for p(u), we have as n — oo, uniformly in p and pq,

. o ~3/2d,u>+(’)( 1/2)_0(nf)+0( 1/2), i8> 1,
/W“”)df‘: O (Ji1 g @) + On’) = O (Gmrdgay) +0 (n7?), it8=1,
. O (Jfh hamrdit) + O(n/*) = 0 (47) + 0 (1?), it <1,

which is O (
in the O terms do not depend on the choice of ;.
As a consequence, we proved that there exists M > 0 such that as n — 0o, we have uniformly for

1, 1 such that <%> < p < pp < pg that

m> +0 (ui/ 2) in either of the three cases. Observe that the proportionality constants

@ @ 7
log (1) = log B ) +* [ Da(p)d+n [ Da()di+ [ Do+ (W) +0 (2.,
H1 H1 H1

as n — oo.
For 11 > 0 fixed, we have according to Section [[1.2]

~ 1 ~
log Hy, (1) = Cg(ul)n2 + Cr(p1)n — 6 logn + Co(p1) + 7(p1;n), n — 0o,
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where |[7(pu1;n)| < c(,ul)lo% for some constant ¢(p1) which may depend on up. Here Ca(p1), Cy(p1),

Co(u1) are as in Proposition [[LT0l Substituting this, we obtain

I
log Hy(12) = n” Cz(ul)+/D2(ﬂ)dﬂ +n C1(u1)+/D1(ﬂ)du
M1 M1

17
- %logn + | Colpr) + /Do(ﬂ)dﬂ +r(pin) + O <m> +0O (;ﬁ”) . (11.10)

If we take in the above 0 < p < pq fixed, then the coefficients in the large n expansion need to be
independent of w1, and this implies without any computations that

Cy(n) = Da(p), C1(p) = Di(p). (11.11)

As a consistency check, we choose however to prove these identities also in a direct way, together with
the analogous identity for the O(1) term, C}(u) = Di(u), where DEM (1) is given in Remark
We will also see that Do(u) — Df(1u) = O(u~'/?) as p — 0, and thus Proposition [0.1] and Remark
are consistent.

o Y1) = Da(p):
In the definition of 7_1(u) in (IL.I]), change the integration variable t = p + (a(p) — p)u. Then we

obtain

() = wm—n( <>“$§jﬂm)

Applying here the identitities (b) and (¢) of Lemma [I1.I] we have
2r pa'(p) —a(p) 1 (6 —pa’(p) + a(u))
I (p) = +-(5-1+ I_1(p).
)=t aw—p  Tul2 2a(p) 1)

Substituting here for the last fraction (using the identity (d) of Lemma [IT.1])

—pd(p) +a(p) _ 2ma(p)

2a(p)  a(pw)I-i(p)’
we obtain
) = 1) = P2y 4 2=, (1112)

Using this identity, it is straightforward to compute the derivative of Co in (L2]), and we obtain
Cy(n) = Da(n).

o C{(n) = Da(w).
To compute the derivative of Cy(u) in (L26]), we use (ILI12) and (IL.6). This gives C(u) = D1(u).
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o Cj(u) = D§"'(n).
The proof is based on the following identities:

Proposition 11.2 We have

O f (@5 W)a=p P () | a'(p)—1
o o) T —p (11.13)
Onf (5 1) sma() o L fla(u)ip)  1d/(u)—1
_ 2 _1 11.14
FaGn T3 G 3aln —p iy
Proof. First, integrating by parts we have
oy B[ 82 dt _B(B B tB8/2=1 gy
PO = g | R R T (2 1> U= 4 e G 72— )
Using this and (I1.4]), we write
oy D1 : iy B[ 8/ dt
IO (/,L) - dluf(lua M) - 2amf($7lu)m=,u+a (lu’) 87TZ I‘t (t . ,u)l/2(t . a(ﬂ))g/g

= %&cf(xéﬂ):c:u - a/;") <8xf(fc;u)x=u - g <§ B 1) W)

I,
= 30t memit = ) + T (32 1) [0 - L)

Hence, using also (I1.5]), we have, collecting the first term to match (I1.13]),

Ouf (@ Wa=p P (1) | 2d'() (') 1(B 1 B alp) —p

_9 - 1) + :
() p(1) —a(p) \p(p) p\2 pa(p) Lp(p) 2

Using (IT.12]) and the fact that by (I1.6) % = %‘(ﬁ;(m, to reduce the second term to a combination

of a(p), a'(u), and p, we complete the derivation of (ITI3]). The equation (II.I4) is obtained in a

similar way. O

By ([II7), we have a'(u) = %, hence we can rewrite the expression for D{"!(11) in Remark
10.2lin the form

D) — Cld(w) =1 o® Valp) = VA ap) —d'(wp 1 8uf (@)= 1 Ocf (@5 1)ama(u)

Saw - 4 aw-u  an 16 g 16 faia
The proposition just proved allows to rewrite this expression as follows,
Pl — e =1 a? (Valu) - vy dwp 19w 1 it alw);in)
‘ 6a(p)—p 4 a(u)—u a(u)u 8p(p) 24 fla(u)p)

This expression has the advantage of being easily integrable w.r.t. u. Integrating and using the
matching at infinity as before, we conclude that Cj(u) = DI (u). Besides, we see from formula
(IT1Z), Proposition T2 and Lemma 3] that the difference Df"() — Do(p) in the limit g — 0 is
of the order O(1) for B > 1, of the order O(|logu|) for 8 = 1, and is of the order O (u#~1/2) for
0 < B < 1, and thus of the order O(u~'/2) for all # > 0, and hence Proposition [0.1] and Remark 10.2]
are consistent.
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Combining (IL.I0) with the just obtained identities C}(u) = D;(u),j = 1,2, Cy(p) = DfU(y), and
the relation D§™ (1) — Do(p) = O(u~/?) as pu — 0, we obtain

tog F () = Calp)n? + Cr(pn—g log + Co(ys) + F{pr; m) + O (771 ﬁpw) +0 (1),

logn
n

2
where we recall that |7(p1;n)| < e(p1)=2=, and that the error terms are uniform in f, 1 for <%> <

< 1 < pg asn — oo. It follows that there exists a constant C' > 0 independent of p, p1 such that
such that
1/2 logn

log Hy, (1) — Ca(p)n? — C’I(M)n+%logn - C’o(,u)' < m +Cuy’" + () o

2
Let p = p(n) be such that lim, . u(n) = 0 and such that <m> < pln) < pp < po for n

sufficiently large. For any choice of € > 0, we can take pu; > 0 such that Cui/ 2 < /2, and also such

that p1 > p(n) for n sufficiently large. Given such a value up, we can take n sufficiently large such
that c(,ul)lo% < g/2. Hence, for any € > 0, there exists ng such that for all n > ny,

. 1 C
log H, - C. n?—C n+—logn — C 'Si—i-a.
g Hy (1) — C2(p) 1(k)n+ & log o(w) NI
In other words,
kgﬁ()—C()M—CW)th%n—C()—O<——i——>+dD
n\ft) TS o /1 p(1e) ’

as n — 0o, and this proves Proposition [[.I0in the case where u — 0 and n — oo at the same time.

A Derivation of (I.21))

In this appendix, we prove the identity ([2I). Changing the integration variable z = 222/8 in the
orthonormality condition

o0
1 :/ p,&“’a)(:n)%_mﬂnxadx
o

we obtain that

ﬁ2(li\) (t) = p](gma:—l/?) (t222/5)21/(25), ﬁ(k)

where PV (t) are the orthonormal polynomials satisfying

/ BOWPY e ar, =222,
R\(=A,))

with leading coefficients %,9). We now obtain (L2I]) using the identity

2n—1 n—1

A\ — A\ — A _

Hao(\) = [ )72 = [T G0) 2 06ehn) 2
j=0 k=0
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and the connection between the leading coefficients of the polynomials pW (t) and pg-” <) (t) provided

j
by (AJ):

%éz) _ Kéﬂ,a:—1/2)22k/ﬁ+1/(2ﬁ)’ %éz)ﬂ _ ,{]iu,a=1/2)22k/6+3/(26)’
where

n—1 _

T2 = B ().

k=0

B Single integral representation for .

Here, we provide yet another representation for ¢, as a single integral, as opposed to the double
integral representations given in (6.6]), (€.9)).

Lemma B.1 The function ¢ defined in ([6.9) has the following single integral representation:

1 1 1 1
z—w)z2+(z—alp)z (z—alp))2(z—pn)?2 P12 dx
o) = 210g EE Cali)t et ot f Pl
a(p) — p ™ (z —a(p)2(z—p)z(z —2)
where (.)1/2 and (.)5/2 denote the principal branches of the roots, and \/~ the positive square root. Here

T is a counter-clock-wise oriented loop, which encircles the segment [u,a(u)] and the point z, but does
not intersect the negative half-azis (—oo, 0].

Proof. Substitute the expression (6.12)) into (€3), and change the order of integration. We obtain
(see Figure M for a sketch of I" and the positions of x, z, &)

a(p)

(SIS

The inner integral can be computed by elementary means, by substituting v = (ggf%)) . Straight-

x r

Figure 4: In (B.2), T is a positively oriented contour enclosing [u,a(p)] and z, £ lies on the segment
connecting a(p) and z € C\ (—oo, a(p)], which lies inside I', and z is a point on T'.

|
—
I3
|
=)
—~
=
SN—
~—

forward but long computations lead to
z 1 1 t—a@ \? | (z=alw)"?
-\ d (- p) c—a\ () T+ ()
= log + lo 172 1/2°
£—n t—¢ (z — 1) ( t—p <t—a(u)) _ (z—a(u)>
a(p) t—p Z—H

and substituting that in (B2]), we obtain two integrals. We evaluate the first one explicitly using
(L24), and we integrate the second one by parts, using (z7/2)" = gxﬁ/ 2=1 After simplifying the
resulting expression, we obtain (B.]). 0

[T IS
[N NI

+
~
|
s
=
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