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Abstract. We study n x n Hankel determinants constructed with moments of a Hermite
weight with a Fisher—-Hartwig singularity on the real line. We consider the case when
the singularity is in the bulk and is both of root-type and jump-type. We obtain large n
asymptotics for these Hankel determinants, and we observe a critical transition when the
size of the jumps varies with n. These determinants arise in the thinning of the generalised
Gaussian unitary ensembles and in the construction of special function solutions of the
Painlevé IV equation.
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1 Introduction and motivation

We consider the Hankel determinant

n—1

Hy(v,s,a) = det (/ :L‘j+kw(33;v,s,a)dx> ) n €N, (1.1)
R j,k=0

with a Gaussian weight on the real line of the form

s, ifx<w,

1.2
1, ifz>w, (1.2)

w(z;v,s,a) = e*xz\x —v|® {

where v € R, s € [0,1] and a € (—1,00). There is a root-type Fisher-Hartwig (FH) singularity
if &« # 0. The piecewise constant factor in (1.2) is a jump-type FH singularity only if s # 0 and
s # 1. If s = 1 there is no jump, and if s = 0 the weight is supported on the interval [v, c0). By
Heine’s formula, H,(v, s, «) admits the following n-fold integral representation:
1 n
H,(v,s,a) = — A(z)? Hw(mi;v,s,a)dxi, Ax) = H (xj — ;). (1.3)

- n!
R i=1 1<i<j<n

In this paper we are interested in large n asymptotics for H, (v, s, «), uniformly in s € [0, 1].
An analogous case was analysed in [6] for Fredholm determinant associated with the sine kernel
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and in [10, 11] for Toeplitz determinants with a weight defined on the unit circle. We briefly
summarize here some known results for particular values of the parameters and we present some
applications.

The Hankel determinant H,, (v, s, v) arises in random matrix theory. Consider the set of nxn
Hermitian matrices M endowed with the probability measure

1 n
[ det(M) —vI|%e” "M ap,  dM =[dMy; [ dRMydSMy,
Zn (v, a) i=1 1<i<j<n
where Zn(v, ) is the normalisation constant. We will refer to this random matrix ensemble as
the generalised Gaussian unitary ensemble, which we denote by GUE(v, ). Such a measure of

matrices M induces a probability measure on the eigenvalues x1,...,x, of M which is of the
form
1 n
2 . .
WA@) il;[lw(-%% 1, a)da;, (1.4)

where Z, (v, a) is called the partition function of GUE(v, o). From (1.4) and the integral repre-
sentation for Hankel determinants given by (1.3), we have the relation

Zn(v,a)) = Hyp (v, 1, ).

The special case of GUE(0,0) (note that if & = 0, the parameter v is irrelevant) is called the
Gaussian unitary ensemble (GUE), and has already been widely studied (see, e.g., [32]). The
partition function of the GUE is a Selberg integral and is explicitly known (see, e.g., [32]). Its
exact expression and its large n asymptotics are given by

2 n—1
log H,,(0,1,0) = —% log2 + glog@w) + Zlog(j!) (1.5)
j=1
= n—Q lo (ﬁ) - §nz + nlog(2m) — logn +{(-1)+0(n7"), asn— oo
— 2 %) 1 8 12 ’ ’

where ( is Riemann’s zeta-function.

When a # 0 but v = 0, the partition function of GUE(0, «) is again a Selberg integral
and is also known exactly for finite n, see [33] or [15, equation (A.8)]. This is not true for
v # 0. In [29], Krasovsky obtained via the Riemann—Hilbert method that large n asymptotics
of H,(v/2nt,1,a), when t is in a compact subset of (-1, 1), are given by

Hn (mt, 1, Oé) o % 9 a2 aQ
log H,(0.1,0) :§nlogn—§(1—2t +log2)n+zlogn+zlog(2 1-12)
G(l“'g)z logn
log ———— 2/ L
e G<1+a>+‘°< 0 ) (1.6)

where G is Barnes’ G-function.
Let us denote by 2

min

and xl(ffﬁ) the smallest and largest eigenvalue in GUE(v, «v), respec-

tively. The probability of observing no eigenvalues in (—oo, v), denoted by P(mgi’g ) > v), can be
expressed as a ratio of Hankel determinants given by (1.1) with s = 0 and s = 1. From a direct

integration of (1.4), and from the symmetry w(z;v,1,a) = w(—x; —v, 1, ), we have

= ]P’(;U(_”’O‘) < —v). (1.7)
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It is well-known that the empirical spectral distribution of the eigenvalues (after proper rescaling)
in the GUE converges weakly almost surely to the Wigner semi-circle distribution, i.e.,

n
l22(5L—>2\/1—x2d56,
nées vanow

(0,0)
min
located near —+/2n and the properly rescaled fluctuations of xr(gi’g) around —+/2n follow the
Tracy-Widom distribution. The ratio (1.7) with v = —v2n(1 + %LQB) and w in a compact
subset of R, i.e., when v is near the edge of the spectrum, has been recently studied for a £ 0

in [41] (including general s > 0).

see for instance [1, Chapter 2|. It is also known that the smallest eigenvalue x is usually

In this paper we investigate the probability of a large deviation of xr(glg ), i.e., the proba-

bility (1.7) when v is sufficiently far from —+/2n. In the particular case of v = 0, (1.7) is the
probability that a matrix M drawn from the GUE(0, «) is positive definite. Large n asymptotics
for this probability have been obtained in [15]:

H,(0,0,«) log3 5, «alog3
— n- —
H,(0,1,0) 2 2

a? 1 1
+ = — == )logn+co+0O(n"), (1.8)

]
8 1 12

where
co = “loa@m) + (%~ NViog2+ (1= 2 Y 10g3 4 (1)~ To G(1+9)2
0= 5 o8lem 4 6)® 8 2 )% & 2) |

Note that the denominator H,,(0, 1, «) can be obtained from (1.5) and (1.6) with ¢ = 0. One of
the goals of the present paper is to generalize this result for v # 0, i.e., to obtain strong large n
asymptotics of Hn(\/ﬂt, 0, a), when ¢ is in a compact subset of (—1,00). In particular, it is
possible to deduce from our result the probability (1.7).

Assume we thin the eigenvalues z1, ..., z, from (1.4) by removing each of them independently
with a certain probability s € [0, 1]. The resulting point process is called the thinned GUE(v, «),
whose spectrum is denoted by yi,...,¥m, where m is itself a random variable following the

Binomial distribution Bin(n,1 — s). Thinning was introduced in random matrix theory by

Bohigas and Pato [5], and we refer to [9, 11] for analogous situations and an overview of the
(v,5,0)

theory of thinning. Let us denote by y, .

always have yfﬁ{j’a) I(;juof ) = ygjj’r?’a))

for the smallest thinned eigenvalue (note that we

. The ratio % is a one-parameter generalisation
n 1

of (1.7) and represents the probability of observing no eigenvalue of the thinned spectrum
in (—oo0,v), i.e., we have

>x

Pyl > 0) = (1.9)

Ymin

In the regime when s is in a compact subset of (0,1] and v = v/2nt with ¢ in a compact subset
of (—1,1), asymptotics of this probability have been obtained rigorously in [27] for & = 0 and
in [9] for  # 0. Note that asymptotics for integer o were obtained previously in [25], based on
the work [7]. As n — oo, they are given by

H,(V2nt,s,a) t 2 (log 5)? logn
lo =n —v1—2%2dxlogs + logn + ¢ +(9< >
& H,(V2nt,1,a) am & 472 & 0 n

| 1 2 1
= [2arcsint—i—2t 1—t2+7r} ogsn+(ogs) logn+EO+O<Ogn>, (1.10)
n

o 472
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where the constant ¢y = éy(t, s, «) is explicit:

~ 3(log 5)? .
= 2v/1 —2) + ® arcs t+1lo
Co=—1 3~ ( v/ ) a resin g G(1+ %)2

2mi 2ms

G(1+2+'EG(1+ ¢ - 'oas)

The second goal of the present paper is to obtain large n asymptotics of Hn(\/%t, S, a) when
s =s(n) — 0 as n — oo, and to observe a transition in the large n asymptotics between (1.10),
where s is bounded away from 0, and the case H, (\/%t, 0, a).

Another motivation for the study of the Hankel determinant (1.1) comes from solutions of
the Painlevé IV differential equation (Pry). The Pry equation finds interesting applications in
many different areas of physics, such as non-linear optics, dispersive long-wave equations, fluid
dynamics and plasma physics (see, e.g., [13, Section 10.1], [40]). This equation depends on two
parameters A, B € C and is given by

2;2) q(z)? + gq(z)?’ +42q(2)% +2(2* — A)q(2) + q(B;)
In this paper, we focus on special function solutions of Py when the parameters A and B satisfy
suitable constraints. It is known (see, e.g., [14, Theorem 3.4] and [26, Theorem 25.2]) that Py
has solutions expressible in terms of parabolic cylinder functions U(a, z) (these functions are
defined in [36, Chapter 12]) if and only if either

q"(z) =

B=-22n+1+¢cA)? or B=-2n% (1.11)

with ¢ = +1 and n € Z. In this situation, we are considering the so-called special function
solutions of Pry.

In general, the standard method to derive special function solutions is by considering asso-
ciated Riccati equations. We refer the reader to [13, Section 7| for the general theory or [36,
Section 32.10] for a summary of special function solutions. For n = 0 in (1.11), the Riccati
equation of Pry is

q'(2) = eq(2)* + 2e2q(2) + 2v,
with v = —(14+¢A). If we set ¢(z) = —e¢!,(2)/¢,(2) to linearise this equation, then ¢, satisfies

Oi(z) — 2e2¢,(2) + 2evip,(2) = 0, (1.12)

whose general solutions can be written in terms of the parabolic cylinder function U(a, 2), see
[36, Section 12.2]. If v ¢ Z, then ¢, (z) = ¢, (z;¢€) can be written in the form

ou(2z;€) = {{01(]( —5,V22) + QU (~v — 5, —V22) fexp (32%), ife=1,

1.13
{ClU(u+§,\/§z) —|—C’2U(V—|—%,—\/§z)}exp (—%22), ife =—1, ( )

where C, Cy € C. We comment on the case v € Z at the end of this section. For general n € N,
it is a remarkable fact that the special function solutions can be constructed explicitly in terms
of the following Wronskian determinants (see [23, 35] and [14, Theorem 3.5]):

dyy(z;e d" oy, (z; e
Tny(z;6) =W <<p1,(z;5), d(z ),..., dz”—(l )> , n>1,

with 79, (2;¢) = 1. This Wronskian determinant can in turn be written in terms of the Hankel
determinant H, (v, s, «), we obtain for n > 0

2_n(a=1)

Hy(v,s,a) =T(14+a)"27" 772 14(v,—1)
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n(a—1)
= e ™ T(1 4+ )" 2" T a1 (v, 1), (1.14)
where C7 = 1 and Cy = s. This relation relies on the integral representation for the parabolic
cylinder function [36, equation (12.5.1)]:

22

e 4 R R 1
Ula,z) = 1/ 2% 2e 2 e, Ra>——. (1.15)
La+3) Jo

By a change of variables, we can write the moment of order 0 of the weight function w(x) =
w(z;v, s,a) given by (1.2) in terms of U as follows:

o0 1+« 2 o0 12 \/5 o© z2 \/5
/ w(z)de =2""2 ¢ s/ e 2 TV +/ x%e 2 TV
0 0

—00

_lta

v2
2772 e 2

I'(l1+a) [sU(a—i— 2 —V20) + U(a+ %,\/51))} :

Therefore, from (1.13) with C; = 1 and Cy = s, we have

/ w(z)dx = 2_“5@F(1 + a)pa(v;—1) = 9= 5" e_”zl“(oz + 1)p_a-1(v;1). (1.16)
Differentiating j times (1.16) with respect to v, we get
1+a . . 14

. 9%/ [ (—1)yi29278% [
Fopo(v;—1) = =———0’ dr )| = ~—F—"— J dz,

bonten 1) = oy ([ wtorae) =S [ utay

1+a N e )

; 272 ; 2 & (—1)]2]2 2 2 o .
Do o (1) = —— i (e dp) =222 2 v — oY w(z)da.
foaa(vs) = oo (¢ [ wiwan) = G [" @ it

After taking the determinant, this establishes the formula (1.14). Thus, the results presented
in Section 2 imply large n asymptotics for special solutions of Pry expressed in terms of 7, ,,
uniformly for Cy small.

As explained in [14], when the parameter v = m is an integer, we need to take a different
combination of independent solutions of equation (1.12), since both parabolic cylinder functions
in the seed function become Hermite polynomials. This leads to the so-called generalised Hermite
polynomials, which are rational solutions of Py, obtained as particular cases of the special
function solutions, see the parameter plane of Pry in [13, Section 5.5] or [26]. We refer the
reader to the work of Kawijara and Ohta [28, Definition 3.1] for more information on the
rational solutions of Pyvy.

We also note that in the previous discussion, since v = «, the integral representation (1.15)
imposes the restriction o > —1. This restriction can be lifted at the price of taking complex
integration and a complex weight function. This defines an associated family of orthogonal
polynomials only formally. We do not pursue this route in this paper, but we note that it has
been used in the literature, for example in the analysis of the asymptotic behavior and pole
structure of rational solutions of Py by Bertola and Bothner [3] and more recently of rational
solutions of Pry by Buckingham [8].

2 Main results

Observe that if we naively take the limit s — 0 in (1.10), the asymptotics on the right-hand
side blow up, due to the presence of logs terms. Therefore, a critical transition is expected
when n — oo and simultaneously s — 0 in a suitable double scaling limit. As mentioned earlier,
the contribution of this paper is to analyse 1) the case s = 0 (which is known only for v = 0,
see (1.8)), and 2) the transition between the situation when s = 0 and the situation when s is
in a compact subset of (0, 1], given by (1.10). We obtain the following results.
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Theorem 2.1. Let o € (—1,00) and t € (—1,00). As n — 0o, we have

H, (V2nt,0,a)

2 -1
log H,,(0.0.0) = C1(t)n* + Co(t, a)n + Cs(t,a) + O(n™1), (2.1)
where the coefficients are given by

2t3 4 V3 + 12
Cl(t):—i(\/3+t2—t) - 7t2+§t\/3+t2 —log L , (2.2)

27 3 9 V3

V/ 2

Co(t,a) = Oit(t —V3+1t%) —alog PV , (2.3)

3 V3
O(ta)—1_30‘210 E+V3+2) 1 3412

2 2
_116(1_4a2)1°g<3+5t +34t\/3—|—t>‘ 2.4)

Furthermore, the error term O(n_l) is uniform for t in a compact subset of (—1,00).
Note that there is no critical transition in (2.1) as t — 1.

Remark 2.2. The probability (1.7) with v = v/2nt can be rewritten as

H,(v/2nt,0,a) H,(0,0 H,(0,1
P 5 ) = TV 0.0) Ful0.0.0) Fi0,1,c)
Hn(0,0,0Z) Hn(oalaa) Hn( 27’Lt,1,0¢)
Large n asymptotics of these three ratios are given up to the constant term by Theorem 2.1 (for

t > —1), (1.8) and (1.6) (for t € (—1,1)), respectively. Putting these asymptotics together, we
obtain as n — oo and for ¢t € (—1,1),

log]p(x(\/%t,a) > V2nt) = <Cl(t) _ 10g3> n? + (Cg(t,a) _ ozl(;g3 B atz) n

min 9

a? 1 o? 9 logn
+<4m)lognJrC'g(t,oz)Jrco810g(1t)+(9( - > (2.5)

It can be checked from (2.2) that C1(—1) = 1°§3 and

C1(t) = 5 V3412 —t) (3452 +4t/3+12) <0,  for t>-—1,

_277(

which shows that the leading term in (2.5) is negative. This implies that the above probability
decays super exponentially fast as n — oo for t € (—1,1).

To observe a transition in the large n asymptotics of H, (\/ 2nt, s, a) when s = 0 and when s
is in a compact subset of (0, 1], we couple the parameter s with n in the form

s = e_M, A>0.

Large n asymptotics of H, (\/ 2nt, e, a) will depend on whether X is greater or smaller than
a critical value A.(t), which is explicit and given by

2t
Ac(t) = \/g\/3+t2 + 2t/ 3 4 t2

V324t
+2log<2+t2+t 3+t2+J:/§+\/3+t2+2t\/3+t2>. (2.6)
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Theorem 2.3. Let s = e with A € [0,00), we have the following asymptotic results.

(1) Ift € (—1,1) and X\ > A.(t), then

—n
log H, (\/ 2nt, e ,Oé) _ O(nq/zefn()\f)\c(t)))
Hn(\/ 2nt, 0, a)

and large n asymptotics for log Hn(\/2nt,0, a) are given by Theorem 2.1. Furthermore,
the O term in (2.7) is uniform for t in a compact subset of (—1,1) and for A > A:(1).

(2) Ift e (—1,1) and 0 < XA < A\:(t) are fized, then

1 Hn(\/%t, e_’\”,oz) - /AQ(t .
O b

, as n — oo, (2.7)

lim — 1 A)dA 2.8
oo 2 8 H,(V2nt,1,a) Jar (28)

where

b _
Q) = [ pltNde. plait ) = Ve [T vaa
a s x —

and a < b <t <c, with a, b and ¢ depending on \ and t, are uniquely determined by the
following equations:

t=a+b+c,
2=a’+0%+ ¢,

B te—zx — —
)\—4/b m\/l’ bvz — adzx.

Remark 2.4. In Theorem 2.3, we restrict ourselves to the case t € (—1,1). With increasing
effort, this result can be extended for ¢t € (—1,00). If ¢ > 1, a new region appears in the (¢, \)
plane which deserves a separate analysis (which we expect to be straightforward but long).
Therefore, we decided not to proceed in this direction.

Remark 2.5. Note that the denominators on the left hand sides of (2.7) and (2.8) are different.
We can use Theorem 2.3 to obtain information about the large deviation of the smallest thinned
GUE(Vv2nt, a) eigenvalue as follows. By (1.9) and (1.7) with v = v/2nt and s = e™*", we have

Hn(\/ﬁt, e, a)
H, (V2nt,0,a)

Therefore, for t € (—1,1) and A > A.(t), by (2.7), as n — oo we have

log P( (vant,e™2" ) > \/%t) = logP(:U(mt’a) > \/%t) + O(n_l/ze_”(’\_’\c(t))), (2.9)

Ymin min

P(y(\/%t,e—kma) > \/ﬁt) _

min

P(e(2") > v2nt).

min

and large n asymptotics of logIP’(x(mt’a) > v 2nt) are given by (2.5). In the regime ¢t € (—1,1)

min

and 0 < X\ < A\.(t), (2.8) implies

“an A .
logI[”(yl(n\i/?w’6 ) > V2nt) = (—/ Q(t,A)dA) n? + o(n?). (2.10)
0
Since (2.9) and (2.10) are both valid for A = A.(¢), by equalling the leading term, we have
Ac(t) 1
—/ Q(t, A = Cy (£) — °§3. (2.11)
0

We will give an independent and more direct proof of this formula at the end of Section 7.
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Remark 2.6. Note that the limit (2.8) is independent of a. The subleading terms in the large n
f Hn(\/%tvei)\nva)
Hn(vV2nt,1,0)
in terms of elliptic #-functions. These functions appear in our analysis (see, e.g., (6.12)). This
heuristic is also supported by the analogy of our situation with [6], where the authors obtained

f-functions in the subleading terms.

asymptotics o are expected to depend on « and to be oscillatory and described

Outline

The orthogonal polynomials (OPs) with respect to the weight (1.2) play a central role in our
analysis. In Section 3, we obtain identities for d,H,(v,0,«) and for 9sH,(v,s,a) in terms of
these OPs. The Riemann-Hilbert (RH) problem which characterizes these OPs is presented in
Section 4. We obtain large n asymptotics for the OPs via a Deift—Zhou steepest descent method
on this RH problem. The first steps of the steepest descent method are the same regardless of
the value of the parameter s € [0,1), and are also presented in Section 4. For the last steps, the
analysis will then depend on the speed of convergence of s to 0. By writing s = e ", \ € (0, o0,
we distinguish two different regimes in A which are separated by the critical value A.(t) > 0.
We study the situation A > A;(¢) in Section 5 (the case s = 0 corresponds to the special case of
A = +00), and the situation 0 < A < A.(t) in Section 6. We integrate the differential identities
and prove Theorem 2.1 and Theorem 2.3 in Section 7.

3 Orthogonal polynomials and differential identities

3.1 Orthogonal polynomials

We consider the family of orthonormal polynomials p; of degree j with respect to w defined
in (1.2), characterized by the orthogonality conditions

/ pi (@)@ w(e)de = 50 k= 0,1,2,... (3.1)
R

and k; > 0 is the leading coefficient of p;, that is 7j(z) = /fjflpj(az) is the monic orthogonal
polynomial of degree j which satisfies

/ (@) (@)w@)de = hidy, Gk =0,1,2,.... (3.2)
R

;- It is well-known (see,

where h; is the squared norm of ;. From (3.1), we have h; = &
e.g., [38]) that these OPs satisfy the recurrence relation

omj(x) = mipa (@) + Bymy(x) +Afm-a(x), 5 >0, (3.3)

with 7_1(z) := 0. Note that if we write 7;(z) = 27 + ;29" + - -+, then from (3.3) we get the
relation

05 — 0541 = ,Bj, ] > 0, where gp = 0. (3.4)

3.2 Differential identity in v for s =0

From the determinantal representation for OPs (see, e.g., [38]) and (1.3), the Hankel determinant
H,(v,0,a) can be written in terms of the norms of the OPs, one has

n—1

Hy,(0,0,a) = [] - (3.5)
§=0
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If we differentiate with respect to v the relation (3.2) with k£ = j, we obtain

Ophj = Oy </OO Trf.(x)w(x)dx> =0, </OOO w3 (z 4+ v)w(z + v)daz) .

Since w(z + v) = 2%~ (@T)* we get
o0

Ophj =2 /OOO mj(x + v)0y(mj(x + v))w(r + v)de — 2/0 (x + v)7r]2-(a: + v)w(z +v)dx

_ / " en? (w(z)de,

where we have used the orthogonality (3.2) and the fact that 0,(m;(z + v)) is a polynomial of
degree at most j — 1. From the recurrence relation (3.3), we obtain

duhj = —2B;h;.

As a consequence of this, by taking the log in (3.5) and differentiating it with respect to v, we
have

n—1 n—1
Oy log Hy,(v,0, ) = Z&U loghj = —QZBJ-,
j=0 j=0

This can be simplified by using (3.4), and gives
Oylog Hy,(v,0,a) = 20, (v), (3.6)

where o), is the subleading coefficient of the polynomial m,(z), defined after (3.3), and we have
explicitly written the dependence of o, on v.

3.3 Differential identity in s

Suppose that the thinned eigenvalues yi,...,yn are observed and that f{y;: v; < v} = 0.
From Bayes’ formula, using (1.4) and (1.9), the distribution of the whole spectrum z1,...,x,
conditionally on this event is given by

n

A(z)? Hw(mi; v, 8, a)dx;.

i=1

1
n!Hy (v, s, @)

Such point processes are called conditional, and were first considered in [11] on the unit circle
and then on the real line in [9]. This point process is determinantal [16], and its correlation
kernel is given by

) Rn—1 Pn—1 (y)pn (JJ) — Pn—1 (iL‘)pn (y)

Kn(z,y) = w(ilﬁy i Ty ’ ?f TEY (3.7)
w(@) = (P (@)pn-1(x) = pa(@)p1 (), if 2 =y,

n

where the OPs p; are orthonormal with respect to w(z;v,s,a) and are defined in (3.1). The
expected number of points on (—oo,v) in this point process is denoted by &,(v,s,«). It is
also known [16] that &, (v, s, ) can be expressed in terms of the one-point correlation function
K, (x,z), we have

En(v,s,) = /_U K, (x,z)dx. (3.8)
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The quantity &, (v, s, @) can also be expressed in terms of the logarithmic derivative of Hy(v, s, @)
with respect to s. Consider the following partition of R™:

Ak:{(l'l’...,l'n)ERn;ﬁ{l‘i:xi<v}:]§}7 LlAk:Rn
k=0

By definition of &, (v, s, «) we have

n

_ K 21T (s ,
En(v,s,) = Z?ﬂHn(us,a)/Ak A(z) Hw(azz,v,s,a)dxl

k=0 i=1
n n
k k
= Z ‘S/ A(z)? H |z — U\ae_x?dxi.
— n!Hy (v, s,0) J a4, pabet

Note that the n-fold integral (1.3) can be rewritten as
& Sk - 2
Hy,(v,s,a) = kz_o o " A(z)? Zl_Il |x; — v|%e” " day,

and thus we have &,(v,s,a) = s0slog Hy, (v, s, ). Putting this together with (3.8), we obtain
the differential identity

v
s0slog Hy, (v, s, @) :/ Ky (z,z)dx. (3.9)
—00
We will also use later the well-known (see, e.g., [16]) formula for reproducing kernels

/OO K, (z,z)dx = n. (3.10)

4 A Riemann—Hilbert problem and renormalization
of the problem

We will perform the Deift—Zhou [20, 21] steepest descent method on a Riemann—Hilbert problem
to get the large n asymptotics for p,. Consider the matrix valued function Y, defined by

i [ ()
Y(z) = Ko P (2) 2mi /]R T—z d (4.1)
o o [ Pemtodeta | '
7"'Z'%?"Lflpnfl(z) Rn—1 . T — 2 dw

It is well-known [22] that Y is the unique solution of the following RH problem.

RH problem for Y
(a) Y:C\ R — C?*2 is analytic.

(b) The limits of Y (z + i€) as € > 0 approaches 0 exist, are continuous on R\ {v} and are
denoted by Y, and Y_ respectively. Furthermore they are related by

Yo (2) = Y- () (é w(lx)), for R\ {u). (4.2)

(c) As z — 0o, we have Y (z) = (I + Y1271 + O(272))2"%, where 03 = ({ % ).
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(d) As z tends to v, the behaviour of Y is

(o) Oflog(z=v)\ .. _
Y(z)‘<0<1> oaog(z—v)))’ fa=0,

L (00) 0+ O((: v
Y(”>‘(0<1> o<1>+o<<z—v>a>)’ i o # 0.

If s = 0, from condition (b) Y has no jump along (—oo,v) and thus Y is analytic in C \ [v, 00).
Note also that Y11(z) = x, 'pn(2) = mu(2), and thus

Y111 = on(v), (4.3)

where Y] 11 denotes the (1,1) entry of the matrix Y;.

4.1 Normalization of the RH problem

We define t = \/%7 and we normalize the RH problem for Y with the following transformation

U(z) = (2n)~ (T 72073y (V2nz) (2n) 172 (4.4)

The matrix U satisfies the following RH problem.

RH problem for U
(a) U: C\ R — C?*? is analytic.
(b) U has the following jumps:

U (z) = U_(2) <(1) @gf”)), for zeR\{t},

s, ifx <t,
1, ifx>t.

w(z) = (2n) " 2Tw(vV2nz) = & — t|%e 2" {

(c) As z — 0o, we have U(z) = (I + Uiz~ 4+ O(272)) 2",
(d) As z tends to ¢, the behaviour of U is

_(00) Ofog(=— 1) .
U(”‘(Om oaog(z—t»)’ i a=0,

C(0() O+ OB
U(z>‘<0<1> o<1>+0<<zt>a>>’ i o2 0

The following lemma translates the differential identities (3.6) and (3.9) in terms of U.

Lemma 4.1. We have the following differential identities

O log H, (V2nt,0,a) = 4nUy 11, (4.5)
t ~
505 loan(\/%t,s,a) :/ U;STJ;) [U_l(a:)U/(:L’)]21da:. (4.6)
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Proof. The differential identity (4.5) is obtained by substituting (4.4) and (4.3) into (3.6).
Similarly, using (3.7) and (4.1), the differential identity (3.9) can be rewritten as

Jan VI (@)
505 log Hy (V2nt, s, a) = . om Y (2)Y (:/U)]Zldm,
which gives (4.6) after using (4.4) and a change of variables. [

Remark 4.2. Note that [V ~!(2)Y’ (2)}21 only involves the first column of Y, which is entire
(see (4.1) or equivalently (4.2)). Thus [V Y2)Y](x )]y = [Y__l(az)YL(az)bl for z € R, and we
simply denote it by [Yﬁl(m)Y’ (ac)]21 w1th0ut ambiguity. The same remark holds for U.

4.2 Equilibrium measure

We introduce a new parameter A € [0, +-00], defined through s = e=*", which characterizes the
speed of convergence of s to 0 as n — oo. An essential tool in the RH analysis is the so-called
equilibrium measure. In our case, the equilibrium measure py is the unique minimizer of the

functional

// log |z — y|~tdp(z)du(y /V )du(z

among all Borel probability measures p on R, where the potential V is defined by

Vix) 202+ N, ifx <t
xr) =
222, if x> t,

and where the parameter ¢ has been defined above (4.4). The equilibrium measure is absolutely
continuous with respect to the Lebesgue measure and its density will be denoted by p(x). The
equilibrium measure and its support, denoted by &, are completely determined by the following
Euler-Lagrange variational conditions [37]:

2/ log |z — y|p(y)dy = V(z) — ¢, for z €S8, (4.7)

S

2/ log |x — y|p(y)dy < V(z) — ¢, for zeR\S, (4.8)
S

where ¢ is a constant. Proposition 4.3 below shows that the equilibrium measure depends
crucially on whether A > A\.(t) or 0 < A < A.(t). If A = 0, the potential is simply V(z) = 222
and the equilibrium measure is the semicircle law supported on (—1,1) (see, e.g., [37]). For
convenience we also include it in Proposition 4.3 (see case (3)), but without giving a proof of it.

Proposition 4.3.

(1) If t € (—1,00) and A > A.(t), the density of the equilibrium measure p(x) = p(x;t) is
independent of A and is given by
2 —Vc—=x

p(z) = ;(3«" - b)ﬁ,

supported on S = [t,¢], with

- t— 3+ ¢2 t+ 23 + 2
b:b(t):%, E:E(t):%.

(4.9)
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The constant £ = {(t) in the variational conditions (4.7) and (4.8) is given by

2
6:1+§t(\/3—|—t2+2t)+210g(2(t+\/3—|—t2)). (4.10)
Furthermore, the variational inequality (4.8) is strict for all x € R\ S if A > A., and if

A = A then (4.8) is strict for all x € R\ (SU{b}) and (4.8) is an equality at x = b.

(2) Ift e (—1,1) and 0 < XA < A:(t), the density of the equilibrium measure p(x) = p(z;t, \)
s given by

2 —-b
p(x) = =ve—=x e t\/x—a, (4.11)
T T —
supported on two disjoint intervals
S =[a,b]Ut,cl, a<b<t<e,

and a, b, ¢, depending on X and t, are uniquely determined by the following equations:

t=a+b+e, (4.12)
2=a’+b*+c*— 1% (4.13)
—4/ c—:c\/ bvx — adzx. (4.14)

Furthermore, for a fized t, the function A\ — b = b(a(A),c(A),\) given by the system
(4.12)—(4.14) is strictly decreasing from XA € (0, Ac(t)) to b € (b,t). The constant ¢ = £(t,\)
is given by

(= —2/ log |z — t|p(x)dz + 2t
S

0 92 [
:—210g|c\+262+/c <4aj—x—4\/%\/x—b\/:c—a) dz, (4.15)

and (4.8) is strict.

(3) Ift € (—1,1) and X\ = 0, then we have the semi-circle law

p(w):gvl—w“’, S=[-1,1, £=1+log4, (4.16)

s

and (4.8) is strict for x € R\ S.

Proof. We will start by proving case (2). From (4.12) and (4.13), we can express a and ¢ in
terms of b and ¢ as follows

bt 4—3b2+2th+ 2 bt 4—3b2+2th+ 2
__b_ - 24t . 4.1
a="5%5 2 =gt 2 (4.17)

For t € (—1,1) fixed and b € (b,t), a direct check from (4.17) shows that a < b <t < ¢, 9yc < 0
and —1 < Oypa. This implies from (4.14) that

abA—4/ \/\/;\/7\/?< (abcx)_Q(xl_b)_z(flfa)>dx<o.
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If b /' t, equation (4.14) implies A — 0. On the other hand, if b \ b, equations (4.12) and (4.13)
imply @ — b and ¢ — ¢. Again from (4.14), we thus have

A%4/Vc_x “b)de = A(t), as b b, (4.18)
s Vi-s
where A\ (t) is given by (2.6). This proves that the function A\ — b(a(M),c(N), A) is a decreasing
bijection from A € (0, \.(t)) to b € (b,t). In particular, given t € (—1,1) and 0 < A < \.(t),
a, b and ¢ are uniquely determined by the equations (4.12)—(4.14). Equations (4.12) and (4.13)
imply also that p is a density. Indeed, with a contour deformation and a residue calculation
at oo, we obtain

a® + b% + ¢ — 2ab — 2ac — 2bc + 2(a + b+ ¢)t — 3t?

/S,o(x)dx = 1 =1.

Now, we define

f(z) =2 /S log [ — ylp(y)dy — 242,

where p is given by (4.11). Its derivative f/(z) can be explicitly evaluated. Consider the function
plz) =2z = C\/—VZilt)\/Z — a, such that pi(z) = tip(x) for z € S. From (4.2), we have that

/ _ 1 _27r/3(w)
f@) =g [ aw—do

r—w

where 3 consists of two circles surrounding S in the counter-clockwise direction, and if = ¢ S,
then x does not lie in the interior region of . Also, note that

r —w

.y
Res(ﬂmw),w:oo) =-2(a+b+c—t—2z) =4z,

where we have used (4.12). Therefore, f'(z) = 0 for € S and from a contour deformation and
a residue calculation, we obtain

( A/ —_—
4\/%\/17—%/(1—3:, z < a,

0, a<z<b,

f(z) = —4\/%\/37—1)\/37—@ b<x<t, (4.19)

0, t<z<e,

—4%%@ —bvxr—a, c<uw.

Note furthermore that from (4.7), we have

- /b f'(@)da = —(f(t) — 1(b)).

This implies that (4.7) and (4.8) are satisfied, with a strict inequality in (4.8). From (4.7), we
have —¢ = f(x), for any x € [¢,c]. In particular we have

(=—f(t)= —Q/Slog |z — t|p(z)dx + 2t2, (4.20)
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which is (4.15). To prove the other expression for ¢ in (4.15), we note that
f(x) = 2log |z| — 222 + f(z), (4.21)

where f(z) =2 [slog |1 — | p(y)dy. Using the fact that lim f(x) = 0 and the equations (4.19)

Tr—>00
and (4.21), we obtain

0=f(c)+ /OO F(z)dz = —0 — 2log |c| + 267 + /oo <4x — % + f’(a:)) dz,

from which we find the second expression in (4.15). This finishes the proof of case (2).
The case (1) is similar and simpler. In this case, we define a function f as in (4.2), where

plx) = %(x —b) \/*Vi_j The derivative of f is equal to

4\%;:;”( b, z<t,

VT —¢
vV —t

The Euler-Lagrange constant can also be written as in (4.20), but in case (1) the integral can be
explicitly evaluated with a primitive and gives (4.10). Since A > A.(¢), from (4.22) and by the
formula for A.(t) given by (4.18), (4.8) is strictly satisfied in case (1) except at = = b if A = A..
This finishes the proof of Proposition 4.3. |

f'(x) = {0,
—4

t<z<e, (4.22)

Tz —
(x—=10), c<u.

Remark 4.4. Here we just comment briefly on what happens for ¢ > 1 in parts (2) and (3) of
Proposition 4.3, even though we will only focus on ¢t € (—1, 1) in the present paper, as mentioned
in Remark 2.4. If ¢ > 1, a critical situation occurs if the endpoints ¢ and ¢ merge together. From
equations (4.12) and (4.13), in this case we have a = —1 and b = 1. From (4.14), this corresponds
to

t
)\:4/ Va2 —1dz =2tV t2 — 1 —2log (t+ V12 — 1) =: €(t).
1

With increasing effort (by adapting the above proof), it is possible to show that part (2) of
Proposition 4.3 remains valid for ¢ > 1, provided that A € (e(t), A.(t)), and that part (3)
remains valid for ¢ > 1, provided that A € [0, ()]

Remark 4.5. We will prove part 2 of Theorem 2.3 (that is, (2.8)) by using the differential
identity (4.6) (after the change of variables s = e*"). We a priori need large n asymptotics
of 9y log Hn(\/ﬂt, e\, a) uniformly in A € [0, A\.(¢)]. As it can be seen from Proposition 4.3,
in this case the support of the equilibrium measure consists of two intervals. The region where
Ae(t) — A > 0 is small corresponds to the “birth of a cut”, which was studied in [4, 12, 34], and
when A.(¢) — A > 0 becomes larger, #-functions appear in the analysis. It is a technical task to
obtain uniform asymptotics in these regions as A approaches A.(t). Nevertheless, following [11],
we will only need pointwise convergence in A € (0,\.(¢)) and apply Lebesgue’s dominated
convergence theorem.

4.3 First transformation: U — T

The first step of the steepest descent analysis consists of normalizing the RH problem at oo,
which can be done by using a so-called g-function. We define it by

o(2) = /S log(z — 1)p(y)dy, (4.23)
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where the principal branch is chosen for the logarithm. The density p and its support S are
defined in Proposition 4.3. The g-function is analytic in C \ (—oo,sup S| and possesses the
following properties

g+(z) +g-(2) =2 /S log |z —ylp(y)dy,  z€R, (4.24)

9+ (x) — g—(x) = 2mi, x < inf S, (4.25)
sup S

g+(x) —g_(x) = 27ri/ p(y)dy, x € [inf S,sup S, (4.26)

g+(z) —g_(z) =0, supS < z, (4.27)

Furthermore, by expanding the g-function as z — oo in (4.23), we have

en9(z) = n (1 — :/ zp(z)de + O(z_2)> , z — 0. (4.28)
S
We apply a first transformation on U by
T(z) = 6%203[](2)6_”9(2)036_%403.

T satisfies the following RH problem.

RH problem for T
(a) T: C\ R — C?*? is analytic.
(b) T has the following jumps:
Ty (z) =T_(x)Jr(z), for zeR\ {t},
where

—n(g+(z)—g-(z)) _ tlaen(g+(z)+g-(z)+E-V(z))
Jr(z) = (e + |z — t|*e™9+

0 (g4 (@) —g— () ) for zeR\{t}.

(¢) As z — oo, we have T'(z) =1+ O(z71).
(d) As z tends to t, the behaviour of T is
O(log(z — t))) .
, if a=0,
(log(z — 1))
(
(

1+ 0((z—t)%) .
)40 >, if a#0.

(@]
O
o ((z=1)%)

From now on, we will separate the analysis into two parts, depending on whether A\ > A.(¢) or
0 <A< AA).

5 RH analysis for A > A.(t)

In this section, ¢ lies in a compact subset of (—1,00) and A lies in [A\:(¢),o0] as n — oo. The
parameter X\ is not necessarily bounded, and the case A = +oo (i.e., s = 0) is also included in
this analysis. First, we express the jumps for 7" in terms of £(z), which is defined by

- / " A(w)duw, (5.1)
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where the path of integration lies in C\ (—o0,¢) and p is given by

. 2 - Vz—¢C
pz) = —(2 =) ;
s Vz—1
where in the above expression the principal branch is chosen for each square root. The function &
is analytic in C\ (—o0,¢|, and since pi(x) = ip(z) for x € S = [t,¢|, we have

(5.2)

26s(2) = £(g4(x) — g9-(2)) = 29x(x) + £~ 22>, z €S, (5.3)

where we have used (4.7), (4.24) and (4.26). Thus the function £(z) — g(z) has no jump along S
and can be analytically continued on C. This implies the following relation

£(z) =g(z) + g — 22 forall z e C\ (—o0,7). (5.4)

The jump matrix J7 can be rewritten in terms of £ as follows:

1 |o — t]een(E (@) +E-(2)=4)
, ifx <t
0 1
—2n&y(z) — e
Jr(z) = (e . ’ef’;n§+(L)> , ift <2 <G, (5.5)

1 |z — t|*e?E@) =

, ife <.
0 1

As £(z) appears in the jumps for 7' (and in the subsequent transformations), it will be useful for
us to make the following observations. From (4.8) together with Proposition 4.3, and from (4.24)
and (5.4), we have that

¢(z) <0, for x>¢, (5.6)

Er(z)+&-(z) — A <0, for = <t, (5.7)
except if A = A.(t) and z = b, in which case (5.7) becomes an equality. Also, if x € (¢,¢), from
the definition (5.1) we have 4 (x) € +iR™ and by Cauchy-Riemann equations we have

a:):%é-Jr (aj

03¢ (x

—mp(x) = —0,RE(w +iy)|,_,»

) -
) = mp(x) = O, RE(x — iy)|,_,-

In particular, this implies that there exists an open neighbourhood W of (¢,¢) such that we have
Re(z) > 0, for ze W\ (t,¢). (5.8)

5.1 Second transformation: T +— S

We will use the following factorization of Jr(z) for x € S

e ér@) g g\ 1 0
0 672715_ (z) | — |I’ o t’7a672n§_ (z) 1

" 0 | — t|* 1 0
—|z —t|7« 0 |z —t|~%e 2@ 1)

We open the lenses with v, and y_ around S as illustrated in Fig. 1, such that v, Uy_ C W
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T+

Y-

Figure 1. Jump contour for S.

and we define

1 0
(- 1) (2 1) , if z is inside the lenses, &z > 0,
—(z — e
S(z)=T(z 1 0
(2) (2) (2 — p)-oe-206() 1) , if z is inside the lenses, Sz < 0,
z— e
1, if z is outside the lenses,

\

where the principal branch is taken for (z — t)~%. S satisfies the following RH problem.

RH problem for S

(a) S:C\ (RU~y Uy_) — C?*2 is analytic, where 74 and _ are shown in Fig. 1.
(b) S has the following jumps:

L ffagn(E(2)+E-(2)-3)

Si(z) =S_(z) ((1) |z =% +1 >, if z<t,
_ fep2nE(2)

S (2) = 5_(2) <(1) |2 t'f ) it ¢<z,

S.(2) = S_(2) (_‘Zf’t‘a =4 > it t<z<g

1 0 .
Si(z) =S5_(2) <(z _ f)ae—2ne(e) 1) , if zevypUn_.

(c) As z — oo, we have S(z) =1+ O(271).
(d) As z tends to t, we have

O(1) O(log(z o t))> z outside the lenses

s~ ] \ow ofleaz—n))" it a0
O(log(z —t)) O(log(z — t») 2z inside the lenses |
O(log(z ~ 1)) O(log(z — 1)) )’ |
O(1) 0(1)> z outside the lenses
o) o))’ o

S(x) — if a>0,

) (’)((z - t)ia) 0(1)> z inside the lenses ”
O((z-H™) o))’ |
o(1) O((z—t)° .
S(z) = (0(1) og(z —t)ag . if a<o. (5.9)

As z tends to ¢, we have S(z) = O(1).
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From (5.6), (5.7) and (5.8), we have that the jumps for S(z) on the boundary of the lenses vy, U~y_
tend to the identity matrix as n — oo, and that the (1,2) entry of the jumps on R\ ([t,¢] U {b})
tends to 0 as n — oco. This convergence is slower when 2 approaches ¢t and ¢, and also when z
approaches b if A = \.(t). The jump for S on (t,¢) is independent of n and different from the
identity matrix.

5.2 Global parametrix

Ignoring the exponentially small terms as n — oo in the jumps of S and a small neighbourhood
of b, ¢t and ¢, we are left to consider the following RH problem, whose solution P() is a good
approximation of S away from a neighbourhood of b, ¢t and ¢.

RH problem for P(°°)
(a) P(>®): C\ [t,d] — C>*? is analytic.
(b) P(*) has the following jumps:

P () = POz (_|Z 0 oo - > L t<z<e (5.10)

(c) As z — oo, we have P(®)(2) = T + O(z7}).
(d) As z tends to t, we have P(>)(2) = O((z — t)"V/4) (2 — t)~ 2.
As 2 tends to ¢, we have P(*)(2) = O((z —2)~1/4).

The construction of the solution of the above RH problem is now standard, and can be done
similarly as in [2, 29, 30]. We define 3(z) = {/2=L, analytic on C \ [t,¢] and such that 3(z) ~ 1

z—c’

as z — 00. It can be checked that the unique solution of the above RH problem is given by

p<oo>(z):1< 4 )( B(2)+ A7 1(2) i(B(Z)—ﬁ‘l(Z))>

2\e—t —i(B(z) = B7(2))  B(z)+ B Hz)

2 ¢ 203 o
e <c_t (2 - C;t» (2 —)727, (5.11)

where ¢(z) = z 4+ V22 — 1 is analytic in C\ [—1, 1] and such that ¢(z) ~ 2z as z — co. We will
later need the following expansion as z — co:

a(c—t)

Pz =1- =

+0(27?). (5.12)

5.3 Local parametrix near t

Note that the assumption at the beginning of the section, i.e., that ¢ lies in a compact subset
of (—1,00) and A > A.(t) as n — oo, implies from Proposition 4.3 that there exists a constant
6 > 0 independent of n such that

§ < min(t — b,¢ — t).

Inside a disk Dy around ¢, of radius fixed but smaller than §/3, we want the local parametrix P
to satisfy exactly the same jumps as .S and to have the same behaviour as S near t. Furthermore,
the local parametrix P should be close to the global parametrix on the boundary of the disk.
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RH problem for P
(a) P: Dy \ (RU~v; Uv_) — C?*? is analytic.
(b) P has the following jumps:

1 |z —t|eerEr(2)+e- ()= .
P (z) = P_(2) 0 1 , if ze€ (—o0,t)N Dy, (5.13)
0 |z —t|* .
Pi(z)=P_(2) e — o 0 , if z € (t,00) N Dy,
1 0 .
P =) (g 1)0 I 2€GwUAINDL

(c) As n — oo, we have P(2) = (I + O(n™1))P(>)(2) uniformly for z € 9D;.
(d) As z tends to t, we have S(2)P(z)~1 = O(1).

The construction of a local parametrix associated with a FH singularity has been studied in [27]
when the singularity is a pure jump, and then in [24] and [17] for the general case, and involves
hypergeometric functions. On the other hand, the construction of a local parametrix associated
to a pure root-type FH singularity involves Bessel functions [30]. In the present case, we are in
a presence of a FH singularity of both root-type and jump-type, but the significant difference
is that the parameter s (which parametrizes the jump) is exponentially small as n — oco. The
solution of the present local parametrix will be expressed in terms of Bessel functions, exactly
as for a pure root-type singularity. Nevertheless, as the (1,2) element of the jump matrix for P
in (5.13) is not zero (if A # +oo, i.e., s # 0), the construction of the solution of the above
RH problem is not standard. It was done in [10] for the case & = 0. We generalize here the
construction for a general o > —1.

We will need a modified version of the Bessel model RH problem Pge, which is presented
in Appendix B. We search for a matrix function ]3]36 which satisfies the same jumps as Pge,
see (B.1), and an extra jump on R™ given by

R R 1 efx\n
PBe(Z)+ = PBe(Z)— 0 1 ) z € (07 OO))

where the orientation of (0, 00) is taken from 0 to oco.

Modified Bessel model RH problem

We define
F) = P K () (o D) e -
where
(17 |arg z| < %’r,
1
K(z) = (_elma (1)> , %’T <argz <, h(z) = M, if @ ¢ N,

(=1~ .
1 0 —logz, ifaeN.
., —m<argz < —2T, 2mi
e
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From the jumps for Ppe, given by (B.1), it can be checked that F' has no jumps at all on C.
Also, the behaviour of Ppe(2) as z — 0, given by (B.3), implies that 0 is a removable singularity
of F, and thus F' is an entire function. We define Pg. by

Pge(2) = (I + A(2))Pge(2),

where
A(2) = —e M h(—2)(=2)F(2) (8 é) Fl(2), (5.15)

and if a ¢ Z, (—z)® is chosen with a branch cut on [0,00) such that (—z)* > 0 for z < 0.
Since F is entire, A is analytic on C\ RT. Therefore, it can be checked that Pp, is the solution
of the following RH problem.

RH problem for 1313e

(a) Pge: C \ (£p U (0,00)) — C?*? is analytic, where the orientation of (0,00) is from 0
towards oo and X p is the jump contour for Pge, shown in Fig. 7.

(b) Pg. satisfies the jump conditions

= = 1 0 2mi
Ppe 4 (2) = Pge,—(2) (e’”a 1) , z€e€s3 R+,

D 3 1 0 _ 2mi
Pon () = Pue () (o )0 see ¥R,
~ —~ 1 6—>\n

Pge 1 (2) = Pe,—(2) (0 1 > , 2z e RT.

(c) As z — 00, z ¢ ¥p U (0,00), we have

23

2 1
Pro(2) = (I + A(2))(2722) 2 N(I 4+ 0(277)) e,
where N = % (1i).
(d) As z tends to 0, the behaviour of Pp,(z) is

Pge(2) 'Ppe(z) = O(logz), if a€N,
Pge(2) 'Ppe(z) = O(1), if a&N.

Construction of the local parametrix

We consider the function

L Lir e o [EO =0, i3> 0,
fle) = —3€CR where §(2) ﬂ@—@Wim“ﬂ (516)

This a conformal map from D; to a neighbourhood of 0, and as z — t, we have

f(2) =k (z—-t)1+0(z—1t)),  where k =2(t—0b)VE—t. (5.17)
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To construct the solution P of the above RH problem, it is important to note that A(—n?f(z))
remains small as n — oo uniformly for z € 9D;. More precisely, from (5.14) and (B.2), as
n — oo we have

F(-n’f(z)) = O(log n)O(n|a|)O(PBe(fn2f(z))) = O(e(d+€)"), (5.18)

where € > 0 can be chosen arbitrary small but fixed, and d = max ‘2\/— f (z)‘ Similarly, we
z€0 Dy

have the estimate F'—! (—n2f(z)) = O(e(dJre)"). We choose the radius of Dy fixed but sufficiently

small such that d < %(t) < % This implies from (5.15) that A(—n?f(z)) = O(e_%”) as n — 0o,

uniformly for z € dD;. The local parametrix is given by

P(2) = E(2)03Pge(—n2f(2))oze 608 ™5 0008 (5 _ )= 503 (5.19)
where

N
and the function E(z) is defined for z € D, by

E(z) = (=1)"P)(2)(z — 1) 393~ 5007 N (27 (— f(2)) /2) 7/, (5.21)

It can be checked directly from the jumps for P(°°) (5.10) that E has no jump at all in Dj.
Furthermore, from the behaviour of P(°)(z) near t and from (5.17), one has E(z) = (’)((z—t)_%)
as z — t. Thus, t is a removable singularity of E and FE is analytic in the whole disk D;. Since
A(—n?f(z)) is exponentially small in n uniformly for z € 9Dy, it doesn’t contribute to the n~?
term in the condition (c) of the RH problem for P. Using the large ¢ asymptotics for the Bessel
model RH problem given by (B.2), we obtain as n — oo that

1 Tio

P(’Z)Poo(z)il =1+ WP(OO)(Z)(Z — t)%aseiTae(z)o’:iUgBlO'g
» eﬂ-;‘aé(z)a':s (Z _ t)—%O'JP(OO) (Z)_l 4 O(n—2)7 (522>

uniformly for z € 8Dy, where By = ;¢ (_(1+4a2) —2i )

—2i 14402

5.4 Local parametrix near ¢
Inside a disk Dz around ¢, of radius fixed but smaller than 6/3, we want the local parametrix P
to satisfy the following RH problem.
RH problem for P
(a) P: Dz\ (RU~, Uy_) — C%2*? is analytic.
(b) P has the following jumps:

P+(Z) = P_(Z) <—|Z£)t|_a ‘Z _Ot’ ) , if ze€ (—OO,E) N Dsg,

_ flap2né(2)
P+(z):P(z)<(1) |2 t’le > if z € (e,00)N D,

Py(z) = P_(z) <(z _ f)-ae-2nE() 1) , i ze(yU~r-)NDe
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(c) As n — oo, we have P(z) = (I + O(n_l))P(oo)(z) uniformly for z € 0Dx.
(d) As z tends to ¢, we have P(z) = O(1).

The solution P of the above RH problem is standard [18] and can be constructed in terms of
Airy functions and the associated Airy model RH problem, whose solution is denoted Pa; and
is presented in Appendix A. Let us first define the function

o= ()

This is a conformal map from Dz to a neighbourhood of 0, and as z — ¢ we have
2
10 == 0) |14 2z =0+ 0((: - )]

with
c—b 1 1
V=1’ c—b 20—t)

It can be verified that

ko =2

P(2) = B(2) Pai(n?3 f(2))e 707 (2 — )75,
satisfies the above RH problem, where
B(z) = PO(2)(z — N () FF,

Again, one can show that E has no jump at all inside Dz and has a removable singularity at ¢,
and therefore E is analytic in the whole disk Dz. We will also need explicitly the first term in
the large n expansion of P(z)P(*)(z)~! on dDz. As n — oo, by (A.1) we have

1
nf(2)%?
+0(n7?). (5.23)

P(z)P>®) ()t =T+ P (2)(z = 1)293 A1 (2 — t) 27 P() ()71

l .
uniformly for z € D¢, and where A} = % < f; fl ),
6

5.5 Local parametrix near b

The local parametrix P in a fixed disk Dy around b can be constructed explicitly. The construc-
tion is similar to the one done in [10] and it is valid for every A > A, but is only needed for A
close to .
RH problem for P

(a) P: Dy \ R — C?*? is analytic.

(b) P has the following jumps:

_ flaen(er()+E-(2)-N)
P+(z):P(z)<é |z =% +1 > if zeRND;

(c) As n — oo, we have P(2) = (I + o(1))P>)(z) uniformly for z € 9D;.
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YR

ol
Y

Figure 2. Jump contours for the RH problem for R. The circles are oriented in clockwise direction.
Note that for z € Dy, we have

6:) =€)+ - (2) = 2m [ pwide, (5.24)

and ¢ is analytic in Dy. The unique solution of the above RH problem is given by

P(2) = PC)(2) ((1) l(ﬁ))

where

I(z) = daz.

211

(Z _ t)ae—m'aé(z)e—n()\—&) / 6”(¢(w)—/\6)
RNDy; T %

From (5.7) and (5.24), we have ¢(b) = A, ¢/(b) = 0 and ¢”(b) < 0. Thus, as n — oo we have
I(z) = O(n~Y2e (A=A} and

P(z) = (I + (’)(n_lﬂe_”(’\_kc)))P(oo)(z), uniformly for z € 0Dj.

5.6 Small norm RH problem

The final transformation of the RH analysis is given by

(2) = S(z)P)(2)7!, 2z € C\ (DU D:UDy),
1 8()P(2)7 L, z€ D;UD:U Dy

Since P has exactly the same jumps as S inside D; U Dz U Dy, and the same behaviour near ¢
and ¢, R has no jumps and is analytic inside these disks, except possibly at b, ¢ and ¢t. From the
RH problem for S, and from the local parametrices around b and ¢, we have that S(z) and P(z)
are bounded as z — b and as z — €. From (5.9), (5.19) and (B.3), as z — t from outside the
lenses, we have

O(log(z —t)) O(log(z—t )) S
O(log(z —t)) O(log(z—t ’ ’
_ ) (o) o)
R(z) = o) 0(1)> , a>0, (5.25)
O((z —t)*) o((z—t)a)> .
\o(=n) o(z-1)) <!

By (5.25), and since R(z) is bounded as z — b and as z — ¢, the three isolated singularities at
b, ¢ and t are removable. On the circles 0D;, 0Dz and D¢z, we choose the clockwise orientation,
as shown in Fig. 2. R satisfies the following RH problem:
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RH problem for R

(a) R: C\ Xr — C?*? is analytic, where the contour ¥ is shown in Fig. 2.

(b) The jumps Jg(z) := R™'(2)R, (2) satisfy the following large n asymptotics for z € L:

Jr(z) =1+ 0(e™ ™), uniformly for 2z € (y4 Uvy- UR)\ (SUD; U DzU D),
Jr(z) =1+ O(n_l), uniformly for 2z € 0D, U 0Dsx,
Jr(z) =1+ O(n_l/Qe_"o‘_Ac)), uniformly for =z € 0Dy,

where ¢ > 0 is a constant.

(c) As z — oo, we have R(z) =1+ O(z71).

From the standard theory for small-norm RH problems [18], R exists for all n sufficiently large
and as n — co we have

R(z)=I+0(n"")+ O(n_l/Qe_"()‘_)‘c)),

R(z)=0(n"")+ O(nil/Qe*"(A*’\c)), (5.26)
uniformly for z € C\ X, and uniformly for ¢ in compact subsets of (—1,00) and for A > A.(%).
In the rest of this section, we consider the case when A lies in a compact subset of (A:(t), 0]
as n — 00, i.e., when X is bounded away from A.(t). In this case, the jumps for R on dDj; are

exponentially small. On the other hand, the jumps for R on 0D; U 0Dz have a series expansion
of the form

Jr(z) =1+ Z Jg)(z)nfj + (’)(n*’”*l),
j=1

for any r € N, where Jl(g)(z) = O(1) as n — oo uniformly for z € 9D; U dDz. Thus, R admits
a series expansion of the form

R(z)=1+ ZR(j)(Z)n_j + (’)(n_r_l), as n — oo,
j=1

for any 7 € N, where RU)(z) = O(1) as n — oo uniformly for z € C\ ¥g. By a perturbative
analysis of the RH problem for R, the first term R(l)(z) is given by

(1)
RW(z) = L ‘]Ri(i“)dw.
2mi Jop,uop, W — %

We can evaluate this integral explicitly. When z is outside the disks, we have from (5.22)
and (5.23) that

() e ()
c—t c—t

:\/m4a2—1(1 i>+ 1 5@(—1 z) (5.27)

z—t 32k \i —1)  (2—¢)2 96k i1 '

4t 1 < —8a® +2(c—t)ks +3 2(24(o + 2)or — 6(¢ — t)ks + 19)>
2 —C 64T — thy \5(24(a — 2)or — 6(C — t)k3 + 19) 8a? —2(c—t)ks —3 ‘
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6 RH analysis for 0 < A < A.(?)

In this section, we analyse the case when (¢, \) is in a compact subset of
R={t,AN):te(—-1,1)and 0 < A < A:(t)}

as n — 0o. We define the function

_g\/z—c\/z—b\/z—a
o Vz—t ’

analytic in C\ ([a,b] U [t, c]) such that §(z) ~ 2z as z — +00. We will adopt the same approach
as in Section 5, and we will rewrite the jumps for 7" in terms of the following two functions:

7(2)

) = [ e, () = [ pw)du. (6.1

For & the path of integration is chosen to be in C\ (—o0,¢), and for & the path lies in C \
((—o0,b) U [t,00)). Therefore, & is analytic in C\ (—o0, ¢), satisfies &1(z) < 0 for z > ¢ and &
is analytic in C\ ((—o0, b) U [t,00)). Similarly to (5.3), note that &;(z) — g(z) satisfies

bt o

G14(2) —9+(2) =&,-(2) —g-(2) = 5 =27, z€(t0) (6.2)

Analytically continuing &;(z) — ¢g(z) in (6.2) for z outside (—oo,t), we have

&(z)=g(z) + g — 22, z€C\ (—o0,(. (6.3)

It will be useful later to notice the connection formula between g(z), £1(z) and &2(2) for z € (b, t):
t
9+ (2) + 9-(2) + £ =22 = &4 (2) + &1, (2) = 262(2) + 27?/ plr)dz = 26(2) + A, (6.4)
b
where we have used (4.14), (4.2), (4.19) and (4.24). Furthermore, by (4.7) and (4.24), we have
Cor(2)+ & (2)=0=g(2) +g_(2) =222 +L -\, z € (a,b),
and by (4.19), we also have
(20 (2) + 0 (2)) = —203(2) = (g4 (2) +9_(2) — 22+ (=),  z<a
Thus, we have the following identity between & and g on (—o0, a):
4 (2) +6o () =gi(5) T g () =22 +0-A<0, :<a (6.5)

The mass of p on the interval (a,b) will play an important role later and will appear in the
jumps of the subsequent RH problems, and we denote it as follows:

Q(t,\) = /b p(x;t, N)dx. (6.6)

We will sometimes omit the dependence of (¢, A) in ¢ and A and simply write 2 when there is
no confusion. For z € (a,b), by the relation (4.26), we have this identity

b
260 +(2) = 27Ti/ plx)de = g4(2) — g—(2) + 2miQd — 2mi.
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Also, by Cauchy—Riemann equations, we can show similarly to equation (5.8) that there exists
an open neighbourhood Wj of (¢,¢) and an open neighbourhood W5 of (a,b) such that

Ré1(2) >0, for ze Wi\ (t ), (6.7)
Réa(z) > 0, for ze Wy )\ (a,b). (6.8)

The jumps for T' can now be rewritten as

(1 |z — t|% n(£2,+(w)+§2,(w))>
, if r <a,
1
e2miQn ,—2nés, +(z) ‘ﬂ? _ t|o¢ ‘
727riQn62n§2,+(m) , ifa <z <D,
2mﬂn |a n(&1,4 (z)+&1,— (z)—N)
Jr(x) = —2mi0n , dfb<a<t,
e—2né14(z) |z — ¢ )
ot () | ift<z<e,
1 ‘iL' _ t’a 2né1(x)
, if ¢ < .
0
For x € (b,t), by , one can also rewrite Jr(z) as

e2min |0 plag2ngs (z)
Jr(x) = < 0 | e—‘27riQn ) :

6.1 Second transformation: T — S

We proceed to the opening of the lenses with vy, v, 44+, and 4_ as shown in Fig. 3, such that
v+ Uy- C Wy and 44 UAy— C Wa. The next transformation S is defined by

.
1 0 .
(—(z e nea(e) 1) ) it z €1,

1 0

), if z € Iy,
- z
ifzefl,

1 0 .. =
(z — t) e 2né2(2) g—2milin 1) , itz ey,

1, if z is outside the lenses,

where the sectors Zy, Zo, i’l, and fg are inside the lenses and are shown in Fig. 3. S satisfies
the following RH problem.

RH problem for S

(a) S:C\ (RU~y Uy_ UAy UF_) — C?*2 is analytic, see Fig. 3.
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Figure 3. Jump contour for S.

(b) S has the following jumps:

— tlaen(ée, 4 (2)+E2,—(2))
S.(z) = S_(2) ((1) |2 — % 21+ ’ ) . if z<a,
2milin — tlaen(ér+(2)+61,—(2)=A)
Si(2) = S_(2) <e \ 2 — t] e_;mm ) it b<z<t,
_ 4lay2néi(z)
S (2) = S_(2) (é |z~ 1l N 1 ) L if e<z
0 z —t|* .
Si(z) =85_(2) <—\z—t|_°‘ | 0 | >, if zed,
1 0 . ~
S+(Z> =5 (Z) (Z _ t)fa€f2n§2(z)€27ri9n 1/ if ze€ T+
1 0 ) .

1 0 .
Si(z) =S5_(2) <(z _ f)ae-2(2) 1) , it zevypUn_.

(c) As z — oo, we have S(z) =1+ O(z71).
(d) As z tends to t, we have

o(1) (’)(log(z o t>)> zoutside the lenses
S(2) = O(1) O(log(z—1)) )" B a=0
O(log(z —t))  O(log(z - t))> 2z inside the lenses |
[ \Oo(log(: 1)) O(1og(:~1)) ) |
( o) O(l)> z outside the lenses
s 4 o om)’ i a0
O(('Z B t)_a) 0(1)> z inside the lenses |
O((z—1)=) oW}’ ’
_[0(1) O((z—t)™ .
S(z) = (0(1) OE(Z B t)a; , if a<O.

As z tends to a, b or ¢, we have S(z) = O(1).

From (6.5), (6.7), (6.8) and the fact that &;(z) < 0 for z > ¢, the jumps for S on the boundary
of the lenses are exponentially close to the identity matrix as n — oo and the (1,2) entries of
the jumps on R \ § are exponentially small as n — oo, but these convergences are not uniform
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B ——

Qe

Figure 4. The cycles A and B. The solid line of A is in the first sheet and the dashed line is in the
second sheet. The cycle B lies on the first sheet.

for z in a neighbourhood of a, b, t and ¢. By ignoring the exponentially small terms in the jumps
for S, we are left with a simpler RH problem, whose solution P(°) will be a good approximation
of S away from neighbourhoods of a, b, t and ¢. We construct P(°) explicitly in Section 6.2.

6.2 Global parametrix

If we ignore the exponentially small terms as n — oo in the jumps for S and a small neigh-
bourhood of a, b, t and ¢, we are left with a simpler RH problem, whose solution P(®) is called
the global parametrix, and is a good approximation of S away from a neighbourhood of a, b, ¢
and c.

RH problem for P(°°)
(a) P(>®): C\ [a,c] — C>*? is analytic.
(b) P(*®) has the following jumps:

0 |z —t|®
—|z —t|7* 0

PJ(rOO)(z) = P(m)(z)e%mn(”, if ze (bt).

P (z) = P () < ) . if zeS,

(c) As z — oo, we have P(®)(2) =T + O(z71).
(d) As z tends to Z € {a,b,c}, we have P(®)(z) = O((z - 2)*1/4).
As z tends to t, we have P(®)(z) = (’)((z — t)*1/4)(z — t)‘%”if.

The construction of P(*) has been done in similar situations in [19] for & = 0 and in [31] for
a # 0. It involves A-functions and quantities related to a Riemann surface. Let X be the two
sheeted Riemann surface of genus one associated to \/R(z), with

R(z) = (z = o)(z = 1) (2 = 0)(z — ),

and we let \/R(z) ~ 2% as z — oo on the first sheet. We also define cycles A and B such
that they form a canonical homology basis of X. The upper part of the cycle A (the dashed
line in Fig. 4) lies on the second sheet, and the lower part lies on the first sheet. The cycle B
surrounds (a, b) in the clockwise direction, and lie in the first sheet. The unique A-normalized
holomorphic one-form w on X is given by

codz

1
O </A mdz>

w =



30 C. Charlier and A. Deafio

By construction [, w =1 and the lattice parameter is given by 7 = [pw. A direct calculation
shows that

b 2i00

¢ 2
Co = ——dx R+, T = _
! </b VIR@)] ) : . VIR@)

The associated #-function of the third kind 0(z) = 6(z; 7) is given by

dz € iR™.

oo
Q(Z) _ Z 627rimzem'm27"

m=—0o0

It is an entire function which satisfies
0(z+1)=0(z), O(z+7)=e22™9(z), forall zecC. (6.10)

We also need the function

where the path of integration lies in C\ [a, ¢). Since |, o w = 0 for any circle C winding around S,
u is a single valued function for z € C )\ [a,c). For z on the first sheet, it satisfies

ut(z) +u_(z) =0, z € (t,c),
up(z) +u_(2) =1, z € (a,b),
up(z) —u_(2) =, z € (b,t),

lim u(z) = us € C.

Z—00

We define §(z) = {‘/%, such that B(z) ~ 1 as z — oo on the first sheet. On this first
sheet, it can be verified that the function 8(z) + S71(2) never vanishes, while 5(z) — 871(2)
vanishes at a single point z., given by
c—t b—a
_I_
c—t+b—a c—t+b—a

Zx =

t € (b,t).

This observation will be useful later, because the solution P> will involve functions of the

form 1/6(u(z) + d), where d = —3 — T + [** w. The function 1/6(u(z) + d) has no pole on the

first sheet, while the function 1/6(u(z) — d) has a pole at z,, see [19]. Therefore, the functions

B(z)£B~(2)
0(u(z)£d)

Before stating the solution P(*), we follow [31] and introduce a scalar Szegd function D
which satisfies

are analytic on the first sheet.

(a) D: C\ [a,c] — C is analytic.

(b) D has the following jumps:
Di(z)D_(z) = |z —t|%, if zeS,
D, (z) = D_(z)e*™?, if ze(bt).

(¢) As z — 0o, we have D(2) = Do + O(27 1), Do # 0.
(d) As z = t, D(2) = (z — ) 2d; + o((z — t)%), dy # 0.
As z tends to Z € {a,b,c}, D(z) is bounded.
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The new parameter & is not arbitrary and is completely determined to ensure the existence
of D. The solution is given by

1 [ aloglz—t| dx ‘a to dz (6.11)
2mi Js \/R(z), ©—= b /R@)z—2]|)’ '

see [31] for a detailed proof of it, and & is chosen such that D(z) remains bounded as z — oo:

D(z) = exp ( R(z)

B /t 1 de 1 alog\:c—t|d
b oA /R(x) 271'2 A/ R
From (6.11), %(1 + 7+ (9( %)) as z — oo, we can evaluate Do. We
obtain

1 1 —t t
Dm:exp<_, arlogle —t), o' x dx).

omi Js /R(w), b VR(@)

The solution P(®) is given by (see [31, Section 4], and [19, Lemma 4.3])
P = D2 (SO P I0uG) 00 ~0u0) pie oy

2 \—i(B(2) — B7H2))O21(2)  B(z) + B 1(2)On(
where
O(too + d)0(u(z) +d — Qn — &) O(uoo + d)0(u(z) —d+ Qn + @)
Ou(z) = (oo +d — Qn — @)0(u(z) + d)’ O12(2) = O(tso +d — Qn — @)0(u(z) — d)’
O (2) = O(tuoo + d)b(u(z) —d — Qn — @) Ona(2) O(uoo + d)f(u(z) +d+ Qn+ &)
T B(toe + d+ Qn+ &)0(u(z) — d)’ T Buoe +d+ O+ a)0(u(2) + d)’

6.3 Local parametrices

By the assumption made at the beginning of Section 6, i.e., that (¢,A) is in a compact subset
of R as n — 0o, by Proposition 4.3, there exists § > 0 independent of n such that

d <min{b—a,t —b,c—t}.

We consider some disks D, Dy, Dy, D. around a, b, t and c respectively, such that the radii are
smaller than §/3 but fixed. Inside these disks, we require the local parametrices P to have the
same jumps as S, and the same behaviour near a, b, t and ¢. Furthermore, uniformly for z on
the boundary of these disks, P satisfies the matching condition

P(z)= (I + O(nil))P(oo)(z), as n — oo.

The solution P of the local parametrices around a, b and ¢ is constructed in terms of the model
Airy RH problem, and the local parametrix P around ¢ in terms of the modified Bessel model
RH problem. As these constructions do not present any additional technicalities other than the
ones in Section 5, and as we will not use them explicitly later, we have decided not to include
them in the present article.

6.4 Small norm RH problem

The final transformation is given by
S(z)P™)(2)"1, zeC\D,
R(z) = .
S(z)P(z)~, zeD,
where D = D, U D, UD;U D,. Since P has exactly the same jumps as S inside D, and the same

behaviour near a, b, t and ¢, we show in a similar way as done at the beginning of Section 5.6
that R is analytic inside these disks and it satisfies the following RH problem.
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. -

Figure 5. Jump contour for R. The orientation on the circles is clockwise.

RH problem for R

(a) R: C\ g — C?*2 is analytic, with the contour ¥z shown in Fig. 5.
(b) The jumps Jg(z) := R_'(2) R, (2) satisfy the following large n asymptotics for z € L:

Jr(z) =1+ O(e™ ™), uniformly for z € (4 Uv_ UA; U5- UR)\ (SU D),
Jr(z) =1+ O(nil), uniformly for 2z € 9D,

where ¢ > 0 is a constant.

(c) As z — 0o, we have R(z) =1+ O(z71).

Again, from standard theory for small-norm RH problems [18], R exists for sufficiently large n
and we have

R(z)=1+ O(n_l), R'(z) = O(n_l), (6.13)

uniformly for z € C\ X, and uniformly for (¢, A) in a compact subset of R.

7 Asymptotics for the Hankel determinant H,, (v, s, a)

7.1 Proof of Theorem 2.1

In this section, we use the RH analysis done in Section 5 with A = 400 (i.e., s = 0) and the
differential identity

Olog Hy, (V2nt,0, ) = 4nlUy 11, (7.1)

which was obtained in (4.5). Inverting the transformations R — S +— T +— U, we obtain for z
outside the disks and outside the lenses that

nt né

U(z) =e 2 U3R(Z)P(OO) (z)e”g(z)‘”e?”.

In particular, the (1,1) entry in the above expression is given by

ng(z oo P(OO)(Z)
Un(2) = e P((2) (Rll(z) +R12(Z)P§°>(z)> .

Thus, by equations (4.28) and (5.12), we have

1
ae=1) R,

1 - +(’)(n72), as n — oo,

Ui = —n/ xzp(x)dr —
S
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where the O(n™?) is uniform for ¢ in compact subsets of (—1,00), and Rﬁl is the coefficient

of the 27! term in the large z expansion of Rgll)(z) From (5.27), it is given by

2 2 -
(1) ——4a0®—1 —8a”+2(c—t)ks+3
Rijy=Vve—t +
LTV 0k 64/% — ths

On the other hand, by using (4.9) we can calculate explicitly the first moment of p, we have

/c zp(z)dz = %(\/3 12— 1) (34 52+ 46/3 + 12).

t
Thus, we can rewrite the differential identity (7.1) more explicitly:

9y log H,, (V2nt,0,0) = uy (H)n? + ua(t, a)n + us(t, a) + O(n~Y), 72)
where
ui(t) = —%(@—t) (34 5t + 4t\/3 + 12),
us(t,0) =~ (V3 + 1),
(t,a) = (V3+82—t)(t+V3+2(6a - 1))
e = 12(3+ 12) (2t + V3 + £2) '

Note that for ¢ > —1 we have fg up(z)de = C1(t), fg ug(z, a)dx = Cy(t, ) and f(f us(z, a)dz =
Cs(t, ), where C1(t), Ca(t, ) and Cs(t, ) have been defined in (2.2), (2.3) and (2.4) respec-
tively. Since the O(n™!) term in (7.2) is uniform for ¢ in compact subsets of (—1,00) and for
A > A(t), this gives the result.

7.2 Proof of Theorem 2.3(1)

In this section, we again use the RH analysis done in Section 5. In order to use the differential
identity (4.6), we need to obtain large n asymptotics for U uniformly on (—oo,t). This can be
achieved by inverting the transformations R — S+ T+ U in different regions. For z € D;\ R,
we have

U(z) = e R(z)P™)(2) <(1) l(f)> QLT A (7.3)
For z outside the lenses and outside the disks, z ¢ R, the expression for U in terms of R is

U(z) = e~ 29 R(2) P (2)e"9(2)73¢ 5 5 (7.4)
Thus, from (7.3) and (7.4), for all z such that z ¢ R and Rz < t, z ¢ D, we obtain

(UL (2)U'(2)] ,, =€ €29 [PO) () 7T R(2) T R/ (2) P9 (2) + P°) (2) T P (2)'],,,. (7.5)
From (5.11), as n — oo we have the following bounds for the global parametrix:

P>®)(z) =0(1), P> (z) =0(1), uniformly for z outside the disks.

Furthermore, by using the estimate for R given by (5.26), and by taking the limit 2 — 2 € R in
equation (7.5) (the limits from the upper and lower half plane are the same, see Remark 4.2),
we obtain

uégf) [T @)U ()], = o — tfen@@ro-HEVEIO), as n— oo, (7.6)

where the O(1) is uniform for € (—oo,t), © ¢ D;. It is more complicated to obtain similar
asymptotics for 2&) (U~ (2)U' ()]

e uniformly for x € (—oo,t)ND;. We will need the following
lemma.

217
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Lemma 7.1. Asn — oo, we have
1

1 nt e, 10) n§+max(a,0)

Uy (x) (O) — 5 e9+(@) =03 ((’)Ené‘*‘ma’((avo); , (7.7)
5
1 nt e, 10) n§+max(a,0)
U_ﬁ_(m) <O> — o5 e9+(@) o~ 03 (@Enimax(a,o); , (7.8)
uniformly for x € (—oo,t) N Dy
Proof. For z € Dy, z outside the lenses, we have
1 nt _nt 1
U(z) <0> —e2 P2 R(2)P(2) (O) . (7.9)
If furthermore, Sz > 0, by (5.19) and (B.4) we have
1 Tl _o Ia(2n _f(z))
P = —t @ g : 1
@) (o) = F -0t (L, O D (710

Let z € (—o0,t) N D;. Note that &(z) > 0 (£ is defined in (5.16)) and thus —flz), = %g(az)
Inserting (7.10) into (7.9), we can take the limit z — z, this gives

( 1)”6%1Z n9+(@) —né(2) (t— x)*%e*%z"?’

(7.11)

va) (o) = (- N
x R(z)E(x) <_mn%(g§l§2§(w))) '

Since E is analytic in Dy, one has from (5.21) that as n — oo
(7.12)

E(z) = O(l)n%, E'(z) = O(l)n%ﬁ, uniformly for z € Dy.
To obtain a uniform bound from (7.11), we distinguish three cases. Let M > 0 be an arbitrary
large but fixed constant and let m > 0 be an arbitrary small but fixed constant.
In this case we need large ¢ asymptotics for I,(¢)

Case (a): nf(z) > M as n — oo

and I!,(¢). From (B.2), we have
¢
I.(¢) = (1+0(C7Y), MO = ;C(l +O(CM),  as (oo (T.13)
If we insert (7.1 o (7.11), the result follows for Case (a) from (5.26), (7.12) and from the
fact that (t —z)~ % = O(nmax(@0)),
Case (b): m g né(z) < M asn — co. In this case we have I, (né(z))=0O(1), né(z) I’ (né(z))
= 0(1), e @ = O(1), (t — )" = O(n®). Again from (5.26) and (7.12), we obtain
1 2 ngy(2) . — Lo O(nzte
Ui () (O) — '3 ¢9+(@) =% (O(Elé+3)> , (7.14)

which is even slightly better than (7.7)
Case (c): n&(z) <m as n — oco. From [36, formula (10.25.2)], we have

3) (w1 96),

1a(€) = <2 1+a



Asymptotics for Hankel Determinants Associated to a Hermite Weight 35

IL(¢) = <g>a_1 (I‘(la—i—a) +0(C2)> ; as ¢ — 0.

From the above expansion, we have for Case (c) that

and e~™¢@) = O(1). Thus, from (5.26) and (7.12) we obtain again (7.14), which finishes the proof
of (7.7). We now turn to the proof of (7.8). From (7.11), we have U/ (z) (}) = Uy (z) + Us(z),

where

min () I}, (né(x))
(Iams(xp
Us(z) = (—1)"e'2 em9+( )e—né(x)e—%eagR 2V E(x (t—=x)2 /
2(z) = (=1) () E( <_mn£( DI (e )))
(t—xz)2

The analysis of U, (z) and Us (z) can be done very similarly to the first part of the proof and we
do not provide here all the details. From (5.4), one has ¢/, (z) — {'(x) = 2z and thus by (5.26),
(7.7) and (7.12),

N " T O 3 4 max(a,0)
Ur(x) = et e+ (@)= 03 <OEZ§+maX(Oé,O)§> ‘

Again, by splitting the analysis into the same three cases as in the first part of the proof, we
obtain the estimates

(—m ~<as>fg<ns<as>>>’ o (n (—m£<x>1;<nf<x>>>>
(t—)% (t—2)% ’

O (ng—i—max(a,O))

. . 7 nt z),— %o
which yields Up(v) = e en0+ (e 52 (O(nngmaX(avo))

) and finishes the proof. |

Note that g (z) +g_(z) — 222+ £ is continuous on R and equal to 0 at x = ¢ by (4.7). Thus,
from (4.24) and (4.8) and the fact that V(z) has a jump discontinuity at = ¢, we have

lig% g+(x) +g-(z) = V() +L=-X < =X <0. (7.15)

<t
Therefore, by using first Lemma 7.1 and then (7.15), there exists ¢ € (0, A.) such that

w(x)

-1 _ a,_n T _(z)=V(x)+£ 342 max(a,0
o [U (x)U/(x)Ll = |z — t|% (g+(x)+9-(z) =V (z)+ )@(n + ( ))

= |z — t|*O (e A=), (7.16)
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as n — oo uniformly for x € Dy N (—oo,t). Now, we will split the integral of the differential
identity (4.6) into two parts:

s0s log Hn(\/ﬁt, s) = I1(s) + Ix(s),
w(x)

Ii(s) = /( . %[U’l(x)U’(x)]Qldx,

w(z)

Ig(s):/( oo, 2 [Uﬁl(x)U'(x)]Qldm.

The first integral can be evaluated using (7.6). By (5.1), (5.2), (5.4) and (5.7) (see also the
comment just after), we have g4 (b) + g—(b) + £ — V(b) = —(A — \.) and

(9+(2) +g-(x) + €=V (2))],_5=0,  (g+(z) +g-(2) + €=V (2)"| 5 <O0.
Therefore, we obtain

‘Il (s = e*)‘”)‘ = (’)(nil/Ze*"()‘*)‘c)), as n — oo.
On the other hand, from (7.16), it immediately follows that

‘Ig (s = e*)‘")‘ = O(e*(’\*"’)"), as n — oo,
where ¢ € (0, \;). Therefore, the differential identity becomes

Js log Hn(v,s,a)‘s o = (’)(nil/2e")‘c), as n — oo,

=€

where in the above expression the O term is uniform for ¢ in a compact subset of (—1,00) and
for X > A\.(t). Thus, we can integrate it from s = 0 to s = e~*", and it gives

log Hn(\/%t, e_’\”,oz) = log Hn(\/%t, 0, a) + O(n_l/Qe_"(’\_’\c(t))), as n — 0o,

which is the claim (2.7).

7.3 Proof of Theorem 2.3(2)

In this section we use the RH analysis done in Section 6.

Proposition 7.2. Let W C R be an arbitrary small but fized neighbourhood of the four points
{a,b,t,c}. We have as n — oo

w(x)

(U (@)U (2)],, = np(a)xs(a) = e+ DFo-H=VENO(1),

21

uniformly for x € R\ W.

Proof. We can assume without loss of generality that the disks of the local parametrices are
sufficiently small such that D C W. Let 2z be outside the lenses and outside the disks. In this
region, by inverting the transformations R +— S — T +— U, we have

U(z) = e_%l”R(z)P(oo) (2)6"9(2)036%203.

Since the dependence in n of the global parametrix (6.12) appears only in the form n{2 € R, and
as an argument of the #-function, by the periodicity property (6.10), as n — oo we have

P> (z) = 0(1), P>®)(z) = O(1), uniformly for z outside the disks.
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Therefore, using also the large n asymptotics for R (6.13), we have
[U(2) 71U (2)],, = e™e™D0(1),  as n— oo, (7.17)

uniformly for z outside the lenses and outside the disks. For z € R\ (S UW), we can take the
limit z — x in (7.17). As n — oo, we have

'LTJ(IB) -1 a.n x () -V (z
TM[U (2)U'(x)],, = |z —t|% (9+ (@) F9-(@)+-V(2) (1),

uniformly for z € R\ (SUW). Now, we consider the case when z is still outside the disks but
inside Zj, see (6.9) and Fig. 3. Inverting the transformations in this region, we get

_MU o0 1 0 nglz)o:; ZU
U(z) =€ 2 3R(Z)P( )(z) ((z—t)_ae_2"51(z) 1)6 9(2)o3 503

Since P(*®)(z) = O(1) as n — oo uniformly for z in this region, we have
[Uﬁl(z)U'(z)] = (z —t)"@n(29(2)+0) (—2%{3(2)6727151@) +0(1)), as n — 00,(7.18)

where we have also used (6.7) and R 4 (z) = 0 for x € (¢,¢). Note that from (6.1), we have
§1.+ (@) = —mip(z) for x € (¢,¢c). Thus, if welet 2 = z € (t,¢)\W in (7.18), from (4.7) and (6.3),

we have

w(z)

5 [U_l(a:)U'(a:)]21 =np(z)(1+ O(n_l)), as n — oo, (7.19)
i
where the O term in the above expression is uniform for x € (t,c) \ W. For = € (a,b) \ W, we
can invert the transformations for z € Z; and then take the limit z — x. The computations are
similar and we obtain the same asymptotics as (7.19). |
By (4.1) and (4.4), note that (3.10) can be rewritten as [ q“;(‘rl U~ Hz)U'(z)]ydz = n.
Thus, a consequence of Proposition 7.2 (by taking W arbitrarily small) and (4.6) is that for
fixed t € (—1,1) and fixed A € (0, A\.(¢)), we have

lim 3 log H, (\ﬁt S a)‘ sp—rn = lim w(z)

n—o0o N = n—oo J_ 2min

(U (@)U’ (2)],,dz = Q(t, A). (7.20)
A simple change of variables shows that
1
%85 log H,, (\/ 2nt, s, a) ‘s:e*M = —ﬁm log H, (\/ ont, e M, a).

By (7.20), for every (¢, A) such that ¢ € (—1,1) and A € (0, A.(t)), the right-hand side of the

above expression converges to (¢, A) as n — oo. Also, by (3.8) and (3.9), we have

En(v,s,a)
n

Eagloan(v,s,a) = <1.
n

Since the constant function 1 is integrable on any bounded interval, we can apply Lebesgue’s
dominated convergence theorem, and we have

- N A _ 5
lim 2/ 05 log H,, (\/ nt,e " a)d/\:/ Q(t,/\)d)\,
n—o0o N 0

which finishes the proof.

Remark 7.3. As mentioned in Remark 4.5, we have indeed only used pointwise convergence for
A € (0,Ac(t)) of the quantity 20;log Hn(\/ 2nt, s, a) ‘s:e*/\" to Q(t, ) as n — oo and Lebesgue’s
theorem. The technical RH analysis as A — 0 or A\ = A.(f) was thus not needed.
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7.4 Direct proof of formula (2.11)

In this section we suppose that ¢t € (—1,1) and A € (0, Ac(t)), but as we will have to integrate in A
over the interval [0, \.(t)], some quantities need also to be defined for A = 0 and for A = A.(¢).
The quantities p(z;t, A) and £(t, \) refer to (4.11) and (4.15) if A € (0, A.(¢)), to (4.9) and (4.10)
if A = A:(t), and to (4.16) if A = 0. Also, Q(¢,\) is given by (6.6) for A € (0, A.(t)), and we
define by continuity Q(¢, \.(t)) = 0.

Lemma 7.4. Fort € (—1,1) and X\ € (0,A.(t)), there holds a relation between Q(t,\), the
density p(x;t, \) given by (4.11), and the Fuler—Lagrange constant €(t,\) given by (4.15):

Q(t, \) = DLt \) + D / 202 (1, A)dz + AQAE ). (7.21)
S

Proof. Consider the function
H(x;t, \) = —2/ log |z — yl|p(y; ¢, A)dy.
S

By the Euler-Lagrange equality (4.7), we have

H(z;t,\) = £(t,\) — 222, x € (t,c), (7.22)
H(z;t, ) = £, \) — 22% — ), x € (a,b). (7.23)

Thus, by integrating it with respect to p(x;t, A)dz, we obtain

/H(m; t, N p(z;t, N)dz = €(t, ) — AQ(t, \) — / 222 p(x;t, N)da.
S S

We will evaluate 9 |, s H(x;t, \)p(x;t, \)dz in two different ways. From the above expression,
it gives

0 / H(a:t, N p(a: £, \)da = Ox0(t, N) — Ot ) — AORQ(E A) — / 202 p(s £, )l (7.24)
S S

On the other hand, by Lebesgue’s dominated convergence theorem, and by the symmetry in x
and y, we have

on [ [ 108l = ylp(yst At Aty =2 | 1o o = yion (s At )y
Therefore, by differentiating (7.22) and (7.23) with respect to A, we obtain
A /S H(wst, Np(ast, \da = 2 /S O (H (x:t, \)) plars £, ) = 205((t, ) — 20(t, \). (7.25)
Putting (7.24) and (7.25) together, we obtain (7.21). [
Let us consider the function
F(t,\) = £(t,\) + / 222 p(x;t, \)dz,

S

Lemma 7.5. Fort e (—1,1) and A € (0, (%)), we have the following relation

2 1
F(t, gc(t)) (Aj(t)> Jr/X 5F(t’2)d§]. (7.26)

Ac(t)

Q(t, \) = 0y
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Proof. From a direct calculation and a change of variables, the right-hand side of (7.26) is
equal to

/1>\ EONF (t, %)df - /IA 6uF(t,u)|u:%d§ B A/)‘

Ac(t) Ac(t)

Acl) 9, F(t,u)

5—du. (7.27)

U

By using (7.21), which can be rewritten as O\F'(t, ) = Q(t, \) — A0\ Q(¢t, ), the right-hand side
of (7.27) becomes

du = Q(t, N),

u2

\ /Mt) Q(t,u) — ud,Qt, u)
A

where the last equality is obtained via an integration by parts, and using the identity Q(¢, \.(¢))
=0. |

Lemma 7.6.

Ac(t)
- / Q(t, \)d\ = Oy (t) — 1°§ 3 (7.28)
0

Proof. From Lemma 7.5, we directly obtain that
)\c(t) 1
—/ Q(t, \)dX = —Q(F(t, Ac(t)) — F(t,0)). (7.29)
0
By (4.9) and (4.10), we obtain

3
F(t, Ae(t)) = 3 +2 <§t2 -+ gt\/3 - t2) - %(\/3 + 12 — 1)

2
+2log (2(t + V3 +12)), (7.30)
and by (4.16), we have
3
F(t,0) = 5t 2log 2. (7.31)
By substituting (7.30) and (7.31) into (7.29), we obtain (7.28). [

A Airy model RH problem

We consider the following RH problem:

(a) Paj: C\ 34 — C?*? is analytic, where X4 is shown in Fig. 6.

(b) Pa; has the jump relations
0 1 -
Pai+(¢) = Pai—(C) (_1 0) ; on R,
1 1 "
Prit(Q)=Pai-(O |y ;) on R,

Ppi+(¢) = Pai—(¢) G (1)> . on e3RTUe FRY.
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Figure 6. The jump contour X 4 for Pa;(().
(c) As ¢ — o0, z ¢ 34, we have

PAi(C) = C_%N (I + ZAkC_3k/2> 6_§C3/20'3’ (Al)

k=1
)
1 -
6

. olm

whereN:\}i(H)andAlzé(

This model RH problem was introduced for the first time and solved in [18], and is now well-
known. The unique solution of the above RH problem is given in terms of Airy functions, we
have

2
for 0 <arg( < 5,

( Al(C) Ai(w2<) 6_%03
AV (¢) WAl (W) ’
Ai(Q) AW ) | =, (10 "

( i(¢) w?Ai (w?) e ( ) 1), for 28 < arg( <,

(Ai(ﬁ) —wQAi(wC)> 6_%03 (1 0> for —m <arg( < 2
./ ) 37
0 o)

=

PAi(C) = MA X

=

i'(¢) —Ai'(wQ) 1 1
(Ai O —w?Ai(wl)

) for—%”<arg§<0,

AT'(¢)  —Ai'(w()

with w = e%, Ai the Airy function and

My = \/271'6% <é 0.> .

—1

B Bessel model RH problem

We consider the following RH problem:
(a) Pge: C\ ¥p — C?*? is analytic, where ¥p is shown in Fig. 7.
(b) Pge satisfies the jump conditions

PBe,—i—(C) = PBe,—(C) (_01 (1)) ) C € R_,
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0
Figure 7. The jump contour X for Pge(¢).
1 0 2mi
PBe,—l—(C) = PBG,—(C) <67rioz 1) ) C € 623 RJr?
1 0 _2mi o
PBe,—i—(C) = PBe,—(é.) effria 1/’ C €e 3 R™. (Bl)
(¢) As ( = o0, ¢ ¢ X, we have
1,_93 s 1
Ppe(¢) = (2n¢2) 2 N <I +> Bkg—kﬂ) %23, (B.2)
k=1
. _ Oé2 —92;
WhereN:%(H) and Blz%ﬁ< (1:;41, )1+42a2>.
(d) As ¢ tends to 0, the behaviour of Ppe(() is
(
o1 o
W Oosel) =gy < 2,
O(1) O(log() .
Ppe(¢) = if a=0,
O(log¢) O(log()| o
s 3 < ’a‘rgC’ <m,
O(log¢) O(log()
o@1) o1 o
WO i Janeq <
o) o1) :
Ppe(¢) = " a a it a>0,
0(C™2) O0(C2))  a
_a _a ’ ?< |a‘rg<’<ﬂ-u
(\O(¢2) 0(C2)
O(¢%) O(Cg)> :
P e = o o s if « < 0. B.3
0= (663) (e o

( Ta(22) :;fga(%%)l)
2miC2I4,(2¢2) —2¢2 K. (2¢2))
= %Hc("l)(2(_0%) %HC(?)(2(_C)%) >€Tréaa3
Ppe(C) (WC%(HEYI)),(?(—C)é) wcE (HP) (2(-0)}) :
([ fimecan i oh) )
—n¢2 (HE) (2(=0)7)  w¢ (HEY) (2(=¢)7)

2
larg ¢| < 5,
I <arg( < m,(B.4)

, —m <arg( < —%’r,
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where Hc(yl) and H&Q) are the Hankel functions of the first and second kind, and I, and K, are
the modified Bessel functions of the first and second kind.
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