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Abstract

We study the universal scaling limit of random partitions obeying the Schur measure.
Extending our previous analysis (Kimura and Zahabi in Lett. Math. Phys. 111:48,2021.
https://doi.org/10.1007/s11005-021-01389-y), we obtain the higher-order Pearcey
kernel describing the multi-critical behavior in the cusp scaling limit. We explore
the gap probability associated with the higher Pearcey kernel, and derive the coupled
nonlinear differential equation and the asymptotic behavior in the large gap limit.
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1 Introduction and summary

Universality of the eigenvalue statistics in the scaling limit is one of the key concepts in
the study of random matrices [2, 17, 29]. For example, the Tracy—Widom distribution
[34], which was originally introduced to describe the largest eigenvalue statistics of the
Gaussian Unitary Ensemble (also known as edge statistics), is now applied to a large
number of statistical problems in various contexts. Typically, the eigenvalue density
function p (x) of the standard Hermitian single random matrix is obtained by solving a
second order algebraic equation with respect to the auxiliary function, called the resol-
vent. Hence, in the vicinity of the spectral edge x,, the density function shows square

root singularity, p(x) ~ (x4 — x)%, where the eigenvalue statistics is well described
by the Airy kernel [16, 30]. Replacing such a square root singularity with a higher
1

order one, p(x) ~ (x4 — x)? with p even, which would be realized in the fermion
momenta distribution in the non-harmonic trap [28], one may obtain the higher-order
analog of the Airy kernel and the corresponding Tracy—Widom distribution [1, 11, 14,
28].

A similar singular behavior is observed at the cusp point, appearing in the colli-
sion limit of the eigenvalue supports, that we call the cusp statistics. In this case, we
shall apply the Pearcey kernel, an analog of the Airy kernel using the Pearcey integral
function [33], to describe the eigenvalue statistics in the vicinity of the cusp singu-
larity [6, 7]. See also [8]. Similar to the edge statistics, the cusp statistics is widely
discussed in various contexts, including stochastic process [35] and asymptotics of
the combinatorial problems [32].

In this paper, we study the random partition distribution based on the Schur measure
[31], which depends on two sets of parameters, X = (X;)ijen and Y = (y;)ien. It has
been known that the Schur measure random partition is a discrete determinantal point
process: The correlation function is obtained as a determinant of the associated discrete
kernel K (x,y) forx,y € Z + % See (2.11) for the definition of the kernel. In our
previous paper [27] (see also [5]), we showed that this kernel is asymptotic to the
higher Airy kernel in the scaling limit under the condition X = Y. In this paper, we
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relax this condition and consider generic parameters X and Y. Then, we obtain the
following scaling limit of the Schur measure kernel.

Proposition 1.1 (Proposition 3.8) We have the following asymptotic behavior of the
Schur measure kernel,

1

lim (“_f’)* K (E n (“—1’)* X, g + ("‘—”)m y) = Kpain(x,y), (11)

e—>0\ € € € €

where (ap, B) are the constants defined in (3.4), and Ky airy(-, -) is the higher Airy
kernel constructed with the higher Airy functions (Definition 3.6).

The kernel K ,_ajry is identified with the known higher Airy kernel for even p, while
it gives the higher-order analog of the Pearcey kernel for odd p. We emphasize that
the higher Pearcey kernel appearing in the odd p scaling limit is realized only when
we relax the condition X =Y.

As in the case of the ordinary Airy kernel, the higher Airy kernel is defined as an
integral of the bilinear form of the corresponding higher Airy functions, which can be
rewritten in the following form.

Proposition 1.2 (Chistoffel-Darboux-type formula, Proposition 3.10) The p-Airy ker-
nel is written as follows,

1 < (p— ~ (k1
Kpain(, ) = 3 (=DF Al @A, o), (12)
k=1

where Aig{) and Xi;k) are k-th derivatives of the p-Airy functions (Definition 3.23).

This formula reproduces the known result for even p [28], and generalizes the result
for p = 3, 5 presented in [6, 7]. See Example 3.11.

In addition, we apply the saddle point approximation to study the asymptotic behav-
ior of the higher Airy functions. Although the saddle point analysis presented here is
not rigorous, rather heuristic, it provides an efficient way to discuss the asymptotic
behavior. As an application of this analysis, we obtain the asymptotic behavior of the
scaled density function, which is given by the diagonal value of the p-Airy kernel
(Proposition 3.14).

Once given such a kernel, one can formulate the probability such that no “particle”
is found in the interval I C R, which is called the gap probability, using the Fred-
holm determinant associated with the kernel. We study the gap probability based on
the higher Pearcey kernel, and obtain the underlying Hamiltonian system (Proposi-
tion 4.10) similarly to the Fredholm determinant associated with other kernels, i.e., the
Fredholm determinant behaves as the isomonodromic t-function. We in particular con-
sider the so-called level spacing distribution associated with the interval I = [—s, s].
In this case, we obtain the coupled nonlinear differential equations (Proposition 5.8).
We also obtain the large gap asymptotics of the level spacing distribution.
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Proposition 1.3 (Proposition 5.10) Let F (s) be the Fredholm determinant defined by
the p-Airy kernel with the interval I = [—s, s], which provides the gap probability for
the determinantal point process associated with the corresponding kernel. We have
the following large gap behavior,

F(s) 2% exp (—cps%”) (1.3)

with a p-dependent positive constant C).

This behavior is consistent with the Forrester—Chen—Eriksen—Tracy conjecture [12,
16], relating the local behavior of the density function to the large gap behavior of the
gap probability.

Organization of the paper

The remaining part of this paper is organized as follows. In Sect. 2, we show prelim-
inary properties on the Schur measure. We in particular discuss that the correlation
function is systematically obtained using the associated kernel. In Sect. 3, we ana-
lyze the wave function, which is a building block of the kernel, and show that it is
asymptotic to the higher p-Airy function in the scaling limit for both even and odd
p. We study the asymptotic behavior of the higher Airy function in Sect. 3.2, and
show in Sect. 3.3 that the kernel associated with the Schur measure is asymptotic to
the higher Airy and Pearcey kernels. In Sect. 4, we explore the gap probability based
on the higher Airy and Pearcey kernels. After establishing the operator formalism in
Sect. 4.1, in Sect. 4.2 we study the Fredholm determinant in details, which yields the
Hamiltonian system and also the Schlesinger equations. In Sect. 5, we consider the
level spacing distribution, which is a specific case of the gap probability. For this case,
we obtain the coupled nonlinear differential equations for the auxiliary wave func-
tions in Sect. 5.2. We then explore the asymptotic limit, which is called the large gap
limit, of the level spacing distribution in Sect. 5.3 and obtain the consistent result with
the Forrester—Chen—Eriksen—Tracy conjecture. In Sect. A, we analyze the Fredholm
determinant with the interval I = [s, 0o) (single Hamiltonian case) for the p-Airy
kernel.

2 Schur measure

We consider the random distribution of partitions with the Schur measure defined as
follows [31].

Definition 2.1 (Schur measure) We define the Schur measure on the set of partitions

Y,

p) = X (Y),  red, 2.1

Z(X,Y)
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where s, (+) is the Schur function. We denote sets of the (infinitely many) parameters
by X = (Xj)ieny and Y = (V;)ien, and Z(X, Y) is the normalization constant to be
specified below.

In this paper, we assume that all the parameters are real. We also use another
parametrization with the Miwa variables,

1 IO e
tn=;ZXf, t,,:ZZy;?. (2.2)
i=1

These series are absolutely convergent if all |x;|, |y;| < 1. The constant Z(X, Y) is the
partition function imposing the normalization condition, ), .o #(1) = 1, which is
obtained via the Cauchy sum formula (assuming all |x;|, |y;| < 1),

oo

—1 ~

ZXY) =Y s =[] (1-xy) =exp (Zntntn) . 23)
A 1<i,j<oo n=1

We then define correlation functions for the random partition as follows.

Definition 2.2 (Correlation function) The k-point correlation function associated with

,,,,,

pr(W) = < I1 aw(X(A>)> =Y u [ swx) (2.4)

weW re¥ weW

with the “density function”

1
Suw(Z) = (weZ) (2.5)
0 (w¢ )
and the boson-fermion map,
o1 1
X()»)Z(Xi:)»i—l—i-—) CZ+ —. (2.6)
2 ieN 2

In order to discuss the correlation functions of the random partitions, we introduce
two distinct wave functions as follows.

Definition 2.3 (Wave functions) We define two distinct wave functions,

. n ) n d ()
/(Z):exp(Z(tnz — Inz ))zZ](n)z , J(n):?gz—;ﬁfl ,

n=1 nez

(2.7a)
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7 . Z.on —n T n T d ’V()
/(z)zexp(Z(tnz — 1z ))zZ](n)z, J(n):?gz—;ﬁ—fl,

n=1 nez

(2.7b)

which are biorthonormal,

DO+ RTm A k) =S 238)
keZ

and related to each other as ;‘V(Z)_l = 7.

Remark 2.4 Imposing the relations t, = =f, for all n € N, we have the following
relations between the wave functions,

~

o /,V(Z) (th = +1) 2.9
S = {/(z)l (tn = —in) @9

Then, one can describe the determinantal formula for the k-point correlation func-
tion defined in (2.4).

Proposition 2.5 (Determinantal formula [31]) The k-point correlation function of the
random partitions with the Schur measure is given by a size k determinant constructed
from the kernel,

k(W) = det K(w;,w;j), (2.10)
1<i,j<k

where the kernel associated with the Schur measure is given by

H (2, w) 1
K(V,S) = W ‘Z|>‘izldwzr+l/2u)—_v+l/2 <V,S eZ+ E) s (2113)
7o —1
Hew=2B 1 _SRIW) (2.11b)
Fw) z—w Z—w

Lemma 2.6 From the formula (2.11), we obtain the expression of the kernel using the
wave functions,

K(r,s):ZJ(r—l—k—%)JN(s—i—k—%). (2.12)

k=1

Proof We first expand (_7 (2), /a(w)) with (J (n), 7(m)) in JZ (z, w) based on the
definition (2.7),

an_m ~
J(n)J(m) . (2.13)
Ii—w

H(zw)= Y

n,me”z
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Then, substituting this expression and expanding the geometric series, we obtain

K(r.$) = — zyﬁ dzdw ) Zz" rm 3kl T3 g () T(m)
s
> 1\ ~ 1
ZJ(r+k——)J<s+k—§>. (2.14)
k=1
This completes the proof. O

Remark 2.7 From this expression (2.12) together with the biorthonormal condi-
tion (2.8), we see that the kernel is projective,

> K@ 0K (t.s)=K(r.s). (2.15)

teZ+%

3 Scaling limit

In this Section, we study the differential/difference equations for the wave functions
in the scaling limit. From this analysis, we see that the wave functions are asymptotic
to the higher-order Airy functions, and the corresponding kernel is given by higher
analogs of the Airy and Pearcey kernels.

3.1 Wave functions

From the expressions (2.7), we see that the wave functions obey the differen-
tial/difference equations,

M2

n(twd" +0z7") — Za%:| J(@)=0, (3.1a)

I
_

n

WK

n(fn2" + taz™") — Zaa_z} () =0, (3.1b)

—_

Ln

M2

n (V! + 1,V —xi| J(x)=0, (3.1¢)

I
—_

Ln

WK

n (V" +15,V") —x:| Jx) =0, (3.1d)
1

Ln

where we define the shift operator
d
Vi=exp| o). Vaf)=fa+D. (3.2
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We rescale the variables (x, t,,, ) — (x/€, t,/€, I, /€) to take the scaling limit. Then,
the differential/difference equations are written as follows,

00 dk X o ) dk »
[;akek@—(x_ﬁ)]./(;>:()’ [;akék@—(x—ﬁ)}J<g):0

3.3)
where we define the parameters,
© Lkt . } 0 .
=Y T (n+ D) @=CDia,  B=ao=Y nl+i).
n=1 n=1
3.4
We introduce the scaling variable
L p
x=pB+a)lerTE. (3.5)
Then, we define the scaling limit of the wave functions,
= B o :
9§ = lim (22)"" (— +(%2)™ s) ,
e—~>0\ € € €
o % ~(B o %
¥ (€) == lim (—”)”+ 7 (— + (—”)”* g) . (3.6)
e—~>0\ € € €
Lemma 3.1 The scaled wave functions are formally biorthonormal,
+00
/ dzg(x + )Y (y +2) =8(x — y). 3.7
—00

Proof Let f(-) be a test function on R. From the biorthonormality of J and J shown
in (2.8), we have

Y T+ Tk +hfK) = f@n). (3.8)

k,k'eZ

Then, this equation reads

(@) -2
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where we have the following scaling variables,

€ # € I’% , € 17% B
x=|— n, y=|— k", z=\|— k—=1. (@3.10)
ap ap ap €

The summation over Z is converted to the Riemann integral,

1 1
. € \ pHl e \ pHl o
m(5) 2 ((6)7) = Lo e

keZ
Hence, taking the limit ¢ — 0 of (3.9), we obtain

/ dydzg(x + DY (y +2) f(y) = f(x) (3.12)

—00

with the scaled test function,

1
Feo = lim f ((“E—”) x>, (3.13)
from which we deduce the formula (3.7). ]

In the scaling limit, we obtain the simplified differential equations as follows.

Lemma 3.2 (Differential equations in the scaling limit) Assuming o,y — 0 for 0 <
p’ < p, we obtain the differential equations in the scaling limit € — 0,

@ , d
[ds_p—g]qs(g)zo, [(—1) ds—,,—s]w@):o. (3.14)

Proof The differential operator with respect to the x-variable is rewritten using the
scaling variable £ as follows,

d - _» d
= n'+'£. (3.15)

Then, the differential equation for J(x/¢€) is given by

__k_ kp dk 1
T _k—-2 T P B Up\ p+1
0—|:E Olkapl’+e p+1d_§k_a£+ 6p+1€i|]<;+<?)p é)

k=1

e 0 _ kel krnp dk B oy T
_ T pir k= & J{=+ <—p) p+1 . (316
ap e |:E ooty € § € € 5 610

k=1

@ Springer



27 Page 10 of 56 T.Kimura, A. Zahabi

Under the assumption o,y — 0 for p’ < p, it becomes

i ” L
aplert [;E—P;—§+O(6P1“)]J(§+(i—p>p+l f) =0, (3.17)

Taking the scaling limit € — 0, we obtain the differential equation for ¢ (£). We can
apply the same analysis to obtain the differential equation for the other wave function

v (&). O

Instead of the scaling variable (3.5), it is also possible to use another scaling vari-
able,!

x=p+a) ertE. (3.18)

In this case, the wave functions behave in the scaling limit as follows,

. &, \ 7T
tim (£2)777 (’i + (“—") ! s) =),
e—>0\ € € €

1 SR

— o~ p+1
lim (“—”)”“ 7 (é + (a—”)l E) =¢(). (3.19)
e—=>0\ € € €

Namely, the roles of ¢ (£) and v (¢) are now exchanged. We remark that, for even p,
ap = dp and thus ¢ (&) = ¥ (&).

Remark 3.3 Parity is odd for both (d/d&)? and & in the odd p case. Hence the differen-
tial equation preserves the parity, and thus one can choose either even or odd function
as a solution. For even p, on the other hand, it is not the case, so that the solution is in
general asymmetric.

Inclusion of subleading terms As mentioned above, we can modify the differential
equation via further tuning of the parameters. We define the parameters as follows,

_% ko Getbp

aka, "TETTI = = (=D, (3.20)

with p, = 1. Namely, the order of the constant is given by
p—k
ar =0 (61’“) . (3.21)
Then, we have the differential equations,
P k P
S € | (&) =0, Z Y(E) =0. (3.22)
— dék = dék

' In order that all the variables and the parameters are real, we should take (3.5) if ) > 0, while (3.18) if
ap < 0forodd p.
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3.2 Higher Airy functions
In order to describe solutions to the differential equations appearing in the scaling
limit, we introduce the higher-order Airy functions as following [6, 7, 33, 35].

Definition 3.4 (Higher-order Airy functions) We define the higher-order Airy func-
tions as follows,

dx xPtl
Ai = | — —1r! — =2n,2n—1 3.23
ip(2) /yzmeXp(( ) P XZ> (p n,2n—1) (3.23a)
~ dx xpPtl
Aizn_l(z)zfrexp ((—l)” —xz> (p=2n—-1) (3.23b)
7 2mi p+1

where y and y are the integral contours given by
y 1 —ico —> +ioco, y=v++y_, (3.24)

with the angle

71 tieT %00 — 0 — Fietlo0, 6= T
p+1

(3.25)

We may rewrite Ai,(z) and Ai p(2) as real (improper) integrals, 2

2n +1
] © qx x2n
Aiy,_1(2) = / —exp| ——— ) cos(xz), (3.27a)
0 b4 2n
~ *d 2n ow T T
Aiy,_1(z) = fo ;x exp (—xz—n) (e_ sin(3;)%2 cog (cos (%) X7+ E>
— eSin(Z)¥7 cog (cos (;—n) Xz — 2”_71) ) . (3.27b)

We remark that Ai,—3, 1 (z) is an even function, while Ai p=2n—1(z) isan odd function.

Lemma 3.5 Forx,y € R, the Airy functions obey the formal biorthonormal condition
as follows,

/ dz A, (x 4 2)Ai,(y +2) = 8(x — ). (3.28)

2 For even p = 2n, we similarly define the higher analog of the Airy function of the second kind, which
shows the same oscillation amplitude for z — —oo,

. % gy K2+l [yt
Bip, (2) :/0 ; exp —m +xz |+ sin il +xz . (326)
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Proof Using the integral form of the delta function,

o0

d .

5(2) = / sz (3.29)
o0 2T

we have

LHS of (3.28) = / dzfood”f

exp <—2— + v2_ —i(ux +vy) —iz(u + v))

1 u2n v2n
2 du/ dvexp(——~|———1(ux+vy)>8(u+v)
T

2 2
> d
_ / H e—iur=y) — RHS (3.30)
2
where the modified contour is given by p’ = y, + y/ with 71 : Fe 00 —
0 — +et?0 O

Differential equations These Airy functions obey the differential equations,

PP S DV

( 1Y) dz2n 7| Aiy(z) =0,

n 2" . _ _

( ' qoan — ¢ | Alan(=2) =0, (3.31a)
r " d2n—1 )

( 1) dz o1 ¢ Aiy,_1(z) =0,

el 2n—1 B ~ B

(-1 Gt~ Az = 0. (3.31b)

Therefore, the solutions to the differential equations (3.14) are given by

Aip (D" &) (p=2n)
P(E) = { Ai,p&) (p=4n—1)
Aip () (p=4n—3)
Aip (D" &) (p=2n)
V(&) = { Aip(&) (p=4n—1) (3.32)
Aip(§) (p=4n-73)

The normalizations are fixed by comparing their biorthonormality conditions (Lem-
mas 3.1 and 3.5).
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3.2.1 Asymptotic behavior: Ai,

Let us explore the asymptotic behavior of the higher Airy functions based on the saddle
point approximation at z — 00. > Although the saddle point analysis presented here
is not rigorous, rather heuristic, it provides an efficient way to discuss the asymptotic
behavior. We may need an alternative approach, e.g., Riemann—Hilbert analysis, to
confirm rigorously the results shown in this part.

In order to apply the saddle point approximation, we rewrite the p-Airy function
forz € R,

dx
Aipl) = [ 55 e, (3.33)
y 2mi
where we introduce the potential function,
b+l
W(x,z) = (=) —xz (p=2n2n-1). (3.34)
p+1

The stationary equation with respect to this potential function is given by

aW(x, _
0= WD pntr (3.35)
ox
which leads to the saddle point
— -2
p_ )7z (e=2m) (3.36)
+z m=2m—1)

Positive 7 regime We first consider the positive z regime. For the case with n = 2m
(p =4m,4m — 1), the saddle point (3.36) is given by

2k +1

1
Xy = @77, x = exp ( ni) , keZ/pZ. (3.37)

Namely, (@k)kez/pz is a p-th root of —1, such that c?),f = —1. For the case with
n = 2m — 1, we instead consider the saddle point given by

1

1 2k
Xy = WEZP , Wk = exp (—ni) , keZ/pZ, (3.38)
p

where (wp)kez/pz is a p-th root of +1, such that ] = +1.

3 The asymptotics of the higher Airy function discussed in this part is known in the literature (See, e.g.,
[3]). We show them here for the sake of self-contained presentation.
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We focus on the case with n = 2m for the moment. Expanding the potential function
up to the quadratic order, we obtain

192W(xy, z
W o)~ Wi, o)+ 200Dy
2 ax
1 1
= Lo+ Lot e -, (339)

Hence, the saddle point contribution with 9 (@) > 0, which decays at z — +o0, is
given by

P gl [T dx (p~,] -1 2)
exp | — v —exp (= P(x —
Xp( p+ 1% )/_m 21 P G0 T
1
22 T I N U T2
= eX - w, P 202 ——— | 3.40
P( P kZ )Z 5o (3.40)

Although we may deform the contour to pick up all the saddle points with a positive

1
real part, we only focus on the most dominating factors, x, = cbillz » . For the case

1 .
with n = 2m — 1, we similarly take the saddle points x, = a)ifl_lz 7. Then, we obtain

the asymptotic behavior of the p-Airy function at 7 — 400,

. z—>+00 2 1,1
Aip(z) 55 [ w
b

—P . [T\ 141 p T\ 1+ ®m 7w
ex sin| — |z P )cos cos|— )z 7 ——+—
p(l’+1 (17) ) <p+1 (P) 4 2p>

(p =2n)

X _ 1 1
exp < P sin (l) zl+P) cos ( d cos (l> e — T + l)
p+1 2p p+1 2p 4 4p

(p=2n-1)

(3.41)

This expression is available both forn =2m andn =2m — 1.
Negative z regime We consider the negative z-regime z < 0. In this case, the saddle
point (3.36) is given by

1
wrlz|? (n =2m)

= 1 for ke Z/pZ. (3.42)
wxlzl? (n=2m —1)

For n = 2m, expansion of the potential function up to the quadratic order is given by

_1
T (= x)? (3.43)

p 1+ p
W(x,z) =~ P+ =
(x,2) p+1wklzl + Za)
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In contrast to the previous case z — +00, we shall take the saddle point with J(wy) <
0 to obtain a decaying contribution in z — —oo. Then, we obtain the asymptotic

1
behavior of the p-Airy function at z — —oo from the saddle points x, = wt!|z|? as
follows,

—>— 2 1,1
Ai,,(z)ﬂ Z g2t
T
1
cos [ —L—pztr =&
p+1 4
o (p=2n)
_ . .
exp< P sin(l) |z|1+P)cos< p cos (l) |Z|1+p_l+l)
p+1 2p p+1 2p 4" 4p
(p=2n-1)

(3.44)

This expression is in fact available both for n = 2m and n = 2m — 1. In particular
for p = 2n, there is no exponential damping factor in the limit z — —oo. We remark
that Ai,—>,_1(z) is an even function.

3.2.2 Asymptotic behavior: I:i,,

We study the asymptotic behavior of Ai p(z)forz e R,

~ dx  Wieo ~ nx2”
Risn_1(2) =/ WD W) = (-1 e (3.45)
7 27 2n

From the stationary equation with respect to this potential function, we obtain the
saddle point as follows,

W (x, =2
0— (x.2) _ (C1YaP — 7 —s i = +z (n=2m) (3.46)
ax —z n=2m—1)
For positive z, we obtain the following asymptotic behavior,
iy () &5 iz_%ﬁ exp< P in (l> ZHII’)
P pr p+1 2p
T L T o7
cos P cos | — ZHP -————. (3.47)
p+1 2p 4 4p
Since Ai p(2) is an odd function, Ai p(=2) = —Ai p(2), the asy@ptotic behavior for the
negative z is similarly obtained. We remark that the function Ai,(z) is not bounded at

infinity, A, (2) Z7F%% +o0, while the product behaves as Ay (2)Ai,(2) ZE .

See Sect. 3.3.2 for details.
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3.3 Higher Airy kernel

We now discuss the asymptotic form of the kernel in the scaling limit.

Definition 3.6 (Higher Airy kernel) We define the p-Airy kernel with the higher Airy
functions,

o0
Kp Airy(x, y) = / dz Aip(x + 2)Ai(y +2). (3.48)
0

This integral is understood as an improper integral for odd p, while the inte-

gral converges absolutely for even p: From the asymptotic behavior of the Airy

functions discussed in Sects. 3.2.1 and 3.2.2, we see that Ai,(z)Ai,(z) e

—141 . . . ~, + —144
P x (exponential damping factor) for even p, Ai,(z)Ai,(2) Riia |z] 5

x (oscillatory factor) for odd p. See (3.70) in Sect. 3.3.2 for more precise expressions.
Meanwhile, we will show an alternative expression of the p-Airy kernel in terms of
the derivatives of the p-Airy functions (Proposition 3.10), which are clearly finite.

In the following, we call the kernel for even p the higher Airy kernel, and the higher
Pearcey kernel for odd p.

Lemma 3.7 (Projectivity) The p-Airy kernel is projective,

o0
f 2K ppiny (5 DKyt (22 3) = K potiry (5, ¥) - (3.49)
o0

Proof This immediately follows from the biorthogonaliry of the p-Airy functions
(Lemma 3.5). O

Then, we obtain the following behavior of the kernel in the scaling limit.

Proposition 3.8 The Schur measure kernel is asymptotic to the higher Airy kernel in
the scaling limit,

1

lim (“—P)ﬁ K (é +(52) x, g + (“—”)ﬁ y) = Kpaimy(x.y). (3.50)

e—~0\ € € € €

Proof The derivation is parallel with our previous paper [27]. Before taking the scaling
limit, the kernel is given by the summation formula (2.12). In the scaling limit, we
replace the wave function with the Airy functions and the summation with the integral
in the scaling limit € — 0. O

As mentioned in Remark 3.3, for odd p, one can make the wave functions either
even of odd function. Therefore, we correspondingly consider the symmetrized kernel
as follows,

p=2n—1: Kppiry(x,y)

= %/ dz [Aip(x + Z)Xip(y +2) —Aip(x — z)Xi,,(y - z)] , (3.51)
0

@ Springer



Universal cusp scaling in random partitions Page 17 of 56 27

so that, for p = 2n — 1, we have
Kp—Airy(xv y) = Kp—Airy(_x, =y). (3.52)
3.3.1 Christoffel-Darboux-type formula

We consider the Christoffel-Darboux-type formula for the higher Airy kernel. In order
to derive this formula, we start with the following property.

Lemma 3.9 Forodd p = 2n — 1, the p-Airy kernel (3.51) obeys the following,

Lp/2]
2K poing (e, 0) = Y AT 0AI" D (0). (3.53)
m=1
Proof Denoting
Lo . ® dk
(7)) = 3 (Aip(z+x) —Aipyz—x), Y@= @%(z), (3.54)
we have

x(2) = % ((z+x) Aip(z +x) — (2 — x) Aip(z — x))
- % (Aip(z +x) — Aip(z — )
= P(7) — 2(2). (3.55)

Then, we obtain

o0
XK p Airy(x,0) = / ded(Z)Aip(z)
0

- [ a[aPofo+v0iil o). eso
0

Applying the integration by parts recursively, we have

P
- ~.(k—1 o0
XK pairy(x,0) = Y (= DFH! [Qﬂp b ()AL )(Z)]o _ 357
k=1
We remark &/®(z) ~==> 0. In addition, Ai;,zk)(x) and ANifk_l)

AP (x) and A1 (x) are odd, so that Ai}”(0) = 0. Hence, the odd k terms

are zero in the summation, which proves the result (3.53). O

(x) are even,

Then, we arrive at the following formula.
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Proposition 3.10 (Christoffel-Darboux-type formula) The p-Airy kernel defined
in (3.48) is written in terms of the higher Airy functions,

| (p— ~. (k—
Kpain(, ) = —— 3 (=DF Al @A, o). (3.58)
k=1

Proof The even case p = 2n is already known [28]. Hence, we focus on the odd case
(p = 2n — 1) here. From the definition, we have the relation

d . ~,
d—ZKp-Airy(erz,erz) =—Ai,(x +2Ai,(y +2). (3.59)

This is also obtained from the RHS of (3.58). Therefore, we have the following expres-
sion with the constant of integration,
I ¢ (P—H) [y & k=1
Kpaiey (5. 3) = - D EDFALTV @A T () + Cry) . (3.60)
k=1

To be compatible with another relation,

d 0 . ~,
(a + 5) Kp-nirg (x, ) = — A, ()AL, (7). (3.61)

we have the constraint for the constant (0 + 3,)C(x,y) = 0 = C(x,y) =
C(x — y). Then, putting y = 0 and from the relation (3.53), we conclude that the
constant is zero, C(x) = 0. This proves the equality (3.58). ]

Example 3.11 The lower degree examples of the p-Airy kernel are given as follows,

— AL (x) Aig () + Aip () A (3)

Ko Airy(x, y) = (3.62a)
x—y
— A (x)Ai3(y) 4 Al (x)Ai5(y) — Aiz(x)Ais (y)
K3 Airy (x, ) = ——3200 3x - 3 ki A (3.62b)
— AT (x) Aig(y) + AT (x) AT (y) — AL (x) AT} (v) + Aig(x) AT} ()
K4 piry(x, y) = o ,
(3.62¢)
K5 piry(x, ) =
— Al (0)Ais(y) + AiZ (x)Ais(y) — Aif(x)Ais (v) + Ail (0)Ad5 (y) — Ais(0)Ai5 (v)
xX—y ’
(3.62d)

The kernel for p = 2 is the standard Airy kernel [4, 16, 30], and the case with p =3
is called the Pearcey kernel. The case p = 5 has been also mentioned in [6, 7].
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Corollary 3.12 (Diagonal value of the kernel) The diagonal value of the kernel is given
as follows,

p—1
. ~. M - ~' k
Kpaing (6, x) = —x Aip ()AL, (1) — Y (~DF AT P AN @), (3.63)
k=1
and obeys the relation
d o
T Kpain (. 0) = = Aip (0 A (x). (3.64)

This relation will be useful to study the asymptotic behavior of the density function
in the scaling limit. See Sect. 3.3.2.
In order that the relation (3.63) holds, we shall have the following relation.

Lemma 3.13 The following relation holds,

P
S DR AP @A @) = 0. (3.65)
k=1
Proof The derivative of the LHS is zero,
i d ~. (k-1
Y (=DF = (Aiﬁf’*")(x)Ai‘ B )(x)> =0. (3.66)
dx P
k=1
The constant of integration can be fixed by Aig,p =5 (x)gi;kil)(x) = Aif,,p =) (x)Aigﬁl)(x)
2% 0 for even p and Ai§* " (0) = A (0) = 0 for odd p. o

3.3.2 Density function

Due to the determinantal formula of the correlation function (2.10), the one-point
function, which is called the density function, is given by the diagonal value of the
kernel. Hence, the scaled density function is obtained from the p-Airy kernel (3.63),
p(x) = p(x) = Kp_airy(x, x), asin (3.50). We have the following asymptotic behav-
ior of the density function.

Proposition 3.14 (Asymptotic behavior of the density function) Define the density
function from the p-Airy kernel,

500 = Kpainy(x, 2. (3.67)

The asymptotic behaviors of the density function are given as follows:

1 -2 1
p=2n: p(x) Xotos exp( P sin (Z)pr)
2pmx p+1 P
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1 2
|:,— ~+ cos < P cos <£> x1+}’)i| (3.68a)
sin (77/ p) r+1 P
1 2 1+
o It s (T (3.68b)
T 2pm|x| '
1
cos [ Z cos (22 cos (Z ) x| 7
- 2 1 T 2
p=2m—1: px) == <”)|x|p— (Fren(5) M)
2p7 cos (f—p) |x|
(3.68¢)
Proof From the relation (3.64), we obtain
do(x) . ~.
o —Aip(x)Aip(x) . (3.69)

Then, applying the asymptotic behavior of the Airy functions obtained in Sects. 3.2.1
and 3.2.2, we obtain the asymptotic behavior of the density function.

Even case: p = 2n In this case, the derivative of the density function is given as
follows,

dﬁ(x) x—+o00 2 ,H,L < —2[) 3 (7'[) 1+1>
= ——x "rexp sin( — )x "7
dx pr p+1 p

1
cos? < P cos (z) Ty - =
p+1 p

T
4
1 41 =2 1
=——x T exp( L in <z>xl+v>
pm p+1 p

2 1
|:1 +sin( P cos (z)xHP + z>:| (3.70a)
p+1 p P
_ 2 el 1
227 2 e cos Lkt = 2
p p+1 4
1 4l 2 1
= —— x| M [l+sin (—p|x|1+P):| (3.70b)
pr p+1

Odd case: p = 2n — 1 For the odd case, we have the following asymptotic behavior,

dp 1 el 2 1
p(X) ﬂ —— x| 45 sin P coS l |x|1+1’ + cos T .
dx pT p+1 2p 2p

(3.70¢)

Integrating these expressions, we obtain (3.68). O
Remark 3.15 This expression is compatible with the results for even p [28].

Remark 3.16 In the odd case p = 2n — 1, the density function is an even function,
while it is asymmetric for the even case p = 2n. Asymptotic values of the density
function are non-zero except for p(x) at x — 400 for p = 2n.
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3.3.3 Modification of the kernel

As shown in (3.22), we can modify the differential equations to contain the subleading
terms. In this case, the corresponding modified Airy functions are given as follows,

d - dx
Ai,,(z)z/—x,eW(X’Z), Aip(z)=/~—x,ew("'1), 3.71)
Y Y

2mi 21

where the potential functions obey
5 P
~ _ -
—W(x )= E pext —z, a—xW(x,z)— E_ prx" —z (3.72)

for the coefficients (ok, Pk )k=1,...,p obtained in (3.22). We remark that we apply the
same integration contours (Y, y) as before (3.24).
Under this modification, the kernel is accordingly modified as follows,

p ot
ZZ( Df o AP A () (3.73)

€=1 k=1

Kp Airy(x, y) =
which obeys the same relation as (3.59),

Kp_Airy(x +z,y+72)

1 &
— 2.2 D

¢
(Aig{“*k (x )Al(k Yo+ + AP + Z)Ki;k) v+ Z))

d
dz

1 <& N o .
= _x — Z (,OZ Al;f)(.x + Z)Alp(y —+ Z) —+ 0 Alp(x + Z)Al;f)(y + Z))
=1
= — Ai,(x + DA, (y +2). (3.74)

The diagonal value of the kernel is given by

p L
. _ ~.(k—1
Kpairg 0. x) = Y 3 (= 1Fpp AHO 0 Ail ™ ()
=1 k=1
p L .
=3 Y D o AP AT () (3.75)
=1 k=1
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and from the regularity of the kernel at x = y, we have the relation,

n l

(f— ~.(k—1
SN Do AP @A TV 0 = 0. (3.76)
=1 k=1

4 Gap probability

Once given a kernel, the probability such that no “particle” is found in the interval
I C R, called the gap probability, is given by the Fredholm determinant,

o (=¥
det(1-K)=>" ' /dx1-~-/dxk det K (x;. ;). 4.1)
k=0 . 1 1

k I<i,j<

where K is the integral operator defined in (4.17). In this Section, we explore the
Fredholm determinant associated with the higher Airy kernel for both p even and odd.
Hence, it provides the gap probabilities of the determinantal point process defined by
the limiting kernel. We will consider the specific cases I = [—s, s] in Sect. 5 and
I = [s, 00) in Sect. A.

4.1 Operator formalism

Definitions We introduce the operator formalism to study the Fredholm determinant.
For any integrable function f(x), we define the corresponding state | ) in the Hilbert
space,

f&) = (x[f) = (flx). (4.2)

In this formalism, the delta function is given by

(x[y) =8(x —y). 4.3)

The identity operator is constructed by the complete set,

1= /dx|x)(x|. “4.4)

The trace of the operator is given by
TrO = /dx (x]O)x) = /dx(’)(x, x). 4.5)
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Coordinate and differential operators We define the coordinate and differential
operators,

xf) = xI01f) = (fIQIx),  f'(x)=(xIP|f)=—(fIPlx), (4.6)

whose kernels are given by

a
(x1Qly) = x8(x —y),  (x[Ply) = 2=8(x —y). 4.7

Kernels and wave functions We define the operator K corresponding to the p-Airy
kernel,

K(x,y) = Kpairy(x, y) = (x|K]y) . (4.8)
We then introduce the states associated with the wave functions,

dk dk
20 i, =T~ @)

Pr(x) =

and we put

o) =1¢),  Ivo) =1[¥). (4.10)

For even p, they are equivalent to each other, |¢r) = |1/). We remark the relation

Plgr) = |1}, Plyn) = [Yus1) (4.11)
and also
(Yl = (=D (| P*. (4.12)
From the relation
(xXI[Q. K1ly) = (x = MK (x, y). (4.13)

we obtain a useful formula

p
[0, K1=) (=D ) (Wil (4.14)

k=1
4.2 Fredholm determinant

We consider the intervals I = |_|T=1 lazj—1,a2;] C R. We denote the parameter set
bya = (aj)j=1,..2m-
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Definition 4.1 Let x; () be the characteristic function associated with the interval I:

1 (xel)

x1(x) = {0 o g1

and the corresponding projection operator
xIT1f) = f@x(0), TG =T,
We define the restricted kernels and the corresponding operators

(x|Kly) =K@, »xi(y), K=KI,
xIKly) = x1i(0)K(x,y), K=TK.

Lemma 4.2 We have the following commutation relation,

2m

[N, P1=Y) (=1/|a;){a;l.
j=1
Proof Taking the derivative of the expression (4.16), we obtain

d
KPS} = 7= (S () X1 ()

2m

= [ () =Y (=1 fa)s(x —a))

j=1

2m
= (x|T; PIf) = D (=) (xla;)aj|f) .

j=1

which yields the relation (4.18).

We consider the Fredholm determinant associated with the p-Airy kernel,

F(a) = det(1 — K) = det (1 _ K) .

Taking the logarithm of the Fredholm determinant, we obtain
1 1
log F(a) = — “TrK" = — ~TrK",
¢ F(a) ,; . ; .

where we have

TrK" = TrK" = /dx1-~-fdx,,K(xl,xz)K(xz,x3)~-~K(xn,x1).
1 1
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4.2.1 Resolvent operators

We define the resolvent operators from the kernels,

R:il&”: K L:ikﬂz—vv. (4.23)
— 1-K — 1-K
One can show the following formulas for the resolvent,
X,1-K) N=0-K""[xXK11-K)", (4.24a)
31—k =1 —Rk)! (aK) 1-K)". (4.24b)

The same relation holds for K. Then, the parameter dependence of the Fredholm
determinant is given as follows.

Lemma 4.3 The total derivative of the Fredholm determinant is

2m 2m
dlog F(@) = ) (~1)/"'R(aj. aj)daj = ) (~1)"'L(a;, a;)da;
j=1 j=1
2m )
=> (=)' "' H;da; (4.25)
j=1

where we define the Hamiltonians,
Hj=R(aj,aj)=L(aj,aj), j=1,...,2m. (4.26)

Proof The parameter derivative of the projection operator is given by

9 .
@nz = (=D)/|a;)(a;l, (4.27)
which yields
" R = (—1)iKla))(a)] " K = (=1)|aj)a;IK (4.28)
—K = (— ai)ai;l, —K = (— ai)a;| K. .
8aj J J aaj J J

Then, the parameter derivative of the Fredholm determinant is given by

B] . -1 9K
o logdet(1 - K) —Tr(l—K) =

aj 861]

(—=1)/"'"TrRla;)(a;| = (=1)'"'R(a;, a)), (4.292)
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) . -1 9K

 Jogdet(1 — K) = —Tr (1 - K) 7z

aaj 8aj
= (=17 "Trla;)a;IL = (—1)/"'L(aj, a)). (4.29b)

Taking into account all the contributions of the parameters (a;);—1,. 2m, We
obtain (4.25). m]

Remark 4.4 For x, y € I, we have

R(x,y)=L(x,y). (4.30)
Hence, we have
R(a;,aj) = L(a;, aj), i,j=1,...,2m, 4.31)
so that we denote
Rij := R(a;, aj) = L(a;, aj) . 4.32)

The expression (4.25) means that the parameter dependence of the Fredholm deter-
minant is fixed by the diagonal values of the resolvent kernels, that we call the
Hamiltonians. In fact, the Fredholm determinant plays a role of the isomonodromic
t-function, and the parameters (a;) j—1,...,2m are interpreted as the corresponding time
variables in this context [23-25]. See also [18].

4.2.2 Auxiliary wave functions

As shown above, we shall evaluate the Hamiltonians to describe the Fredholm
determinant. For this purpose, we introduce auxiliary wave functions, (g, p) =

Ak, PK)k=0,....p—15

Q) = (x|(1 — K) " gn)
Ak () = (x|(1 — K)7 T |¢) = ae() xr (x) (4.33a)
pr(x) = (Yl (1 — K) '),
P () = (Wl T (1 — K) ™' x) = pr(x) xs (x) - (4.33b)

Using the resolvent kernels, we may write them as follows,

Ak (x) = P (x) + (x|Rl¢x) , (4.34a)
Pr(x) = Y (x) + (Y |L|x) . (4.34b)

Then, we obtain the expression of the resolvent kernels using these auxiliary wave
functions.
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Lemma 4.5 (Resolvent kernel via the auxiliary wave functions) The resolvent kernels
are written in terms of the auxiliary wave functions,

1 <& 3
R(x,y) = Ty D =Dk ©Br-1(y) (4.352)
k=1
1 p
L(x,y) = e D =Dk, kP (y) - (4.35b)
k=1

Proof This expression is obtained from the relation,

(x — Y){x|Rly) = (x|[Q, Rlly)
= (x|(1 = K)7'[Q, K1(1 = K)"1y)

p
= > (=DM x| = K) Mppi) (Y 1T (1= K) 7' y)
k=1
P
=Y (=Drap sk Pr-1(y) . (4.36)
k=1
We may apply the same analysis to the other kernel L(x, y). O

Remark 4.6 Forx € I (<= x;(x) = 1), the diagonal value of the resolvent kernel
is given by

p p
R(x,x) = L(x,x) =Y (=D'd),_x()ps—1(x) = Y (=D apr()pf_; (x) -
k=1 k=1
(4.37)

See also Lemma 4.8.

Lemma 4.7 (Parameter dependence of (qx, px)) The auxiliary wave functions show
the following parameter dependence,

0qk ; Pk ;
Fyale (=D/R(x,ap)ai(a;), — =(1/praj)L(aj,x). (4.38)
aj aaj
Proof We notice the relation
laj) = Ilaj), (4.39)

so that K|a;) = Ielaﬂ and {(a;|K = (ajllé. Then, we obtain as follows,

9 . 0K .
2 (xja1 - B~ ==
. —

da; j
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= (=17 (x|(1 = K)7'Kaj){a; (1 — K)~"|¢)
= (=1 R(x,a;)qk(a;) . (4.40)
The derivatives of py are similarly obtained. O

Then, from the regularity of the resolvent kernel at x = y, we have the following
relation, which is an analog of the relation (3.65).

Lemma 4.8 The following relation holds for the auxiliary wave functions,

P
3 (= D¥ap@)pr-i () = 0. (4.41)
k=1

Proof Applying the parameter derivative of the auxiliary functions shown in
Lemma 4.7, we can show that there is no parameter dependence,

5 2
5Z(—1)kq,,_k(x)pk_1(x):0, ji=1,....2m. (4.42)
J k=1

Hence, we can modify them to obtain I = ¢J, where all the auxiliary functions become
zero. Therefore, the constant of integration turns out to be zero. O

Lemma 4.9 (x-dependence of (Qx, pr)) The derivatives of the auxiliary wave functions
are given as follows,

2m

0 .

a(}k(x) = Qr+1(x) — qo(®)uy — Z}(—I)JR(x, aj)di(a;), (4.43a)
j:
2m

d j

apk(x) = P+1(x) — vePo(x) — Z(—l) pr(a;)L(aj, x), (4.43b)
j=1

where we define auxiliary functions (u,v) = (uk, vi)i=0,..,p—1 of the parameters

up = (W1 — K) " Ver)

— [avmnw+ [ ar [ vmre oo, (4.442)
vk = (Yxl(1 — K)"'T1|)
= [amsw + [ ar [ dwcore . (4.44b)
We remark
— (4.45)

@ Springer



Universal cusp scaling in random partitions Page 29 of 56 27

Proof In order to show these expressions, we use the formula

. 9 9
(xI[P,K]ly) = (— + —) K, y)x1(y)

ax  Jy
2m -
= -V M) — Y (D K(x, »)s(a; —y)
j=1

2m
= (x| |:—|¢)(1ﬁ|1'[1 - Z(—l)jK|aj><aj|:| [y) (4.46)

j=1

where we have

a a
(8— + —) Kx,y)==¢x)y(x) <= [P, K]l=—l¢)(¥]. (447)
x 0y

We may also obtain this expression by writing

(x|[P, Kly) = (x|[P, KITI; + K[P. TI/]]y). (4.48)

with the relation (4.18). A similar relation holds for K,

¥ a ad
(x|[P, K1ly) = (ﬁ + 5) x1(x)K(x, y)

j=1

2m
= (x| |:—1'11|¢>)<!/f| - Z(_l)j|aj)(aj|K:| ly)- (4.49)

Then, we compute

d R

SO0 = (x| P(1 = K)7 ')
X

= x|(1 = K)'P, K10 = K)"" + (1= K)7'Pgy)

2m
= Qi1 (x) — Qo(X)ux — Y (=1 R(x, aj)qi(a;) , (4.502)
j=1
0 o1
PG = —(Ul(1 = K)™' Plx)
X

= (1= K)7K, P10 —K) '+ P — K)Yx)
2m

= Pr1(x) — uepo(x) — Y (=1 pr(aj)L(aj, x), (4.50b)
j=I1

to obtain the formulas (4.43). O
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Parameter dependence of (uj,v;) We consider the parameter dependence of
(k, Vi)k=1,..., p- Since we have

9 1 . . .~ 9K .
(M =K) )=V 0apala - O +ma - &)~ = -

Baj aj
= (-1, - K) aj) a1 - K)™! 4.51)
with (4.39), we obtain
ke _ (=1 ak(a;)po(a;) e _ (—1)Y qo(a;)pr(a;) (4.52)
861]' 7 770 861]‘ 7 I '

Rewriting (q,, p,) From the differential equations for the wave functions (3.14), we
have the relations,

lop) = Qlgo) . (Ypl = (=D (ol Q. (4.53)

Then, we have

ap(x) = (x|(1 = K) 7 1p,)
= (x|(1 — K)"' Ql¢o)
= (x|Q(1 — K) o) — (xI(1 — K)7'[Q, K1(1 — K)"V|¢o)

p
= xqo(x) — Y (=D x|(1 = K) " pi) (W1 [T (1 = K) o) ,

k=1
(4.54)
which leads to the expressions
P
Ay (0) = xAo(x) — Y (—D¥ap—i(x) vt » (4.552)
k=1
P
Pp(0) = (—=1DPxpo0) — Y (= D¥ug—1 ppi(@). (4.55b)
k=1
Rewriting (u,, v,,) Similarly, we can rewrite (1, v,) as follows,
P
up = fdxx Y (x)qox) — Z(—l)kup_k Vk—1, (4.56a)
! k=1
P
vp = (—D7P / dxx po(x)o(x) — Z(—l)kuk_l Vp—k - (4.56b)
I

k=1
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We remark the relation,
up — (—HPv, = Z( DFup—g vt - (4.57)

4.2.3 Hamiltonian system
We denote

Ok,j = Adk(aj),  Pkj = Pk(aj). (4.58)

The parameter dependence of the wave functions (qx, j, Pk, ;) is given by

dgw; (98 9 -
d = (8 T )Qk(X) = Ger1, — ok = Y (=D Rjedee
aj X X—>aj L(F#))
(4.59a)
2m
dpx, j d d
q I (8_ + 8_> Pk (x) = Pk+1,j — Po,jVk — Z (—1)[Pk,€R€j :
aj X o4 x—a; zcan
(4.59b)

Therefore, we have the following expression for the Hamiltonians.

Proposition 4.10 (Hamiltonian system) The Hamilsonians associated with the Fred-
holm determinant are written as follows,

H'=Rjj

8q —k, 3pk1
—E: D=t / §: D*q, 2 4.60
(=D Pi-1,; =) (=1 2a, (4.60)

whose explicit form is given by

p—1
Hj = —a;qo,Po.j — Y _(—=D*ap—i jPr.)
k=1
p 2m
+ Y (=D* (apr.jPo.jvk—1 — o jPr—1jUtp—k) — Y (=D'(ar —aj)RjeRy; .
k=1 L#))

4.61)

Corollary 4.11 (Hamilton equations) From the Hamiltonians obtained above, we have
the Hamilton equations for the wave functions,

aqpfks] ( 1)/{ aH]
da; 0pPr—1,;
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90011 ; 0H;

Pk—1,; _ (_1)1(71 S (4.62a)
aaj 8qp—k,j

Oup—, | — (=1)/tk IH,;
da; e’

k-1, _ (—1)/ k=1 9H; ) (4.62b)
da; dup—k,j

This shows that (Qp—k, Pk—1)k=1,...p and (Up_, Vk—1)k=1,...,p form the canoni-
cal pairs. For even p, qr and pyr (ur and vy as well) are equivalent. Hence,
(Ap—k» A—1k=1,...,p (and (Up—k, Ux—1)k=1,...,p) are the canonical pairs with respect

to the time variables a = (a;) j=1,..2m-

Lemma 4.12 The parameter dependence of the Hamiltonians is given by

dH; 2m
da = "904P0; = D (=D RjeRe; (4.63)
/ )

Proof This is obtained as follows,

d(lj daj

d (ajl K la;)
L NP
da; ok’

= (a;|0 - K) 7P, KI0-K) '+ (1 -K)! <§7K> (1—K) Ya;)
J

2m
= (@j|(1 = K)"" | =) — Y (=D Klag)lacl | (1= K)aj)
{=1(#]))
2m
=—qoPoj— Y (=D'Rj(Ry, (4.64)
{=1(#))
where we use the relation
(acl(1 = K)"Maj) = (acl——laj) + {acla) (4.65)

Lemma 4.13 (Integral of motion) The integrals of motion defined as

4 2m
le = ue — (=D + Y (=D [uervimr + (=D qesjpr-rj | -
k=1 j=1
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t=1,....p, (4.66)

are zero.

Proof From Lemma 4.7, fori # j, we have

00k, i
3(1/'

:(_l)JRijqk,j’ v'lZ(—l)jpk’jRji. 4.67)
J

Using the relations (4.59) and (4.52), the derivative of the integral of motion with the
parameter a; is given by

¢
dl,
(—1)JJ =qe,jPo,j — (=D'qo,jpe,j + Z(—l)k (Ae—k+1,7Pk—1,j + ek, jPk,j)
g k=1

=0. (4.68)
Since it does not depend on the parameters a = (a;) j=1,....2m, We can modify them
to obtain I = ¢, which yields qx, pk, ux, vk = 0. |

We can also derive the integrals of motion in the operator formalism. Recalling

A

[K, P]=K[I;, P]+[K, P]I1;, (4.69)
and

A-K)'"K+1=0-K)"", (4.70)
together with the relations (4.18) and (4.47), we have

e = (Y|, (1 — K)~' Ptig)
= (Y|, [(1 ~ KUK, P10 -K) + PO - 13)71] PE-1ig)
= (Y|I;(1 — K)~'([I;, P1+ [K, P1II)) (1 — K)~' Pt 19)
+ (Y|PTI; (1 — K)~' P g)

2m

=vour—1 + » (=D qe1poj + (WIPTL( = K)7'P gy, @71
Jj=1

Applying this process recursively together with the relation (4.12), we arrive at
Lemma 4.13.

In particular, applying the expression (4.57), the integral of motion for £ = p is
given by

p 2m

=2 > =D ap i piet - 4.72)

k=1 j=1
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We can show also from Lemma 4.8 that this integral of motion becomes zero.

4.2.4 Lax formalism

We introduce the vector notation

Q=(oqi --- dp-1)", P=(popi

where we denote

qr(x) =qk,  Pr(x) = pk.

pp—l)’

(4.73)

(4.74)

We also denote (g, p) = (o, Po). Then, we may express the parameter dependence

in the matrix form as follows.

Lemma 4.14 (Lax formalism) The x-dependence and the parameter dependence of

the auxiliary wave functions are given as follows,

2m
9Q Aj 9Q A;
—=(>Y L +4,|Q. —=-—L-aq. (4.75a)
ax jzlx—aj daj X —aj
®_ 22"1: d +A P _ A (4.75b)
ax —~ x —aj 1 8a; T x—a;’ '
j=1

.....

(_l)j-i-p—k/-l—l

(A = Ak, jPp—k'—1,j » (Zj)k,k/ = (=D g, oy pe s
(4.76a)
—ug 1
—Uuil 0 1
Ao = . , (4.76b)
—Up_2 0 1
X—up_1+ (—l)Pflvp_l (—l)p’zvp_z - —V1 Vg
—vg =1+ —vp2 (=D)Px + (=1)Pup g — v,
1 0 (=DP2up,_,
Ao = 1 : (4.76¢)
—uy
1 uo

@ Springer



Universal cusp scaling in random partitions Page 350f56 27

Proof From the expression (4.43) together with (4.35), we obtain the x-derivative for
k=0,...,p—2,

2m

0 Ak, jPe—1,

q = Qk41 — Uxq — ZZ( 1)f+‘z i ]q[,_z, (4.772)
j=11t=1

IPr & Ap—t, Pk,

S =Pe—up =) Y (- ’;_’a B e Y (4.77b)
j=1t=1

For k = p — 1, we may also use (4.55) to obtain

8qp—l b k
—— =xq—up1q— Y (=D viqps
ax
k=1
Sy e Gpt Pt
R D) I ) anil L A (4.78a)
N X — aj
=1¢=1
8pp—l 4 k
— =D —vyp - ;(—1) Uk—1Pp—k
- Ap—t,jP
3N (R (4.78b)
X —aj
j=1t=1
The parameter dependence immediately follows from Lemma 4.7. O

Remark 4.15 AJT. =Ajforj=1,...,2m.

Lemma 4.16 The matrix coefficients (Aj, Aj)j=1,...2m o0 ate traceless.

,,,,,

Proof 1t follows from Lemma 4.8 for j = 1, ..., 2m, and from the relation (4.45) for
J = 00 o

Lemma 4.17 The total derivative of the Fredholm determinant is given in terms of the
matrices (Aj)j=1,...2m,c0 as follows,

2m

dlog F trA; A i 4.79
og F(a) = Zr p— ea) 28 (4.79)
t;ﬁj =
Proof From the matrices (A;);1,.... 2m,00, W€ Obtain

(1) 'rA;Ap = (—=D%(aj — a0)’RjeRe; (4.80a)

p—1

(—1)/ A A = —a;qo,jPo,j — Z(—l)kqp—k,jpk,j
x:a_,- k:l
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p
+ Z(—l)k (Ap—r,jPo, jVk—1 — G0, jPk—1,jUp—k) -

k=1

(4.80b)

Hence, the Hamiltonian (4.61) is given by

2m
. trA; A
D H = Y S LA A 4.81)
N Adj — Ae x=aj
U#))

Substituting this expression to (4.25), we obtain (4.79). O

Proposition 4.18 (Schlesinger equation) The matrix coefficients obey the Schlesinger
equation,

2m
A Ai Aj 0A; Aj, A
oA _ A Al B4 5 A Ad [Aj Axl| . @482
daj a; —aj daj vy % T *=a;

Proof Fori # j, we may use the relation (4.67) to obtain

(A _ (—1)iHi+p—K+1

5 (RijQrk,jPp—k'—1,i + Ak,iPp—i'—1,j Rji)
aj

(—1)ititk p-l

D (=D (AkiPp—e-1i9e, jPpr—1, — (i < )
a; — aj

£=0
AiA; — Ai Ak
_ ( iAj J l)k,k ) (4.83)
a; —daj
For i = j, we use the Hamilton equations (4.62a) to obtain

(A ik 1 Kk OH; 0H;
— =D DT ——ppw—1,j — Ak, . (484

da; Ppk-1.j | ! Toqu

Then, evaluating the derivative of the Hamiltonian with (g, ;, pk,;) based on the
expression (4.81), we arrive at the Schlesinger equation (4.82). O

4.3 Interlude: Comment on unitary matrix integral

It has been known that the Fredholm determinant associated with the Schur measure
kernel studied in Sect. 2 provides an alternative form of the unitary matrix model [10]:

ZN
ZX.Y)

= det(l = Ky 1 ) (4.85)
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where the partition function of the unitary matrix model is given by

Zy = f dU exp (Z (t,rU" + f,’,trU‘”)) = Z 5, (X)s2.(Y). (4.86)
U

) n=1 A <N

The second equality is obtained by the character expansion with another set of the
Miwa variables compared to the previous case (2.2),

9]

_1yn—1 @ _1yn—1
ﬂ:% X, F:LZW. (4.87)

n n n 1
i=1 i=1

In our previous works [26, 27], we considered the p-even higher asymptotic analysis
of the random partitions and related unitary matrix models in order to study the phase
structure of the corresponding physical models of interest. This analysis is based on
the fact that the scaling limit considered in Sect. 3 for even p corresponds to the edge
scaling limit, namely the large N limit of the unitary matrix model. For the p-odd
case, on the other hand, the relation between the cusp scaling limit and the large N
limit is not clear at this moment. We remark that it has been reported that the phase
transition does not happen for the unitary matrix model in the specific scaling limit,
which may correspond to the cusp limit [19-21].

5 Level spacing distribution: odd p
Based on the general formalism of the gap probability discussed in Sect. 4, which is

for the determinantal point process defined by the limiting kernel, we consider the
specific case with the interval

I=[—S,S], (a],a2) =(—S,S), (5'1)
from which we obtain the level spacing distribution by taking the second derivative.

We now focus on the case for odd p. In this case, we have the following auxiliary
functions,

(s PE) = (Ae.2, Pr2) = (DX (i1, —Pr.1) - (5.2)

Namely, (qok, pP2k—1) are even, (Qax—1, P2k) are odd functions.

Lemma 5.1 Denoting the s-derivative of a function f by

4 _

s il (5.3)

we have the following relations for the auxiliary functions,
uhp 1 =202k—1P,  Vy_; = 20P2u-1, (5.4a)
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Uy, = vy =0. (5.4b)
Proof From (4.52) and (5.2), the total variations of the auxiliary functions are given
by
2qepds (£ : odd
dug = —qp,1P0,1d(—5) + qe,2Po,2ds = Upds (¢ ) (5.52)
0 (€ : even)
2qpeds (£ : odd
dvg = —qo,1Pe,1d(—s) + qo,2Pe¢,2ds = peds ¢ ) (5.5b)
0 (£ : even)
Recalling uy, vy io) 0, we conclude that uy, vy = O for even £. O

We then consider the s-dependence of the auxiliary wave functions. The total deriva-
tives of the auxiliary wave functions are given in (4.59). However, as the interval
parameters are taken as in (5.1), we have to take into account both the contributions
ofai—1».

j=1

Lemma 5.2 The s-derivative of the auxiliary wave functions is given as follows,

O = Gk+1 — urd +2(=D*Rag (5.62)
P} = Pk+1 — vkp — 2(—= D" Rpy, (5.6b)
where we define
12
R:=Rip =Ry = 7 ];qp—kpk—l . 6.7

Proof The total variation of g (x) is now given by

dai (x) = (Gk+1(x) — q@)ug + R(x, a1)qr,1
—R(x,a2)qk,2) dx — R(x, a1)qr,1da; + R(x, az)qr,2daz

5 (qer — que+ 2D Rac) ds. (5:8)
A similar expression holds for pg, and hence we obtain the formulas above. O

Corollary 5.3 The s-derivative of (Qp—1, Pp—1) is given as follows,

Lp/2]

q/p_l = +sq — Z dp—2mV2m—1+ 2qu—l , (5.92)
m=1
Lp/2]

Pp1=—SP— Y Ppamlam1 —2Rpp 1. (5.9b)

m=1
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Proof This follows from Lemma 5.2 together with the relations (4.55) and (5.4b). O

Lemma 5.4 The following relation holds,

p—1 | Lp/2]
GRY =Y QpiPi =5 D (w210} gy + V2t o) . (5.10)
k=1 m=1

Proof This can be shown as follows,

P
@2sR) =Y (ap-kPr-1)’
k=1
P
= Z (CIp—k+1|Ok—1 + dp—kPk — (up—kOka—l + Uk—lqp—kp))
k=1
p-1 P
=app +ApP+2 D ApiPk — D (Uk—19Pp—k + Vi—10p—kP)
k=1 k=1
p—1 p
4.55
22 quszpk - Z(l + (=D (uk—1GPp—k + Vk—19p—kP) -
k=1 k=1
(5.11)
Applying (5.4a), we obtain the relation above. O

Integral of motion The integral of motion shown in Lemma 4.13 is given as follows
for the current case,

4
le = ue = (=D v+ (=D (vt + (1= (=DOAe—ipit) - (5.12)
k=1

For even £, this becomes trivial. For odd £, on the other hand, we have

L
le = ue+ve+ Y (=D e—rvi—1 +200—kPr—1)

k=1
14/2] 14

=g+ v+ Z Ug—2mV2m—1+ 22(—1)kQ/z-kpk—1 . (5.13)
m=1 k=1

The lower order examples are given as follows,

Il =u; +v; —29p, (5.14a)
I3 =wu3+v3+uvy —2(q2p — qi1p1 +49p2) , (5.14b)
Is = us +vs +u3vy +u1v3 —2(q4p — qa3p1 + P2 — q1p3 +9ps) . (5.14¢)
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For £ = p, we obtain the following from (4.72) (also from Lemma 4.8),
P
=2 (=D*ap—kpii- (5.15)
k=1

Hence, using the first integral of motion (5.14a) together with the relation (5.4b), we
may rewrite the function R (5.7) in terms of (u2—1, Vom—1)m=1,...,|p/2]>

Lp/2] 1 Lp/2]

1 ! /
R=- > ap-amPan-1 = T Zl Wy Vo1 - (5.16)
m=

m=1
5.1 Hamiltonian structure

For the current case, we have the Hamiltonian (4.61) as follows,

H:=H =H
p—1 p
= —sqp — Z(_l)ka—kpk - Z(—l)k (ux—19Pp—k — Vk—19p—kP) — 25 R
k=1 k=1
p—1 Lp/2]
= —sqp — Z(—l)ka—kPk - Z (U2m=19Pp—2m — V2m—19p—2mP) — 25R*.
k=1 m=1

(5.17)

In this case, however, we cannot apply the previous expression (4.63) for the s-
derivative of the Hamiltonian since the derivatives of the auxiliary wave functions
are modified as in Lemma 5.2 and Corollary 5.3.

Lemma 5.5 The s-derivative of the Hamiltonian is given as follows,

H' = —qp +2R?
2
Lp/2]
up + v 1 ) )
- 2 252(uy + vp)? Z Up—_2mV2m—1 (5.18)
m=1

Proof WeAcan show this similarly to Lemma 4.12. In this case, the s-derivative of the
operator K is obtained from (4.28) as follows,

;—SK=K|—s)<—s|+K|s)(s|. (5.19)

Hence, we obtain

dH _ d | K )
ds ~ ds S1_[€S
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(511 = )7 (= o)W +2K] = s)(=s1) (1 = K)'}s)
=—qp+ 2R?. (5.20)

The expression in terms of (42,1, V2m—1)m=1,...,|p/2) is then obtained from the
integral of motion |; (5.14a) and the expression (5.16). m]

Remark 5.6 (Hamiltonian structure) We may write the Hamiltonian as follows,

H= Z( 1k q” or 1 = Z( HElg dp’” (5.21)

which comes from (4.60). Hence, even though the s-derivative of the auxiliary func-
tions are modified in this case, the same Hamilton equations are still available as in
the form of (4.62a).

Fredholm determinant In this case, the logarithmic derivative of the Fredholm deter-
minant (4.25) is given by

dlog F(s) = Hid(—s) — Hyds = —2Hds . (5.22)

Denoting the Hamiltonian as a function of the s-variable by H(s) and noticing

0 . . . . .
F(s) = 1, we obtain the Fredholm determinant in terms of the Hamiltonian as

follows,
F(s) =exp <—2 fs doH(a))
0

= exp <—2 /S do (o — ) (qp — 2R2)> . (5.23)
0

The second expression is analogous to the Tracy—Widom distribution in terms of the
Hastings—McLeod solution to the Painlevé II equation [22] and its higher analogs.

5.2 Nonlinear differential equations

We derive the closed differential equations for (i, v) by using the functional rela-
tions obtained above. The strategy that we apply is to rewrite all the bilinear forms
(AkP1)k,i=0,..., p—1 in terms of (u, v) recursively.

Proposition 5.7 All the bilinear terms (QqrPy)k,i=0, ..., p—1 are expressed in terms of the
auxiliary functions (u, v).

Proof First of all, the lowest bilinear term is obtained from the first integral of motion
p (5.14a) as follows,

uy+v
p= 12 L (5.24)
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From Lemma 5.1, we then obtain

1 1
Qom—1P = zuém_l . dpP2m-1 = Evém_l , (5.25)
and
uémflvénfl
_ = 5.26
dQ2m—1P2n—1 2(”1 T Ul) ( )

We then apply the recursion relations. Assume that the bilinear term q p; is known:
We can write it in terms of (¢, v). From Lemma 5.2 and Corollary 5.3, the s-derivative
of qip; gives rise to two possibly unknown terms, qg+1p; and qxpy+1,

(QkP)’ = Qr1Pr + QP41 + -+ s (5.27)

where the symbol - - - means the known terms. We remark that the expression of the
function R in terms of (u, v) is also known as in (5.16) as a consequence of the highest
integral of motion I, (4.72). If qxp;+1 is already known, we may write

Akr1pr = (qkpr)" + - -+ . (5.28)

If qk+1p; is known, we can similarly determine the other bilinear term qxp;+1. When
(k, 1) = (odd, odd) or (even, even), we cannot determine them in this way since both
di+1p; and qgp;+1 are unknown. We should fix them from another path.

We start this algorithm from qp,,—1p and qp2,,—1, whose expressions are known
as (5.25):

Qm—1Pp — QmP —> QmP1 — G2mP2 — -+ —> QmPan  (5.29a)

aP2m—1 — AP2m — d1P2m — QP2 — -+ — QmPom  (5.29b)

Meanwhile, we have qp ;,, P2, and g2, P2, forn < m. In this case, we can fix q2,,,+1P2n
and g2, P2m+1 from qoy+1P2n—1 and Qop—1P2m+1, respectively. O
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We show the flow diagram to determine the bilinear terms (qxp;)o<k,1<p—1 for p = 7:

ap apr —— ap2 aqps —— qp4 aps — dps
qip qip1 q;lioz qips3 OI1JE34 qips C|%P6
Clz%oz — Q©2p1 — Olzjl,oz qzjin OI2J|,04 Cuts q;%%
qsp qsp1 — dzp2 q3p3 CI3JI,O4 q3ps q;%%
CIZ4LP > d4P1 > 042 > 04pP3 > quzl QA;LPS Clz;Lpé
asp dsp1 — Qsp2 qsps — QspP4 asPs q;%%

l

qsp > deP1 > JoP2 > d6P3 > JoP4 > JoPs > d6P6

(5.30)
Based on these expressions, we obtain the closed differential equations for the auxiliary
functions (u, v) as follows.

Proposition 5.8 The auxiliary functions (u,v) = U2m—1, V2m—1)m=1,...,|p/2] obey
the closed coupled nonlinear differential equations. The number of the differential
equations agrees with the number of the auxiliary functions, 2| p/2] = p — 1.

Proof Form =1, ..., | p/2], the bilinear term qp ;P2 has two different forms,

A2mP2m = (Q2m—1P2m)" + known,  QompPam = (Q2m—1P2m—1)" + known.

(5.31)
By equating these expressions, we obtain the following equation
Q2mP2m - (q2m—lp2m)/ + known = (q2m—1p2m—l)/ + known . (532)
For q,—1pp—1, in particular, we have another equation from its derivative,
/. 1 / / /
@p-1Pp-1) : 5 [(qp—2pp—l) + known + (Ap-1Pp-2) + known]
= _S(Qp—lp - qpp—l)
Lp/2]
- Z (W2m—-19p—1Pp—2m + V2m—-19p—2mPp—1) » (5.33)
m=1

where the RHS is obtained from Corollary 5.3. In addition, the remaining integrals
of motion provide the equations, l»,,—1 = 0 form = 2, ..., | p/2]. Writing all the
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bilinear terms (QxP;)o<k,i<p—1 in terms of the auxiliary functions (u, v), we obtain
differential equations for them. The total number of the equations is given by | p/2]| +

1+ (p/2] -1 =2p/2]=p—1L o
5.3 Large gap behaviors — oo

As shown before, the logarithmic derivative of the Fredholm determinant is given by
the Hamiltonian. Moreover, the s-derivative of the Hamiltonian is written in terms
of the auxiliary functions (42,—1, V2m—1)m=1,...,|p/2) as shown in Lemma 5.5. In
particular, using the integral of motion (5.14a), we obtain

d2

57 l0gFo) = —2H' = u; +v; —4R?. (5.34)

Hence, the large gap behavior of the Fredholm determinant is obtained from the asymp-
totic behavior of these auxiliary functions.

Lemma 5.9 Inthe large s limit, the s-derivative of the Hamiltonian behaves as follows,

, §—>00

H 0(s7). (5.35)

Proof We first consider the large s behavior of the function R,
o0
R = R(—s,s) = K(—s,s)—i—Z/dzl---
n=1 1
/ dz, K (—s,21)K(z1,22) - - - K(2n—1, 20) K (21, §) . (5.36)
I

From the Cristoffel-Darboux formula (3.58) together with the asymptotic behavior
of the higher Airy functions, (3.41) and (3.47), we have the following asymptotic
behavior of the kernel,

K(s.s) =% 0(s). (5.37a)
K(—s,5) —= 0(s™ ). (5.37b)
Hence, we obtain
/de(—s,z)K(z,s) 520 0(s7). (5.38)
1

Recalling the projectivity property of the kernel (3.49),

lim | dzK(x,2)K(z,y) = K(x,y), (5.39)
1

§—>00
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we see that the n > 1 terms in (5.36) provide the same order contribution, from which
we obtain
§—> 00

R 2% 0(s7). (5.40)

We then consider the following term,

up+v = /I.dx (¥ ()" () + ¥/ ()¢ (x))
+/1dx/1dy (W OR@, )¢ () + ¥ (DR, ) ()

=21/f(S)¢(S)+/IdX/Idy (v (K (x, )¢ ) +¢' () K (x, )P () +- - .
(5.41)

The asymptotic behavior of the first term is immediately obtained from (3.41) and
(3.47),

V(s)(s) —> 0(s‘1+%). (5.42)

The integral term behaves as follows,

/IdX/Idy (Y OK (x, »)¢' () + ¥ (DK (x, )¢ ()

0 0
_ /dx/dy [(a— + —) Y@K (X, »)$(y)
I I X ay

9 9 r
—¥(x) (WJra_y’) K(x',y) )Iﬂ(y)]

@47 [ /1 dyy (x)K (x, y)qb(y)}

y=-+s 2
+ |:[I dyy (x)K (x, y)¢(y):| + </; dXW(XW(X))

y==s

& yN)—>(x.y
xX=+s

=29/ (s) <f dyK(s,y>¢(y>) +2<f dxxp(x)K(x,s)) U 222 0(s7).
I I 5.37)
(5.43)

From the projectivity of the kernel, the multiple integral terms provide the same order
contributions as before.

Summarizing all these contributions, we conclude the asymptotic behavior of H’
as shown in (5.35). O

From Lemma 5.9, we immediately obtain the large gap behavior of the Fredholm
determinant as follows.
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Proposition 5.10 The Fredholm determinant behaves as
— 2
F(s) =5 exp (—Cps P+2> (5.44)

with a p-dependent positive constant Cp.

Remark 5.11 This result is consistent with the Forrester—Chen—Eriksen—Tracy conjec-

ture [12, 16] on the large gap asymptotics of the Fredholm determinant F'(s) =
exp (—Cszﬂ”) for the density of state behaving as p(s) ~ sP B = % in our case).

Based on the current framework basead on the saddle point analysis, it seems to be
difficult to provide a rigorous argument and to determine the constant C), in general. It
would be plausible to apply the Riemann—Hilbert analysis to this issue as discussed in
[9] for the case p = 3. See [15] for detailed analysis on the gap probability asymptotics.

5.4 Example:p =3

Letus consider the simplest example p = 3 for more detail. We simply write (u#1, vi) =
(u, v). The s-derivatives of the auxiliary functions are given as follows,

9’ =qi +2Rq, (5.45a)
qi = 92 —uq —2Rq1, (5.45b)
g5 =sq —vq; +2Rq2, (5.45¢)
p' =p; —2Rp, (5.45d)
p/l =p2 —vp+2Rp1, (5.45¢)
p, = —sp —up1 — 2Rp2, (5.45f)
u' =2qip, v =29p;. (5.45g)

Hence, we have the Lax matrix form,

d (9 2R 1 O q d [P —-2R 1 O p

—|a|=|—-u—-2R 1 ai|l, —|p1]=| —-v 2R 1 Pi

ds sp) s —v 2R) \m ds p2 —s —u —2R} \p2
(5.46)

The integrals of motion are given by

i =u+v—29p, (5.47a)
I3 =qp—qip1 +9p2. (5.47b)

The Hamiltonian and its s-derivative are given by
H = —sqp + qap1 — d1Pp2 — uqp1 + va1p — 2sR>, (5.48a)
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H = LR — u+v+l Wy \? (5.48b)
=P o 2 2\s(u+v)/) ’ ’

where the function R is given by

u'v’

R=—-——. (5.49)
2s(u + v)
From Lemma 5.4, we obtain

(2sR) =2qop1 +2q91p2 —uv’ —u'v. (5.50)

Nonlinear differential equations We consider the derivatives of the auxiliary func-
tions (u, v) recursively:

u" =20qp —u( +v) —4Ru' + 2sR

= 2qpp=u’+u(u+v)+4Ru’ —2sR (5.51a)
v/ =2qpy —v(u +v) — 4RV + 2sR
= 2qp2 =V +v(u+v)+4Rv —2sR (5.51b)

which is equivalent to

2q0p +2ap2 = u” +v" + (u +v)> +4RW 4+ ') — 4sR, (5.52a)
2q0p — 2qp2 = u” — V" + W — v} +4RW —V)). (5.52b)

Hence, q>p and gp; are written only in terms of (u, v) since the function R is given
as (5.49). We then obtain

Qqp) = +su+v) —u'v+2qmp1 = 2q2p1 = 2q2p)’ —s(u +v) +u'v
(5.532)

(2ap2)' = —s(u+v) —uv' +2q1p2 = 2qip2 = (2qp2)’ + s(u + v) + uv’
(5.53b)

which yields the expressions of qap; and q;p> in terms of (u, v). We may also write

202p1 4 2q1p2 = (292p)’ + (2qp2)’ + u'v + uv’, (5.54a)
202p1 — 291p2 = (202p) — (2qp2)’ — 2s(u + v) . (5.54b)

Similarly, we have

(2q2p1)’ = 202p2 + 8R2p1 — 2002p — 25VR + 50 (5.55a)
2q1p2)’ = 2qap2 — 8Rq1p2 — 2uqps — 2suR — su’ (5.55b)
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from which we obtain

40pp2 = 2aap1)’ + (2q1p2)’ — 8R(q2p1 + q1p2)
—2(uqpz + vapp) — 2s(u + V)R — s’ —v'). (5.56)

Therefore, we obtain the coupled differential equations for the auxiliary functions
(u, v) from the following relations,*

(2q2p1)" — (291p2)" = 8R(q2p1 + q1P2) + 2(uqp2 — v42pP)
—2s(u — V)R — s’ + ), (5.57a)
(d2p2)" = s(gp2 — 92P) — vqIP2 — UG2P] - (5.57b)

Introducing the symmetric and anti-symmetric variables,

X:=u-+v, yi=u-—v, (5.58)
we obtain
@ x/6 x/S x/S 2y’2x’4 2y/x’4
Y= s2x3 §3x2 0 2sx3 52x3 sx3
3x//x/4 2y/2x/3 B y/zx/3 yx/3
§2x2 s3x2 sx3 SX
2 3 1.3 1113 "3
y'x x"x 2y'y"x 2y"x
52x2 sx2 52x2 sx2
5x/3 y/4x/2 2y/3x’2 5yx/2 yy/x/z
s §2x3 sx3 8x SX
y/x/2 2y’x’2 4y/2x//x/2 Sy/x//x/2
s §3x s2x2 sx2
I 02 1712 3),72 3),72
y'y'x 2y"x xx yx
+ 7t —3 + -
SX S°X SX SX
B y/4x/ y/4x/ 2y/3x’ B yy/2x/
s3x2 0 2sx3 s2x2 sX
5 /2x/ 3 /2x//x/ 4 /x//x/
Y +—sx/—4y/x/+y . yz
K 2 SX S°X

2y13y//x/ 6y/2y//x/ 4x//y//x/ 2y/x(3)x/

§2x2 sx2 SX SX
3 3 2 3 5 72 2 /x//Z
i yy i Y- i é’ yy- 4y
SX s sox 8x SX
6 1,112 /4x// 3 x//
+ Y +2x + y2 7 — Y 3
SX S7X SX

4 We suspect that the differential equations shown in [6, egs.(3.25) and (3.26)] need to be improved.
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Y3y 6y ,o Y@ 3y2y@
Cosx2 sk B sX + sx
x(5) B 3x7 N 4x'0 9y/6 B 6y/2x/5 B 12x" %3
s2x4 0 §3x3 0 2sx4 s2x4 s2x3
3)6/5 llx/5 3x/5 8y/2x/4
s T oa T E T A
3y/2x/4 11x”x" 30/ /4
Cosxt a2 25x3
8y/y//x/4 3x(3)x/4 2x14 6x/4
+ §2x3 52x2 sx | s3x2
3y/4x/3 6y/2x/3 Sy/zx/s 3y/2x/3
s2x4 s4x2 52x3 x4
12x//2x/3 2y//2x/3 4yy/x/3 16y/2x//x/3
s2x2 s2x2 sx2 52x3
20x//x/3 9x//x/3 8y/y//x/3
s2x2 x3 s3x2
8y/y”x/3 8x(3)x/3 2y/y(3)x/3 6x/3
+ sx3 + sx2 s2x2 shx
x/3 4x/3 4y/4x/2 3y/4x/2
Cx 2 §3x3 2sx4
4y/2x/2 6y/2x/2 24x//2x/2 Sy//lez
B sX B s3x2 sx2 B sx2
4yy/x/2 2y/x/2 14y/2x//x/2
+ s2x  x §3x2
7y/2x//x/2 12x”x/2 18x”x/2 8y’3y”x/2
sx3 + s s3x s
4yy//x/2 lly/y”x/z 6y/y//x/2
C sx s2x2 X3
14y/x//y//x/2 4y/2x(3)x/2 8x(3)x/2
B §2x2 T $2x2 §2x
7x(3)x/2 Sy/y(3)x/2 2x(4)x/2 3y’4x’
22 2 sx s4x2
B ﬁ B 4yy/3x/ B 4x2x/ B 4y2x/ B 6y/2x/ y/2x/
252x3 sx2 s4x x
4y/2x/ Sy/zxuzx/ 18x//2x/
52 §2x2 s2x
6x//2x/ 6y/2y//2x/ 6y//2x/ 3y//2x/
X2 s2x2 $2x + x2

4y/4x//x/ 8y/2x//x/ 3y/2x//x/

§2x3 s2x2

x3

(5.5%a)
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8yy' // / B lzxﬁx, B 8y/3 // / 4y/3 // /
sX s3x2 sx3
8y/ " /+ 12)/ "y 14y/x”y”x/
s s3x sx2
2y/2x(3)x/ 16x//x(3)x/ zy/3y(3)x/
sx2 SX s2x2
6y/y(3)x/ 3y/y(3)x/ 6y//y(3)x/ x(4)x/
— 3 + 3 + +
S°X X SX X
N 2y/y(4)x/ N 2y/4 B 4)7)7/3 2y/3
SX SX s2x X
6xu3 2y’2 "2 3y12 "2 6x” "2
_ + — 8xyy’
sX sx2 sx?2 SX Y
N y_ B 3y/4 " N y/4x// - 4y/2x// N 6y/2 "
2 s3x2 2sx3 s s3x
3.,/ 12 /2 " 3 6 /3 // "
+ yoy + yy . —sy” + y
s2x2 sX 2 s2x2
12}’/ 1 // 3y/ /" // y/4x(3) Zy/2x(3)
25 + xz + 2x2 0 $2y
12,.(3) 115 (3) / // 3
X 3x"x 4 X
+ Y —6xx® + yY
2x X SX
3.,3) 6v/x"v® 3 (3) )]
Y )’2 _ 2yy(3) + y X'y y'y Yy (5.59b)
SX SX X

Although we have such an explicit form of the differential equations, it is not clear
how it would be helpful to characterize the level spacing distribution. It would be also
interesting to compare with the differential equations obtained in [3].
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A Single Hamiltonian analysis

In this Appendix, we analyze the Hamiltonian system only with a single time variable,
which corresponds to the Fredholm determinant with the interval

I =[s,00) (ar =ys) . (A.1)
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For even p, the corresponding Fredholm determinant leads to the higher Tracy—Widom
distribution, while for odd p, this is a formal calculation. In this case, the derivative
of the Fredholm determinant (4.25) is given by

dlog F(s) = —H(s)ds, (A.2)

where the s-dependence of the Hamiltonian (4.63) is given by

dH
qs = —q(s)p(s), (A.3)
s
with
q(s) =dqo(s),  p(s) = pols). (A4)

Therefore, the Fredholm determinant is written as follows,

F(s) =exp (—/ do(o — s)q(a)p(o)) . (A.S5)

For even p, since p(s) = q(s), it is given by

F(s) = exp <— /OO do (o — s)q(0)2> , (A.6)

which reproduces the higher Tracy—Widom distribution of even p [1, 11, 14, 28].
Derivatives of (qy, px) From the parameter dependence of the wave functions (4.59),
the (k + 1)-st function is written in terms of the lower degree functions,

qu qu
—— =kl — Uk = k1 = —— +udq, (A.7a)
ds ds
dpg dpy
Pe =Pik+1 — kP = Pik+1 = Pk + up. (A.7b)
ds ds

Similarly, the s-dependence of the auxiliary function (4.52) is given by

duy dv

k
- = = s _— = = . A.8
ds PAk ds Pxq ( )

Then, the lower degree cases are given as follows,’

ar =g +uoq (A.9a)
a2 = q" +uopq’ +u1q — pg’ (A.9b)
a3 =q" +uoq” +u1q +uzq —4qq’p — g*p’ — uoa’p, (A.9¢)

d
5 We denote the s-variable derivative by dq

— =dq,etc.
S
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p1 =p +vop, (A.9d)
p2 = p” + vop’ + vip — p*q, (A.9¢)
p3 = p” + vop” + vip’ + v2p — 4pp'q — p*q’ — vop*q. (A.9f)

A.1 Integral of motion
We consider the integral of motion as discussed in Lemma 4.13. In this case, we
introduce the integral of motion for £ < p,
4
le = ue — (=D e + Y (=D (e—gvi—1 — Geipr1) - (A.10)
k=1

Since all the functions are zero in the limit s — 00, the s-independent constant shall
be zero,

lg=0. (A.11)

The lower degree cases are explicitly given as follows,

lo =uo—vo, (A.12a)
li =u; + v —uovo + qp, (A.12b)
lh =up — vy +ugvy —uvo — gp1 + q1p - (A.12¢)

A.2 Nonlinear differential equations

We can derive closed differential equations for the wave functions (q, p) by equating
(dp, pp) obtained as in (A.9) with another expressions (4.55). For even p = 2n, the
resulting differential equation for q(s) = p(s) is known to be the n-th equation of the
Painlevé II hierarchy [1, 14, 28]. The lower degree equations are given by®

p=2: a'=q(s+20°) =sq+2, (A.132)
p=4:q¥ =q (s — 6q* +10q2 + 10qq”) : (A.13b)
p=6:q® =q(s+20q° - 1409’ - 70q’q"

+42q//2 + 56q/q/// 4 14qq////) + 7Oq/2q// . (A.13C)

For odd p, we instead obtain coupled nonlinear equations. We first consider the
simplest example of odd degree, p = 3. In this case, from (4.55), the wave functions

6 We use the convention for the s-derivatives, q) = ¢/, @ = ¢, etc.
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for k = 3 are written in terms of (qo, po) = (q, p),

a3 = voq” + (oo — v1)q’ + (s + v2 — upvy + u1ve)q — vog’p,  (A.14a)
p3 = uop” + (uovo — u)p’ + (—s + uz — uyvy + uov)p — uogp>.  (A.14b)

Equating these expressions with (A.9c) and (A.9f), together with the integrals of
motion (A.12), we obtain coupled nonlinear differential equations for the wave func-

tions (q, p),

q® = +sq+6paq’, (A.152)
p® = —sp + 6qpp’ . (A.15b)

We may apply the same process to obtain differential equations for higher degree
cases.

e p=>5
q(5) =q (+S + 1Oq/p// + lop/q// + lopq///) _ 3Op2q2q/ + 10C|/ (p/q/ + zpq//) )
(A.16a)
p(S) =p (—S + loq/p// + 1Op/q// + qupm) _ 30p2q2p/ + 10p/ (p/q/ + 2qp//) )
(A.16b)

o« p=7
q” =q <+s +42p"q® + 14 (—2Op2q/q” +2q"p® +q'p® +2p'q?
+p (—20p’q’2 + q(S)))>
+ 140p°q’q’ — 707 (p’zq’ +2pp'q” +p (Zq’p” + pq“)))
+ 14 (—szq’3 +50'q"% +29%p% + o <8p”q” + 7p/q(3)>
+p (Sq”q“) + 3q/q(4))) : (A.17a)
p” =p (—s +429"p"? + 14 (—20q2p’p” +2p"q? +2q'p@
+p/q® +q (-20p%q +p?)))
+140p°q’’ — 70p? (¢ (9 +240") + a (200" + ap™) )
+14(=50%p" + 50" + ' (8079 + 7P + 2p'4?)
+q (5p”p(3’ + 3p/p(4))) : (A.17b)

We remark that these nonlinear differential equations have been recently obtained
in the context of the Riemann—Hilbert problem associated with the Pearcey kernel
[13].
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A.3 Asymptotic behavior and the boundary condition

We consider the asymptotic behavior in the large s limit. Recalling that the resolvent
kernel behaves as R, L — 0 in the limit s — 400 (I — @), together with (4.34), we
see that the auxiliary wave functions behave as

ais) == 96s),  pls) 5 ws). (A.18)

We then obtain the asymptotic behavior of the bilinear form qp™ from (3.41) and
(3.47) as follows,

§—00 71+l+m+n

q(m)p(n) > O(s

), (A.19)

which goes to zero in the limits — coifn+m < p—1.Infact, in the limits — oo, all
the nonlinear differential equations obtained in Sect. A.2 are asymptotically reduced
to

d’q d’p

— = LR BY &

o =S4 gy = Dise. (A.20)
which is consistent with the asymptotic behavior (A.18).

Proposition A.1 The auxiliary wave functions (q, p) obey the differential equation
(A.20) in the limit s — oo, and hence they are asymptotic to the p-Airy function
(A.18) for arbitrary p > 2.

It has been already established that this statement holds for even p. One can specify the
boundary condition of the nonlinear differential equations, which is an analog of the
Hastings—McLeod solution to the Painlevé II equation asymptotic to the Airy function
[22].

Proposition A.2 We have the large gap behavior of the Fredholm determinant,
_ ~ 2
F(s) "= exp (=Cpls»*?) (A21)

with a p-dependent positive constant C -

Proof The proof is parallel with Proposition 5.10. In this case, we rewrite the s-
derivative of the Hamiltonian (A.3) in terms of (ux, vi)k=0,1 using the integral of

_ 2
motion (A.12b). Then, we see that H' LAY O(s?) as in Lemma 5.9. Integrating
this twice, we obtain the large gap behavior of the Fredholm determinant. O
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