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INTEGRABLE CONTOUR KERNELS IN DISCRETE 3 =1,4 ENSEMBLES,
UNIVERSALITY AND KUZNETSOV MULTIPLIERS

MIGUEL TIERZ

ABSTRACT. We obtain explicit double—contour representations for the correlation kernels of the
discrete orthogonal (8 = 1) and symplectic (5 = 4) random matrix ensembles with Meixner, Charlier,
and Krawtchouk weights. A single Cauchy—difference—quotient composition identity expresses all
B = 1,4 blocks in terms of the projection kernel and bounded rational multipliers. From these
formulas we give short steepest—descent proofs of bulk and edge universality (sine/Airy/Bessel) with
uniform error control, an explicit Meixner— Laguerre hard-edge crossover, and a first A™* correction
that follows directly from the integrable structure. Finally, we show that archimedean Kuznetsov
tests splice into the Pfaffian kernels by a bounded holomorphic symbol acting in the contour variable;
the symbol enters only through the same Cauchy difference—quotient, so the leading sine/Airy/Bessel
limits persist and the A~! term again comes from linearizing at the saddle(s).

1. INTRODUCTION

Correlation kernels are the basic building blocks for all local statistics in random matrix ensembles
[15, 3, 11]: they govern k-point functions, gap probabilities (via Fredholm determinants/Pfaffians),
and linear statistics [27, 16, 10]. In the discrete orthogonal and symplectic ensembles the kernels
encode nontrivial arithmetic/parity constraints and symmetry effects that have no exact continuous
analogue, and they connect directly to representation-theoretic models of random partitions [5, 6, 19].
The present paper provides explicit and tractable formulas for these kernels in the Meixner, Charlier
and Krawtchouk families and develops a unified operator framework that treats the orthogonal
(8 =1) and symplectic (8 = 4) cases on equal footing.

Beyond furnishing explicit formulas, the paper promotes a single mechanism that runs through
all our arguments: bounded—multiplier composition under the contours. Any operator that acts in
the contour variable by a rational symbol enters the kernels through a one-line Cauchy difference—
quotient, and the resulting blocks remain of IIKS type [16]. In practice this preserves finite—INV
structure, makes rank—one 8 = 1 effects transparent, and feeds directly into uniform steepest—descent
with the same phase and the same admissible contours.

We implement this principle completely for Meixner/Charlier /Krawtchouk at § = 1,4, proving
bulk/edge universality with uniform error control and exhibiting a Meixner— Laguerre hard—edge
crossover. The first A~ correction follows directly by linearizing the difference—quotient at the two
saddles (or the coalesced edge saddle), without leaving the ITKS framework.

The same composition extends to bounded holomorphic symbols, allowing us to splice archimedean
Kuznetsov multipliers [21, 18] into the discrete 5 € {1,4} kernels without departing from the ITKS
framework. The Kuznetsov transform is essentially a Fourier—Bessel integral that arises in the
context of the Kuznetsov trace formula, linking sums of Fourier coefficients of cusp forms to Bessel

integrals [21, 18]. In addition, we show that for an even spectral test h, the Kuznetsov transform
1
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supplies a bounded holomorphic multiplier

mp(w) = /Rh(t) w2 dt

on admissible slit—sector contours; inserting mj changes only the universal Cauchy difference—
quotient and leaves bulk/edge limits unchanged, while the A~! contribution is read off by the same
linearization.

Why contour/IIKS representations ? Double—contour formulas for the projection kernel Ky
and their Pfaffian analogues for § = 1,4 (see e.g. (5.2) and (5.4)) offer several advantages that go
beyond the now-standard use for asymptotics and universality [10, 28, 16]:

Finite-N information. Because the kernels are of integrable (IIKS) type—rank—two numerator
over a Cauchy denominator—the contour form makes finite-N identities and rank-one
corrections (the § = 1 term) transparent and calculable, rather than only asymptotic [16, 7].
Analytic continuation and deformations. Parameters such as £ (or weight parameters) can
be varied inside the contour integrand. This facilitates analytic continuation in parameters
and controlled crossovers (e.g. Meixner — Laguerre), and it adapts readily to mild weight
deformations or external sources while preserving integrability [27].

Uniform steepest—descent analysis [12]. A single phase function controls bulk and edge limits;
rational prefactors for D and e only perturb at lower order. This yields clean derivations of
sine/Airy/Bessel limits and finite-N error bounds in a unified way (see the last Section and
the Appendices) [11, 1, 19, 27].

Links to representation theory. The formulas interface naturally with z—measures and the
combinatorics of Young diagrams, providing a bridge to random partitions and characters of
S (00).

Painlevé/RH structures. Contour representations are the right starting point for isomon-
odromic/Riemann—Hilbert methods; they make it feasible to identify Painlevé transcendents
controlling gap probabilities and to extract subleading terms systematically [11, 14].
Numerics. Contours can be chosen for rapid decay along steepest directions, enabling accurate
quadrature of Fredholm determinants/Pfaffians for finite N with modest effort [4].

Explicit double—contour representations for the correlation kernels of the discrete 5 =1 and g =4
ensembles with Meixner/Charlier /Krawtchouk weights—together with a single operator identity
that treats both symmetries in parallel—have not been discussed in this form. The paper proves:

(1)

(2)

(3)

A unified Tracy-Widom /IIKS operator structure [28, 16| for § =1 and 8 = 4 in the discrete
setting with all off-diagonal Pfaffian blocks obtained by inserting the bounded rational
multipliers for D and ¢ (see (3.4)). The common Cauchy-difference—quotient composition
identity is given in (3.7) (and its exact Charlier and Krawtchouk analogues are (4.11) and

(5.11)).

Fully explicit double—contour formulas: Meixner (3.5), Charlier (4.6) with the w—plane ITKS
form (4.16), and Krawtchouk (5.7); the 5 = 4 and 8 = 1 blocks appear in Theorems 3.7/3.6,
4.6/4.5, and 5.6/5.5.

A single steepest—descent scheme (Section 6) that yields bulk/edge limits (sine/Airy/Bessel)
with uniform error control-—see Theorems 6.3-6.6—and the Meixner—Laguerre hard—edge
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crossover (Theorem 6.7), together with an explicit first A~! correction read off from the
difference—quotient structure (Proposition 6.8).

(4) Kuznetsov splicing into IIKS Pfaffian kernels: inserting an even spectral test h via the
bounded holomorphic symbol my, acting in the contour variable preserves integrability and
enters only through the Cauchy difference—quotient. The leading sine/Airy/Bessel limits are
unchanged, and the first finite-size term follows from the same linearization at the saddle(s)
(bulk A, edge A~1/3; see Theorem 7.7 and Theorem 7.11).

Results

e Unified ITIKS/Tracy—Widom operator structure for § = 1,4 in the discrete setting.

e Fully explicit double—contour formulas for Meixner/Charlier/ Krawtchouk, including universal
multipliers after the w—map for Charlier.

e Direct steepest—descent proofs of sine/Airy/Bessel limits with uniform errors and an A~!
correction.

e Meixner—Laguerre hard—edge crossover at the level of contour phases.

e The Kuznetsov symbol my(w) enters the contour integrand, as a bounded holomorphic mul-
tiplier. Universal limits are unchanged, and the A~! term follows from the same linearization.

Organization We begin with the orthogonal case, then the symplectic case, for Meixner, Charlier,
and Krawtchouk in that order. The second part of the paper develops the asymptotic analysis
from the integral representations. Detailed contour manipulations (residue computations) are
collected in Appendix A. Because the only moving pieces are the bounded symbols and a fixed
Cauchy denominator, the same mechanism interfaces smoothly with arithmetically flavored twists or
harmonic—analytic multipliers, for example. In both cases the Pfaffian blocks stay integrable, and
the bulk/edge limits are obtained by freezing the symbols at the saddles, and the A~! term again
comes from the first linearization. We finally show, in the last Section, that Kuznetsov multipliers
can be spliced into the ITKS Pfaffian kernels and identify their effect on the leading limits and the
A~! term. Future applications of the results here will be presented in the Outlook while Appendices
A and B collect contour manipulations and uniform steepest—descent estimates.

1.1. Notation. Let w(x) be a strictly positive real valued function defined on Z>o with finite
moments, i.e. the series > ., w(z)z? converges for all j = 0,1,.... Introduce a collection
{P.(¢)}22 of complex polynomials which is the collection of orthogonal polynomials associated to
the weight function w, and to the orthogonality set Z>q. Thus P, is a polynomial of degree n for all
n=1,2,..., and Py =const. If m # n, then

Z Py (z) Py (z)w(x) = 0.
Z‘EZZO
For each n =10,1,... set
(1.1) (@) = (Po, Pu)y, ' Pu(@)w' 2 (a),
where (., .),, denotes the following inner product on the space C[(] of all complex polynomials:

(£(0),9(0))y = > fl@)gx)w(x).

l‘EZzo
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We call ¢, the normalized functions associated to the orthogonal polynomials P,. Let H be the
space spanned by the functions g, 1, .... We introduce the operators D, D_ and e which act on
the elements of the space H. The first and the second operators, D, and D_, are defined by the
expression
(D+Lf)( Z Dy(z,y)f
YEZ>o
where the kernels D4 (z,y) are given explicitly by

w(z)
(12) D+($,y) = ’U)(.’E + 1) 5z+1,y> T,y € ZZOa
w(x —1)
(1.3) D_(z,y) = 710(:1:) Op—1,y, T, Y € L>p.

The third operator, €, is defined by the formula

w2m+ Nw2m+3) ... w(2k + 1)
2k +1
(e Z 2k + 1 w2m)w(2m +2) ... w(2k) P2k + 1),
(1.4)
w2k + Nw(2k +3) ... w(2m +1)
(2 1) 2k
() (2m + Z 2m + W@kt 2 wem) R
where m =0,1,.... Observe that the semi-infinite matrix e defined by equation (1.4) is representable
as follows
e=FYF,
where ) ;
f) o0 0 0
0 f(1) o0 0
F = 0 0 f(2) o0 7
0 0 0 f(3)
£(0), f(1), f(2), ... are defined for k = 0,1,2,... by
1 2Qw(4) ... w2k 1 1 ow(2k+1
o) — W) w@k) o w(l)w(d)...w(2k + 1)
w(2k) w(1)w(3) ... w(2k — 1) w2k +1) w(2)w(4)... w(2k)
and
ro -1 0 -10 -1 0 -1 ]

1 0 0 0 0 0 0 O

0 0 0-10-10 -1
(1.5) Y_|1 0 1 00 0 0 0

0O 0 0 0 0 —-10 -1

1 0 1.0 1 0 0 O

Set D = D, — D_. It is convenient to enlarge the domains of D and €, and to consider the operators

D: H+eH —H+DH,
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€: H+DH — H+ eH.

Proposition 1.1. The operators D and € are mutual inverse (Christoffel-Darbouz reductions used
later can be found in |26, §3.2].) .

Definition 1.2 (Rational multipliers in the contour coordinates). Let H = span{¢o, ¢1,...} C
(%(Z>0) be the orthonormal family from (1.1), and write vectors by their Cauchy (generating-function)

representation
1

- N —z—1
1) = 31 . FOCT e

where fis analytic in an annulus containing the contour(s). A linear operator T" on H + eH acts by
a rational multiplier (or has a rational symbol) if there exists a rational function mp(¢) such that,
for all such f,

© 2mi

(TF)(x) = - 74 mr(€) F(0) ¢ dc.
{¢}

Equivalently, when T' acts on the x—variable of a double—contour kernel, the corresponding con-
tour integrand is multiplied by mp. The poles of mp lie among the finitely many “forbid-
den points” singled out by our contour conventions (e.g. +1 in the Meixner/Charlier w—plane;
—1/p,0,1/q in the Krawtchouk v—plane). The resulting kernels remain integrable in the sense of
Its—Izergin—Korepin—Slavnov [16].

Examples used throughout.

e Meixner. In the w—coordinates

Dw) =w—w ", (w) = !

w? -1’

so D and € act by the rational multipliers w — w™! and (w? — 1)~L.

1—
e Krawtchouk. With the ratio map Rg(v) = T qz, the symbols are
~ 4 —2v+(q—p)?
D) =dg(v) = Rx(v) — Ri(v)" ! = ;
(v) = di(v) = Rc(0) = Rilo) ™ = 2P0
1 (1+pv)?

€(v) =mg(v) = Ri(v)? —1 T vt (¢ — p)v*’

i.e. the multipliers in the Krawtchouk case. For the definitions of the classical discrete weight
functions, see Definitions 2.5, 2.6 and 2.7.

Finally, let Hx be the subspace of H spanned by the functions ¢g, ¢1, ..., paen_1. Denote by Ky
the projection operator onto Hy. Its kernel is

2N—-1

(1.6) En(z,y) = Y e(@)er(y).
k=0
2. DEFINITION OF DISCRETE SYMPLECTIC AND ORTHOGONAL ENSEMBLES

Definition 2.1. The N-point discrete symplectic ensemble with the weight function w and the
phase space Z>q is the random N-point configuration in Z>q such that the probability of a particular
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configuration z; < ... < zy is given by

N
Pr{zi,...,an} = Z]Q}L Hw(xl) H (x; — xj)2(xi —xj—1)(x; —x; +1).
i=1 1<i<j<N

Here Zn4 is a normalization constant which is assumed to be finite.

In what follows Zpy4 is referred to as the partition function of the discrete symplectic ensemble
under considerations.

Definition 2.2. Suppose that there is a 2 x 2 matrix valued kernel Kn4(z,y), x,y € Z>0, such that
for a general finitely supported function 7 defined on Z>¢ we have

N
Zni > [Twe) @+n@)) T (- 2)* @ — 25 — 1)@ — x5 + 1)

(z1<...<xN)CZ>¢ i=1 1<i<j<N

= \/det (I + 7’]KN4),
where K4 is the operator associated to the kernel Ky4(z,y), and 7 is the operator of multiplication
by the function n. K4 is called the correlation operator, and Ky4(x,y) is called the correlation

kernel of the discrete symplectic ensemble defined by the weight function w(zx) on the phase space
Zzo.

Definition 2.3. The 2N-point discrete orthogonal ensemble with the weight function W and the
phase space Zx> is the random 2/N-point configuration in Z>q such that the probability of a particular
configuration ;1 < ... < z9pn is given by

Pr{zi,...,xon} =
2N
Zn Hl Wix;) I (xj —x;), ifx; —ax;-is odd for any i, and z; is even,
1=

1<i<j<2N
0, otherwise.

Here Zn1 is a normalization constant.
In what follows we assume that the weight function W (x) is such that
(2.1) W(x —1)W(z) = w(x), for x > 1,and W(0) = w(0),

where w(x) is a strictly positive real valued function on Zxg satisfying the same conditions as the
weight function in the definition of the discrete symplectic ensemble.

Definition 2.4. Suppose that there is a 2 x 2 matrix valued kernel Ky1(z,y), x,y € Z>0, such that
for an arbitrary finitely supported function 7 defined on Zx>y we have

2N
Zm > [Tw@)@+n@) ] (@—2)=+/det (I +nKn1),

(z1<...<TaN)CZx =1 1<i<j<2N

where Ky is the operator associated with the kernel K1 (x,y), and 7 is the operator of multiplication
by the function 7. Then K is called the correlation operator, and the kernel of K is called the
correlation kernel of the discrete orthogonal ensemble defined by the weight function W (z) on the
phase space Z>g.

The three studied discrete weights are classical [20]:
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Definition 2.5 (Meixner weight). Fix 0 < £ < 1 and Sy > 0. The Meixner weight on Z> is
(BM)x F(ﬁM + x)

= T & Tl

wyx(T) 1=

(Here (a), is the Pochhammer symbol.)
Definition 2.6 (Charlier (Poisson) weight). Fix 6 > 0. The Charlier weight on Z> is

9 0”

ga
Definition 2.7 (Krawtchouk weight). Fix M € Z>o and p € (0,1), and set ¢ := 1 — p. The
Krawtchouk weight on {0,1,..., M} is

wg () = (M

x
Pfaffian scalar blocks. We write the scalar block of the Pfafian kernel as

wep(x) :=e T € L>p.

>pqux, x=0,1,..., M.

KN+ L pon @ (epan—1), Meixner,
Sna:=KneKn, Sy = f .
Ky + 59N ®(epn-1),  Charlier, Krawtchouk.

Off—-diagonal blocks are obtained by inserting the symbols of D or € in the contour variable (see
(3.4), (4.15), (5.10)).

3. MEIXNER ENSEMBLES FOR 3 = 1,4: INTEGRAL FORMULAS

Throughout we fix £ € (0,1) and write s := /£. We use the notation of Sections 1-2: the
orthonormal system {p}x>0 on Zso, the operators D¥, D = D* — D~ and € with De = ¢D = I on
H + eH, and the projection

2N—-1 2N—-1
(3.1) Kn= Y or®¢r,  En@y)= > oul@)ery).
k=0 k=0

We begin by deriving all contour formulas needed in this section, then prove the =1 and § =4
kernels in parallel.

3.1. Meixner generating function and contour conventions. Define for m € Z

—m S m
(3.2) Gm(w) == (1 - sw) (1 - —) ,
w
analytic in the annulus 4 := {w : s < |w| < s7'}. Our contour conventions are: two simple
positively oriented loops {w;} C int {ws} contained in A, both encircling {0, s} and avoiding {1,s71}.
Single—contour integrals use a loop {w} C A with the same property.

Lemma 3.1 (Single-contour formulas and rational multipliers). For every m >0 and x € Z>,

1 G (w) 1 Gm(w)
(33)  pmle) = — ]iw} e, (epm)() = 5 éw} T e

211

Consequently D and € act in the w—plane by rational multipliers
1
w2 -1
Proof. The generating function for Meixner functions implies [w* ™| Gy, (w) = @m(x) in our normal-
ization; extracting coefficients by Cauchy’s formula yields the first identity in (3.3). For the e-image,

(34) Dw)=w—-w!,  dw)=
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use the factorization e = FYF from Section 1, write the parity—split sums from (1.4) as geometric
series, and insert the same coefficient extraction; the diagonal conjugations in F' cancel between the
two parity chains and the signed matrix Y produces precisely the factor (w? — 1)~!. (Equivalently,
since D acts by shifts x +— = £ 1, the identity (Df)(z) = f(z + 1) — f(x — 1) translates under (3.3)
to multiplication by w — w™! on the w-side; inverting D on H + eH gives the multiplier (w? — 1)~*
for €.) The contours lie in A, hence all manipulations are justified. O

Proposition 3.2 (Projection kernel as a nested double contour). For all z,y € Z>o,

1 % GQN (W1)G2N(WQ) dw1 dwg
fwr} HH{ws}

(27”')2 Wiwy — 1 wle2N+1 w2yf2N+1

(3.5) Kn(z,y) =

Proof. Insert the single—contour form (3.3) for ¢(z) and ¢g(y) into (3.1) and sum over k =

. (1—s/w1)(1—s/wz) \ * : .
0,...,2N — 1. Since G(w1)Gk(w2) = <W) and {w1} C int{ws} C A, the geometric
series sums to

! k(1= s/wi)(1— s/wy)\k
(3.6) Z (wiw2) ( ) =

— (1 — swp)(1 — swa)

. ON (1—s/w1 1—s/wa\2N
1 (wle) ( 1—swi 1—sws )
1—s/wq l—s/wz)
1—swi 1—sw2

1-— wle(

A direct algebra simplifies the denominator to wiws — 1, and the numerator produces the factor
Gon(w1)Gan(w2). The coefficient extraction in wy, wsy gives (3.5). Absolute convergence is guaranteed
by our contour nesting. O

Proposition 3.3 (Projection identity K2 = Ky). With the same contours, Ky is an idempotent:
> onso Kn(z,n)Kn(n,y) = Kn(z,y).

Proof. Insert (3.5) twice and compute the sum over n by Cauchy’s coefficient rule:

Gaon (w1)Gan (w2)Gan (w3)Gan (ws)
ZKN #n)Ky(n,) 27TZ ]{?{7{7{ (wiw2 — 1)(wswy — 1)

n>0

[Z g PN 2N dw dwy  dwz  dwy
—2N+1, —2N+1, 2N+1 y—2N+1"
= wi’ Wy w; wy
By the nesting |w3| < |wa|, the bracket equals ws/(ws — w3). Evaluating the ws—integral by residues
y g q g g y
(only the simple pole at w3 = we contributes) yields

Gon(w1)Gan(we)Gon(wy)  dwr  dwy  dwy
K K .
Z N x TL) N(TL Z/ wlw2 _ 1)<w4 _ w2) wle2N+1 WZ—QN wy—2N+1

n>0 4
. . ) .. . . . . Gan(w1)Gan (wa)
Next integrate in wy; the only pole inside {ws} is at we = 1/wy. Its residue is Iy m——

wy VP2V Qubstituting back gives exactly (3.5). All deformations keep 1 and s~ outside, so no
4 g g y P ’

other residues appear. O

3.2. The composition lemma and immediate corollary.

Lemma 3.4 (Cauchy—multiplier composition). Let T be a linear operator that acts by a rational
multiplier mp(w) on the w-side in the sense of Definition 1.2. Then, with Ky as in (3.5),
(3.7)

GQN(wl)GQN(LUQ) mT(wl) — mT(wg) dw1 dCUQ

1
KNTKy)(z,y) = 7{ % .
( N N)( y) (271"6)2 (o1} Jen) wiwy — 1 w1 — wo wlx 2N+1 2 —2N+1
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Proof. By (3.5) and Definition 1.2,
(KNTEN)(z,y) = Y Kn(z,u) T(u,0) Ky (v,y)

u,v>0

G P i)

e L[S e e

u>0 v>0

Summing the geometric series yields the factors 1/(wi1¢(—1) and 1/(w2—1), and the extra d¢/¢ comes
from the exponents. We now evaluate the (—integral. Since mq is rational and all its poles are among
the finitely many points excluded by our contours (e.g. £1 for 7" = e) the only poles of the (—integrand
that can contribute are at ¢ = 1/w; and ¢ = 1/wy. Writing = 1)(Cw2 0 = w- w1 (C Tor — o= 1/w2)
we obtain by Cauchy
1 f mT(Q) % - 1 ( mT(wl) _ mT(WQ) )

o ( ’

% W1C — ].)(CWQ — 1) C o Wy — W1 \Wiwo — 1 Wi — 1

because the contour encloses exactly one of 1/wq, 1/ws depending on nesting, and ¢ = +1 lie outside
by assumption. Substituting into the remaining w—integrals gives (3.7). Absolute convergence of the
geometric series and boundedness of m7 on the contours justify all interchanges. U

Corollary 3.5 (The skew projection for 8 = 4). Taking T = € and m(w) = (w? — 1)~! yields
(3.8)
GQN w1 GQN(LUQ) w9y — W1 dw1 dOJQ

Snalz,y) = (KnyeKy)(x f{f .
N, y) = (KneRn)(y) = 5o wrws =1 (@] — (@3 — 1) wp 2N g 2N

3.3. Meixner § =1 (orthogonal).

Theorem 3.6. With Sy, = KN + %902N ® (epan—1), one has

G2N w1 GQN (WQ) dw1 dwg

wiwz — 1 w2 wzy_QN‘H

1 GQN(wl) % GZNfl(WZ)
+ 23 ( 7{ v e ) T o).

Moreover the off-diagonal Pfaffian blocks are obtained by multiplying the wo—integrand by B(wg) =
wy —wy * for (SnaD) and the wy—integrand by €(wy) = (w? — 1)~ for (eSn1).

(3.9) Sna(z,y)

Proof. Insert the rank-one identity Sy = Kn + & pan ® (epan—1). The first term is (3.5). The
second term is the product of the single-contour formulas (3.3) with m = 2N and m = 2N — 1, which
yields the second line of (3.9). Acting with D (resp. €) on the second variable (resp. first variable)
multiplies the corresponding integrand by the symbol (3.4), hence the announced off-diagonal
formulas. All contours are those fixed at the beginning of the section. O

3.4. Meixner § =4 (symplectic).

Theorem 3.7. The 8 = 4 scalar block is given by the double—contour formula (3.8). Furthermore, the
off-diagonal blocks in the Pfaffian kernel are obtained by inserting the multipliers D(ws) = wy — w;l
and €(wy1) = (w? — 1)~ in the respective integrands.
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Proof. By definition Sy 4 = KneKy; apply Lemma 3.4 with m,(w) = (w? — 1) to obtain (3.8).
The rules for the off-diagonal blocks follow exactly as in Theorem 3.6. g

3.5. Contours, poles and boundedness. All above formulas use simple nested loops {w;} C
int{ws} C A, both encircling {0, s} and avoiding {1,s7!}. The only poles introduced by the rational
multipliers are at w = 41, which lie outside the loops. On any fixed admissible deformation (e.g.
those used in the asymptotic steepest—descent analysis), the multipliers D and € stay bounded.

3.6. Common features emphasized. In both cases the only difference between 5 =1 and g =4
at the Meixner level is:

e (3 = 4: the scalar input is the skew projection Sy 4 = KnyeKn (no rank-one term);
e 3 = 1: the scalar input is the rank—one perturbation Sy 1 = Kn + %cpzN ® (epan—1)-
Once Sy g is known, all off-diagonal blocks are obtained by the same contour multipliers (3.4) (and

(4.15) for Charlier and (5.10) for Krawtchouk). Thus both ensembles are presented in completely
parallel (IIKS) form.

4. THE CHARLIER ENSEMBLE (f = 1,4): INTEGRAL FORMULAS

Fix 6 > 0 and the Poisson weight on Zx>q
05[7
(4.1) wep(x) = e’ gk x € L>p.
Let Cy,(+;6) denote the Charlier polynomials and h,, their squared norms with respect to wey, (e.g.
hn, = 0"n! for the standard normalization). Set the orthonormal “wave functions”
Cn(z;0)

4.2 r) = ——+/wchn(x), n=0,1,2,....
(4.2) on(z) N cn(z)

For N € N, denote by

N-1 N-1
(4.3) K\ = > or® e, K" (2,y) = > er(@)er(y)
k=0 k=0

the orthogonal projection onto Hy = span{ey, ..., on_1} C £2(Z>0).

4.1. Single- and double-contour representations. We use the well-known exponential generating
function [20, Ch. 5]

o
Cn(.%',e) n —o0t T
n=0
For any radius 0 < p < 1, the circle |t| = p avoids the singularity at ¢ = —1 and yields the

single—contour Cauchy formulas

—9t x
AV wCh
dt, n > 0.
2mi/h j{ﬂ —p t"+1 -

Proposition 4.1 (Nested double-contour for K(Ch)). For radii 0 < pa < p1 <1 one has

(4.6) K(Ch)(x y) = \/m% j{ 001 +2) (1 4 4)2(1 + t)V ts N dt dty
N ’ 2mi)? o] =ps i

[t1]=p1 11 — 12 t1to )

(4.5) () =
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Proof. Insert (4.5) for ¢r(z) and ¢i(y) into (4.3). Since |t2| < |t1], the geometric series gives
N

e tl_k_lt‘;C = % . % Multiplying by the remaining factors and simplifying produces two

terms; the one with 1/(t; — t2) is exactly (4.6). The term with (to/t1)" /(t; — t2) cancels against

the Christoffel-Darboux [26, Ch. 3, §4] two—term reduction for the finite sum in (4.3). (Equivalently,

start from the CD identity and obtain (4.6) directly; both routes are standard.) O
Proposition 4.2 (Projection identity). K](\,Ch) is an orthogonal projection: y < K](VCh) (x, u)KJ(\?h) (u,y) =
(Ch) -

(Ch)

Proof. By construction K is the orthogonal projection onto Hy (sum of the first N orthonormal

basis vectors), hence KI(\,Ch)2 = K](\?h) as an operator—equivalently the stated identity on kernels.
If desired, one may check idempotence directly from (4.6) by the same contour computation used
for Meixner: the u—sum is a geometric series because of the nesting |t2| < |¢1], and one residue at

t3 = t9 reproduces K](\,Ch) (z,y). O

4.2. Discrete operators as rational multipliers in the t—plane. Let DT be the nearest neighbor
shifts on EQ(ZZO) and D = DT — D~. Acting on the x—variable under the single—contour (4.5), the
shifts correspond to multiplication by (1 + ¢)*!. Therefore D acts by the rational symbol
t(2+1t)

1+t
Let € be the inverse-difference operator on H + eH (so that De = €D = I on this domain). Writing

W —9t
(1.9 (o) = 3l i mna

(47) D(t)=(1+t)—(1+)7" =

2mi/h Cogntl
and using D(epn) = @, with (4.7) forces me(t) = 1/D(t), i.e
141t

(4.9) mt) = G

Lemma 4.3 (Single-contour formula for ep,). For everyn >0 and y € Z>o,

\/wCh jg _Ht +t) 1+t &t
[tI=p

i (el H(2+0)

Proof. Combine the ansatz (4.8) with D(ep,) = ¢, under the transform (4.5) and (4.7). The pole at
t = 0 is allowed (coefficient extraction), while ¢ = —1 and ¢t = —2 lie outside the contour |t| = p < 1;
thus all interchanges are justified by absolute convergence on the fixed circle. O

(4.10) (eon)(y) =

4.3. Cauchy—multiplier composition in the t—plane.

Lemma 4.4 (Composition lemma). Let T act by a rational multiplier mp(t) on the t—side (as in
Definition 1.2). Then, with K](\?h) as in (4.6),

(BN TR (2,y) = “’Cm;g%(y)

—€(t1+t2) x ) N —
. 7{ ]{ e (14+t1)"(1 +1t2) <t2> mr(ty) — mr(tz) dty dts.
t1|=p1/ [t2|=p2

(t — tp)2 t tito

(4.11)
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Proof. Insert (4.6) twice and represent T' by its multiplier in a single t—variable ¢ acting between
them. After routine coefficient extraction, one arrives at a quadruple integral with factors (t; — to)~*
and (¢ —n)~! and projection weights (to/t1)" and (n/C)N. Integrate first in 7 then in ¢ over

concentric circles |n| < |¢| < 1: partial fractions give @ tz)(( = t11t2 <4—1t1 — C—ltz) . 17%/0 SO

the n—integral kills the geometric series and the (—integral picks only the residues at { = t1,t2 (the
poles of my lie outside |¢| < 1 by our contour choice). The result is (4.11). O

4.4. Charlier 8 =1 (orthogonal): rank—one correction.

Theorem 4.5. Let S](\(,j?) = Kj(gh) + % ©N ® (epn—1). Then

(4.12)
S (z,y) = \/W}[ 7{ e 0t (1 4 41)7(1 + £y)Y (t2>N dty dts
N 2mi)? t1]=p1 J |ta]=p2 i1 — 12 ty t1to

\/wCh —0t 1+t dt \/wCh (t) &t
47T2 tl=p0 Vh tN“ t=p0 \/hN 1tN e ’

for any po € (0,1). The off-diagonal blocks are obtained by multiplying the to—integrand by lA)(tg) for
(S](\%l)D) and the t1—integrand by me(t1) for (ES](VC})),

Proof. The first line is K](\? ) in the form (4.6). The rank-one term equals 3 ¢n(z) (epn—1)(y) and
the single—contour representations (4.5)—(4.10) give the second line. The off-diagonal blocks follow
by the multiplier rules (4.7)—(4.9). O

4.5. Charlier g = 4 (symplectic): IIKS form.

Theorem 4.6. With S(Ch) = K](\,Ch) eK](VCh) and me(t) from (4.9),

(4.13)

SO (g 4y = Vwen(@)wen(y j{ e 0N (14 11)(1+19)Y (12 \" me(ts) — me(ta) dt dts
N4 (27i)2 t1l=pr Jital=p2 t1 — to t t1 — to tite

The off-diagonal blocks of the Pfaffian kernel are obtained by multiplying the to—integrand by ﬁ(tg)
for (S’J(VCE)D) and the t1—integrand by me(ty) for (GSE\SE)).

Proof. Apply Lemma 4.4 with T' = € and mp = me.. U

4.6. Contours and poles. All contour integrals above use simple, positively oriented circles
[ta| = p2, |t1] = p1 with 0 < py < p1 < 1; both circles enclose ¢ = 0 and avoid the points ¢t = —1
(from (1 +¢)*1) and t = —2 (from m,). The multipliers D and m, are bounded on these circles,
and the geometric series converge absolutely, justifying all sum/integral interchanges and contour
deformations used above.

4.7. Remark: the w—plane change of variables. For later comparison with Meixner, it is
convenient to introduce the exact “Bessel” map

(4.14) t:\/g(w—l), dt:\/g(lJrl)dw

2 w 2 w?
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Under (4.14) the multipliers become universal:
1
w2 —1’
identical to the Meixner symbols. The double—contour formula (4.6) transforms to a IIKS kernel with
Cauchy denominator (wjws — 1)™1 (up to a harmless overall constant coming from the Jacobian);

j([ 7{ N(wi; ) G (wa; ) duwy dat
27” {Jwr|=13J {Jwn]=1} wywy — 1

where Gy is obtained by substituting (4.14) into the t—integrand in (4.6). Consequently, Lemma 4.4
can be rephrased in the w—plane with the same difference—quotient structure as in the Meixner case,
and Theorems 4.6-4.5 follow verbatim with the multipliers (4.15).

(4.15) Dw)=w-w,  &w)=

explicitly,

(4.16) K (2, y)

Summary. The Charlier 8 =4 and § = 1 kernels admit fully explicit double-contour representations
in the t-plane, and—after the exact map (4.14)—they match the Meixner formulas term—by—term
with universal multipliers (4.15).

5. KRAWTCHOUK ENSEMBLES FOR 3 = 1,4: UNIFIED INTEGRAL FORMULAS

Fix M € Z>p and p € (0,1), ¢ := 1 — p. The Krawtchouk weight on {0,1,..., M} is

M
(5.1) wK(x):< >pqu z x=0,1,..., M.

Let K,,(-;p, M) be the degree-n Krawtchouk polynomials, h,, their squared norms w.r.t. wg, and
set the orthonormal “wave functions”

Ky (z;p, M)
(5.2) en(x) = ~ h
For 0 < N < M + 1 let Hy = span{¢y,...,pn—1} and denote by

N—1 N—-1
(5.3) EF =Y aroen Ky (@y) = ou@)eny)
k=0 k=0

the orthogonal projection onto Hy.

wi (), 0<z<M.

5.1. Generating function, single and double contours. We use the standard ordinary generating
function [20, Ch. 9]

(5.4) Z Kn(z;p, M)v"™ = (1 4+ pv)M=2(1 — qv)?, veC.

For any p with 0 < p < min{1/p,1/q}, the circle |v| = p avoids the singularities at v = 0,—1/p,1/q
and we have the single-contour formulae

Vwg(x 1+ pu)M=(1 — qu)*
(5.5) on(z) = dv,
2wivhy Jiv=p pntl

and, for the e-image (proved below via multipliers),

Vwk(y) % (14 pv)M=y(1 — qu)¥
2mivhn Jivj=p pntl

(5.6) (epn)(y) = m (v) dv.
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Proposition 5.1 (Nested double—contour for the projection kernel). For radii 0 < py < p1 <
min{1/p,1/q},

(5.7)
K (2, y) = ¥ wi (2)wi (y j{ j{ (1+ po)M (1 — qu1)® (1 + pra) M ¥(1 — qua)? (v2\"
N (2mi)? |v1]=p1/ |va|=p2 v v

Proof. Insert (5.5) for pg(x) and ¢k (y) into (5.3) and sum over k =0,..., N — 1. Since |va| < |v1],
the geometric series gives Zg:}]l(vg/vl)k = (1 — (vo/v)M)/(1 — va/v1), i.e. i\/ 01 o Pk =
1 (1 — (vo /v ) Multiplying by the remaining factors from (5.5) and simplifying yields

v1(v1—v2)
(1 +po)™ (1 = qui)* (1+pu)™ (1 = qua)¥ 1 — (va/v)"

5.8
( ) V1 () V1 — V9

The term with 1/(v; —wvs) produces the integral kernel in (5.7), while the term with (va/v1)™ /(v1 —v2)
is exactly cancelled by the Christoffel-Darboux identity (CDI) [26, Ch. 3, §4] for Krawtchouk
polynomials when one rewrites the finite sum Z =0 by the standard two—term formula. Equivalently,
one may start from the CDI and obtain (5.7) directly; both routes are standard and give the same
result. g

Proposition 5.2 (Projection identity). K](VK) is an idempotent: 224:0 K](\,K)(x,u)K](VK)(u,y) =
K
Ky (,).

Proof. By construction K](VK) is the orthogonal projection onto Hy = span{¢y,...,pn—_1}, hence
KJ(VK)2 = K](VK) in operator form, which is the stated identity on kernels. One can also verify that

(5.7) implies idempotence by a contour computation paralleling Proposition 3.3 in the Meixner
section: writing the u-sum as a finite geometric series gives (1 — (v3/v2)M*1)/(1 — v3/v2), and the

residue at v3 = vy reproduces K](VK) (z,y) while the tail vanishes because the outer contour keeps
|va] < p1 < min{1/p,1/q} so no extra pole is crossed. O

5.2. Discrete operators as rational multipliers on the v—side. Define the nearest—neighbor
shifts D* and D = DT — D~ exactly as in Section 3, and let € be the inverse-difference operator on
H + €H (so De = €D = I). Introduce the ratio map

1—qu

5.9 R = .
(59) (0) 1=
Then the action of D* on the z—variable of (5.5) corresponds on the v-side to multiplication by
Rf(l (v), hence:

(5.10)

D(v) = Rg(v)—Rg(v) ™! =

—2v + (q — p)v? aw) = 1 (4 pv)?
(1+pv)(1 —qv)’ ~ Rx(v)? -1 —2v+(q—p)v?

Lemma 5.3 (Single—contour e-image). For everyn >0 and y € {0,..., M}, (5.6) holds.

Proof. Let f(y) = (epn)(y). Since De = eD = I on H 4+ eH, we have Df = ¢,. Write f
by a single contour as in (5.5) but with an unknown multiplier m(v) in the integrand. Acting
with D in the yvariable corresponds, by the z +— x & 1 identities (1 4 pv)M =W+ (1 — gu)¥+! =
(14 pv)M=¥(1 — qu)¥ - RE'(v), to multiplication by Rx (v) — R (v)~! on the v-side. The equation
Df = ¢, forces m(v) to be 1/(Rg(v)? — 1), i.e. mg(v) in (5.10). This proves (5.6). O

=:mg(v).

d’U1 dv2

V102
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5.3. Cauchy—multiplier composition for Krawtchouk.

Lemma 5.4 (Composition lemma). Let T act by a rational multiplier mp(v) on the v-side (Defini-
tion 1.2). Then, with K](VK) as in (5.7),

(5.11)
(K) rp g () wi (r)wk (y)
Ky 'TK =
" 7{ f (1+pu1)M=2(1 — qu1)® (1 + pvo) MY (1 — qua)¥ <UQ>N mq(v1) — my(v2) dvg dog
o1]=p1 Jva|=ps v — V2 vy v — V2 v

Proof. Insert (5.7) twice and write T via its multiplier in a single contour variable (:

(KSOTEE (@, y) = va27mwK f%f%f + por)M™ I(l —q1)” (1+po2)™ (1 — qua)* (v2/v1)™

) V] — U2
(1 + pO)M=u( mT(C)( + p)M V(1 — qn)Y (n/Q)N dvy dvy d( dn-
¢ n ¢—n n

Here Zi‘i o has been performed by Cauchy coefficient extraction, producing the Cauchy denominators
(v1 —v2)~' and (¢ —n)~! and the finite-rank projection factors (ve/v1)Y and (n/¢)Y asin (5.7). Now
integrate first in n and then in ¢ on nested circles In| < [¢] < min{1/p,1/q}: by the partial-fraction

. . 1 1 1 © _
identity T v2)(< 5= rems (Cfm — C*vz) . /C’ Cauchy’s theorem gives 27” 4 = TIT(C ™ d¢ =

%@W;T(vz’), since the only enclosed poles are at ( = v; and ( = v (the poles of myp lie at

{=1/p,0,1/q} and are outside by our choice of radii). After these two one—variable integrations, the
remaining vy, ve integrals have exactly the form (5.11). O

5.4. Krawtchouk $ =1 (orthogonal): rank—one correction.
Theorem 5.5. Let S](\,Kl) = K(K) + % PN ® (e<pN_1). Then

S(K) (2,y) = Vwg (z)wk (y 7{ j{ (14 po)M=2(1 — qu1)® (1 + pv2)™ =Y (1 — quo)¥ <112)N dvy dva
2771

U1 — V2 U1 V1V2

|U1| =p1 |v2|=p2

Vwr () (14 po)M==(1 — ¢ Vwr(y)(1+ po)M=¥(1 — qu)¥
mK(U)dv s
/AN v+ /b1 oN

for any po € (0,min{1/p,1/q}). The off-diagonal blocks are obtained by multiplying the vo—integrand
by D(vs) for (S](Vlfl)D) and the vy —integrand by my (v1) for (eS](V{(l)).

v|=po v|=po

Proof. The first line is K () in the form (5.7). The rank-one term equals 3 ¢y (z) (epn—1)(y) and
the single—contour representations (5.5)—(5.6) give the second line. The off-diagonal blocks follow
by the Krawtchouk multipliers (5.10) acting, respectively, on the y— and x—variables. O

5.5. Krawtchouk § =4 (symplectic): IIKS form.
Theorem 5.6. With S](VK4) = K](VK) eK](VK) and me = myg from (5.10),
(5.12)

wi (x)wk (y
58 (2, y) = f 74 (14 po)™ (1 = qu1) (1 + pup) M=¥(1 — quy)?
’ 2mi)? lo1=p1 J |va|=pa

(
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X

N
1 v mg(v1) — mg(ve) dvy dvg
V1 — V2 (%] V1 — V2 V102 '

The off-diagonal blocks of the Pfaffian kernel are obtained by multiplying the vo—integrand by IA?(’U2)
for (SJ(VIQD) and the vy —integrand by mg(vy) for (65'](\[1’()).

Proof. Apply Lemma 5.4 with T' = € and mp = mg. The multiplier rules for the off-diagonal blocks
are the same as in the Meixner case, now with the Krawtchouk symbols (5.10). U

5.6. Contours and poles. All contour integrals above use disjoint circles |va| = pa, |v1]| = p1 with
0 < p2 < p1 < min{l/p,1/q}; both circles enclose the origin and avoid {—1/p, 1/q}. The only poles
created by the rational multipliers in (5.10) are at v =0, —1/p, and 1/q, which are kept outside by
construction. The boundedness of D and m K on these circles justifies all sum/integral interchanges
and deformations used above.

6. ASYMPTOTICS AND UNIVERSALITY: DIRECT PROOFS FROM THE CONTOUR FORMULAS

We prove bulk/edge limits for the discrete 8 € {1,4} kernels using only the nested double-contour
formulas for the projection kernels and the Cauchy—multiplier composition lemmas:

e Meixner: (3.5), (3.7), (3.8), (3.9), multipliers (3.4).

e Charlier: (4.6), (4.11); or after the exact w—map, the universal multipliers (4.15) and IIKS
form (4.16).

e Krawtchouk: (5.7), (5.11), (5.9), (5.10).

See [12] for the Riemann-Hilbert problem steepest—descent scheme underlying our local Gauss-
ian/Airy reductions.

Standing notation and normalization. Let A denote the large parameter (“matrix size”):

2N, Meixner,
A=< N, Charlier,
N Krawtchouk.

)

In each family let ®(z;u) be the one-variable phase read from the projection kernel (in its contour
variable z € {w,t,v}), and assume the standard bulk hypothesis: for each bulk u, ®(-;u) has
two simple saddles z4 (u) on admissible steepest—descent deformations of the fixed contours (the
admissibility is exactly that used in the earlier sections). Denote the macroscopic density by

p(u) = 5 O arg 2, (u) — arg = (u),
and fix the microscopic scaling A(u) > 0 by the spacing rule
(6.1) 2w A(u) p(u) = 1.
We write
x = LAu+5A(u)_1J, Yy = LAqutA(u)_lJ,
with s, = O(1). All O(-)-bounds below are uniform for u in compact subsets of the bulk (and in

fixed windows near regular edges) once the contours are chosen admissibly; the rational symbols for
D and e are bounded on these contours by construction.
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6.1. A local two—saddle lemma and the edge (cubic) reduction.

Lemma 6.1 (Two-saddle Gaussian reduction). Fiz a bulk u. For x = |Au+ sA(u)7Y, y =
|Au +t A(u)~t] with s,t = O(1), each one-variable contour integral in (3.5)/(4.6)/(5.7) along the
steepest arcs through zy(u) equals

eA‘P(ZJr;u)AJr(u) e~ TS A—1/2(1 + O(A_l)), eAq)(Z*;u)A,(’LL) eTmit A—1/2(1 + O(A_l)),

with nonzero continuous amplitudes Ax(u). The normalization (6.2) enforces that one lattice step in
x (resp. y) corresponds to a 27 phase shift across the two saddles. The bounds are uniform for u in
compact bulk sets.

Lemma 6.2 (Cubic reduction at a soft edge). Let u. be a soft edge where z4 (us) = z_(ux) =: zx and
D' (23 us) = D" (24;us) = 0. Under the standard A*/3 rescaling of x,y about u., each one-variable
integral reduces to the Airy normal form, and bounded rational multipliers freeze at z4 at leading
order. Uniformity holds in fixed edge windows.

6.2. Bulk sine universality. We first define the spacing A(u) as:

(6.2)
2 Au) p(u) =1, p(u) = % Oul arg z4 (u)—arg z—(u)), x = LAU—!—S A(u)_lJ, y= [Au—i—t A(u)_lJ,

Theorem 6.3 (Bulk sine limit, Meixner, § = 4). With Sy4 as in (3.8) and x,y scaled by A(u)
from (6.2),
sinm(s —t)
w(s—t) ’
uniformly for s,t in compact sets and u in compact bulk sets.

A(u) Sya(z,y) —

Proof. In (3.8) the integrand is Gan(w1)Gan(w2) divided by (wjwz — 1) times the bounded dif-
w9y — W1
- DE 1)
bounded multipliers at (wy (u),w_(u)); the product eA®@+)+®w-)) gives a positive amplitude,
the Cauchy denominator yields the Hilbert—transform structure, and (6.2) fixes the overall factor.
The phase difference supplies the sine numerator. Uniformity follows from the admissible contour
choice. 0

ference—quotient factor . Insert the Gaussian reductions from Lemma 6.1; freeze

Theorem 6.4 (Bulk sine limit, Meixner, § = 1). With Sy 1 as in (3.9) and the scaling (6.2),
sinm(s —t)

w(s—t) ’
uniformly for s,t in compact sets and u in compact bulk sets. The off-diagonal blocks—obtained by
inserting the bounded multipliers in (3.4)—converge to the standard GOE sine blocks. The rank—one
term is a product of two O(A*1/2) one-variable integrals at adjacent degrees, hence O(A™Y), and is
negligible after multiplying by A(u).

A(u) Syi(z,y) —

Charlier and Krawtchouk in the bulk. Having treated Meixner in detail, by symmetry of the steepest
descent phase and the bounded multiplier principle, the same local limits hold for Charlier and
Krawtchouk as well. For Charlier, the exact w-map (cf. the remark around (4.15)) transforms (4.6)
into the Meixner—type IIKS kernel (4.16) with the universal multipliers (w — w™!) and (w? — 1)~!.
Therefore, the proofs of Theorems 6.3-6.4 apply verbatim to (4.11), (3.8), (3.9). For Krawtchouk,
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use (5.7), (5.11) with the bounded symbols (5.9)—(5.10); the same two-saddle analysis yields the
sine limit for the 8 = 4 and 8 = 1 blocks.

6.3. Soft edges: Airy universality.

Theorem 6.5 (Airy edge). At a soft edge u,, under the A*? rescaling, the scalar blocks of (3.8)
and (3.9) converge to the Airy kernel; the off-diagonal blocks follow by multiplier insertion. In the
B8 =1 case the rank—one piece is O(A_2/3), negligible under the A=Y/3 edge rescaling.

Proof. Apply Lemma 6.2 in the proofs of Theorems 6.3-6.4. O
6.4. Hard edges: Bessel universality and a Charlier transfer.

Theorem 6.6 (Hard—edge limits). With the standard hard—edge scaling near the boundary of support,
the scalar blocks in (3.8) converge to the Bessel kernel; the B = 1 kernels behave analogously. For
Charlier, this follows from the exact map to the Meixner IIKS form; for Krawtchouk, use the v—plane
behavior near the endpoint together with (5.10).

6.5. Parameter crossover: Meixner — Laguerre at the hard edge.

Theorem 6.7 (Crossover). Let & T 1 with 2N(1 —§) — a € (0,00) in the Meizner ensemble.
Then the hard—edge limits of (3.8) and (3.9) converge to the Laguerre hard—edge kernels with Bessel
parameter o (cf. the Meizner— Laguerre relation in |7]).

Proof. Write s = 1/€ in the Meixner phase induced by (3.5) and expand log 11183/5 or 1 —s~ a/(4N).
The limiting phase is Laguerre-type while the rational multipliers stay bounded; hence Theorem 6.6

passes to the limit. O

6.6. First subleading term from the difference—quotient. We study now the next term in the
asymptotic expansion of the kernel, which can affect finite-IN observables like gap probabilities or

variance calculations. Write
Q(z1,22) := M) = M(Z2),
Z1 — %9

where, in the unspliced case of this Section, M = m, (cf. the symbols entering (3.7)/(4.11)/(5.11)).
In the bulk, Lemma 6.1 gives two Gaussian contributions from the steepest arcs through the saddles
z4+(u), with phases e +7i ynder the spacing rule (6.2). Freezing all bounded factors at
(z4+(u), z—(u)) and Taylor expanding @) to first order at that point, the linear terms produce the
first Gaussian moments; after forming the two-saddle interference these become (95 — 9;) acting on

the sine kernel. This is the sole source of the A~! term.

—™S and e

Proposition 6.8 (Order A~! correction). In the bulk and at reqular edges,
SN,4(=T’ y) - Kuniv(sy t) + A_l ’Cl(S, t; u) + O(A_2)7
where Kyniv @s the sine/Airy/Bessel limit and K1 is obtained by expanding the difference—quotient
me(z1) — me(22)
zZ1 — k9
to first order at (z4(u),z_(w)) in (3.7)/(4.11) /(5.11) and multiplying by the frozen Gaussian (or
Airy/Bessel) amplitudes. For 3 =1, add the explicit separable O(A~Y) correction from the rank-one

term to gap probabilities via Sherman—Morrison/Pfaffian analogues. For numerics, combine Nystrom
[4] with the Pfaffian—determinant reduction |25, 2|.
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Worked example and unspliced bulk dictionary. In the unspliced case M(w) = e(w) =
(w? —1)7!, the A~! term admitted by Proposition 6.8 has the universal shape

sin7(s —t) " B sinm(s —t)
Horp A -SR]

Let w4 (u) be the two saddles for the one—variable phase (Lemma 6.1), with wy(u)w_(u) = 1 and
w (u) = e in the bulk (Appendix A). Define

M(w,) ~ M(w.) M (w,)(wy —w_) — (M(wy) — M(w.))

(6.3) Ki(s,t;u) = a(u)

Qo(u) = — 7 Qu(u) = - : |
w4 w— (w+ w_)
Qp(u) = (M(wy) = M(w-)) — M/gw_)(w+ - w_).
(wy —w-)
Then
= _ ¢ (u) c—(u)
o a(u) = co(w) Qow),  Blw) = Frro = Qulw) = FrE=s Q(w),

where ¢o(u), c+(u) are the Gaussian first-moment constants from Lemma 6.1 (identical to those in
Theorems 6.3-6.4). For M = ¢ these @’s simplify explicitly in terms of 6(u):

(6.5)

cos 0(u 1 i cosf(u 1 i cosO(u
O 03000 (v (w)

T a - 92/ u)=— . - . ) u) = — . . *
2 sin? 0(u) Qal) 4 sin?0(u) 2 sin®0(u) Qvlw) 4 sin?0(u) 2 sin®O(u)
Since w_ = wy and ®"(w_;u) = ®"’(wy;u), the combination (6.4) is real-valued, and (6.3) is
therefore a real correction. For 8 = 1, K7 is the sum of (6.3) and the explicit separable O(A™!)
contribution coming from the rank-one term in Sy 1; see Proposition 6.8.

Remark 6.9 (Soft edge, unspliced). At a soft edge u* where the saddles coalesce, the coalesced point
w* satisfies
M (wy) — M(w)
w1 — w2
Thus the leading Airy block in Theorem 6.5 is multiplied by M’(w*) = &/(w*) and the first A=1/3
term comes from the next Taylor coefficient, in complete analogy with Lemma 6.2.

— M'(w") as (wi,wy) — (W, w").

Comment. Formulas (6.3)—(6.4) are the unspliced counterpart of the bulk linearization dictionary in
Proposition 7.9 (with M = ¢); Theorem 7.7 repeats precisely the same mechanism after replacing M
by M(w) = e(w) mp(w) in the spliced setting. We keep Section 7 for that generality and do not
duplicate it here.

Remark 6.10 (Uniformity and off-diagonal blocks). All bulk/edge bounds are uniform for u in
compact sets and for fixed microscopic windows; bounded rational multipliers merely change
the finite amplitudes and are frozen at leading order. Every off-diagonal statement follows by
inserting the corresponding symbol—(3.4) in the w— or w—plane, and (5.10) in the v—plane—into
the double—contour integrand.

The following section will discuss the application of the bounded multiplier mechanism in number
theory.
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7. KUZNETSOV TRANSFORM AS A BOUNDED MULTIPLIER IN IIKS PFAFFIAN KERNELS

Classical analytic number theory provides the Kuznetsov transform, which is an integral transform
(often appearing in spectral sum formulas) that tests automorphic L2-spectra for random matrix
behavior. In this Section, we show that the archimedean Kuznetsov transform [21, 17, 13, §]
can be inserted into the discrete § € {1,4} Pfaffian kernels (Meixner/Charlier/Krawtchouk) by
multiplication in the contour variable. Concretely, if T} acts on the contour coordinate by the
bounded holomorphic symbol my,, then KT, Ky and all ensuing Pfaffian blocks remain of 1TKS
type, with my, entering only through the universal Cauchy difference—quotient. Bulk/edge limits are
unchanged at leading order; the first finite—size term is obtained by the same linearization at the
saddle(s) as in the unspliced case.

7.1. Test functions and the Kuznetsov symbol. Let h : R — C be an even test function

on the spectral side of Kuznetsov. On the slit plane C\ (—o0,0] we fix the principal branch of

logw = In|w| 4 iargw with |argw| < 7 and choose the IIKS loops inside a fixed slit sector
Ssi={weC\ (—o0,0]: |argw| <7 —4}

for some 6 € (0, 7), avoiding {£1}. We define [21, 17]

(7.1) mp(w) = /Rh(t)w_zit dt.

Assumption 7.1 (Admissible tests). With the principal branch of log on C\ (—o0, 0], choose the
ITKS loops inside Ss and avoiding {£1}. Assume either

(H1) Gaussian class: h(t) = e=" with ¢ > 0. Then

ma(w) = V/a/o exp( — (logw)?/a),
which is holomorphic on C \ (—o0, 0] and bounded on compact subsets of Ss.
(H2) Ezponential-moment class: there exists § € (0,7) such that

/ Ih()] 2O dt < o,
R

Then (7.1) converges absolutely and defines a bounded holomorphic function on every
compact subset of S5 (Paley-Wiener type; see [24, 17]).

In both cases my, is bounded and holomorphic on all admissible contour deformations used in the
steepest—descent analysis for Meixner/Charlier/Krawtchouk.

Lemma 7.2 (Even h implies a reality symmetry). If h is even and real-valued, then mp(w) =
myp(1/W). In particular, for |lw| =1 one has my(w) € R.

Remark 7.3. After the exact w—map for Charlier, the discrete symbols are universal,
1
w2 —1’
as proved earlier; inserting rational /holomorphic multipliers in the contour variable preserves the
ITKS form.

(7.2) D(w) =w — %, e(w) =

7.2. Splicing rules for § =4 and = 1. Write M (w) := e(w) my(w), with the universal symbols

(7.3) D(w) =w — %, e(w) = w21— T
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branch cut (-0, 0]
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FIGURE 1. Admissible contour configuration for the Kuznetsov multiplier. The
branch cut is (—o0,0]. The loops I'y C I'y are positively oriented, lie in a slit sector
Ss (bounded away from the cut), and avoid w = =%1.

Theorem 7.4 (Kuznetsov splicing into IIKS Pfaffian kernels). Let T}, act in the contour variable by
the bounded holomorphic symbol my, of (7.1) (compare |21, 22, §]).

B = 4: The scalar block is
SU) = Ky The K,
and in double—contour (HKS) form
(h) (wi;x) G(we;y) M(wy) — M (ws)
(7.4) SNA(a? Y) 27” // prv—1

w1 — w2

dw1 d’wg,

with the same nested contours as for Ky.
B = 1: The scalar block is
S(h) Ky + 1 pon ® (Thepan-1),
and the off-diagonal blocks are obtained by inserting the universal multipliers D(w) or e(w)
on the appropriate variable exactly as in the unspliced case.

Proof. Apply the Cauchy—multiplier composition lemma to KNT Ky with T' = The (or successively
with T =€ and T = Ty, ). This yields the difference—quotient with € — emy, i.e. (7.4). The f =1
rank—one structure and the off-diagonal multiplication rules are identical to those proved for the
unspliced kernels. See Lemma 3.4 (composition) and the block rules around (3.4), (4.15), (5.10).

Lemma 7.5 (Cauchy—multiplier composition with holomorphic symbols). Let Ky be any of the
projection kernels in IIKS (double—contour) form used so far, with the fized nested loops and contour
conventions of the corresponding family. Let T act in the contour variable by multiplication with a
symbol mp which is holomorphic and bounded on and between the admissible loops inside the slit
sector {|argw| < m —0} C C\ ( 00,0]. Then the composztwn identity

/ G(wy; ) G(wa; y) mr(wi) — my(ws)
2m

KNTK
( N N)(x wiwy — 1 w1 — w2

d’LUl dQUQ




22 MIGUEL TIERZ

holds, i.e. the symbol enters only through the Cauchy difference—quotient. In evaluating the inter-
mediate (—integral one may choose the (~loop to encircle exactly one of {1/wy,1/wa} and to avoid
¢ = 0 and the branch cut of log.

Proof. We give the proof once in the w—plane IIKS normal form; for Meixner and Krawtchouk this
is exactly the form stated in Eqgs (3.5) and (5.7), while for Charlier one may use the exact w—map,
Eq. (4.16).

Step 1: Reduction to the already—proved rational case. Let I'y C int I's be the two fixed admissible
loops for wy,ws, and let A denote the closed collar between them (together with a thin collar of
I'1,T'2) contained in the slit sector and avoiding {4+1}. By hypothesis, my is holomorphic on an
open neighborhood of A and bounded there.

By Runge’s theorem on planar domains with connected complements of each component [9],
applied component wise to the collar region (or, equivalently, by uniform approximation on each loop
by Laurent polynomials, which suffices since the (—integral will run on a single loop), there exists a
sequence of rational functions {r,} with poles outside that neighborhood (in particular outside the
admissible loops and away from the branch cut) such that

70 — mr || peo(ay — 0 (n — o0).
For each n, the operator T, acting by the rational syrnbol ry, satisfies the composition identity
(w G(wa;y) mn(wy) — rp(w
(KnToKx) (. 9) // 15T 2;Y) Tn(w1) — rp(w2) dw; dws,
(27i)? wiwg — 1 w) — W2
by Lemma 3.4.

Step 2: Uniform bounds and dominated convergence on the double loop. Because the loops are
fixed and disjoint, there is a positive separation

dy = inf{|lwy — we|: w1 €Ty, we € T2} >0,
and similarly a uniform lower bound
0, = inf{|wywe — 1] : wj € Tj} >0,
since I'1, 'y avoid {£1} by construction. Therefore, for any bounded m on A,

m(wy) —m(wz) 1 - 2[lm| poo a)
ds O
The one-variable factors G(wj;-) are fixed on I'; (no growth issues on the fixed loops). Hence the

integrands above are dominated by an integrable bound independent of n.
Since 7, — mp uniformly on A, we have

w1 — W wilwy — 1

2||rn — mr|| Lo (a)

- d* n—o00

Tn(wl) - Tn(wQ) . mT(wl) — mT(w2)
w1 — W2 w1 — w2

sup
(w1,w2)€T1 xTy

Dominated convergence on the fized double loop then gives

(2mi)? // i (w%y) )(Tn(wl) — rn(wz)) dwy dws

w1w2 — 1 — W3y

(27i)? // 12 (wg;y) )(mT(wl) —my(wg)) dw; dws.

wlwg — 1 — W2
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Step 3: Convergence of (KNT,Kn) to (KNTKy). Write the triple-integral representation of
KnTKpy as in the proof of Lemma 3.4: after coefficient extraction in the discrete variable, one
obtains a (—integral whose integrand is

G(G)mr()  d¢
(wi¢ —1)(Qwz—1) (¢’

on a (—loop that encircles exactly one of {1/w;,1/ws} and avoids ¢ = 0 (and the branch cut). For

T, replace mp by r,. Since ||, — m|| reo(A) — 0 and the remaining factors are bounded on the

fixed (-loop, the (—integrals converge uniformly in (wi,wz) € I'y x I'y. Thus

by Fubini/Tonelli and dominated convergence (all loops are fixed, and the geometric—series steps
used to derive the triple integral are absolutely convergent by the nesting of the loops). This justifies
passing to the limit on the operator kernel side as well.

Step 4: Conclusion. For every n we have the exact identity

(KNTK)(z,y) = (2;.)2 / / Glus o) Glugy) ralws) =ralws) g, - gy,

wiLwy — 1 w1 — wa

By the two convergences proved in Steps 2-3, letting n — oo yields precisely the desired formula
with m7 in place of r,. This proves the composition identity for bounded holomorphic symbols.

Remark on the (-residue evaluation. In the rational case (hence for r, above) one may evaluate
the (—integral by the partial fraction identity

1 I 1 ( 1 1 >
(w1 =1)(Cwz—1) ¢  wr—wi \((wi(—1) ((Cwz—1))"

and Cauchy’s theorem on a loop enclosing exactly one of {1/w;,1/ws} (and avoiding ¢ = 0 and
the branch cut). This produces the difference—quotient in w after substituting the residue into the
outer wi, wo—integrals, exactly as written in Lemma 3.4; Step 1 above shows that the same outcome
persists by holomorphic approximation.
Remark 7.6 (f = 1 indices by family). For Meixner we follow the manuscript and set Ky =

iﬁo‘l Yk ® i, so Sy = Ky + % wanN @ (The pan—1). For Charlier and Krawtchouk the projection
is Ziv:_ol and the rank—one term is % oN @ (The on—1). In Section 7 below we use the large parameter
A to keep the cases uniform (A = 2N for Meixner and A = N otherwise).

7.3. Asymptotics and the first finite—size term. Let A be the large parameter (A = 2N for
Meixner; A = N for Charlier/Krawtchouk). Fix a bulk point u, let wy(u) be the two saddles for the
one-variable phase of Ky on admissible steepest—descent contours, and normalize 2rA(u)p(u) = 1
as before.

Theorem 7.7 (Bulk sine limit and A~ correction). With x = |Au+sA(u)~t], y = [Au+tA(u) "],
sinm(s —t)

=1 g (h) (4. -2
7T(S—t) + A Kl (S,t,U) + O(A )7

A(u) Sy (z,y) =

)

uniformly on compact s,t—sets and u in compact bulk sets. Moreover, K}h 1s obtained by freezing all

bounded multipliers at (wi,w_) and linearizing the difference—quotient

Q(w17w2) — M(’U)l) - M(wQ)

w1 — w2
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at (wy,w_). Equivalently, it is the A™' term furnished by the general mechanism “linearize the
difference—quotient and multiply by the frozen Gaussian amplitudes” (Proposition 6.8). Cf. also the
uniform two—saddle reduction (Lemma 6.1).

Corollary 7.8 (8 =1, spliced bulk). Under the hypotheses of Theorem 7.7,

i —1
A@) S (@,y) = ST g ) 1 0(472),
’ m(s—1t)
with the same K£h) as in Theorem 7.7, and an additional explicit separable O(A™1) contribution

coming from the rank—one term in S](\},L)l The off-diagonal blocks converge to the GOE sine—kernel

limits by multiplier insertion.

Proposition 7.9 (Linearization dictionary at bulk). Set

Qo) = Mlw) = Mw=) o M)y —wo) = (Mwy) - M(w-))

Wy — w- (wy —w_)2 ’
Qp(u) = (M(wy) — M(w_))_— M/gw_)(w+ - w_).
(wy —w-)
Then N -
(h) N sSmm(s — sinm(s —
w500 = et T i 0,00 T
with
an(u) = co(w) Qow),  B(u) = cy (u) m e (w (m |

where co, c+ are the same family—dependent Gaussian first-moment constants as in the unspliced
analysis. (No new steepest—descent input is needed.)

Remark 7.10. The A~! source is only the linearization of the difference quotient; all bounded
multipliers (including the Cauchy denominator) freeze at leading order, and their linear parts
integrate to zero by oddness on steepest descent, as in the unspliced case.

Theorem 7.11 (Soft edge). At a soft edge u, with coalesced saddle w,, under the standard A2/3
scaling the scalar block converges to the Airy kernel multiplied by the diagonal derivative
M (w,) = € (w,) my () + e(w,) m, (),

because % — M'(w,) along the Airy scaling (wi,ws — wy). The first correction is
obtained from the next Taylor terms at wy ezxactly as in the unspliced edge analysis (cubic reduction;
see Lemma 6.2). In the 8 = 1 case, the rank—one piece in 51(\171)1 is O(A=2/3) and hence negligible

under the A=1/3 edge scaling; the off-diagonal blocks follow by multiplier insertion.

7.4. Worked example: Charlier with Gaussian test. For h,(t) = et

mp(w) = \/jexp< - (logw)z)’ mh(w) = _2logw mp(w).

(o2 ow

With M (w) = ZL}Z(_“JI) one has

w? — 1)m), (w) — 2w my,(w)
(w12
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At a soft edge w, this yields

— 2w, 2 log wy
M/ *) = x) = *).
(w ) (wz — 1)2 mh(w ) Jw*(wz _ 1) mh(w )
For bulk u, compute the two saddles wy(u) for Ky (or solve the t—quadratic and map by t =

g(w — 1/w)), then form Qo, Qq, Qp from Proposition 7.9 and combine with the same Gaussian

moments as in the unspliced case to obtain a,(u), By (u).

Remark 7.12 (f=1 rank—one in Fredholm—Pfaffians). For gap probabilities, treat the scalar block

S](\],z)l as a rank-one perturbation of Ky in the sense of Fredholm—Pfaffians [10, 23|: write S](\},L)l =

Ky+ % u®v with u = w9 and v = The pan_1, and apply the standard Fredholm—Pfaffian rank—one
update (as discussed in Proposition 6.8). This contributes an explicit O(A~!) correction in fixed
windows.

7.5. Context and related work. Kuznetsov’s trace formula inserts a spectral test h via an
archimedean Bessel /Hankel transform; in our setting the same input appears as a bounded holomorphic
multiplier my, in the contour variable. The IIKS composition lemma shows that such multipliers are
absorbed by a single difference—quotient, preserving integrability and the Pfaffian block structure,
while the steepest—descent scheme and the identification of the A™! term via linearization at the
saddle(s) carry over verbatim.

7.6. Checklist for applications.

e Contours. Use the same nested loops as for K; they avoid {£1} and lie in an annulus where
my, is bounded /holomorphic (Assumption 7.1), with a uniform angular gap |argw| <7 — ¢
on the principal branch of logw.

e Splicing rule. Replace ¢(w) by M (w) = e(w)my,(w) inside the difference-quotient. For
B =1, keep the rank—one term with T} acting on epaon_1.

e Asymptotics. Leading sine/Airy/Bessel limits are unchanged. The A~! (or edge A~1/3)
term is obtained by linearizing the difference—quotient at the relevant saddle(s).

e Off-diagonal blocks. Insert D(w) or ¢(w) in the integrand on the appropriate variable
exactly as in the unspliced Pfaffian rules.

Therefore, Kuznetsov’s archimedean input “splices” into the discrete g = 1,4 IIKS framework by
a bounded contour multiplier, leaving the universal limits intact and producing subleading terms by
the same one-line mechanism (difference—quotient linearization) that governs the unspliced kernels.

8. CONCLUSIONS AND OUTLOOK

We gave explicit double—contour (IIKS) formulas for the 8 = 1,4 kernels in the Meixner, Charlier
and Krawtchouk families and proved bulk/edge universality with uniform error control, including
an explicit Meixner—Laguerre hard—edge crossover. The first subleading term arises from a single
source—the linearization of the IIKS difference—quotient at the relevant saddle(s)—and In contrast
to the Riemann—Hilbert approach employed in [11] for 8 = 2 or in other studies for § = 1,4 our
method maintains the analysis in the original contour integral form. This approach simplifies the
steepest descent analysis and error estimates.

It is classical that Kuznetsov’s trace formula inserts a spectral test h via an archimedean
Bessel/Hankel transform on the spectral side [21, 17, 22]; here we showed that, within the IIKS
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contour formalism for the discrete § € {1,4} kernels, this corresponds to multiplication in the
contour variable by the bounded holomorphic symbol

mp(w) :/Rh(t) w2 dt

on the admissible slit—sector loops (cf. Assumption 7.1), so that the Pfaffian blocks acquire the
universal difference-quotient with M (w) = ¢(w) mp(w) (cf. Theorem 7.4). Consequently, the leading
sine/Airy/Bessel limits are unchanged, and the first finite—size term again follows from the same
linearization (cf. Proposition 6.8 and Theorem 7.7).

Outlook. The same bounded—multiplier principle extends with essentially no extra technology to
several nearby settings.

o Arithmetically flavored deformations. Twists implemented by rational (or bounded holo-
morphic) symbols—such as congruence thinnings, Dirichlet—character weights, or mild
Euler—factor normalizations—enter by the same difference—quotient insertion. The IIKS form
and admissible contours are unchanged, so bulk/edge limits persist and the A~! term is
again read off from the first linearization.

e Mesoscopic consequences. The fixed-window O(A~!) rates for the kernels feed into number—
variance and linear—statistics bounds and, in a mesoscopic window L < A2, into CLT—type
statements for smooth test functions.

o Interfaces with representation theory. The z—measure/Schur—process kernels fit the same
contour/ITKS template, so the bulk/edge asymptotics and A~! linearization transfer directly
once the multipliers stay bounded on admissible contours.

e Number theory via z-measures. The contour/IIKS form dovetails with the hypergeometric
structures in z—measures on partitions. The same bounded-multiplier principle should
yield bulk and edge asymptotics for correlation kernels arising from z—measures and related
Schur-type processes, including precise crossover regimes and A~! corrections, with minimal
additional work on admissible contours.

e [External sources and deformations. Small perturbations of the weights (or analytic parameter
changes such as £ 1 1) preserve integrability of the kernel and the boundedness of multipliers
on fixed contours; our arguments then can give universality and controlled crossovers.

o [somonodromy links. While we avoided Riemann—Hilbert methods, the ITKS form is also
the standard starting point for isomonodromic/Painlevé analysis of gap probabilities; our
explicit double contours and multipliers should make those identifications straightforward in
the discrete setting.

Practical by—products. The explicit contours/numerator factors also make finite—/N Fredholm /Pfaffian
numerics straightforward and suggest incorporating the A~! correction to accelerate convergence of
gap probabilities.
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APPENDIX A. EXPLICIT BULK DENSITY p(u) AND MICROSCOPIC SPACING A(u)

We compute the macroscopic density p(u) and the microscopic spacing A(u) directly from the
one—variable factors in the projection kernels. We work solely with the nested double—contour
representations and the corresponding one—variable phases, with no appeal to Riemann—Hilbert
analysis. Throughout we keep the contour conventions and boundedness of rational multipliers from
the main text.

General principle (common to all three families). Let K(x,y) denote the projection kernel in
the relevant family written in its double-contour form (3.5)/(4.6)/(5.7). Let z be the corresponding
contour variable and ®(z;u) the one—variable phase extracted from the integrand with x ~ Au. In
the bulk there are two simple saddles z4 (u) on admissible deformations of the fixed contours, with
RP(z4;u) equal and maximal, and IP(zy;u) = —IP(z_;u).

Under the microscopic scaling

r=|Au+sAu), y=|Au+tA(u)],

+rit

the two steepest—descent contributions acquire phases eT™ and e*™ respectively. The relative

phase per lattice step is determined by the variation of the arguments of the saddles:

plu) = % du( arg 24 (u) — arg z_(u)), 2 A(u) p(u) = 1.

Thus, once z4(u) are solved from the saddle equation 0,®(z;u) = 0 (on admissible contours), p(u)
is read off from the derivative of their argument gap, and A(u) is recovered from the spacing rule.
The bounded rational multipliers (the symbols of D and € in (3.4), (4.15), (5.10)) do not affect p
and A, as they only modify finite amplitudes.

Meixner: explicit pys(u) and Aps(u). From (3.5) and (3.2), the one—variable phase in the w—plane
is
D (wsu) = 10g<1 — i) —log(1l — sw) — (u — 1) logw, s=+/E€(0,1).
w

The saddle equation 9,®ps(w;u) = 0 simplifies to the quadratic identity
usw? + ((1 —u)—(1 +u)32>w +us=0,

—_ eii@(u)

with product w4 (u)w_(u) = 1, hence in the bulk wy (u) . Taking the sum gives

u s 52—
2cosf(u) = wi(u) +w_(u) = (1457 +( 1).

su
Therefore the bulk support is
c (1 -5 1+ 3)
U 3, 01 )
1+s5s 1—s
and
1 11— 1 1

pu(u) = ;0’(1@) © 27msu? \/1 B} <U(1 +5%) + (s° — 1))2’ An(w)

2su

~ 2N par(u)’

The bounded multipliers ﬁ,? in (3.4) do not affect the saddle locations and only change finite
amplitudes, hence they play no role in the density.
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Charlier: explicit pcp(u;7) and Acp(u). From (4.6) and the generating function (4.4), the
t—phase is
0
Oy (t;u,7) =ulog(l+t) — 7t — logt, 7= lim = € (0, 00).
N—=oo N

The saddle equation 9;®cy, = 0 gives
T2+ (t+1—u)t+1=0.

In the bulk, the discriminant is negative, equivalent to u € (14+7—2+/7, 1+7+24/7). Parameterizing
the saddles as t4(u) = 7~ /20 yields

2 cosO(u) = 72 (13- (u) + t_(u)) = —”\;“ —  cosf(u) = u_;l\/;ﬂ
Hence
pon(u; ) = %Mu) = 27:\5 1 5 Aon(u) = Nﬂcj(u‘T)'
(- () |

Ezxact Meizner transfer. Under the exact w—map (4.14), the multipliers become universal (4.15)
and the kernel takes the IIKS form (4.16); thus the Meixner derivation above can be pulled back
verbatim, but the direct {—plane computation already yields the same pcy.

=

Krawtchouk: explicit px(u;v,p) and Ag(u). From (5.7) and (5.4), the v—phase is
N

Cx(viu,7) = (1-u)log(l +pv) +ulog(l —guv) —vlogv,  y=-7 ¢=1-p

The saddle equation 9,® g = 0 reduces to
pa(1 =) v? = [(p—w) = y(p = )] +7 =0
In the bulk the roots are conjugate, which is equivalent to
we (p=1p—a)—2vA0 = 7)pa, =1~ a) + 2V~ = )pa ).
Writing vy (u) = Re™0® with R? = v/(pg(1 — 7)) gives

(p—u)—vp—q) (p—uw —lp—9)

2RcosO(u) = vy(u) +v_(u) = a1 =) = cosf(u) = 2/~ (1 —7)pg
Therefore
pic (7, p) = — /() = ——— . Apclu) =
7 2r/y(L=pa [ ((P—u)—V(P—Q))Q M pr(u;,p)
2¢/v(1 = v)pq

Summary table. For convenience we collect the explicit formulas proved above. In each case
A(u) = (Ap(u))~! with A = 2N (Meixner), A = N (Charlier), A = M (Krawtchouk).
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Family Bulk support (u_,uy) Angle cos 0(u) Density p(u)
— 2 7 — 2
Meixmer (1 8, 1+s) w(l+s%) + (s —1) 1—s 1
1+s 1—s 251 2msu? 1_ (u(l+52)+(8271)
2su
. u—(14+7) 1 1
harl 1 -2 1 2 _
Charlier ( + 7 \/;, + 7+ \/F) 2\/; 277\/; 1— (u7(1+7))2
eNG
—u) —y(p— 1 1
Krawtchouk | p —v(p — q) £2/v(1 — v)pg (p—w) —2(p—4q)
2V =pg | 2ny/A(1=pa [} (- s-g)
2¢/v(1-7)pa

Remarks. (i) At either endpoint uy of the bulk support, p(u) ~ Cy /|u — uy|, matching the
soft—edge cubic reduction used in the Airy limits. (ii) The bounded multipliers (Meixner (3.4);
Charlier (4.7)-(4.9); Krawtchouk (5.10)) do not change p(u): they shift only finite amplitudes and
thus contribute at subleading orders in the steepest—descent evaluation.

APPENDIX B. UNIFORM STEEPEST-DESCENT ESTIMATES

This appendix records the standard local/outer split for the one—variable contour integrals used
in Section 6, with bounds uniform for u in compact bulk sets and for soft—edge windows; see also
[12] for the general RHP steepest—descent framework. We choose local coordinates so that the phase
function has the form ¢"V9(?) with ¢'(21) = 0 at saddles z., then expand 6(z) to second order to get
a Gaussian integral; by ensuring no other stationary points interfere, one controls the error O(N~1)
uniformly.

Bulk: uniform Gaussian reduction. Fix a bulk u and let z4(u) be the two simple saddles on
admissible steepest—descent arcs. Introduce local charts (4 by z = z4e%* on small sectors containing
the steepest directions. Then

O(z;u) = @(2a5u) + 59" (23u) G + Re(Casw),  [Re(Casu)| < Ol¢af
for |C+| < (o, with C, ¢y independent of u in compact bulk sets. Split each contour into the “local”
piece |¢+| < A=/3 and its complement:
e On the complement, R(® — ®(24)) < —c|(+|? along steepest descent, hence the contribution
is O(e=A'™).
e On the local piece, replace the integrand by its quadratic Taylor expansion and evaluate the

Gaussian exactly. Shifts  — x +s A~ and y — y + t A~! contribute phase factors eT™,
et the spacing rule 2rAp = 1 enforces the 27 phase change per lattice step.

This proves Lemma 6.1 with the uniform window |s|, [t| < A® for any § < 3 and the O(A™!) error.

Soft edge: cubic/Airy normal form and the scaling constant. At a soft edge (z,u,) with
D' (245 us) = (245 us) = 0, write

D(z3u) = D(z;us) + 5 —n A+ O(CH) + 0(n¢?),
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where ( is a local edge chart and 7 is the u-offset. Choosing & = |Au + scAY3| with ¢ = (k/\)1/3
reduces the one—variable integrals to Airy integrals with errors O(A_l/ 3) uniformly in fixed soft-edge
windows, yielding Theorem 6.5.
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