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EIGENVALUES OF GUE MINORS

KURT JOHANSSON AND ERIC NORDENSTAM

AsstracT. Consider an infinite random matrix H = (h;j)o<i,; picked from the Gaussian
Unitary Ensemble (GUE). Denote its main minors by H; = (hrs)i1<r s<; and let the j:th
largest eigenvalue of H; be u; We show that the configuration of all these eigenvalues (z,,u;)
form a determinantal point process on N x R.

Furthermore we show that this process can be obtained as the scaling limit in random
tilings of the Aztec diamond close to the boundary. We also discuss the corresponding limit
for random lozenge tilings of a hexagon.

1. INTRODUCTION

The distribution of eigenvalues induced by some measure on matrices has been the study
of random matrix theory for decades. These distributions have been found to be universal in
the sense that they turn up in various unrelated problems, some of which do not contain a
matrix in any obvious way, or contain a matrix that does not look like a random matrix. In this
article, we propose to study the eigenvalues of the minors of a random matrix, and argue that
this distribution also is universal in some sense by showing that it is the scaling limit of three
apparently unrelated discrete models.

The largest eigenvalues of minors of GUE-matrices have been studied in [Bar(1], connecting
these to a certain queueing model. It is a special case of the very general class of models analysed
in [Joh03]. The large N limit of this model will yield the distribution of all the eigenvalues of a
GUE-matrix and its minors.

This process will turn out also to be the scaling limit of a point process related to random
tilings of the Aztec diamond, studied in [Toh05a] and of a process related to random lozenge-
tilings of a hexagon, studied in [Ioh05b].

1.1. Eigenvalues of the GUE. Consider the following point process on A = N x R. There
is a point at (n, ) iff the n:th main minor of H, i.e. H,, has an eigenvalue pu. We will call
this process the GUE minor process. A central result in this article is that this process is a
determinantal point process with a certain kernel K GUE.

For details of what it means for a point process to be determinantal, see section An explicit
expression for this kernel is given in the next definition.

Definition 1.2. The GUE minor kernel is

-1 N s s
KB (r,& s,m) = —¢(r.& son) + ) %j1j;ihr+j(§)hs+j(n)e_(5 /2,

j=—o00
where ¢(r,&; s,m) =0 when r < s and

€=y VT
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o(r, & 5,m) = ez H (e — )

for r > s.
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Here, hy(x) = 27%/2(k!)~1/27 =1/ H}(z) are the Hermite polynomials normalised so that

/h z)e ™ dx = 6,

hr =0 when k£ < 0 and H is the Heaviside function defined by

1 fort>0
1.1 H(t) = -
(1.1) ®) {0 for t < 0.

Theorem 1.3. The GUE minor process is determinantal with kernel KSVE.

This will be proved in section Bl

1.4. Aztec Diamond. The Aztec diamond of size N is the largest region of the plane that is
the union of squares with corners in lattice points and is contained in the region |z|+ |y| < N+1,
see figure [l

It can be covered with 2 x 1 dominoes in 2V (N+1)/2 ways [EKLP92a, [EKLP92h|. Probability
distributions on the set of all these possible tilings have been studied in several references, for
example [foh05al [Pro03]. Typical samples are characterized by having so called frozen regions
in the north, south, east and west, regions where the tiles are layed out like brickwork. In the
middle there is a disordered region, the so called tempered region. It is for example known that
for large N, the shape of the tempered region tends to a circle, see [[IPS9§| for precise statement.

The key to analyzing this model is to colour all squares black or white in a checkerboard
fashion. Let us chose colour white for the left square on the top row. A horizontal tile is of
type N, or north, whenever its left square is white. All other horizontal tiles are of type S, or
south. Likewise, a vertical domino is of type E, or east, precisely if its top square is white. Other
vertical dominoes are of type W.

In figure [ tiles of type N and E have been shaded. Notice that along the line ¢ = 1, there is
precisely one white tile, and its position is a stochastic variable that we denote x1. Along the line
i = 2 there are precisely two white tiles, at positions 22 and 3 respectively, etc. In general, let x}c
denote the j-coordinate of the k:th white tile along line i. These white points can be considered a
particle configuration, and this particle configuration uniquely determines the tiling. It is shown
in [JohO5a|] that this process is a determinantal point process on N? = {1,2,..., N}? and the
kernel is computed.

We show that this particle process, properly rescaled, converges weakly to the distribution for
eigenvalues of GUE described above. More precisely we have the following theorem that will be
proved in section El

Theorem 1.5. Let ,ug» be the eigenvalues of a GUE matriz and its minors. For each N, let {x;}
be the position of the particles, as defined above, in a random tiling of the Aztec Diamond of size
N. Then for each continuous function of compact support ¢ : N xR =R, with0< ¢ <1,

| 2~ N/2
E IIG—#M@MQ)::JT;E IR1_¢@fJ_Nz§»

1.6. Rhombus Tilings. Consider an (a,b, ¢)-hexagon, i.e. a hexagon with side lengths a, b, c,
a, b, c. It can be covered by rhombus-shaped tiles with angles 7/3 and 27/3 and side length 1,
so called lozenges. The number of possible such tilings is

t+j+k—1
ffie—

i=1j5=1k=1
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i=1 j=0
i=2 =1
i=3 =2
i=4 =3
i=5 j=4
i=6 j=5
i=7 j=6
i=8 =7
1=9 j=8
i=10 =9
i=11 j=10
i=12 j=11
i=13 j=12
i=14 =13
i=15 j=14
i=16 =15
i=17 j=16
i=18 =17
_ 12:19 31181 0
1= -
0 i=20
<
<
/1L
/]

FI1GURE 1. An Aztec Diamond of size 20 with N and E type dominoes shaded.
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FI1cURE 2. Lozenge tiling of a hexagon.

This formula was proved by Percy MacMahon (1854-1928), see [Sfa99, page 401] for historical
remarks.

Thus, we can chose a tiling randomly, each possible tiling assigned equal probability. A typical
such tiling is shown in figurel Just like in the case of the Aztec diamond, there are frozen regions
in the corners of the shape and a disordered region in the middle. It has been shown, that when
a=b=c= N — oo, this so called tempered region, tends to a circle, see [CLP98]| for precise
statement and other similar results.

Equivalently, consider a simple, symmetric, random walks, started at positions (0,2j), 1 <
j < a. At each step in discrete time, each walker moves up or down, with equal probability.
They are conditioned never to intersect and to end at positions (¢ + b, ¢ — b+ 25). Figure Bl the
red lines illustrate such a family of walkers, and shows the correspondence between this process
and tilings of the hexagon. These red dots in the figure define a point process. [Joh05b] shows
that uniform measure on tilings of the hexagon (or equivalently, uniform measure on the possible
configurations of simple, symmetric, random walks) induces a measure on this point process that
is determinantal, and computes the kernel.

We will show, in theorem B4, that the complement of this process, the blue dots in the figure,
is also a determinantal process and compute its kernel.

Let us introduce some notation. Observe that along the line ¢ = 1, there is exactly one blue
dot. Let its position be x1. Along line t = 2 there are two blue dots, at positions x? and
13 respectively, and so on. All these x; are stochastic variables, and they are of course not
independent of each other.

We expect that the scaling limit of the process {mz}”, as the size of the hexagon tends to

infinity, is the GUE minor process with kernel K V¥, More precisely, let ué- be the eigenvalues of a
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GUE matrix and its minors. Then for each continuous function of compact support ¢ : NxR — R,
0<¢<1,

, i — N
(12 s |TT0 - ote.) | = Jim 8 | TT0 - 6. ")

We will outline a proof of this result by going to the limit in the formula for the correlation
kernel, which involves the Hahn polynomials. A complete proof requires some further estimates
of these polynomials.
The GUE minor process has also been obtained as a limit at “turning points” in a 3D partition
model by Okounkov and Reshetikhin [OR06]. We expect that the GUE minor process should be
the universal limit in random tilings where the disordered region touches the boundary.
Acknowledgement: We thank A. Okounkov for helpful comments and for sending the preprint [OR06].

2. DETERMINANTAL POINT PROCESSES

Let A be a complete separable metric space with some reference measure \. For example R
with Lebesgue measure or N with counting measure. Let M(A) be the space of integer-valued
and locally finite measures on A. A point process x is a probability measure on M (A). For
example, let = be a point process. A realisation x(w) is an element of M(A). It will assign
positive measure to certain points, {z;(w)}1<i<n(w), Sometimes called particles, or just points in
the process. In the processes that we will study the number of particles in a compact set will
have a uniform upper bound.

Many point processes can be specified by giving their correlation functions, p, : A" — R,
n=1,...,00. We will not go into the precise definition of these or when a process is uniquely
determined by its correlation functions. For that we refer to any or all of the following references:
[DVISR, Ch. 9.1, A2.1], [Toh05d, Sos00].

Suffice it to say that correlation functions have the following useful property. For any bounded
measurable function ¢ with bounded support B, satisfying

(2.1) Z ||¢||n / pn(21,. .., zpn) d"x < 00

the following holds:

(2.2) E[JJ(1 + ¢(ai(w Z — ¢ 21) - d(@n)pr(@, . .o Tn) d”A

7

Correlation functions are thus useful in computing various expectations. For example, if A is
some set and x4 is the characteristic function of that set, then 1 — E[J](1 — xa(z;))] is the
probability of at least one particle in the set A. If the correlation functions of a process exist
and are known, this probability can then readily be computed with the above formula.

We will study point processes of a certain type, namely those whose correlation functions exist
and are of the form

pn(T1, . 2n) = det[K (2i; 25)|1<ij<n,

i.e. the n:th correlation function is given as a n x n determinant where K : A2 — R is some, not
necessarily smooth, measurable function. Such a process is called a determinantal point process
and the function K is called the kernel of the point process.

Let 2!, 22, ..., 2V ,...be a sequence of point processes on A. Say that zV assigns positive
measure to the points {z¥ (W)}lgiSNN(w). Then we say that this sequence of point processes
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N

converges weakly to a point process z, written =¥ — x, N — oo, if for any continuous function

¢ of compact support, 0 < ¢ <1,

NN (w) N(w)
(2.3) Jim B J] A -o@¥@)| =E| [T 0 - é@:w)
i=1 1=1

The next proposition gives sufficient conditions for weak convergence of a sequence of determi-
nantal processes in terms of the kernels.

Proposition 2.1. Let z', 22, ..., 2V,...be a sequence of determinantal point processes, and

let ™V have correlation kernel KV satisfying
(1) KYN — K, N — oo pointwise, for some function K,
(2) the KN are uniformly bounded on compact sets in A% and
(3) For C compact, there exists some number n = n(C) such that det[K™ (x;, 2;)]1<ij<m = 0
if m>n.
Then there exists some determinantal point process x with correlation functions K such that

2N — 2 weakly.

Proof. We start by showing that there exists such a determinantal point process z. In [Sas00),
the following necessary and sufficient conditions for the existence of a random point process with
given correlation functions is given.
(1) Symmetry.
PE(To(1)s s To(k)) = Pe(T1, -, Tk)
(2) Positivity. For any finite set of measurable bounded functions ¢, : A*¥ — R, k=0,..., M,
with compact support, such that

M
(24) Go+ Y, > H@i,..,wi,) >0

k=1 iy i,
for all (z1,...,2a) € I™ it holds that

N
(2.5) ¢0—|—Z/ ok(x1, .. xp)pe(z1, ... o) doy .. dxy, > 0.
k=11"

The first condition is satisfied for all correlation functions coming from determinantal kernels
because permuting the rows and the columns of a matrix with the same permutation leaves the
determinant unchanged. For the positivity condition consider the kernels K. They are kernels
of determinantal processes so

M
(26) ¢0 + Z /k (bk(xl, e ,xk) det[KN(xi,xj)]lgiJgk d$1 e dxn Z 0
k=171

As N — oo, this converges to the same expression with K instead of KV by Lebesgue’s bounded
convergence theorem with assumption (2). Positivity of this expression for all N then implies
positivity of the limit.

So now we know that x exists. We need to show that %V — 2 Take some test function
¢ : A — R with bounded support B. For this function we check the condition in (ZII). The
assumption (3) in this theorem implies that the sum is a finite one. Also, ||¢||cc < 1. Assumption
(2) is that the functions KV are uniformly bounded, so in particular they are bounded on B2,
so py, is bounded on B*. The integral of a bounded function over a bounded set is finite, so this
is the finite sum of finite real numbers, which is finite.
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Therefore, for each N, by @2),
(2.7)

lim E
N—oo N —o00 n

[10 - ota? (wm] = g 3 B [ Tt detlie™ (o plicasen A,
n=1 i=1

Condition (3) guarantees that the sum is finite. Lebesgue’s bounded convergence theorem applies
because the support of ¢ is compact and the correlation functions are bounded on compact sets.
Thus the limit exists and is

n!

(29) =3 OO [ [T ot aetiR e, aplizisen a3@)

n=1
(2.9) =E [Ja- ¢<xi<w>>>] :
This implies that indeed 2V — z, weakly, as N — oo. O

3. Tue GUE MINOR KERNEL
3.1. Performance Table. Consider the following model. Let {w(i,j)}(i)j)ezi, be independent

geometric random variables with parameter ¢2. Le. there is one ii.d. variable sitting at each
integer lattice point in the first quadrant of the plane. Let

(3.1) G(M,N) =max Y w(i,])

" (ipen
where the maximum is over all up/right paths from (1,1) to (M, N). The array [G(M, N)|am,nen
is called the performance table.

Each such up/right path must pass through precisely one of (M — 1, N) and (M,N — 1), so
it is true that G(M, N) = max(G(M — 1,N),G(M,N — 1)) + w(M, N).

It is known from [Bar(1], that (G(N, 1), G(N,2),...,G(N, M)) for fixed M, properly rescaled,
jointly tends to the distribution of (ui,u2,...,uM) as N — oo in the sense of weak convergence
of probability measures. We will show that it is possible to define stochastic variables in terms
for the values w that jointly converge weakly to the distribution of all the eigenvalues M; of
GUE-matrices.

3.2. Notation. We will use the following notation from [Bar(i].
(1) Was,n is set of M x N integer matrices.
(2) Warn i is set of M x N integer matrices whose entries sum up to k.
(3) Var = RM(M=1)/2 where the components of each element z are indexed in the following

way.
7}
pe
M—1 M—1
o =
af! Ty it

(4) Cac C Vi is the subset such that x§_1 > x?:ll > gt

(5) Cec.n are the integer points of Cac.

(6) Let p: Cgc — RM be the projection that picks out the last row of the triangular array,
ie. p(z) = (zM,... 2. Likewise, let ¢ : Cqgcny — NM | the projection that picks out
the last row of an integer triangular array.
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3.3. RSK. Recall that a partition A of k is a vector of integers (A1, Ao, ...), where Ay > Ao >
such that >, A; = k. It follows that only finitely many of the A;:s are non-zero.

A partition can be represented by a Young diagram, drawn as a configuration of boxes aligned
in rows. The i:th row of boxes is A; boxes long. A semi-standard Young tableau (SSYT) is a
filling of the boxes of a Young diagram with natural numbers, increasing from left to right in rows
and strictly increasing from the top down in columns. The Robinsson-Schensted-Knuth algorithm
(RSK algorithm) is an algorithm that bijectively maps Wi v to pairs of semi-standard Young
tableau. For details of this algorithm, see for example [Sag01}, [Sta99].

Fix a matrix w € Wy y. This matrix is mapped by RSK to a pair of SSYT, (P(w), Q(w)).

The P tableau will contain elements of M := {1,2,..., M} only. Construct a triangular array
i
=
M—1 M—1
x] N Y
oM m%_l x%

where x; is the coordinate of the rightmost box filled with a number at most 7 in the j-th row
of the P(w)-tableau. This is a map from Wi,y to Cge .

3.4. A Measure on Semistandard Young Tableau. Consider the following probability mea-
sure on Wjs n. The elements in the matrix are i.i.d. geometric random variables with parameter
¢°. Recall that a variable X is geometrically distributed with parameter ¢?, written X € Ge(q?)
if PIX =k] = (1—-¢*(¢*)*, k> 0. The square here will save a lot of root signs later. Such a
stochastic variable has expectation a = ¢?/(1 — ¢?) and variance b = ¢%/(1 — ¢*).

Applying the RSK algorithm to this array induces a measure on SSYT:s, and by the corre-
spondence above, a measure on Cgc . Call this measure 77%5]}\(4 ~- The following is shown in

[1oh00).

Proposition 3.5. Let Wy v contain i.i.d. Ge(q?) random variables in each position. The
probability that the RSK correspondence, when applied to this matriz, will yield Young diagrams
of shape A= (A\1,...,\pr) is

_ (-4 X 1
RSK o —
(3-2) pgzn M I:I JN =M1

7=0
(N + 1)
. ; 2 2k
S H)\-i-M—Z 7
1<i<j<M
where k= |\ =", \i.
In other words, the measure 75y, \/, integrating out all variables not on the last row, is

pes np - This, together with the following result characterizes the measure w5\ ;- completely.

RSK

3.6. Uniform lift. Proposition 3.2 in [Bar0I] states that the probability measure w5y, v, con-

ditioned on the last row of the triangular array being A, is uniform on the cone ¢ 1( ):={z €
Cacon:q(z) = A}
In formulas, this can be formulated as follows.

Proposition 3.7. For any bounded continuous function ¢ : M x Z — R of compact support,

B 0ol =2 (75 2 110+ 06a)) | o

2] $€q LX)
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where L()\) is the number of integer points in ¢~ 1(\).

The number of such integer points is given by

Ni—Aj+j—i
L(A):H?fi.
i<j J

3.8. GUE Eigenvalue measure. It is well know, see for example [Meh91], that the probability
measure on the eigenvalues induced by GUE measure on M x M hermitian matrices is

1
p%;/IUE()\l,...,)\M):Z— IT =22 JI exp(=r)
M cici<m 1<i<M

for some constant Z,; that we need not be concerned with here.

3.9. Uniform lift of GUE measure. [Bar(l] shows a result for eigenvalues of minors of GUE
matrices that is similar to the above result for partitions. He shows that given the eigenvalues
of the whole matrix A = (A; > --- > A\j), the triangular array of eigenvalues of all the minors
are uniformly distributed in p~!(\) := {z € Cgc : p(z) = A\}. Again we can write this more
formally.

Proposition 3.10. For any bounded continuous function ¢ : M x R — R of compact support,
the measure TSVE satisfies

B0+ om0 = [ oy [, IO+ 0G50 | o570 a0

1,
where Vol()\) is the volume of the cone p~1(\).

This volume is given by
Ai — Aj
i—i

Vol(A) =[]

i<j

This situation is then very similar to the measure 77525]}\(4 ~ above, in the sense that, conditioned

the last row, the rest of the variables is uniformly distributed in a certain cone.

3.11. Scaling limit. We are now in a position to see the connection between the measures

RSK GUE
T2 NN and wy .

Proposition 3.12. Let a := E[w(1,1)] = ¢*/(1 —¢?) and b := Var[w(1,1)] = ¢*/(1 —¢*)?. Then
for any bounded continuous function of compact support ¢,

‘ 2t —aN
Bogoe([10 + 60 ) = Jim B (TT0+ 60, =)

1,5 ,J

Proof. Plug in the expression for the right hand side in proposition B4 and for the left hand
side in proposition BT Stirling’s formula and the convergence of a Riemann sum to an integral
proves the theorem. O
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3.13. Polynuclear growth. The measure 7rRZSJIf, u 18 a version of the Schur process and is a

determinantal process on M x N, by [OR03]. We will use the following result from [Ioh03].

Proposition 3.14. The process {x;} with the measure described in is determinantal with
kernel

dz w¥tN (1 — qu)® (z — )V M
(3.3) KQNM(rmsy / / N( qw)” ( Q)N,M-
(27i)? wz—w 2zt (1 —¢qz)" (w—q)
For r < s, the paths of integration for z and w are anticlockwise along circles centred at zero

with radii such that ¢ < |w| < |z| < 1/q. For the case r > s, integrate instead along circles such
that ¢ < |z| < |w| < 1/q.

This follows immediately from proposition 3.12 and theorem 3.14 in [Toh03].
Having now introduced the PNG-kernel, we can state the following scaling limit result.

Lemma 3.15. Let a = ¢*/(1 —¢?) and b= ¢*/(1 — ¢*)? as above. The following claims are true
for M fized.
(1) Forr, s <M,
N
((r .4 N; V2N KNG (r, |[aN + €V2bN|; s, [aN +nV2bN |) — KU (r & s,m)
g\s,m,

uniformly on compact sets as N — oo for a certain function g # 0.
(2) The expression

EZ i N% V2ONEENG (r, [aN + €V2DN; s, [aN +nvV2bN))

is bounded uniformly for 1 <r,s < M and &, n in a compact set.

The proof, given in sectionff] is an asymptotic analysis of the integral in 3). Now everything
is set up so we can prove the main result of this section.

Proof of theorem [[3. According to proposition BI2

. x —aN
(3-4) Ergoe([[(1+ (i p5)] = Jim Epnerc [H(l +0(i, W))]'

The point processes on the right hand side of this last expression are determinantal. Their kernels
can be written

N
N(r & s,m) = ET 33 N§v2b KPNG(T, aN + £V2bN; s,aN + nv2bN).
g 87 /]77
for some function g that cancels out in all determinants, and therfore does not affect the corre-
lation functions. By lemma T3, these KV satisfy all the assumptions of proposition EZIl Thus,
the point processes that these define converge weakly to a point process with kernel KGUE. This

implies that the measure on the left hand side of equation B3, i.e. 7TI\G/IUE is determinantal with
kernel KGUE The observation that M was arbitrary completes the proof. |

4. AzTEC DIAMOND

The point-process connected to the tilings of this shape, described in the introduction was
thoroughly analyzed in [oh05a]. The following result is shown.
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Proposition 4.1. The process {xg} described in section is determinantal on A = N x N,
with kernel K4 given by

dz [dww/(1—w)*(1+1/w)" % =z
4.1 K{(2 2
(41) n(2r,,25,9) (27i)? / /w 22(1—2)"(1+1/z2)»" z—w

and reference measure p which is counting measure on N. The paths of integration are as follows:
For r < s, integrate w along a contour enclosing its pole at —1 anticlockwise, and z along a
contour enclosing w and the pole at O but not the pole at 1 anticlockwise. For r > s, switch the
contours of z and w.

Based on this integral formula we can prove the following scaling limit analogous to that in
lemma

Lemma 4.2. The following claims hold.
(1)

g(r,&, N)

o i VINJ2KR (2, [N/2+ €/NJ2); 25, [N/2 4 /NJ2)) — KSVB(r & 5,1
umformly on compact sets as N — oo for an appropriate function g # 0.

(2) The ezpression

N)
o f] NT2EA (2, [N/2 + €/NT2); 25, [N/2 + n/N2))
is uniformly bounded with respect to N for (r, £, s, n) contained in any compact set in

N xR x N x R.

The proof is based on a saddle point analysis that is presented it section B We can now set
about proving the main result of this section.

Proof of theorem A By proposition BTl the xz form a determinantal process with kernel K4
The rescaled process (z — N/2)/1/N/2 has kernel

(4.2) KNm@&ny:2@%%%MNmKﬁmnNm+ngmﬂ&Nﬁ+nvay

9(s,
By lemma B the kernels KV satisfy all the assumptions of proposition EZIl So they converge
to the process with kernel K GUE. O

5. THE HEXAGON

Consider an (a,b,c)-hexagon, such as the one in figureB First we need some coordinate system
to describe the position of the dots. Say that the a simple, symmetric, random walks start at
t=0and y =0, 2, ..., 2a — 2. In each unit of time, they move one unit up or down, and are
conditioned toend up at y =c—b,c—b+2, ..., c— b+ 2a — 2 at time t = b + ¢ and never to
intersect. One realisation of this process is the red dots in figure Bl At time ¢, the only possible
y-coordinates for the red dots are {oy + 2k}o<k<,, Where

t4+a—1 0<t<b
bia 1 b<it< -t 0<t<b

B == T -2 b<t<b+e
at+b+c—t—1 c<t<b+e,

Let Agpe={(t, a0 +2k):0<t<b+e¢, 0<k<~} be the set of all the dots, red and blue.
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5.1. A determinantal kernel for the hexagon tiling process. We now need to define the

normalised associated Hahn polynomials, cj,(la]f ) (). These orthogonal polynomials satisfy

N
(5.1) > Ay @iy @ag " @) = Sum,
=0
where the weight function is
~ (o, 1
o ) =

oz + ) (N + 8 —x)[(N —x)!
They can be computed as

N(a»ﬁ)(x) — (_N — ﬂ)ﬂ(_N)n 3F2(—n,n—2N—o¢—ﬂ—1,—r, ),

a, - SN_p— ;
N 4 n! Mg
where
(d(a’ﬁ))zz (a+ﬁ+N—1—n)N+1
mN (a4+B+2N+1-2n)n!(B+N —n)(a+ N —n)(N —n)!’

For convenience, let a, = |¢c — r| and b, = |b — r|. [1oh05b] shows the following.

Proposition 5.2. The red dots form a determinantal point process on the space Ngyp.. with
kernel

KLy o(r 00 + 223 5,0 4 2y) = —br s (0 + 22, 00 + 2y)

a—1
| T e e s e (005,

a—|—s—1—n)!(a—|—b—|—c—s—1—n)!q”7%‘

n=0

where ¢r s(z,y) =0 if r > s and

Grs(2,y) = (81T>
2

otherwise. Furthermore,

((br +2) (v +ar—2))™t 0<r<b

wr(z) =< (2! + ap — )71 b<r<c
(@3 — o)) c<r<bie
and
Wy —y)H ! 0<r<b
@s(y) = S ((bs +y)!(vs — y)) b<r<ec

(e + (e +ar—y))™! c<r<b+ec
It follows that the blue dots also form a determinantal point process. To compute its kernel

we need the following lemma.

Lemma 5.3.

sS—7T
s—r+2yt+as—2x—a, =
2

= Jla+s—1—-n)l(a+b+c—r— L=n)! . an) /o ~(beras) -
ZO (CL + r— 1 _ n)|(a _|_ b + c—§— 1 _ n)!qnfyr (x)qn,vs (y)w’r‘(x)ws(y)

when s > r.



14 KURT JOHANSSON AND ERIC NORDENSTAM

Proof. This proof uses the results obtained in the proof of B2 in [1oh05bl equation 3.25]. Define
convolution product as follows. For f, g : Z? — Z, define (f x g) : Z?> — Z by

(f*9)(@,y) == f(x,2)9(z,).

2€Z
Let ¢(x,y) = g,y+1 + 0z y—1. Also let
O™ (x,y) = 0y
¢ (2, y) = d(x,y)

™ (z,y) = (6" "7V x ¢) (2, y).
Set
T @R - bla— 1)

(n\(n—2a—b—c+1)
fn,k = <k> (_a—b+ 1)k(_a)k

and finally let

n a—1
¢(n, Z) = Z fn,m Z Cj m¢(2]a Z)
m=0 j=m

¢O,l(n7 y) = w(na y)
¢0,T(nay) ¢*¢ " 1)( ay)
The dual orthogonality relation to (&) is precisely

(5.2) Z Gl (@)@l (y)wr (2)@r (y) = Oa -

By equation (3.25), (3.30) and (3.32) of the above mentioned paper,

bo,r(n, ar +22) = A(a, b, ¢, 7, )G L0 (2)@r (2),

where

(a+1),1dVn!
(—a—c+Dp(—a—b—c+r+1),
Inserting this into the orthogonality relation in (B2) gives

A(a,b,c,r,n) :=

br,aT) wr(x) 2 -5
Z .y A(a,b,c,r,n) G0 (1 @r +22) = oy

Convolving both sides of the above relation with ¢*(*=7) gives

(br,ar) wT( *(s—r)
an% m%¢0rnar+2z)¢ (ar + 22, a5 + 2y)

= ¢ (@, + 22, a4 + 2y),
which, when the left hand side is simplified, gives

bmar wT(x) _ x(s—7)
Z Iny, m%s(na o +2y) = ¢ (o + 22, a5 + 2y).
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Invoking equation (Bl again to simplify the left hand side and explicitly calculating the right
hand side gives

bs,as - o S—r
2 mqn o (z )%(1775 )(y)wr(x)ws(y) = <sr+2y+gszwm)-

It is easy to check that

A(a,b,c,s,n) _\/(a—l—s—1—n)!(a+b+c—r—1—n)!

A(a,b,c,m,n) (a+r—1—-n)l(a+b+c—s—1—n)
which proves the lemma. O
We now need to introduce the normalized Hahn polynomials q( B )( ). These satisfy
(5.3) Z 4 @) @i (@) = b,
where

wg\?’ﬁ)(ﬂ (N +a—-0)(5+1)

(54) (N —t)!

Theorem 5.4. The blue dots form a determinantal point process on the space Aqp . with kernel

Kl%,bp(ra Z; s, y) =

No+c—14+) a0 (bs,as) (brrar) (bs,as)
3 et O
when s > r, and
KcI;,b,c(rﬂ €; Svy) =
No+c—r+5) b .a, be s by ar be s
- Z 8o (g2 () e (@l (y)

'b+c—8+])' dREitis

otherwise.

Proof. Tt is well known that the complement of a determinantal point processes on a finite set
with kernel K is also determinantal with kernel K = I — K, i.e. K(z,y) = 6., — K(z,y).

Applying this result to our problem, we want to consider 0, ,d, s — K, (r,2; 5,y). We now
separate two cases. When s > r see that .

S—7Tr
K(’f’,fm Say) = (y—$+ s—r+gs—o¢r)_

a—1
(a+s—1-n)la+b+c—r—1-— )-~(b Jar) (bs,as) "
Z a+7-_1_n) (a—|—b—|—c—8—1_n)'qnfw ( )QTL’yg ( )Wr(m)ws(y)

is a candidate for the kernel for the blue particles. By lemma B3 this simplifies to

Z (ats—1-n)llatbtc—r—1-—n)! o ar) ()0 @)

K(rz; 5,y) a—i—r—1—n)'(a+b+c—s—1—n)lq”7% Gn 5 (W) ()5 (y)-
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For s < r we just get

(a+s—1-—n)lla+btc—r—1-—n) .
K ( ar) (bg,ag) ” B .
(r,@; 8,y) E atr—T-n)atbic—s_1_n)no ()@, 5 (y)wr(2)@s (y)

We now exploit a useful duality result from [Bor(2)]. It states that

a3 @i (@) = (17400 @)y oG ().
Insert this into the formulas above and define the new kernel
KzI;b o, @5 5, y) )Y z\/ws W () 710 (2)@s (y) LK (1, 25 8, 9).

This kernel gives the same correlation functions as K, since the extra factors cancel out in the
determinants. The new kernel can be written as

KcI;,b,c(rﬂ €T3 8, y) =

= (a+s—1-n)la+b+c—r—1—mn)! (br,ar) (bs,as) (br,ar) (bs,as)
Z (a_’_r_1_n)!(a+b+c_s_1_n)!q'y7,7n777( )Q’ys n’ys(y)\/w')"r (x)w')’s (y)7

when s > r, and

Kc%,b,c(ra Z; s, y) =

a—1
a+s—1—-n)la+b+c—r—1-—n) ®, a, oas an o as
— Z ( DA ! (brar) (z) (bs,as) (y)\/w(b )(x)w(b« )(y)

(a+r—1—-n)la+b+c—s— 1—77,)!(]'”_""7r Vs T o i
otherwise.
The change of variables j := a — 1 — n puts these expressions on a simpler form, thereby
proving the theorem. O

5.5. Asymptotics. Let 0 < p < 1 be some real number. Let o = pN, 8 = v(1 — p)N,
= |pN +/2p(1 —p)N(1+~1)z]. Then

(5:5) V=N w ) @a) @) — (-1)"Ve = ho(x)

uniformly on compact sets in x as N — oco. For completeness we give the proof of this result in
the appendix.

We would like to apply this with p = % and v = 2 to our kernel K" and letting a = b = ¢ — o0,
i.e. we would like to take the limit

K(r, & s,m) =
lim  (=3N)""*\/3N/4KL, .(r, [N/2+ &\/3N/4]; s, [ N/2 4 n\/3N/4]

N=a=b=c—o0

The factor (—3N)"~* cancels out in all determinants and is thus of no import. For s > r we get

S+ 2.2
(56) Kogisn = Y e Oy (e

J*—OO

and formally, if we ignore the fact that this turns into an infinite sum, for s < r we get

S+ 2.2
(5.7) K(r, & s,m) Z J, B g (€hoss (e € +7)/2,

This expression can be simplified Wlth the following lemma
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Lemma 5.6. Let H be the Heaviside function defined by equation [L1l) above. Then,

o0
2

(5.8) (@ —y)" H(z () hnsr(y)e™ .

(n+ k
pointwise for x # y.

The proof is given in section B

In view of this result, the infinite series in B converges and the kernel K is exactly the GUE
minor kernel KGUE, The interpretation of this is the following. The distribution of the blue
particles, properly rescaled, tends weakly to the distribution of the eigenvalues of GUE minors
as the size of the diamond tends to infinity, equation (LZ). The only thing needed to make this
a theorem is appropriate estimates of the Hahn polynomials to control the convergence to the
infinite sum.

6. PROOF OF LEMMAS

Proof of lemma . As the Hermite polynomials are orthogonal, there is an expansion of the
function in the left hand side of (&8) of the form

oo

(6.1) =y H@-y)= > culy)Ha(x),

n=—oo

where H,, is the n:th Hermite polynomial, as defined in for example [KS98|, and where the
coefficients are given by

(6.2) enly) = an, TITe / WV H (= y)Hy (2)e ™™ da.

It is known that e~ H,(z) = —d%(e_“”2 n—1(x)). Integration by parts and limiting the inte-

gration interval according to the Heaviside function gives

/ (x —y)* 1 H, (z)dx = / (k—1)(z —y)*2H,_(x)dx
y y
Repeating this process k — 1 times gives

(k — 1)!6_92Hn_k(y).

enly) = 2nnly/m
Hence,
(@—y) T H@—y) = > ;ﬁ;%m_k@)ﬂn(m)ﬁ
(6.3) e

— 1 Z nJrk ny.

O

Proof of lemma B3 Assume first that » < s. By proposition BI4 we have to consider the
integral

/ / NI N f(w) W PN (1= qu)? (w—g)™
(27i)? . oy wz—w 212N (1 —qz)" (2 —q)M”’
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where 7, is a circle around the origin with radius r oriented anticlockwise, ¢ < r; < re < 1/g,
and

(6.4) f(z) =log(z —q) = (1= ¢*) "' log 2.

(Here we have ignored the difference between aN + £v20N and its integer part.) Note that
f'(2) =0 gives z = 1/¢. This leads us to choose

1 2

q¢ ay/N/2’

and to deform ,, to a circle I" oriented clockwise around 1/¢ with radius 1/a+/N/2. The specific
choice of radii are convenient for the computations below. Choose

g(Tag,N):2—T/Qe—§2/2q—§\/m <L> .

ay/N/2

T =

Then,
(6.5) gg f; x)) V2bN KNG (r, |[aN 4+ £V2bN |; s, [aN +nV2bN])
_ s—rn2—¢2, (n—&)V2bN q o V2bN
= V2s—ren? =€ ¢(n=VIN <a N/2> (2mi)?
/ / NN W (1= qu)? (w — )
Yy WETW ZVN (1—(12) (z =@M’
Parameterize 7, by w(t) = re®fr —n/Exy <t <7/En, Ex = q/ay/N/2. We have
Re((u(0) ~ £(u(0) = 1n| 21 =1
_ —lln (1 n 2r1q(1 — cosENt))
2 (r1—q)?

< —5 ln (14 ¢*(1 —cos Ent)),
for N large enough. Since cosz < 1+ 2?/8 when |z| < 7, the last expression is

1
<-—3h (14 ¢*EXt*/8)) < —Ct*/N
for |t| < w/EN, where C' > 0 is a constant depending only on ¢. Hence,
(6.6) Re N(f(w(0)) - f(w(t))) < ~Ct*

for |t| < w/E, with C' > 0.
In the right hand side of (EX) we make the change of variables

(6.7) z=z(u)=1/qg—u/a\/N/2
with w on the unit circle oriented anticlockwise. We obtain the integral
w/E
(6.8) V2o rer @ - 2"1\[ / / N 1 N ()= (w(2)
7 w/EN VN/2(z(u) — w(t))

X(qw(t»"“f ¢\ a-qu) ) - o
(=) \ayNj2) (= az() Glw) — o)
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Note that ¢v/b/a = 1. Also,

(6.9) f(/g+h) = f(1/q) — a®h*/2+ O(h?)
for |h| small. Hence, for N sufficiently large,
(6.10) N(f(z(w)) = f(w(0))) = —u® + 4+ hy(u)/VN,
where hy (u) is bounded for |u| = 1. We have
—£V20N
(6.11) (qu(t) V>N _ < 2% )Wﬁ Q2int 1 _ qu o
(a2 /NP2 Ja/N T2

By the inequality (1 + x/n)™ < e® for x > —n, n > 1, the right hand side in (EI0) has a bound
independent of N. We also have

(6.12) ay/N/2|z(u) — w(t)| > 1
for u € y1, |[t| < n/EN, and
( q ) (1 qu(t)* (w(t) ~ g
ay/N/2 ) (1 —qz(t))" (2(u) — )™
for u € 41, |[t| < n/En, by @) and the definition of w(t).
It follows from (E0), @I0), @11), (1) and EIJ) that the part of the integral in ([EX)

where the t-integration is restricted to N'/3 < |t| < 7/Ey can be bounded by

CN3/? / e~ C at,
[t|>N1/3

which goes to 0 as N — co. When [t| < N'/? we have
a\/N/2

(6.13) < CN?/?

(6.14) (1 — qu(t)) — (2 —it)

Hence, for |t| < N'/3 we have the bound

L) = qu) (wt) —g)™
o1 <a~/_N/2> 0ozt G — o7 | =

and we see that the part of the integral in [B) where |[t| < N'/3 has a uniform bound for £, 7
in a compact set. This proves claim (2) in lemma BTH for r < s.

It also follows from (E6), (67), @3, EI0), EI0), €T, EI5) and the dominated conver-

gence theorem that the integral in ([E8) converges to

\/9s—Ten2—E2 s
(6.16) 2762775/ du/dt ;e2§u7u26(271'1&)27277(1;71'1&) (2 —1it) .
2T " —it—u

u?”

Now let v = 2 —it. Then we should integrate v along the line Rev = 2 from minus to plus
infinity. We obtain the integral

\/2s—Ten? 52/ e28u— u? /dt s
2(mi ur

ev 72771)

’U—U,

1

Expand (v —u)~" as a geometrlc series. This turns the expression into

\/7_2 00 25
297 7en ¢ /du u— /d’UUS k—1 eV 2 _ono
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and we recognize the classical integral representations of the Hermite polynomials. The expres-
sion now becomes

> s—k—1)! s
Z Qhrfkfl(g)hsfkfl(n) 675277727
(r—k—1)!
k=0
which proves claim (1) in the lemma in the case r < s.
We now turn our attention to the case r > s. Deforming the w-contour through the z-contour

in (B3), we get the same integral as above save for a residue that we pick up at z = w. This is
™

1 ei(y*w)H% do

27 J_, (1 — ge®?)r—s

We see that the argument above goes through for the remaining integral also when r > s. Using

the well known formula
1 S (n+k-1\ ,
TS ( k )

(6.17)

the integral in (EI4) becomes

I &K (r—s+k—1\ , [T iyt k)0
2772( i >q /_ﬂe de.

k=0

It is readily solved as

=y

(FotrvT ey iy <a
0 ify>a.

With our rescaling, © = aN + £v2bN and y = aN +7nv2bN and the factors g(r, &, N)/g(s,n, N)
we see that the integral in (GI7), this is
(6.18)

oo —OVEBN 4 yr—s D(r =5+ (E=mV2N)  (con)vaon e _
2 o Gz VN e v s - i H(E=n)

where H is the Heaviside function. As N — oo we get the limit
r—s—1

(6.19) ve’?z*ﬁz?*wfﬂé =),

(r—s—1)!
at least for £ # 1. The case £ = 7 is a set of measure zero and is not important. Together with
the result for the double integral this completes the proof of claim (1). It remains to show the
estimate in claim (2) in this case. But this is easy. The expression in ([EI8) is the exact solution
of integral (BI7), and since this is bounded in N for £, n in a compact set, claim (2) follows. O

Proof of lemma[{-3 Assume first that » < s. By proposition EETl we have to consider the integral

N/2/ I / dw 1 nGe- sy VI (1= w)® (1 42)
(27i)2 . yyy W Z— W z”'\/N_/zf -2y Aty

where 7, is a circle around —1 with radius r oriented anticlockwise, 1 <71 < 79 < 2 and

T2 T1

flz)= %hlz—ln(l—kz).

(Here we have ignored the difference between N/2 + £1/N/2 and its integer part.) In the proof
of lemma BTH we could chose the contours of integration as circles centred at the origin. This
cannot be done here.
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Note that f’(z) = 0 gives z = 1. This leads us to choose
2
N/8

and to deform ~,, to a circle I" oriented clockwise around 1 with radius 1/1/N/8. The specific
choice of radii are convenient for the computations below. Choose

g(r,&, N) = VN-Te €,

7’122—

Then,

b RTERAG, N2 + 6/ 3, LN/2 + 1/ BT2)

g(s,n, N

NS e / / N(f(z)*f(w))w“"” B ) N U0
(2mi)? ey W Z Lr+ey/N/2 (1 —2)7 (14 w)s

(6.20)

Parameterize ~,, by
(6.21) w(t) = —1 4 r BN,
for —n/Exn <t <7/En, En =1/y/N/2. We have

Re(f(w(0)) — f(w(t))) = %ln %‘
1 2r1(1 — cos Ent)
:—Zln<1+ (T1_1)2N >

1 1
< ~1 In <1 + 5(1 - COSENt))
for large enough N. Again cosz < 1 — 22/8 when |z| < , the last expression is

< —% In (1+ E3t?/16) < —C#*/N
for |t| < w/EN, where C' > 0 is an absolute constant. Hence,
(6.22) Re(f(w(0)) - f(w(t))) < —Ct*/N

for |t| < 7/Ep, with C > 0.
In the right hand side of ([E20) we make the change of variables

(6.23) z=z(u)=1—u/y/N/8

with u on the unit circle oriented anticlockwise, denoted y. We obtain the integral
w/E

(6.24) VN+rer-& LN ’EN / / N N(f (2(u))~F(w(1)))
TF/EN U)(t)

L )TV (1 —w() (L4 2()
(z(u))”‘f\/N_/Q (1= z(u))" (L +w(t))*!
Note that
(6.25) f(L+h)=f(1)—h?/8+ O(h?)
for small |h|. Hence, for N sufficiently large

(6.26) N(f(z(w)) = f(w(0))) = —u® + 4+ hn(u)/VN,



22 KURT JOHANSSON AND ERIC NORDENSTAM
where hy(u) is bounded for |u| = 1. We have

(w(t))s VN2
(2(u))T+EVNT2

for some constant C' > 0 depending on r. We also have

(6.28) VN/B|( t) >1

for uw € v and |t| < 7/Ey, and
A w(®) (42w
(6.29) ‘V G e

for u € v, |t| < w/En, by @23) and (G2Z1).
It follows from (622), €20), 2Z70), (2]) and (E29) that the part of the integral (E24)

where the t-integration is restricted to N'/3 < |t| < 7/Ex can be bounded by

S 035+n\/N/2

—r—&y/N/2
6.27) )

35 14+ny/N/2
N/8

< CNS/Z

CNS/238+’I’]\/N/ 7Ct2 dt,
[t|>N1/3

which tends to 0 as N — co. When [t| < N3 and u € v, we have

(w(t)* VT2
(6.30) T
and
(L w) (1L ()
(6:31) M =) 0 fw@)—1| =

where C' depends on s, r and 7 but is independent of N.
Hence, we see that the part of the integral in (E24)) where |t < N'/3 has a uniform bound
for £ and 7 in a compact set. This proves claim (2) for r < s.

It also follows from (622, (€23), (E23), (€20), €2]), E29), (E30), (E3T) and the dominated

convergence theorem that the integral in ([E24]) converges to

\/WL/CM/ dti.l 6(2_“)2_2(2_“)”6_“2”"57(2 —it)s,
2r? J, R (2—it)—u

uT

which is exactly the integral in (EI6). This proves claim (1) in the lemma in the case r < s.
For r > s we can deform the contours one through the other to get the same integral as we
solved above. On the way we pick up the residue of a pole at z = w. It is

(6.32) 1 fdw @y (LW
2mi ), w 1—w ’

where x = [N/2 4+ £y/N/2] and y = |[N/2 4+ ny/N/2|. The argument above goes through for
the remaining integral also when r > s. We see that if n > &, then  — y — —oo and this last
integral is zero. For simplicity, let k =r — s and § = y)/+/IN/2. The coefficient in front of
w’ in the expansion of [(1 4+ w)/(1 — w)]¥ is

L[t () z<><>

=0
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One then sees that the i = k term dominates when N is large.

Il

i=0

(6.33) < CNF 1L

Keeping only the i = k term and plugging in our rescaling and the factors g(r, &, N)/g(s,n, N),
we see that the integral in [E32) is

(6.34) Ve =€ Ns—r/N/22"~* (5 v N/i “_L i(iz 5~ 1) H(—n)

for £ > n. When & # 7 this tends to
Vereg=sE e )
(r—s—1)! g

as N — oo which together with the corresponding result for the double integral settles claim (1)
in the case r > s.

Claim (2) in this case follows from the corresponding result for the double integral,[833) and
the boundedness of the expression in (E34). O

APPENDIX A. ASYMPTOTICS FOR HAHN POLYNOMIALS
The Hahn polynomials, as they are defined in [KS98§], satisfy
N
a+z\(B+N—-=z o,
> ( ) ( v )Qm(x;a,ﬂ,N)Qn(x;a,ﬁ,N) = ()6 m
=0 x — X

where
(d(aﬁ))Q _ (—1D)"(n+a+ B+ 1)yi1(B+1),n!
nN 2n+a+ B+ 1)(a+1),(=N),N!"

The Hermite polynomials are defined as usual:

1 n
(A.1) NG /R Hy(2)Hyp (2) dz = 27018,

With this notation, the following well known limit theorem holds.

Theorem A.1. Let 0 <p <1 and~y >0. Let & = |pN +z/2p(1 —p)N(1 +~~1)] and

o) ()

(A2) En(m) = fn,NQn(i‘;'YpNa’Y(l _p)Nv N)
Then

uniformly on compact sets.

Proof. The idea is induction on n. To start with, Qo(y,«,3,N) = 1 and we actually have
Ey(z) = Ho(x). For n =1,
24+ a+0

Q1(y,04,ﬂ,N) :1—m$
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SO

Ei(z) = —\/2N (ﬁ) (ﬁ) (1 _ ﬁ (pN + V21— p)N(T + 71)33))
=...=Hi(z) + O(VN-).

Now assume that the theorem is true for n and n — 1. We wish to show that it is true for n + 1.

There are three term recursion formulas for both Hahn and Hermite polynomials. Let
n+a+pf+1)(n+a+1)(N—n)
Cn+a+8+1)2n+a+3+2)
nn+a+F+N+1)(n+p)

a, =

Cp= .
Cn+a+B)2n+a+B+1)

Then
(A.3) AnQni1(z) = (Ap + Cn — 2)Qn(z) — CrQn-1(x)
(A4) Hy1(z) = 2¢H,(z) — 2nH,—1 ().
Solving ([A2) for Q,, and inserting into ([(A3)) gives after some simplification the following:

fn+1 N On i‘ fn+1 N Cn
A. E, = : 1+ ——— ) Ey(z) — — — B .
( 5) +1(m) fn,N i An An (m) fnfLN An 1(m)
Observe that under our scaling,

A, =pN+O(N")
1 1-—

v

Inserting this into equation ([(AH)) and doing some manipulations gives
Enia(2) = (20 4+ O(N"Y3)) Bu(2) + (20 + O(N %)) Eya(a),
which with our induction assumption is
= 22H,(z) + 2nH, _,(z) + O(N~'/?)
= Hp1(x) + O(N~Y2).
This completes the proof. O

Applying Stirling’s approximation to dgﬁ, fn.n and the weight function wg\?’ﬁ ) (x), it is easy

to show that
Corollary A.2. As before, T = pN + 2/2p(1 — p)N(1 +~71).

(A.6) V2= NI+ Dy @)y wy’ (@) — (~1)ha(w)e ™/
as N — o0 if /N — pvy and B/N — (1 — p)y.
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