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Abstract: We give a closed form for the correlation functions of ensembles of a class
of asymmetric real matrices in terms of the Pfaffian of an antisymmetric matrix formed
from a 2 x 2 matrix kernel associated to the ensemble. We apply this result to the real Gin-
ibre ensemble and compute the bulk and edge scaling limits of its correlation functions
as the size of the matrices becomes large.
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1. Introduction

The principal subject of this paper is the Ginibre ensemble of real random matrices —
square real valued matrices with i.i.d. normal entries. Random matrix models have been
very successful in describing various physical phenomena. (See e.g. [17] and references
therein.) Physical applications of the Ginibre ensembles are described in [14,18] and
[13]. Mathematically, the ability to analyze spectra of random matrices is largely based
on determinantal or Pfaffian formulas for spectral correlations that have been derived
for a variety of models. The real Ginibre ensemble is one of the few models for which
such formulas remained unavailable for over 40 years (the model was introduced by
Ginibre in 1965 [15]). The goal of this paper is to prove Pfaffian formulas for all the
correlation functions of the real Ginibre ensemble and to evaluate their bulk and edge
scaling limits.

The algebraic techniques that we use were developed in a recent work of the
second author [22]. Starting from that paper, Forrester and Nagao [13] have indepen-
dently obtained similar Pfaffian formulas for correlations and constructed certain skew-
orthogonal polynomials necessary for the asymptotic analysis. We take the next step
and obtain the asymptotics of the correlation functions using these polynomials. Some
of the results presented here have been independently developed by Sommers [24]—in
particular he produces a Pfaffian formulation for the 2-point correlation functions and
some of their scaling limits in the bulk. Some further results of Sommers and Wieczorek
on the correlations of the real Ginibre ensemble appear in [25].

In the algebraic part of this paper we consider a general class of probability measures
that includes the real Ginibre ensembles and ensembles arising in the study of Mahler
measure of polynomials; the latter are of interest in number theory, see [23]. We show
that the correlation functions for an ensemble from this class can be expressed as the
Pfaffian of a block matrix whose entries are expressed in terms of a 2 x 2 matrix kernel
associated to the ensemble. We find much inspiration from Tracy and Widom’s paper
on correlation and cluster functions of Hermitian and related ensembles [29]. However,
instead of using properties of the Fredholm determinant to calculate the correlation func-
tions via the cluster functions, we use the notion of the Fredholm Pfaffian to determine
the correlation functions directly. A Pfaffian analog of the Cauchy-Binet formula intro-
duced by Rains [21] lies at the heart of our proof. For completeness we will include
Rains’ proof here. In place of the identities of de Bruijn [7] used by Tracy and Widom
we will use an identity of the second author [22] to compute the correlation functions
for ensembles of asymmetric matrices. Rains’ Cauchy-Binet formula has applicability
in a wider context than just the determination of the correlation function for ensembles
of asymmetric matrices, and we will use it to give a simplified proof of the correlation
function of Hermitian ensembles of random matrices when 8 = 1 and 8 = 4.

We then apply our theory to the real Ginibre ensemble. It is known (see [2,8,9,16])
that the density functions of real and complex eigenvalues is approximately constant on
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(—\/N NN ) and the disc of radius VN respectively (here N is the size of the matri-
ces). We study the local correlations of eigenvalues in four different regions: near a real
point uv/N with —1 < u < 1 (real bulk), near ++/N (real edge), near a (non-real)
complex point u~/N with |u| < /N (complex bulk), and near u~/N with |u| = /N,
Im(u) # 0 (complex edge). Four different limit processes arise, and we compute their
correlation functions explicitly. The complex bulk and edge limits turn out to be the
same as in the case of the much simpler complex Ginibre ensembles. The correlations of
real eigenvalues in the real bulk region were obtained in [13] and the density functions
were computed earlier using different techniques [8,9]. All other results appear to be
new.

The paper is organized as follows. Sect. 2 introduces necessary notation. In Sect. 3,
we introduce a class of ensembles relevant for our study. In Sect. 4 we show that the
real Ginibre ensemble and the ensemble related to Mahler measure fall into this class.
In Sect. 5, we introduce the correlation functions. In Sect. 6 we construct the correlation
kernel, and in Sect. 7 we state how the correlation functions are expressed through that
kernel. Sect. 8 contains statements of asymptotic results as well as the limiting cor-
relation kernels. Sect. 9 contains the proofs. Appendix A shows how to apply Rains’
Cauchy-Binet formula to the 8 = 1, 4 Hermitian random matrix ensembles. Appendix B
contains the proof of Rains’ formula. In Appendix C we compute the bulk and edge limits
of the complex Ginibre ensemble. (We thank the referee for providing a reference, [11],
for the results in Appendix C—we include them here for completeness.) Appendix D
provides plots of the first and second correlation functions in various limit regimes.

2. Point Processes on the Space of Eigenvalues of R XV

We start rather generally since the results in this manuscript can be used to describe not
only the statistics of eigenvalues of ensembles of real matrices but also the statistics of
roots of certain ensembles of real polynomials. We begin with random point processes
on two-component systems. .

Let X be the set of finite multisets of the closed upper half plane H C C. An element
£ € X is called a configuration, and X is called the configuration space of H. Given
a Borel set A of H, we define the function Ny : X — Z=0 by specifying that N4 (£)
be the cardinality (as a multiset) of (§ N A). We define X to be the sigma-algebra on X
generated by {\V4 : A € H Borel}. A probability measure P defined on X is called a
random point process on X.

For each pair of non-negative integers (L, M) we define X1 to be the subset of X
consisting of those configurations & which consist of exactly L real points and M points
in the open upper half plane H. That is,

Xpm = (& € X 1 Np(®) = Land Ny (§) = M)

Clearly, X1, p is measurable and X can be written as the disjoint union

Given a point process P on X, we may define the measure Py, p on X by Pr y(B) :=
P(BN X, m)foreach B € . The measure P, js induces a measure on Xz, 7 (and we
will also use the symbol Py, s for this measure).
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Given a matrix Y € R¥*V there must be a pair of non-negative integers (L, M)
with L + 2M = N such that, counting multiplicities, Y has L real eigenvalues and M
non-real complex conjugate pairs of eigenvalues. By representing each pair of complex
conjugate eigenvalues by its representative in H, we may identify all possible multisets
of eigenvalues of matrices in RV *" with the disjoint union

Xy = U X1 m. (2.1)
(L.M)
L+2M=N
Similarly, we may identify all possible multisets of roots of degree N real polynomials
with this disjoint union. Thus, when studying the statistics of eigenvalues of ensembles
of asymmetric real matrices (respectively of the roots of degree N real polynomials) we
may restrict ourselves to random point processes on H which are supported on the dis-
jointunion givenin (2.1). That is, the eigenvalue statistics of an ensemble of real matrices
is determined by a set of finite measures P,y on X,y for each pair of non-negative
integers (L, M) with L +2M = N. In this situation we will say that P is a random point
process on X y associated to the family of finite measures {Pr p : L +2M = N}.
From here forward we will assume that L, M and N are non-negative integers such
that L+2M = N, and a sum indexed over (L, M) will be taken to be a sum over all pairs
satisfying this condition. Moreover, when we refer to a point process we will always
mean a point process on X y.

3. Point Processes on X y Associated to Weights

In this section we will introduce an important class of point processes associated to
Borel measures on C. We will be particularly interested in measures which are a sum of
two mutually singular measures: one of which is absolutely continuous with respect to
Lebesgue measure on R and one which is absolutely continuous with respect to Lebes-
gue measure on C. The corresponding densities with respect to Lebesgue measure will
allow us to construct a weight function which uniquely determines the associated point
process on X . Point processes of this sort arise in the study of asymmetric random
matrices and the range of multiplicative functions on polynomials with real coefficients.

It will be useful to distinguish non-real complex numbers and we set C, = C\R.

We start rather generally by constructing measures on X _3s from measures on RL x
(C*M . The benefitin doing this is that it allows us to express important quantities associated
to point processes (averages, correlation functions, etc.) as rather pedestrian integrals
over RE x CY . To each (o, B) € RE x CM we associate a configuration in X,y given
by

{a, B} :={at, ..., Bis..., Bul, where B = {Bm, Bm}N H.

A given configuration £ € Xy may correspond to several vectors in R x CM and
we will call {(a, B) : {, B} = &} the set of configuration vectors of &.

A function F on Xy p induces a function on RL x (C*M specified by («, 8) —
F{o, B}, and given a measure vy, 3 on REL x (C*M there exists a unique measure Pz,
on X1y specified by demanding that

1

/X PP = [y

/ Fla, BYdve m(a, B), (3.1)
RLxCM
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for every X-measurable function F on X. The normalization constant L!M!2¥ arises
since a generic element & € X s corresponds to L!M!2M configuration vectors. By
specifying measures vy _p; on RL x (CQ’I for all pairs (L, M) and normalizing so that the
total measure of Xy is 1, we define a point process on X .

A very important class of point processes arises when we demand that the various
vz, m are all related to a single measure on C. Given a measure v; on R and a measure v,
on C,, we set v to be the measure vy + v on C. We will write vy, for the product measure
of v; on RE and vy will be the product measure of v, on CM, By combining vy and
Vo with a certain Vandermonde determinant we will arrive at the desired measures on
RE x CY. Given a vector y € CV we define V() to be the N x N matrix whose n, n’

entry is given by y,f‘/’l. We will denote the determinant of V (y) by A(y), and define
the function A : RL x CM — C by

A(“?ﬁ) := A(al’ ""aL’ﬂl’E’ "’7ﬁM7ﬁ_M)'
Using these definitions we set vy, s to be the measure on RE x (CQ’I given by

dUL,M

_ M
AL X va) (, B) =27 |A(a, B)I, (3.2)

and we will write PZ’ oy for the measure on X, ps given specified by vz a asin (3.1). If
PZ, »y 18 finite for each pair (L, M), then we set

1
PV = - Z Py Where ZV:= Z Pr oy (XL.m)-
(L.M) (L.M)

We will call PV the point process on X y associated to the weight measure v and Z" will
be referred to as the partition function of P".

We set A1 and A, to be Lebesgue measures on R and C respectively and let A := Aj+2X,.
If there exists a function w : C — [0, o0) such that v = wA (by which we mean
dv/d) = w), then we will call w the weight function of P”. In this situation we set
Py’ y = P] y and define P* and Z" analogously. If P¥ has weight function w then

dl)L,M M L M

e @B =2 {Ew(w,ﬂ w(ﬂm)] INCHIP (3.3)
and we define Q7 s : RE x CM to be the function given on the right-hand side of (3.3).
The collection {27, p : L +2M = N} plays the role of the joint eigenvalue probability
density function, and we will call €27, » the L, M-partial joint eigenvalue probability
density function of P".

4. Examples of Point Processes Associated to Weights

Point processes on X y associated to weights arise in a variety of contexts. It is often the
case that the weight function w is invariant under complex conjugation. In this situation,
there necessarily exists some function p : C — [0, co) such that

1 162) ify eR;
w(y) =
ppy) ify eC,.
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When it exists, we will call p the root or eigenvalue function of P¥ (depending on
whether P" models the roots of random polynomials or eigenvalues of random matri-
ces). The root/eigenvalue function is often a more natural descriptor of P¥ than w. In
this situation we will write P'°! and Z[*! for P* and Z".

4.1. The real Ginibre ensemble. In 1965 J. Ginibre introduced three ensembles of ran-
dom matrices whose entries were respectively chosen with Gaussian density from R, C
and Hamilton’s quaternions [15]. The real Ginibre ensemble is given by RV >V together
with the probability measure n given by

N2 _ T
dn(Y) = Qu) N2 g5 0w (Y),

where Ay« n is Lebesgue measure on RN*N_ This ensemble has since been named
GinOE due to certain similarities with the Gaussian Orthogonal Ensemble. Among
Ginibre’s original goals was to produce a formula for the partial joint eigenvalue proba-
bility density functions of GinOE. He was only able to do this for the subset of matrices
with all real eigenvalues. In the 1990s Lehmann and Sommers [19] and later Edelman
[8] proved that the L, M-partial eigenvalue probability density function of GinOE is
given by Q1. for the eigenvalue function

Gin(y) := exp(—y?/2)y/erfc(v/2[Im(y))).

Consequently, the investigation of the eigenvalue statistics of GinOE reduces to the study
of PlGin],

4.2. The range of Mahler measure. The Mahler measure of a polynomial

N N
f) =D anx™ " =ao [[(x =) (4.1)
n=0

n=1

is given by

1 ' N
n(f) = exp [/0 log ’f(ez’”e)‘ dQ] = lao [ [ max{1, [yal}.
n=1

The second equality comes from Jensen’s formula. Mahler measure arises in a number
of contexts, i.e. ergodic theory, potential theory and Diophantine geometry and approx-
imation (a good reference covering the many aspects of Mahler measure is [10]). One
problem in the context of the geometry of numbers is to estimate the number of degree
N integer polynomials with Mahler measure bounded by 7 > 0 as T — oo. Chern and
Vaaler produced such an estimate in [6] using the general principal that the number of
lattice points in a ‘reasonable’ domain in R¥*! is roughly equal to the volume (Lebesgue
measure) of the domain. That is, if we identify degree N polynomials with their vector
of coefficients in R¥*! and use the approximation,

#{g(x) € Zlx] :degg = N, u(g) < T} = An+1{g(x) € R[x] : degg = N, n(g) <T}
=TV nsi{g(x)eRx] : degg=N, u(g) <1},
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then the main term in the asymptotic estimate Chern and Vaaler were interested in can
be expressed in terms of the volume of the degree N star body of Mahler measure,

Uy = {g(x) € R[x] :degg = N, u(g) < 1}. (4.2)
The volume of this set is given by

2

Vi AN (4.3)

where /() = max({1, |y|}~V~! [6]. Consequently, the volume of the star body which
leads to an asymptotic estimate of interest in Diophantine geometry essentially equals
the partition function for the random point process P11,

4.3. The range of other multiplicative functions on polynomials. We can generalize the
Mahler measure by replacing the function y +— max{1, |y |} with other functions of y.
Given a continuous function ¢ : C — (0, oo) which satisfies the asymptotic formula,

o) ~lyl as |yl — oo, (4.4)

we define the function ® : C[x] — [0, co) by

N N
@ ao [ [ = yw) > laol [T o).

n=1 n=1

The function @ is known as a multiplicative distance function (so named because it
is a distance function in the sense of the geometry of numbers on finite dimensional
subspaces of C[x]). The asymptotic condition in (4.4) ensures that @ is continuous on
finite dimensional subspaces of C[x] (one of the axioms of a distance functions).

We define the degree N starbody of ® in analogy with (4.2):

Un(P) = {g(x) € R[x] :degg = N, ®(g) < 1}.

In this situation the volume of Uy (P) equals

2
ANH(uN(cb)):mZW', where ¥ (y) =¢(y) VL

We may discover further information about the range of values ® takes on degree
N real polynomials by considering the point process on X y corresponding to the root
function ¥ (y) = ¢(y)~° foro > N. The partition function of P!V is therefore a func-
tion of o, and Z¥1(0) is known as the degree N moment function of ®. In fact, we may
extend the domain of real moment functions to a function of a complex variable s on the
half-plane Re(s) > N. Moreover, in this domain Z[¥1(s) is analytic. Any analytic con-
tinuation beyond this half-plane gives information about the range of values of ® which
may not be realizable by other methods. For instance, when v (y) = max{1, |y|}~*,
Chern and Vaaler discovered that Z[¥1(s) has an analytic continuation to a rational
function of s with rational coefficients and poles at positive integers < N [6]. Similar
results have been found for moment functions of other multiplicative distance functions;
see [23].
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5. Correlation Measures and Functions

Suppose ¢ and m are non-negative integers, not both equal to 0. Then, given a function
f :REx C" — C, we define the function Ff : Xy — C by

Fre)= Y. fx2),

{x,z}<C&

where the sum is over all (x, z) € R? x C7" such that {x, z} C &. We take an empty sum
to equal 0, and thus if § € X p with L < £or M < m, then Fy(§) = 0.

Given a point process P on X y, if there exists a measure p; ,,, on R¢ x C”" such that
for all Borel measurable functions f,

/ fX,2) dpg.m(x, 2) =/ Fr(&)dP (&), (5.1
RExCY X

then we call p; ,, the (¢, m)—correlation measure of P. Furthermore, if pg_, has a density
with respect to A¢ X Ao, then we will call this density the £, m—correlation function of
‘P and denote it by Ry ,,,. By convention we will take Rp o to be the constant 1.

Proposition 1. %(x, z) equals

z > 1 / / |A(xVe, zv )| dvp (@) d ()

— XxVo,Z vi_p(a)dvypy— ,

Zv = (L—0O\M—m) e aRatm
L, RL—€ CM-m

where x V o € RL is the vector formed by concatenating the vectors x € RY and
o € RE7C (and similarly for zv B € CY).

Corollary 2. If v = wA, then Ry , (X, Z) equals

1 1
zZw 2 (L — )M — m)12M—m
(L, M)
L>¢.M>m

« / / QL v (xvat, 2v ) dhp_e(@) dhaa—m) (B).
RL*ZCMfm

Proof of Proposition 1. Assume that L > ¢ and M > m, from (3.1) and (3.2),
1

g L =T F A . (52

/XL,M F &) dPLuE) L!M!/RL/CQ/I rloe, BYA(ee, B)ldvr (@) dvoy(B).  (5.2)

The function («, 8) +— |A(e, §)| is invariant under any permutation of the coor-
dinates of o and B, since such a permutation merely permutes the columns of the
Vandermonde matrix. Similarly, replacing any of the coordinates of § with their com-
plex conjugates merely transposes pairs of columns of the Vandermonde matrix. That
is, if (&, B) and (a’, B’) are elements in R x CM such that {a, B} = {&’, B}, then
|A(e, B)| = |A(a’, B')|. Moreover, if any of the 8 are real, then the Vandermonde
matrix has two identical columns and is therefore zero. We may thus replace the domain
of integration on the right-hand side of (5.2) with RL x CY. In fact, we may assume
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that the domain of integration on the right-hand side is over the subset of RY x CM
consisting of those vectors with distinct coordinates.
Now,

Frle,pi= >  f(x2).
{x.z}C{a, B}

Assuming that the coordinates of (a, B) are distinct, and if (x, z) € R® x C is such that
{x,z} C {a, B} we may find a vector (a, b) € RE~¢ x CY~ such that (x vV a,z Vv b)

is given by permuting the coordinates of (e, ). Clearly |A(e, )| = |[A(XV a,z Vv b)|
and

dvp(a) dvoy (B) = dve(x) dvr—¢(a) dvy (2) dvy—pm (b).

These observations together with an application of Fubini’s Theorem imply that (5.2)
can be written as

1
LIM! /Rz/m{xzz}f(x’z)

X / /|A(X\/a,z\/b)|de_g(a)de_m(b) dve(x) dvy, (z).
RL-¢ CM—m

Now, it is easily seen that there are

()

vectors corresponding to each {x, z}, and thus we find

/ Fr(6)dPy (&) = / / F(x.2)
XM Rt JCm

2m

m/ /|A(x\/a,z\/b)lde_g(a)de_m(b) dve(x) dvy, (z).

RL—¢ CM—m

The proposition follows since

1
/ Fr&dP €)= — > / Fr(&)dPy} 4 (&).
X (L,M) XL,M

O

From here forward, and unless otherwise stated, (¢, m) will represent an ordered pair
of non-negative integers such that £ + 2m < N.
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6. A Matrix Kernel for Point Processes on X

From here forward we will assume that NV is even.
Let P" be the point process on Xy associated to the weight w, and as before let
v = v1 + vo. We define the operator €, on the Hilbert space L (v) by

1
5/ g(y)sgn(y —y)dvi(y) if y eR,
€g(y) = R

ig(y) sgn(Im(y)) if yeC,,

and we use this to define the skew-symmetric bilinear form on L?(v) given by (-|-),,
(glh)y = [Cg(y)evh(y) —€g()h(y)dv(y).

If v = wA then (g|h), = (§|i~z)k where, for instance, ﬁ(y) =h(y)w(y).

Theorem 3. Let q = {qo(¥), q2(¥), ..., qn—-1(y)} S Rly] be such that each q, is
monic and deg g, = n. Then,

Z" =Pf Uy, (6.1)
the Pfaffian of Uy, where

U(‘; = [{gnlgn)v]; n,n’=0,1,...,N— 1.
We will call q a complete family of monic polynomials.

Remark. It is at this point that it is necessary that N be even, since the Pfaffian is only
defined for antisymmetric matrices with an even number of rows and columns. A similar
formula to (6.1) exists for Z" in the case when N is odd; see [22]. However, we have not
pursued the subsequent analysis necessary to recover the correlation functions in this
case.

Theorem 3 follows from results proved in [22]. In fact, [22] gives a formula for the
average of a multiplicative class function over the point process on X y determined by the
weight function of the real Ginibre ensemble. However, the combinatorics necessary to
arrive at such averages is independent of any specific feature of Gin(y) and the measure
on C specified by Gin(y)dA(y) can formally be replaced by any measure v.

In order to express the correlation functions for the point process P associated to the
weight w we will define 7 to be a measure on C given by a linear combination of point
masses, and then use the definition of the partition function and properties of Pfaffians
to expand both sides of the equation

Zw(k+)7) 1
i = P Uy, (6.2)

The coefficients in the linear combination defining 1 appear again in terms on both sides
of the expanded equation, and after identifying like coefficients on both sides of the
expanded equation we will be able to read off a closed form for the correlation functions
in terms of the Pfaffian of a matrix whose entries depend on a 2 x 2 matrix kernel.
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In order to define the 2 x 2 matrix kernel for P*, we let q be a complete family of
monic polynomials, and we define

an(y) = qu(y)wly) n=0,1,...,N—1 (6.3)
‘We then define
N—1N-1
SNV =2 D0 Dt @ (V) G (V)
n=0 n'=0

where we define u, , to be the n, n’ entry of (U('f )_T. Similarly we define,

N—-1N-1

ISNG, Y)Y =2 D taw €2 (¥) 613w (V)
n=0 n'=0

and

N—-1N-1

DSN(,Y) =20 D o G () G (V).

n=0 n'=0

Remark. The functions Sy, ISy and DSy can be shown to be independent of the family
q. By setting q to be skew-orthogonal with respect to the bilinear form (-|-), we arrive
at particularly simple representations for these expressions.

Finally, in order to define the matrix kernel P" we define the function £ : C? - (- % ,

0, 3} by

1 )
o) 5 sgn(y —y") ify,y eR;
v.v) =
0 otherwise.

The matrix kernel of P¥ is then given by

n._ [DSn(r. v Sn(y,v")
Kntry)= |:_SN(V/7 V) ISn(y. v +E(y, V’)] ' 64

Remark. The explicit N-dependence of K and its constituents is traditional, since one
is often interested in the N — oo asymptotics of Ky .

7. Correlation Functions in Terms of the Matrix Kernel

We may state one of the main results of this manuscript.

Theorem 4. The £, m—correlation function of P¥ is given by

Ky(xj,xjr) Kn(xj,zp)
Ry (x,2) = Pf i . '
t.m(X, 2) |:KN(Zk,xj’) Ky (zk, zx')
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Remark. The matrix on the right-hand side of this expression is composed of 2 x 2
blocks, so that, for instance, the first row of 2 x 2 blocks is given by

[Kn(x1,x1) ... Ky(xi,xe) Ky(xiozi) ... Kn(xr, zm)].
We define the measure § on C to be the measure with unit point mass at 0. Given
U real numbers xi, x2, ..., xy and V non-real complex numbers, z1, z2, ..., 2y, We

define the measure n by

U \%
dn(y) =D a,ds(y —x,)+ D by (d8(y —z0) +ds(y — 7)),

u=1 v=1

where ay, a», ...,ay and by, by, ..., by are indeterminants. It does no harm to assume
that U and V are both greater than N. By reordering and renaming the x, z, a and b we
will also write

T

dn(y) = > e dd(y — y),

=1
where we define
_ ds(y —y) ify e R;
db(y - y) = .
ds(y —y)+dé(y —y) ifyeC,.

Clearly T=U + V.

As we alluded to previously, the proof of Theorem 4 relies on expanding Zw*+7) / z®
in two different ways and then equating the coefficients of certain products of ¢y, ¢, . . .,
cr. One of the expansions of Z***") / Z* comes from Theorem 3, while the other comes
directly from the definition of the partition function.

Proposition 5.
Zw (A+n)
Z w

:Pf(J+[A/C[C[’KN(yl,y[/)]); t,t'=1,2,...,T, (7.1)

where J is defined to be the 2T x 2T matrix consisting of 2 x 2 blocks given by

J:: I:a”’/|:—01(1)i|j|’ t,t=1,2,...,T.

Remark. The Pfaffian which appears in (7.1) is an example of a Fredholm Pfaffian. This
is the Pfaffian formulation of the notion of a Fredholm determinant and is discussed in
[21].

We defer the proof of Proposition 5 and Proposition 6 until Sect. 9.
For each (¢, m) and (L, M) we define the £, m, L, M-partial correlation function of
P tobe Rpm.1.m : RE x C™ — [0, 00), where

Rem,.m(X,2) :=
1
(L—0)! (M —m)2M=—m

/ / QruxVva,zVv B)dip_¢(o)drym—m)(B).

RL—t CM—m
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When ¢ =m =0, wetakex Va =a andz Vv § = B, so that Ry 0,1, m 1S a constant
equal to Py (X1 m). The partial correlation functions are related to the correlations
functions by the formula

1
Rem®2)=—00 > Remim(X.2), (7.2)
(L,M)
L>¢,M>m
and thus the partial correlation functions are one path to the correlation functions. Equa-
tion (7.2) is still valid when £ = m = 0, though the constituent correlation ‘functions’
are actually constants.

The partial correlation functions of PIGI"] of the special forms Ry, ys.0.p and Ro_y 0.1
have been studied by Akemann and Kanzieper in [1 and 18]. For general weight func-
tion w, the partial correlation functions of the form Ry ¢ .0 are (up to normalization)
equal to the correlation functions of the 8 = 1 Hermitian ensemble with weight w. This
connection will be exploited in A.

Before stating the next proposition we need a bit of notation. Given non-negative

integers n and W, we define 3,‘;‘/ to be the set of increasing functions from {1, 2, ..., n}
into {1, 2, ..., W}. Clearly if W < n then 3 is empty. Given a vector a € CV and an
element u € )V, we define the vector ay, € C" by ay = {dy(1), @u@)s - - - » Qun)}-

Proposition 6. For each pair (L, M),

1
LIM12M /]RL /M QLmle, BdG+m)L(e)d(d+n2m(B)

= Z Z Z Z Hau(/) an(k) Rem,L,.m Xy, Zy).

=0 m=0 3V vedy | =1
Remark. We will use the convention that
0 0
2 [Mai =2 [Trew =1
uedy J=1 vedy k=1

This will allow us to keep from having to deal with the pathological correlation ‘func-
tions” Ro.0,1.m and Ro o separately.

Proposition 7. Suppose K : {1,2,..., T} x{1,2,...,T} — R2%2 s such that
K@, 1) ==K, 0,
and define K to be the 2T x 2T block antisymmetric matrix whose t,t' entry is given
by K (t,t'). Then,
T
PIJ+K]=1+> > PfKy (7.3)
S=1 e

where for each t € 3L, Ky is the 28 x 28 antisymmetric matrix given by

=[K{(s), ts)]; 5,8 =1,2,...,8.
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Proof. This is a special case of the formula for the Pfaffian of the sum of two antisym-
metric matrices. See [23 or 26] for a proof. O

Using these lemmas we may complete the proof of Theorem 4. First notice that
Proposition 6 and (7.2) imply that

= Z Z Z Hau(ngn(k) Ry m (Xy, Zy). (7.4)

tm) ue3¥ vedy | J=1

Zw(k+;7)

This follows by summing both sides of the expression in Proposition 7 over all (L, M)
and then reorganizing the sums over (L, M), £ and m.

Given u € 3%1 and v € ’J,‘; we define (u:v) to be the element in JV*V

L+m

given by

| um) if n<¢
Vo)) = HZ+n(n) it n> .
Notice thateach t € Jg is equal to (u Vv v) for some u € jU andv € JV with£+m = §S.
(This does not preclude the possibility that either U or V equals 0,1in Wthh caset=1v
or t = u.) It follows that we can rewrite (7.3) as

PIIJ+K)= > > > PfKuv).

(€,m) U %
L+m<T uej vej

If we set K (¢,t") = Jcicp Kn(yr, yir), then

l m
Kn ey, Xuin) KnGuwys Zow?y)
PfK = : Pf
(uvb) H au(j) 1:'1: bt)(k) [KN(ZU(H)v xu(k/)) KN(ZU(n), Zt)(n’)) s

where k and k’ are indices that run from 1 to £ and n and n’ are indices which run from
1 to m. Thus, Pf(J + K) equals

4 m
Ky Gougeys Xuwry) Kn Gy Zom’y)
; b Pf , (7.5
Z Z z Ha”(’)H ok [KN(Zn(n)vxu(k/)) KN (Zom), 2o(n')) (75)
(€m) ues¥ vedy =1 1

+m<T

and Theorem 4 follows by equating the coefficients of Hﬁ.:] aj [T br in (7.4) and
(7.5).

8. Limiting Correlation Functions for the Real Ginibre Ensemble

We now turn to the large N asymptotics of the matrix kernel for the Ginibre ensemble
of real matrices. In fact, we maintain our restriction to the case where N = 2M is even,
and consider the asymptotics of K>3 as M — oco. Throughout this section we will take
¢ to be the function given by

9 (y) = exp(—y?/4 - 72/4>\/erfc (v2im@)).

Notice that, since erfc(0) = 1, when y € R this reduces to exp(—y?/2).
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The skew-orthogonal polynomials for this weight are reported in [13] to be

2m+1 2m—1

Tom (V) =¥ momsi(y) =y —2my

with normalization (72, |[T2m+1)y = 2+4/27w(2m)!. A detailed account of the derivation
of these skew-orthogonal polynomials will appear in [12].
The skew-orthogonality of these polynomials and formulas from Sect. 6 imply that

! Fom (V) TFams1 () = Tamet (V)€ Fom (7)

Som(y,y') = J_ Z o) . @B
DS (y. y)) = Z Tom (V) Tom+1 (¥ ()2;;2m+1(y)ﬂ2m()/ ) 8.2)
ISon(r.y') = \/_ Z exﬂzm(y)ewzmu()f ()2;1)6!A7T2m+1(y)6)»7[2m(y ). 83)

The correlation functions are all of the form Pf K for an appropriate matrix K whose
entries are given in terms of (8.1), (8.2) and (8.3). If D is a square matrix such that the
product DKD' makes sense, then Pf (DKDT) = Pf K -detD. And thus, if detD = 1 we
have Pf K = Pf(DKDT). That is, we may alter (and potentially simplify) the presenta-
tion of the Pfaffian representation of the correlation functions by modifying K in this
manner by a matrix with determinant 1. When D is diagonal, the process of modifying
K by D preserves the block structure of K. That is, the effect of modifying K by D
affects changes at the kernel level and the correlation functions can be represented as
the Pfaffian of a block matrix (c¢f. Theorem 4) with respect to a new matrix kernel Ky
dependent on K and D. This will allow us to write the correlation functions of the real
Ginibre ensemble in the simplest manner possible by ‘factoring’ unnecessary terms out
of the kernel.

It will be convenient to define cy, s)r and eps to be the degree 2M — 2 Taylor
polynomials for cosh, sinh and exp respectively. Explicitly,

M-1 2m M-1 2m—1

Y 14
cem(y) = —,  suy) = —_—

and
2M=2 .

en(y) = en)+su) = X Lo
=0 '

Theorem 8. The £, m—correlation function of the real Ginibre ensemble of 2M x 2M
matrices is given by

. ,
Rem(x,z) = Pf [K2M(xwx/) Kom(x), Zkf)} I = i,g,:::,ﬁ,

Kom (zk, xj1) Kom(zks 2k7) he=1,2,....m,
where
= DSam(y.v") Somy,v) ]
Bop(y. vy = |72 _
2 (v 7) [—Szwc V) TSom (. y) + £,y

is given as follows. Let x, x’ € R and z, 7/ € C*, then:
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1. The entries in the real/real kernel, EzM (x, x"), are given by
/)2

~ ) ’
o Soy(x,x) = %e_“ ey (xx") +ry(x, x"), where
ry(z, x)
2
o—32/2 oM=3/2 et 1 52
= e («/— Im(z)) iy S -y(M—E, 7), (8.4)

and y is the lower incomplete gamma function;

/ 26
o DSry(x,x') = 7

(x' = x)e ™ ey (xx');

o ISuy(x,x") =

2/2 —t

x2 2/2 —t 7x’2/2
sgn(x)/ cM(x\/_)dt sgn(x)/ cM(x/«/_)dt.

2. The entries in the complex/complex kernel, Koy (z, 2), are given by
2(z— "y

o« Sz ) =@ o) ferfe (V2Im(@)) erfe (V2Im() ) e ey (2);

. B§2M(Z’Z/)—e 2( - (Z —2) erfc(*/_lm(z)) erfc (“/_Im(z/))e ey (22);

o TSuy(z.2)=—t2" 2(” i —z)\/erfc flm(z))erfc(flm(z’)) %y, (T2).

3. The entries in the real/complex kernel, Ky (x, z), are given by
je 3D ~1a-9?

o Som(x,z) = = (Z—x),/erfc (\/_ Im(z)) ey (x2);

_7(.(

° SZM(Z X) = f erfc («/_Im(z)) ey (xz) +ry(z, x).

p— e
o DSou(x,2) = (e — ), ferfe (V2Im(@) )e ey (x2);

o ISoy(x,z)=—" j(i il erfc (ﬁlm(z))e_erM(xZ) —iry(z, x).

Theorem 8 allows us to derive the M — oo limit of ksz-

Corollary 9. (Limit at the origin) Let x and x’ be real numbers, and suppose z and 7'
are complex numbers in the open upper half plane. We define K = Mlim Koy Then,
— 00

the limit exists, and

1. The limiting real/real kernel, K (x, x"), is given by

_ L(x—x)? 1,3 a—x)?
m(x x)e 2 me 2

K(x,x') =
1 ,—4—x"? 1 / [x—x'|
— el Esgn(x—x)erfc( 7 )
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2. The limiting complex/complex kernel, K (z, 7'), is given by

erfc (\/_Im(z)) erfc («/_Im(z/))
J_

[(Z — e 2 i@ — gem 3 Z)z]

i@ —9)e 2" _F —7)e 2@V

K(z,7) =

3. The limiting real/complex kernel, K (x, z), is given by

e 307D (7~ x)e— 30D
erfe (ﬁlm(z)) [(z x)e” 12 iz x)e 3 ]
—e

K(x,z) =

1
V2r —3(=2)? —je~ 2
Remark. Observe that all blocks of the kernel are invariant with respect to real shifts.
That is, if ¢ € R and y, y’ are in C then

K(y+c,y +c)=K(y,y).

8.1. In the bulk. The circular law for N x N matrices with i.i.d Gaussian entries says
that, when normalized by N ~!/2 the density of eigenvalues becomes uniform on the unit
disk as N — oo (See [16] for a proof of this fact when the entries are i.i.d. Gaussian,
and [2 and 27] for more general results.) This gives us the appropriate scaling when con-
sidering the matrix kernel in the bulk. Specifically, in this section we will be interested
in the large M limit of [?QM(M\/W+S, u~/2M +5'), where u is a point in the open unit
disk, and s and s’ are complex numbers.

When u is real we expect that the 11m1t1ng kernel under this scahng should yield
K (s, s"); indeed this is the case. When u is nonreal a different kernel arises.

Theorem 10. Let —1 < u < 1 be areal number, letry,ry, ..., rp € Randsy, s2, ..., Sy
be in the open upper half plane. Set,

Xj=uvV2M+r; j=12,...,4 and zZxr=u~N2M+s, k=1,2,...,m.
Then,

i o | Kjorp) K(rjose) | J.j =1,2,...
MlgnooRe,m(X,Z)—P |:K(Sk,rj’) K(Sk,Sk/) ’ k,k/:1,2,,,,,m’

where K is given as in Corollary 9.

Theorem 11. Let u be in the open upper half plane such that \u| < 1 and suppose
S1,82,...,5nm € C. Set,

Ze=uN2M+s, k=1,2,....,m

Then,

lim Rop(—7) = det | - sl el e \T
im —,z)=det| —exp| —— — SkSK .
M—o0 O,m T p 2 2 K7k k=1

Remark. The limiting correlation functions in the complex bulk are invariant with respect
to any complex shift.



194 A. Borodin, C. D. Sinclair

Remark. The function

s Lo (LBE WP
S, S = — eX _ = SS
x P\ 2

is, up to a factor of 1/2, the limiting (scalar) kernel of the complex Ginibre ensemble.
Thus, the limiting correlation functions in the bulk of the real Ginibre ensemble off
the real line is almost identical to the limiting correlation functions in the bulk of the
complex Ginibre ensemble. See Ginibre’s original paper [15], or [20, Sect. 15.1], for
the derivation of the finite N correlation functions for the complex Ginibre complex
ensemble. We derive the large N asymptotics of the correlation functions of Ginibre’s
complex ensemble in Appendix C.

8.2. At the edge. At the edge of the spectrum new kernels emerge.

Theorem 12. Letu = 1, letry,ra2, ..., r¢ € Randsy, 52, ..., Sy be in the open upper
half plane. Set

xj=uN2M+r; j=1,2,...,4 and zp=uN2M+s;, k=1,2,...,m.

Then,
. Kedge(rj, rjr) Kedge(rj, si) jﬂj/:1527--~9€;
1 R — Pf edgel s> 1J gellJ .
o, Rem (% 2) [Kedge<sk, ri) Keage(siose) | kK =1,2,....m,
where
DS d (V, J//) Sed e(yv V/)
K 7 "N — edge g .
edge(y v ) I:_Sedge(y/a V) IScdge(Vv V/)
and:

1. The real/real kernel at the real edge, Kedge(r, r'), is given by

o Sedge(r, 1) = 2\15{%(’_’/)2 erfc (u M) + #;e"z erfc(—ur’);

& V2
_ L2 ’
® DScge(r,r') = 2\/1E(r/ —r)e 2" erfe (u (r;ri));
'+ Isantors o et (22)

2. The complex/complex kernel at the real edge, Keage(s, s'), is given by

o Sedge(s,s) = #ﬂ\/erfc (ﬂlm(s)) erfc (ﬁlm(s’))

_ Ll <2 (S +E/)
x (5 —5)e”2675) erfc(u );
V2

® DSedge(s, s') = #ﬂ\/erfc (\/zlm(s)) erfc (ﬁlm(s’))

Ll o2 (s +5")
x (s' — s)e 2679 erfc(u );
V2
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o ISeape(s, s) = —5— \/erfc (ﬁlm(s)) erfc (ﬁlm(s’))

R 1 U G+5)
x (5 —5)e” 207 erfe (u ) .
V2
3. The real/complex kernel at the real edge, Kegge(r, 5), is given by
* Sedge(r5) = 2\;56_%0_5)2 erfe («/_Im(s))(s —r)erfc ( (i}fg)) ,
o Sedge(s, r)= zjgei%(rfs)z erfc (x/_lm(s)) erfc( (i}r%))

_s?
e erfc(—ur);

+
Ve

o DSedge(r,s) =

\}Ee_%(’_”z erfc («/—Im(s))(s —r)erfc ( (HY)) ;

V2
o [Sedge(r,s) = = e~ 105 Jerfe («/_Im(s)) erfc( (%))

i g
— e erfc(—ur).
W ()
Remark. The kernel when u = —1 is the image of the kernel at u = 1 under the

involution on the closed upper half plane given by z > —z.
At the complex edge we have the following:

Theorem 13. Let u be in the open upper half plane such that \u| = 1 and suppose
$1, 82, ...,8, € C. Set,

Zk = UN2M + s, k=1,2,...,m.
Then,

lim Ry m,(—,z)
M—00

d t[l ( Iskl? Iswl? o ) " (Skﬁ+§k’u):|m
=det|—exp|— — sesy ) erfe | ———— .
x P 2 2 V2 kk'=1

Remark. The kernel at the complex edge are identical to that of the kernel at the edge
of the complex Ginibre complex ensemble.

9. Proofs

9.1. The proofs of Proposition 5 and Proposition A.3. In the case of the real asymmetric
ensembles Y = C and b = 1. In the case of the Hermitian ensembles ¥ = R and
b = /B. We start with

<Qn|qw>w(k+n) = <§n|5n’))»+n =/ (an()’) 6A+n§n’(y)
Y

— Ean@n (V) G (1)) O+ ) ().
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An easy calculation reveals that this is equal to

2 _ _ _
(Gnlgndwr + 7 D¢ @n(y)€dn (30 = G 501G (1))

t=1

T T
2 — -
_Z E E o qn ()G V) EYes Yir)-

t=1¢t'=1

Next we define A to be the Nb x 2T matrix given by

2Ct~ 2Ct ~
A= 7%()&) 7€Aqn(yt) X l’l:O,l,,Nb—l

and r=1,2,...T,

and the 27 x 2T matrix B,

B .— _J+|:./CtCt/%(ytvyt/) 8i|, l‘,l‘/=1,2,...,T.

We define C to be the Nb x Nb matrix given by C = (U}fx)_T; the n, n’ entry of C is
Mn.n'- A bit of matrix algebra reveals that

zw0+n  pf(C~T — ABAT) Pf(BT —ATCA)
Zv  —  Pf(CT) B Pf(B-T)

; 9.1

where the second equality comes from the Pfaffian Cauchy-Binet formula (see B). Notice
that

_ 0 0
B T=_J— ;o ot =1,2,...,T.
] [0 Jeer EQ, yt’)]

And from Proposition 7, Pf (B)T = Pf(—J) = (—1)T. A bit more matrix algebrareveals,

ATCA — A CtCr DSn(yt, yi) A CtCy! Sn (e yir) | t =12 T
—JCicr SNy yi) ey TSN (s yor) |7 ’ P

Using these facts and simplifying (9.1) we find

Zw(A+n)
Zw

= (D" Pt (=) — [Vacr Kn i y)]) ;. 11/ =1,2,.... T,

and the lemma follows by using the fact that if E is an antisymmetric 27 x 27T matrix,
then Pf(—E) = (—1)T Pf(E).
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9.2. The proofs of Proposition 6 and Proposition A.4. We start with

LIM12M /RL /CM QL m(e, Bd+mr(@)d+mauB). 9.2)

Notice that in the case of the Hermitian ensembles that this is equal to Z***" when
L = N and M = 0, and the proof of Proposition A.4 follows from the proof recorded
here by setting every instance of M to 0.

First we write

L L
A+ =[] (@) +dm@)) =D D" dnelawdir—i(ay), (9.3)
j=

£=0 ye3t

where given t € JZV , we define t' to be the unique element in J %_n whose range is
disjoint from t. Notice that since 1’ appears in the summand on the right-hand side of
(9.3), the inner sum is not actually empty when ¢ = 0; in this situation the summand is
equal to dAp (a).

Similarly,

M
d+manB) =D D dnam(Bo)drami—m)(By)-

m=0 peJM4

Thus, (9.2) equals

IpIDIP I

=0 m=0 ye 3t veIY

< / / QL (e, Bdne(@)dhg o (@) dnam (Bo)dAact—my (Buy)-
RL CM

We can relabel the « and B in the integrand in any manner we wish, and in particular
we may make the integrand independent of u and v. In particular, if we seti € 3 to

be the identity function on {1, 2, ..., n}, and since the cardinality of 7,‘1” is (‘;V), we find
that (9.2) is equal to

L M .
DI ___
£=0 m=0 L(L = O)!m!(M —m)'2

« / / [ /R z [C ) QL,M«x,ﬂ)dne(ai)dnzmwi)]dAL_m«)dxzwm)wy).

RL—t CM—m

(9.4)

Now,

de(ey) = H ni(e)) = H Zau ds(ej — x,).

j=lu=1
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We may exchange the sum and the integral on the right-hand side of this expressions by
using the set, S? of all functions from {1, 2, ..., £} into {1, 2, ..., U}. Specifically,

4
dne(e) = D [ ] auwp dd@; —xui) t

uegy /=1

and similarly,

dnom(B) = [H bog d5(Br — Zn(k))} :

ey lk=1

Thus,
/]R Z / Qe B) dne(@s) dmom (By)

=> > /f/(cm Q. m(a, B)

SU UE&VV

m
H ayj) dd(aj — xu(j)) [H bok) d8(Br — ZU(k))}

j=1 k=1

=> > Hau(/)an(k) 2"Qr o (xuVeay, 2oV By).  (9.5)

ueg? veFy, /=1

Notice thatif u or v is not one-to-one then | A (X Vai, ZyV ;)| = 0. We may consequently
replace the sums over Séj and &X with their respective subsets of one-to-one functions.
Moreover, since €27, ) is symmetric in the coordinates of each of its arguments, we
may replace each one-to-one function in these sums with the increasing function with
the same range so long as we compensate by multiplying by ¢! and m!. Proposition 6
follows from the definition of Ry, 1. a by substituting (9.5) into (9.4). Proposition A.4
follows from the fact that R, = R, 0.n.0/Z".

9.3. The proofs of Theorem 8 and Corollary 9. 1t shall be convenient to introduce the
following variants of Syp7 and D S y:
M—1

Sy, v =

m=0

Tom (V) erToms1 (¥ — Toms1 (V)€ 702m (V)
m)!

s

and

M—1 o /
Do (v, ') = Z 7om (V) T2m+1 (y zzm;2m+1(y)n2m(y )'

m=0

The following lemma gives a closed form for these functions.
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Lemma 9.1. Let x be a real number, and suppose z and 7' are complex numbers.
PN M=3/2 _ 2

L Souz ) = d(0ew @) + By sen 2~y (M - 1, 5).

2. sz(Z, )= (' — Dem(z7)).

Proof. First we compute €, 772, and €, 7T2,,+1. We start by noticing,

_ 1 [ 1/ 1 [
exg(x)=§/ g(y)Sgn(y—X)dy=—§/ g(y)dy+5/ gy dy.

oo

2 . . .
When g(y) = e™¥"/2y", we may evaluate the latter two integrals in terms of the incom-
plete gamma functions,

—20=D/2ggn(x) - y (% %) if n is even;

€.8(x) =
20-2r (231, 1) if n is odd.
We immediately conclude that
= m—1/2 1 x?
€.7Tom (x) = —2 sgnx) -y\m+z. =) (9.6)

and

=

~ x? ’ 2 2/2
Tome1 (x) = 2" [F (m +1, 7) — mF(m, 7)} = xMme™* /2, (9.7

where in the second equality we used the fact that '(a + 1, x) = al'(a, x) + x%e™*.

Using (9.6) and (9.7), we may write
Sam(z, %) = p(x)eum (2x)
M=1 M—1
5T e, 2 5 (0012
m=0 m=1
Next, we use the fact that
y@a+1,x)=ay(a,x) —x% ", (9.8)
so that the second sum in this expression becomes
1 o (m—1)—1/2
— 2m —1))!

M-1 54— 1|x|2m 1

2(m—1)+1 1 z
z )/((m )+ Tam—1n

%) +6(x)

l\)l>—‘

m=1

Consequently,

Som (2, X) = ¢(x) (ear(zx) +sgn(x)sp (z]x]))
.\ 2M—3/2 M1 Iy 1 X2
(M — o)1 SEw)z ( S 2)
IM=3/2

1 x2
= P (x)epm(zx) + M2 sgn(x)z2M -1 J/(M -3 X ) .
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Turning to 5\52 Mo

- M- 2m (Z/2m+1 _ 2mz/2m—l) _ (Z2m+1 _ 2mz2m—l)z/2m
DSam(z, 7)) Z )]
m=0 .
B -1 Z2m 2m+l _ 2mtl 2m M-1 Z2m=12m _ 2m 12m—1
& 2m)! — 2m —1)!
m=0 m=1

M—1 Z2mz/2m M—1 Z2m—lz/2m—l
/
= —_ —+ e —
=272 2m)! 2 Qm —1)!
m=0 m=1

= (7 —2em('2).

With a closed form for §2 M and l/)TSz um in hand, we are ready to prove Theorem 8.

Proof of Theorem 8. From Lemma 9.1 we have that

Sonr(x, ¥') = %@mx, ¥) = %ﬁ“m(m/) e, x')
and
Do (x, x) = ‘p(\}% ) B (v, x) = %oﬂ — Mew(xx).
Now,

¢(x)¢(x/) _ e—%(x2+x/2) _ e—%(x—x/)ze—xx”
and therefore,

—Fx—x")?
S N o —xx’ / ’
wm(x,x) = ———=—e T eyxx’) +rylx, x),

Nezd

and

1 "2
—5(x—=x") "

DSoy(x,x) = = ¥ ey (xx').

V2

The computation of 1S3, (x, x") is a bit more involved. From (8.3), (9.6) and (9.7),
we see

(x' —x)e

M—1
1 om 1 x?
[ Y . 2m e 272
ISy (x,x") = WG am)l y(m + — 7 )sgn(x )X
m=0
M-1 2
1 2m 1 /
—_— vyl lm+ = a sgn(x)x?Me™* 22,
2/ 2m)! 2’2
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ISy (x, x7) is clearly skew-symmetric in its arguments; looking at the first sum in this
expression we thus find,

LS 2 2/2 *1 1/2
— sgn(x)x“"e™* / " e dt
2w n;) (2m)! 0

1 /2/2 2" my 2m
= 2\/_ /2 sgn(x )/ \/_ z (2m)'t dt,

where on the left-hand side we have replaced the lower incomplete gamma function with
its integral definition, and on the right-hand side we have exploited the linearity of the
integral. The sum on the right-hand side of this equation is equal to ¢y (x~/2¢), and thus

IS (x,x') =

e*x2/2 /2/2 7x/2/2 2/2
N sgn(x)/ \/_CM()C\/—)dl— sgn(x)/ CM()C/\/_)dt

Turning to the complex/complex entries of K73y, if zis assumed to be in the open/_Bper
half plane then €, 7, (z) = i, (z). From this we see that Sy (z, z N=ip)e( )DS2m
(2.7). DS (z.7) = ¢(2)¢()DSay(z.7) and IS5z, 2) = —¢(2)$ () DSam
@ 2).

Next, we define

Y() = 3@,
Notice that
e—%(zzﬁz) —1@2H _ =Y ()Y ()e” Lz~ Z)

and thus

$DH(E) = w<z>w(z’)e‘%“‘z’)2/ erfe (V2 Im(2)) erfe (V2 Im(z) )~

Using this and Lemma 9.1, we conclude that

Som(z,2)
fo—2(@=7)?
= W(Z)W(Z/)%G/ — z)\/erfc («/Elm(z)) erfc («/Elm(z)/)e_zzleM(zZ’),
DSwm(z, 7))
(Z Z)2 ’
—I/f(z)l/f(z) N 4 —Z)\/erfc x/_Im(z)) erfc (x/_lm(z)) “en(z7),
and
Sam(z, 7))
G rfc (v2 fc (v2 23
— Va N —_ I I 22 = .
VY@ =@ =) ferfe (V2Im@) erfe (V2@ )e e @)
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Lastly we look at the real/complex entries of Kojs. As in all other cases,

Doy (r.2) = PX)P() 5 G2,

Vo

and it is easily verified that

dX)D(2) = Y(2)e 26D Jerfe («/E Im(z))e_”

Thus,
e—2(—2)?
DSy(x,z) = W(Z) NeT (z —x),/erfc (\/_ Im(z)) em(x2).
Since
es z)-sz/)z‘if) n(x,3), S (2, x) = %&M(z X,
and
. P(2) &
1S ,7) = —
om(x, 2) lm

It follows that

» < ¢ Z Z €1 1“ Z bl

—5(x—2)
Som(z, x) = ¥(2) [2? erfc (ﬁlm(z))e‘“eM(xz) +ru(z, x)] ,
b3
and
e—20—2)? _
ISa(x,2) = =i (D) | e (ﬁlm(z))e—xzeM(xZ) +ruE )t

Clearly, ¥ (x) = ¥ (x’) = 1, and thus we find that

Kyn(y,y) = [wg/) W?V)} Kn(y.v) [WOV ) W(OV’)} .

It follows that, if we define K to be the matrix
_ [@N(xj,x,-/) KN(xj,zk/)]. =12,
Kn(zk, xj7) Kn(zk, 2x) =12
and D to be the diagonal matrix
D = diag (Y (x1), ¥ (x1), ..., ¥ (xe), ¥ (Xe), ¥ (21), Y (@1 ..., ¥ (@m), ¥ (@m))
then
R¢.m(x,z) = Pf(DKD).

But, since ¥ (Z) = ¥ (z)~!, we have that det D = 1, and R¢.m(x,z) = Pf K as claimed.
O
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Proof of Corollary 9. We first make use of the fact that
lim ep(z) = €°
M—o00

pointwise on C. This simplifies all terms in the kernel except the /Sy term. It remains
to show that rys(z, x) — 0 as M — oo, and that

LsenGe — x)+ Tim 1Sau (3, x) = sen(x — ) erfe [ F=] 9.9)
—SonN(x — x m X, X = — Sgn(x — x ) eric . .
2 g M— o0 M 2 g ﬁ

The first of these facts is easily seen by noting that y (M — 1/2, x2/2) < T'(M — 1/2),
and by Legendre’s duplication formula,

|Z|2M—1 oM=3/2 T(M —1/2) B |Z|2M—1 D—M+3/2 ﬁ rem —-2)
rem—1 B rem —nrm -1

|Z|2M_1
P (2, x)| < e 3R ) Jerfe (f Im(z>)W(M)’

and it is easy to see that this goes to 0 as M — oo, independent of the value of z.
To establish (9.9) we start with

Thus,

/2/2
Iy (x, x) = A TCM(X\/_)dt (9.10)

Since the terms in ¢y are all positive, from the Monotone Convergence Theorem,
2
/2 o=
I(x,x):= lim Iy(x,x") =/ —cosh(xv t)dt
M— 00 0 \/_

_ ﬁ 22 (|x’|+x)_ (|x|—x)]
= e [erf NG erf 7 . 9.11)

The latter equality follows from the fact that

/ cosh(a«/—) dt = fe‘ﬂﬂ [erf (g + ﬁ) —erf (% — ﬁ)] ,

which can be verified via differentiation.
Now,

lim ISy (x,x") = 2 sgn(x)I (x, x') — "2 sgn(x)1 (x’, x)}
M—00

1 {e_"
27
= 1 |:sgn(x’) erf (|x/| +x> — sgn(x") erf (|X/| _ x)
4 V2 V2
—sgn(x) erf (X/ al |x|) + sgn(x) erf (x/ — le):|
V2 V2
- 1 erf (x;x/) )
2 V2
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It follows that (9.9) can be written as

1 ( ,) 1 (= x' 1 ( B 1 ( N erf |x — x'|
—sgn(x —x') ——erf { —— ) = = sgn(x —x") — = sgn(x —x')er ,
2 %8 2 2 2 %8 2 %8 2

where we have exploited the fact that erf is an odd function. We arrive at the form for
18> stated in the corollary using the fact thaterfc = 1 —erf. O

9.4. The proofs of Theorem 10 and Theorem 11. In order to prove Theorems 10 and
11, it is necessary to investigate the asymptotics of the partial sums and the exponential
function.

Lemma 9.2. Let u # +1 be a complex number, and let (l),,1)§1o

complex numbers satisfying

| be a sequence of

vM=u2+0(M_l/2) as M — oo.

Then, as M — o0,
2 2
e—201—u?) 2M(1—u?)  4M

T 2mu?(1—u?) JM

In particular, when u is real and 0 < |u| < 1,

e MM o) OMupy) ~ 1

Jim e MMy 2Muy) = 1.

Proof. Set v = vys. We start by writing 2Mv = v(2M — 2) + 2v. Thus,

i) )o@ (45))

v
M-1

e Moy (2Mv) =exp (—(ZM -2 (v+

We write

w=wy =v+

Clearly wy; = u® + O(M~'/?). Under this hypothesis, and since u> # 1, Egs. (2.9),
(2.15) and (1.7) of [5] imply that
6—2(1—.42) 62M(1—u2)u4M

2ru?(l — u?) - M

The second statement of the lemma follows from the fact thatif u isrealand 0 < |u| < 1,
then

e MW (M —2)w) ~ 1 —

—u2 2
eZM(l u )M4M — €2M(1 u +210g|u\)’

and 1 — u? +2log |u| is negative when u is in (—1,1). O

We are ready to prove Theorem 11.
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Proof of Theorem 11. Let u be a point in the open upper half plane with modulus less
than 1, and suppose s and s’ are complex numbers. For all but finitely many values of
M,z = uv/2M + s and 7 = u~/2M + s’ are in C,. Thus, in this case, we need only
consider the asymptotics of the complex/complex kernel under these substitutions.

We will make use of the fact that if x is a real number,

erfc(x)—LF lx2 ~ e—x2
S Jr \2 Vx|

Consequently,
exp (—2MIm(u)2 2/ 2M1Im@u)Im(s) — Im(s) )
fi 2Im(uv2M ~
\/er C (\/_ m(u + s)) (u)\/_

(9.12)
Now, by Theorem 8§,

— (5" —=8) _1,_uy2
DSop(u~N2M + s, uvV2M + ') = e 26675
V2

x\/erfc («/Elm(u«/m+ s)) erfc (\/Elm(u«/m+ s’))
X exp<—2Mu2 —uN2M(s +5') — ss’) em (ZMu2 +uv2M(s +5') + ss’).

Therefore, by Lemma 9.2 and (9.12),

DSoy uN2M + 5, uN2M +5') ~ \/_S) 2657

2
e—4MIm(u)2e—2«/2MIm(u)(Im(s)+lm(s’))e—Im(s)z—Im(s’)z

2Im(u)v/ Mn
e—2(l—u2) 62M(1—u2)u4M
1-— . .
x 2ru?(1l — u?) M

It is easily seen that

X

e—4MIm(u)ze—2\/ 2MTIm(u)(Im(s)+Im(s"))
lim =0,

M—so00 2Im(u)\/M_7r

and,

— 2 42 iyl
e AMIm(u) €2M(1 u )u4M‘ — e2M(1 Ju +210g|u\).

Since |u| < 1, we have 1 — |u|? + 2log |u| < 0, and therefore

Mlim e72«/2M1m(u)(Im(s)+Im(s/)) ‘674M1m(u)262M(17u2)u4M —0.
—00

‘We conclude that

Jim DSop(uv2M + 5, uN2M +5') = 0.
— 00
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And, since 1S2y(z,7') = —DSay (2, 7).

lim 7Sap (uv2M +s,u2M +5') = 0.
M—o00

Turning to Sxp (un/2M + 5, ux/2M + '), we set
na(s) = exp (—Zi«/ZMIm(u)Re(s)).

From Theorem 8, we have

1ot ()0t (=) Sopg un/2M + 5, un/2M + ) = JT% [2i«/2MIm(u) +(s — E’)]

X exp (2i\/2MIm(u)Re(s)) exp (—Zi«/ZMIm(u)Re(s’))

X exp (4M(Im(u))2 — 2iV2MIm@u)(s —5) — %(s - E’)z)

x\/ erfc ‘2«/Mlm(u) + «/zlm(s)‘ erfc ’Nﬁlm(u) +v2Im(s))

X exp (—2M|u|2 _ (sﬁ+§’u)x/2M—s§’) eu (2M|u|2 + (5T +5u)V2M + sE’).
Using (9.12), we see

M ()t (") Sous u/2M + 5, un/2M +5')
~ % exp (—%(s — )% —Im(s)? — Irn(s’)z)
xexp (~2M|ul? — s +5uV2M =) e (2M|ul® + (5745 w0~/ 2M +55').
And thus, by Lemma 9.2,
M () (—s")Sons (un/2M + 5, un/2M +5')

-1 exp (—l(s — )% —Im(s)? — Im(s’)z)
T 2

1 s> 112
=—exp|{—— — +s55 ).
T 2 2

Next, we set Dy to be the 2m x 2m diagonal matrix given by

Dy = diag (mar(s1), npr (=s1), - nm (Sm), 1(=5m)),
noting that det Dy, = 1. It follows that

. . = m -1
Jim Rou(—2) = lim P (Da [Ko (st 5]} oy D )

2 2 m
0 %exp (— —IS’EI - —lsgl + skEk/)

1 Is]? Iy <
—;exp(—T—T‘l‘SkSk/ 0

1 2 .12 m
=det | —exp —ﬂ - Isw| + kS
T 2 2 k k=1

where the last equation follows from Sect. 4.6 of [22]. O

=Pf
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In order to prove Theorem 10 we also need to analyze the large M asymptotics of
ry(UA2M + 5, u/2M + r), where r and u are real numbers with O < |u| < 1 and s is
a complex number.

Lemma 9.3. Let r and u be real numbers with 0 < |u| < 1 and let s be a complex
number in the closed upper half plane. Then,

Iim ry(uv2M +s,uv2M +r) =0.
M— o0
Proof.
e—s2/2 2M—3/26—Mu2
S22 rem -1
1 2
X (uN2M +5)*?M-1. y(M — 5 Mu? +u2Mr + %) .

e—us«/ZM

i (UN2M + s, uN2M +r1) = sgn(uv2M +r)

We simplify this using Legendre’s duplication formula for I'(2M — 1) and by setting
P(a,x) =y(a,x)/T(a),

—s? 2M-1
e /2 N s
v UN2M + 5, uN2M + 1) = sgn(uN2M + r)———e VM (1 4 )
¢ V2 uN2M
MM+1/2 =M 2M—1

1 2
X ~P(M—§,Mu2+uv2Mr+%).

M!

Next we use Stirling’s approximation for M! in the denominator to show that
Neri o e,sz/z Jai s 2M—1
ruu~N2M + s, uN2M +r) ~ sgn(u) ——=e ™" § (l+ )
g 2uy/m u2M

1 2
xexp (M(1 = u?+2log Jul) - P(M — 3 M 4 u/2Mr + %)

Using the fact that

2M—1
(1 + s ) ~ es«/ZM/uefxz/Zu2
u2M '

we find

rmyu~N2M + s, uN2M +r)
N sgn(u) s2 (1+u? 1—u?
g (5 () o (v (1))

1 2
X exp (M(l —u?+2log |u|)) : P(M — 5o M+ u/2Mr + %) . (9.13)

Finally, we notice that if 0 < |u| < 1 then 1 — u? + 21log |u| < 0. It follows that

lim exp (S\/ZM(I/u - u)) exp (M(l —u*+2log |u|)) —0,
M— 00
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and the lemma follows since
1 2 r2
O0< P M—E,Mu +uv2Mr+7 < 1.

O

Proof of Theorem 10. First we consider the case where s and s” are both in the open
upper half plane. From Theorem 8,

. L2
Sou (un/2M +s, u«/2M+s')=%(§’ — s)\/ erfc (ﬁlm(s)) erfc («/zlm(s’))

X exp (—ZMu2 —u2M(s +5) — sE’) em (ZMu2 +uv2M(s +5) + SE’),

—L(s—s")?

—_— 2

D Sops (un2M +5, uN2M+5")="———(s'—5) Jerfc (ﬁlm(s)) erfc (ﬁlm(s/))
V2

X exp (—ZMu2 —u2M(s +s') — ss’) em (ZMu2 +uv2M (s +5) + ss’),

and

~3G-5)?

TSap (uv/2M +s, u\/2M+s/)=_eT(§/—§)\/ erfc («/Elm(s)) erfc (ﬁlm(s’))

X exp (—2Mu2 —u2MG+F) — ﬁ) em (2Mu2 UM G +F) + ﬁ)
By Lemma 9.2, these converge to the appropriate entries of the complex/complex kernel
K(s,s)as M — oo.

Next we turn to the case where u and r are real, and s is in the open upper half plane.
In this case, Theorem 8§ yields,

_ . 152
Sopt (U2M + 7 uNIM +5) = %(5 — ). Jerfe (ﬁlm(s))

X exp (—2Mu2 —uN2M(r +5s) — rE) em (ZMM2 +uN2M(r +5) +r§),

e~ % (r—s)?

—— Jerfc («/Elm(s))
2
X exp (—2Mu2 —uN2M(r +s) — rs) em (ZMM2 +uN2M(r +s) +rs),
+ryu~N2M +r,uv2M +5),
and thus, by Lemmas 9.2 and 9.3,

_ L =52
m Sop (u/2M + 1, uN2M +8) = (5 — r). [erfc («/Elm(s)),
M—o0 2

- % (r—s)?

§2M(uv2M+s, uN2M +r) =

and

e

lim S V2M +s,uN2M +7) = ——
ME)noo 2m (u S ) N2

erfc («/Elm (s)) .
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The limiting values for DSay (un/2M +r, u~/2M +s) and 1 S2p1 (u~/2M +r, u~/2M +5)
follow from this as well, since

DSom(z.2) = —iSm(z,7)  and  ISam(z,7) =iSm(@. 2).

Finally, we turn to the case where u, r and r’ are all real. Here, Theorem 8 implies
that

- 1 /
Som UN2M + 1, uN2M +1") = \/—_e_%(r_r 2

2
X exp (—2Mu2 —u~N2M(r +r’) _ rr/) en (2Mu2 u /_2M(r +r,) N rr’)
+ry (U 2M + 1, uN2M + 1),

and

f— ’
DSom (uN2M +r,uN2M +r') = ue—%(r—r )?

21
X exXp (—2Mu2 —uN2M(@r +1') — rr’) en (2Mu2 u /_ZM(r 1)+ rr’).

From Lemmas 9.2 and 9.3, we see that

~ . /
lim Soy(uv2M +r,uN2M +71') = P 7.
e NG

21
and
. , ' —r) Lpopy?
lim DSoy(uv2M +r,uN2M +1r") = ——e" 2 .
M—c0 V2

All that remains to show is

_ 1 _
Jim TSy (uv/2M + . u/2M +1) = S sgn(r’ = r)erfe ('rﬁr ') .

First we write

_ X212 K22 -
ISop(x,x') = sgn(x’) Hl(x, x) —/ —CM(xv )dt]
0

2y NG
X712 22,
sgn(x) [l(x/, x) — / —CM(xk/_) dt}
0o W

T

where I (x, x") is given as in (9.11) and Cy; = cosh —cy,. That is,

_ e—X2/2 X712
I1Sou(x,x') = NG sgn(x)1 (x,x") — Zﬁ sgn(x)I (x', x)
_x/2/2 2/2
Zf sgn(x)/ CM(x x/_)dt
X212 ’2/2 W
ZJ_ sgn(x)/ CM(x 2t)dt. 9.14)
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Making the substitutions x = u+/2M +r and x’ = u~/2M +r’, and assuming that M is
sufficiently large, (9.11) yields

x2/2 o
¢ erfc (r r ) ifu>0
sgn(x’) , 4 V2
I(x,x") =
2ﬁ ex2/2 r/ _r
— erfc ifu<0
("5)
Consequently,
e—x2/2 e—x’2/2
Mli_r)nOO NG sgn(x")1 (x,x") — ﬁsgn(x)l(x’,x)

1 r—r' 1 r—r
=-erfc{ ——— ) — —-erfc | ——
s (75 ) - e (5)
1 ¢ (r — r/)
=—erf|——).
2 V2
Thus, if we can show that the second line of (9.14) goes to 0 as M — oo, we will have

li —1 ( /) ( /) - ! ( /) ! :
1m sgn(x —x' )+ 1S X, X sgn(r — v erf

1 ( /) f(|r_r/|)
= —sgn(r —r’)ertc
2 £ J2

as desired.
‘We thus consider

X712

27

x2/2 !
sgn(x)/o jcM(x/x/Z_t) dt.

For any v > 0,

o0 Um
Cu) < D — =PQ2M. v)e",
m!
m=2M

where P(2M, v) = y(2M, v)/ T'(2M). Among other things, this implies that Cps(v) <

e¥ and

NG J_CM(x’J_)dt<

Under the substitutions x = u~/2M +r and x" = u~/2M +r’, the right-hand side of this
is less than or equal to

1 r=rH/v2
T/ e " P (ZM, 2M I:u2+\/_(2r +\/_t) (r/2+\/_tr )])
T J-oc0
(9.15)

o212 X2 (x=x")/2
c / P (2M, X+ ﬁt)) dt

/2/2
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In [28], Temme gives the uniform asymptotic expansion for P(a, x) when a > 0 and
x eR:

P(a, x) ~ %erfc (sgn(l —MJat—1— 1og,\)) . oa=2 9.16)
a

In our situation,

u

V2M

A=u’+

Qr' + «/Et) ¥+ 3211,

+ L(
2M
which implies that
A—1—logh =u?>—1—2loglul+OM~'?)
and

sgn(l—)»):sgn(l—u2+0(M*1/2))=1 as M — oo.

Since, for |u| < 1,u*> — 1 — 2log |u| > 0, we conclude that

sgn(l —A)y/2M(h — 1 —logh) - o0 as M — 0.

Temme’s asymptotic for P (a, x) gives that,

u 1
lim P (2M.2M | u? + —2— 2 + V2 —(/2 2;’] —0.
Mgnoo ( |:u + 2_M(r+«/_)+2M r +x/_r)

Thus, by applying the Dominated Convergence Theorem to (9.15) (which we may do
since 0 < P(a, x) < 1), we must have that

e—x/2/2 x2/2 et f
li _— —C 'V2t)dt =0,
Jim & sen( /O OV

and the lemma is proved. O

9.5. The proofs of Theorem 12 and Theorem 13. In order to prove Theorem 12 we need
analogs of Lemmas 9.2 and 9.3 for the case where u” = 1.

Lemma 9.4. Suppose a is a complex number and

+O0M™Y.

a
vy = 1+

V2M
Then,

1 a
lim e Moy 2Muy) = ~erfe [ —= ).
Jim e e (2Muy) 5¢ C(ﬁ)
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Proof. As in the proof of Lemma 9.2 we set v = vy and write

so that
e Mo 2MY) = e~ PM=DWe, (2M — 2)w).

We are now in position to use a result of Bleher and Mallison [3, Theorem B.1],
which shows that

e CM=Dey (2M — 2)w) ~ %erfc (swvem =2), ©0.17)
where
E(w) = (w-1 (w—1)2+ (w—1)3 .
V2 6+/2 36v/2 '
In our case,
a -1

= oM™, 9.18
§w) = e + O™ ©.18)

and the lemma now follows from (9.17) and (9.18). 0O

Lemma 9.5. Let u = +1, r € R and let s be in the closed upper half plane. Then,

1
lim ry(uN2M + s, uN2M +7) = e erfc(—ur).
M—00 4ﬁ

Proof. From (9.13) we have that

ryu~N2M + s, uN2M +r) =

1 o 1 r?
e P M—E,M+uv2Mr+7 . (9.19

27
Using Temme’s asymptotic for P(a, x) given in (9.16),
N2 g2
L 1+urm+2 :1+ur«/§+0(M71)
1— 557 VM

It follows that, as M — oo, sgn(l — A) — —u sgn(r), and

2
p
A—1—1logh = —+0M3?).
og M ( )

Thus,
1 r? 1
P M—E,M+uv2Mr+7 ~§erfc(—ur),

and the lemma follows from (9.19). O

Proof of Theorem 12. The proof of Theorem 12 is the same, mutatis mutandis, as that of
Theorem 10 replacing the asymptotics in Lemmas 9.2 and 9.3 with those in Lemmas 9.4
and9.5. O

Proof of Theorem 13. The proof of Theorem 13 is the same, mutatis mutandis, as that
of Theorem 11 replacing the asymptotics in Lemmas 9.2 with those in Lemmas 9.4. O
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Appendices
A. Correlation Functions for 8 =1 and =4 Hermitian Ensembles

In this appendix we will use the Pfaffian Cauchy-Binet Formula (see B) in order to derive
the correlation functions of the § = 1 and 8 = 4 Hermitian ensembles. We will keep the
exposition brief, but will introduce all notation necessary for this appendix to be read
independently from the main body of the paper. We reuse much of the notation from the
main body of the paper so that we may also reuse the same proofs. For convenience, N
will be a fixed even integer; similar results are true for odd integers.

Given a Borel measure v on R we define the associated partition function to be

1
vo._
2= gy 180w ).

where A(p) is the Vandermonde determinant in the variables y1, y», ..., yny and vy isthe
product measure of v on RY . When B = 1 we define the function & : R? — {—l, 0, %}
and the operator €, on L2(v) by

1
E(y,y) = 7 sen(y — y) and  €,8(y) = /Rg(y)g(y, y)dv(y).

When B = 4 we define E(y, y’) := 0 and €,g(y) := g'(y). We use ¢, to define the
skew-symmetric bilinear form (-|-),, on L?(v) given by

(glh)y :=/R(g(1/)€vh()/)—eug(V)h(V))dV(V)-

Theorem A.1. Let b := /B, and let q be a family of Nb monic polynomials such that
deg g, = n. Then,

z" =bNPIU,
where U(‘i = [gqnlguw)v]; n,n’ =0,1,...,Nb—1.

This theorem follows from de Bruijn’s identities [7].

We set A to be Lebesgue measure on R. If there is some Borel measurable function
w : R — [0,00) so that v = wA (that is, dv/dX = w) then we define Z¥ = Z".
Clearly,

1 N
A m/}RN Qv(y)diy(y) where Qpn(y) = {H w(J/n)] AP

n=1

We may specify an ensemble of Hermitian matrices by demanding that its joint proba-
bility density function is given by Q. The n'" correlation function of this ensemble is
then defined to be R, : R" — [0, o0), where

1 1

Ry(y) := 70 N —m

[ v v pdineao. (A1)
RN —-n

where y v y € R is the vector formed by concatenating the vectors y € R” and
y € R¥=" By definition, Ry = 1. Here we take (A.1) as the definition of the n' corre-
lation function; one can use the point process formalism to show that this definition is
consistent with the definition derived in that manner. See [4] for details.
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We set i, to be the n, n’ entry of (U}fk)_T, and we define g, := wq, and

) [ woamen. i itp=1
exqn(y) == 17R
w(y)g,(¥) if p=4.
(In the case of 8 = 4 this contradicts the earlier definition of €,, but it has the benefit of
allowing us to treat the 8 = 1 and 8 = 4 cases simultaneously.) Using this notation we
define the functions Sy, ISy and DSy : R2 >R by
Nb—1
SNy =3 2 s T () 33w (),
n,n'=0
Nb—1
ISn(y,y)) = 3 Dt €230 (Y) G0 (¥)
n,n'=0
and
5 Nb-1
DSV, ¥ =2 D b T () G (V-
n,n'=0
The matrix kernel of our ensemble is then defined to be

DSn(y,y") SN, v }
).

K , / = /

Theorem A.2.
R.(y) =Pf[Kn(yj.¥p)]: J.j/=12....n

Our proof of this theorem begins by setting 7 to be the measure on R given by

T

dn(y) = th ds(y — o),

t=1

where y1, y2, ..., yr are real numbers and cy, ¢z, ..., cr are indeterminants and § is
the probability measure on R with point mass at 0. We will assume that 7 > N. As with
Theorem 4 in the main body of this paper, we will prove Theorem A.2 by expanding
Zw O+ /7w in two different ways and then equating the coefficients of certain products
ofcy,ca, ..., cr.

Proposition A.3.
Zw(k+77) ,
o =Pf J+[VecrKnGe,y)]): ' =1,2,...,T,

where J is defined to be the 2T x 2T matrix consisting of 2 x 2 blocks given by

J:= [S,J/ [_01 (1)]] tt=1,2,...,T.

Proposition A.3 is proved in Sect. 9.1.
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Foreach N > (0 we define JT to be the set of increasing functions from {1, 2, ..., n}
into {1,2,..., T}. Given a vector y € R and an element t € Jn , we define the vector
yt € R" by Yt Vs Ye2)s - Y -

Proposition A.4.

Zw(A+n)

= +z Z HC‘(/) R (yt) (A-2)

n=11e30" | j=1

The proof of Proposition A.4 is given in Sect. 9.2.
Finally, we set K to be the 27 x 2T block matrix given by

K := [«/c,c,/ KN(y,,y,/)]; t,t'=1,2,....T

From the formula for the Pfaffian of the sum of two antisymmetric matrices (see Prop-
osition 7) and Proposition A.3 we have that

Zw(A+n)
A

=PfJ+K]=1+ Z Z Pf K, (A.3)

n=1 teJ7

where for each t € 3,{ , K¢ is the 2n x 2n antisymmetric matrix given by

K¢ = [J/agpagh Kv Oy i)l J.J =1,2,....8.
Finally,

n
PEK¢= { [ cw) { PEIEN Gy vg): o7/ = 1.2,....n,
j=1

and Theorem A.2 follows from Proposition A.4 by comparing coefficients of cjcp - - - ¢y
in (A.2) and (A.3).

B. The Pfaffian Cauchy-Binet Formula
Theorem B.1. (Rains) Suppose B and C are respectively 2J x 2J and 2K x 2K anti-

symmetric matrices with non-zero Pfaffians. Then, given any 2J x 2K matrix A,
PF(C"T—ATBA) Pf(B~T — ACAT)
Pf(C-T) N Pf(B-T)

Proof. LetI g and I, be respectively the 2K x 2K and 2J x 2J identity matrices, and
let O be the 2J x 2K matrix whose entries are all 0. Then, an easy calculation shows

that
L; O7[B T -A7[L;, -BA] [BT o
ATBLix||AT ¢ T|[|OT Lix | |OT CT—ATBA|’

and similarly

Ly —AC][BT —Al[L; O] [BT—-ACAT O
O" Lk || AT CT||CAT g | — o’ c Tl
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Now, if D and E are 2N x 2N matrices and D is antisymmetric, then it is well known
that Pf (EDET) = Pf D - det E, from which we conclude that

BT 0) BT —ACAT O
Pf[oT cT- ATBA] - Pf[ or  cT|

The theorem follows since the Pfaffian of the direct sum of two even rank antisymmetric
matrices is the product of the Pfaffians of the two matrices. That is

PfB T)PF(C"T —ATBA) =PfB~ T — ACAT)Pr(C™ ).

C. Limiting Correlation Functions for the Complex Ginibre Ensemble

The complex Ginibre ensemble consists of N x N complex matrices with i.i.d. normal
entries. In this section we derive the scaling limits of the correlation functions of the
Ginibre complex ensemble in the bulk and at the edge. As the quantities of interest
are similar to those in the main body of the paper we will reuse much of our previous
notation for the analogous quantities.

In his original paper on the subject, [15], Ginibre showed that the joint density of
eigenvalues is given by

1 N
v =~ {H w(yn)] A%,
n=1

2 . . .
where w(y) = e~ 7", A(p) is the Vandermonde determinant whose columns are given
in terms of y1, y2, ..., yn, and

1
Z-= M/CN Qy () dian (7).

We may take the n™ correlation function of this ensemble to be the function R, : C" —
[0, c0) given by

1 1
Rn (Z) ==

(N —n)! Q v d)“ —n .
Z (N—n)!/Can N @V Y)diow-m ()

The correlation functions can also be defined as densities with respect to Lebesgue
measure which satisfy an identity analogous to (5.1).

Ginibre gave a closed form for R,, in terms of a scalar kernel. Specifically, he showed
that

Ry (z) = det [Ky (zk, Zk’)]]rcl’k/zl )

where

1 121> )2 _
Kn(z,7) = 7 CXP (—7 - en (z7).
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Clearly then,

lim R,(z) = det Lex —M — low I + 2kZ '
N—oo " - 2 P 2 2 k<k k=1 '

This is the limiting correlation function of the complex Ginibre ensemble at the origin.
Notice that an almost identical expression appears in Theorem 11.

Like the real Ginibre ensemble, the complex Ginibre ensemble satisfies the circular
law. We therefore expect that limiting correlation functions will emerge after scaling
eigenvalues by a factor of +/N.

Theorem C.1. Let u be in the closed unit disk, and suppose s, s2, . . ., S, are complex
numbers. Set

zkzu\/ﬁ+sk k=1,2,...,n.

Then:

1. Limiting correlation functions in the bulk. /f |u| < 1,

lim Ry(z) = det | bl el e\
im z) =det| —exp|— - SkS K )
N—o0 " 27[ p 2 2 K2k k. k=1

2. Limiting correlation functions at the edge. If |u| = 1,

. 1 Ikl Iswl® _ sk +spu\ 1"
lim R,(z) =det| —exp| —— — + s )erfc | ——— .
N—o00 11( ) [27{ p ( 2 2 SkSk \/E k,k/=1

Remark. These results appear in [11]. We present them here for completeness, and
since these scaling limits follow easily from some of the asymptotics employed in the
derivation of the scaling limits for the real Ginibre ensemble.

Proof. Let N =2M,

Ym(s) = exp (W«/ﬁ)

and define D to be the n x n matrix given by D = diag (¥p1(s1), ¥ (s2), ..., ¥(sy)). It

is easily seen that |y, (s)| = 1 and det D = 1. We also define K to be the n x n matrix
given by

[ 1 ( Isel> sl ) (skmﬁkfu)}”
K=|—exp|——— — +sisy Jerfc | ————— .
2 2 2 V2 kk'=1

Then,

lim R,(z) = lim det (DKD—I). (C.1)
M—o0

M— o0
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The k, k" entry of K can be computed to be

Lo (—amup - SFFSe0 p Gt sl |sk|2_ Isw |2
27 V2 V2 2

xem (2M|u|2 + (spT + 5 u)V2M + skEk/)
1 2 .12
= —exp (—2M|u|2 — (sgu +Spu)NV2M — skEkr) exp —ﬂ — s + Sp S
2w 2 2
X exp (—(Sku — Skit) x/ﬁ) exp (—_(Sk/u — Swt) «/M)

V2 V2
e (2M|u|2 + (ST + Su)V2M + skEk/) .

It follows that the k, k' entry of DKD~! is given by

1 (|Sk|2 |y |2
Xp

o 2 2
ey (2M|u|2 T+ (57 + 5pu)V2M + skEk/) .

+ skEkr> exp (—2M|u|2 — (spT +5pu)V2M — skEkr)

Statement 1 of the theorem now follows from (C.1) and Lemma 9.2. Statement 2 follows
from (C.1) and Lemma 9.4. 0O

D. Plots of Correlation Functions for the Real Ginibre Ensemble

This appendix contains various visualizations of the limiting correlation functions of the
real Ginibre ensemble.

As usual, H (respectively H) is the open (closed) upper half plane. Given a point
u € Hwith |u| <1,r1,r,...,rg € Rand sy, 52, ...,s, € H", we set

xj=uv2M+r; j=1,2,.... ¢ and zx=uN2M +s,  k=1,2,...,m.
We will use the notation

Rzm(rl,...,rg,sl,...,sm)= lim Rg’m(X,Z),
’ M— 00

where Ry ,,(X,z) is the £, m correlation function of the real Ginibre ensemble of
2M x 2M matrices.

D.I. The real bulk. Let u be a point in the real bulk. The local density of real eigen-
values is constant (equal to 1/ V/27). The limiting correlation function, Rg,o(’”lv rp) is
invariant under real shifts, and hence R;O(rl, r) = Rg’o(rl — 12, 0). We may therefore
plot this correlation function as a function of a | — rp. As |r; — rp| — 00, this quantity
approaches (277) ~!—the square of the density of real eigenvalues. See Fig. 1.

The local density of complex eigenvalues in the real bulk is given by Ry | (s). Due to
the invariance of the correlations functions with respect to real shifts, thls is a function
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R o(r1,r2)

A

= ‘ : > 11—
) ! 2
Fig. 1. RE’ o(r1, r2) in the real bulk as a function of ry —rp
u
Ry (s)

A
1e32h
2

! Im(s)

Fig. 2. The density of complex eigenvalues in the real bulk as a function of Im(s)

of Im(s) only. As Im(s) — oo this density tends toward the density of eigenvalues in
the complex bulk. Specifically,

1
lim Ry,(s) = —.
Im(s)—o00 ’ b4

See Fig. 2.
The correlation function Rﬁ"l(r, s) is invariant under real shifts, and thus can be
plotted as a function of r — Re(s) and Im(s). As Im(s) — oo, Rlu,l(r, s) approaches

27127 =3/2__the product of the density of real eigenvalues in the real bulk and the
density of eigenvalues in the complex bulk. See Fig. 3.

D.2. The complex bulk. When u is in the complex bulk; that is ¥ € H and |u| < 1,
the density of eigenvalues is constant (equal to 1/m). The only non-trivial correlation
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- ‘ ‘ - s—5
v 2

Fig. 4. A plot of R (s, s") in the complex bulk as a function of s — s’

function we can visualize is R , (s, s"). This function is invariant under both real and
imaginary shifts. That is, we may plot R , (s, s’) as a function of s —s". As |s —s'| — o0,

R o (s, s") approaches 1/72—the square of the density of eigenvalues in the complex
bulk. See Fig. 4

D.3. The real edge. For concreteness we will concentrate on the real edge correspond-
ing tou = 1. At the real edge the local density of real eigenvalues is no longer constant.
Here the density is given by R}’O(r). Asr — —oo we expect the local density of eigen-

values to approach the density of real eigenvalues in the real bulk, 1/+/27. Indeed, this
is the case. As r — oo the local density of eigenvalues decreases to 0. See Fig. 5.
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R{ ()

-« 1

-
-2 i 2

Fig. 5. The density of real eigenvalues at the real edge as a function of

Fig. 6. The density of complex eigenvalues at the real edge as a function of Re(s) and Im(s)

The local density of complex eigenvalues at the real edge is given by R(l)’1 (s). This
can be plotted as a function of Re(s) and Im(s). If s ‘moves’ in the direction of the
complex bulk (loosely speaking, Re(s) — —oo while simultaneously, Im(s) — ©0)
then R(l)’1 (s) approaches 1/w—the density of eigenvalues in the complex bulk. Since
the real axis repels complex roots, R(l)’ 1 (s) approaches 0 with Im(s). See Fig. 6.

We may also plot R% (r, r). Here we expect that if r — —oo and ¥’ — oo and
|r —r’| = oo, then R% (r, r") should approach the square of the density of real eigen-
values in the real bulk, (277)~!. If » — r’ approaches 0, then the repulsion of eigenvalues
implies that Ré (r, ") — 0. Similarly, if either r or r’ is large and positive, then we are
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Fig. 7. A plot of R% o(r, ') at the real edge as a function of r and r’

R ()

- ‘ i 2 Im(s)

-2

Fig. 8. The radial density of eigenvalues (represented here as Ré 1 (s)) as a function of the radius (given here
by Im(s)) at the complex edge

looking at the local correlation of involving a real eigenvalue away from the bulk, and
therefore Ré (r, r’) is small. See Fig. 7

D.4. The complex edge. The limiting kernel at the complex edge, when u is on the unit
circle, is invariant under shifts in the direction of the tangent line of the unit circle at
u. For simplicity we take u = i, so that, for instance, the local density of complex
eigenvalues is invariant under real shifts. This density is given by Rf)’] (s) which is a
function of Im(s) only. As Im(s) — oo we are moving away from the bulk and thus
Rf)’l (s) — 0.If Im(s) — —oo then Ré,l (s) approaches 2/, the density of complex
eigenvalues in the bulk. See Fig. 8.
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