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Abstract We study Pfaffian random point fields by using the Moore-Dyson quaternion de-
terminants. First, we give sufficient conditions that ensure that a self-dual quaternion kernel
defines a valid random point field, and then we prove a CLT for Pfaffian point fields. The
proofs are based on a new quaternion extension of the Cauchy-Binet determinantal iden-
tity. In addition, we derive the Fredholm determinantal formulas for the Pfaffian point fields
which use the quaternion determinant.
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1 Introduction

A determinantal random point field is a random collection of points with the probability
distribution that can be written as a determinant. The determinantal point fields describe
various mathematical objects including eigenvalues of random matrices, zeros of random
analytic functions, non-intersecting random paths, and spanning trees on networks. It is
conjectured that they are also related to other important objects such as Riemann’s zeta
function zeros and the spectrum of chaotic dynamical systems. See [10, 11, 20] and [3] for
reviews.

The definition of the determinantal point field uses the standard matrix determinant.
However, in some applications, the distribution of a random point field can be represented
as a determinant of a quaternion matrix. An important example is provided by eigenvalues
of orthogonal and symplectic random matrix ensembles. It is natural to study these fields as
a generalization of the usual determinantal point fields and study their properties.
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682 V. Kargin

While this generalization can be thought of as a quaternion determinantal point field, it
is also equivalent to the Pfaffian random point field, which was recently studied in [18, 21],
and [2]. In order to give a precise definition, we recall some preliminary notations.

A random point field X =(X, B, P) on a measurable space A is a probability measure PP
on the space X of all possible countable configurations of points in A. It is convenient to
think about this object as a collection of functions that sends every n-tuple of non-negative
integers (ki, ..., k,) and every n-tuple of measurable subsets of A, (Aj,..., A,) to a non-
negative number, which can be interpreted as a probability to find k; points in the set A;.
These functions are to satisfy some consistency conditions, which we do not specify here.
The reader is advised to consult paper [12] or book [5] for more detail. We will also call the
process X a A-valued random point field.

Suppose that A is a space with measure . Let #(A;) denote the number of points of X’
located in the set A;.

Definition 1.1 A locally integrable function Ry: A* — R is called a k-point correlation
function of a random point field X =(X, B, P) with respect to the measure wu, if for any
disjoint measurable subsets Ay, ..., A,, of A and any non-negative integers ki, ..., k,,, such
that Y I, k; = k, the following formula holds:

m

EH[#(Ai) - (#(A) — ki +1)] :/ Ri(xr, ..o x)du(x) - -du(x), (1)

ky k,
i1 A XX A"

where E denote expectation with respect to measure P.

Note that on the left is the expected number of ordered configurations of points such that
set A; contains k; points. Note also that the correlation functions are defined only up to sets
of measure 0.

Definition 1.2 A A-valued random point field X is called a Pfaffian random point field if
its correlation functions can be written as quaternion determinants:

Ru(x1, ..., xn) =Dety (K (x;, x;)) X Xp €A, m=1,2,..., (2

| 1<i,j<m’
where K (x, y) is a self-dual quaternion kernel (that is, K (y, x) = (K (x, ¥))*), and Dety, is
the Moore-Dyson quaternion determinant.

In this definition the function K (x, y) takes value in the algebra of complexified quater-
nions Qc¢.

(Recall that real quaternions can be written ¢ = s + xi+ yj + zk, where s, x, y, and z are
real and where i, j, k denote the quaternion units with the rules ij = —ji = k and so on. The
complexified quaternions are allowed to have complex coefficients s, x, y, and z. For both
real and complexified quaternions, the conjugate of ¢ is defined as ¢* = s — xi — yj — zk.
In this paper when we say quaternions, we mean complexified quaternions, and we say
real quaternions for quaternions with real coefficients. Quaternion matrices are matrices
whose entries are quaternions. The dual of a quaternion matrix X is defined as a matrix X*,
for which (X*); = (Xy)*. Self-dual quaternion matrices are defined by the property that
X*=X.)

The name Pfaffian comes from a different definition of this object given in [21] and [2].
They call a random point field Pfaffian if there exists a 2 x 2 matrix-valued skew-symmetric
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kernel K on X such that the correlation functions of the process have the form

R (x1, ..., ) =P K (xi, x)] X, Xm€X, m=1,2,...

i,j=1’

(The notation Pf in the right-hand side stands for the Pfaffian.) This definition is equivalent
to ours. Indeed, one can take the complex matrix representation of the quaternion kernel
K (x;,x;) and write the quaternion determinant in Definition 1.2 as a Pfaffian of a 2-by-2
matrix-valued skew-symmetric kernel equal to this representation multiplied by a matrix
J = (70, (I)) (See formula (21) in Appendix A.)

In the opposite way, suppose that the field is Pfaffian with 2 x 2 matrix-valued kernel
K (x,y). Since

A(x,y) B(x,y))
_B(y’x) D(xvy)

is skew-symmetric, hence A(y,x) = —A(x,y) and D(y,x) = —D(x, y) and it is easy to
check that

K(x,y)Z(

(B(yvx) _D(x7y)>
A(x,y)  B(x,y)

is a complex representation of a self-dual quaternion kernel K(x, y). By using the relation
between the quaternion determinant and the Pfaffian, we conclude that the correlations can
be written as quaternion determinants of the kernel K (x,y).

Here are some examples of Pfaffian fields.

Example 1 It was shown by Dyson [7] that the point field of eigenvalues of the circular
orthogonal and circular symplectic ensembles of random matrices have correlation functions
that can be written as quaternion determinants. Hence they form a Pfaffian point field that
takes values in the unit circle of the complex plane. Later this result was extended by Mehta
(see Chaps. 7 and 8 in [16]) to the case of Gaussian orthogonal and symplectic ensembles.
In this case, the eigenvalues form a real-valued Pfaffian point field. We will say more about
the symplectic random matrix ensembles in the last section.

Example 2 (Ginibre on Q) Let A = Q, where Q ~ R* denotes real quaternions. Take the
background measure du(z) = 721’ dm(z), where dm(z) is the Lebesgue measure on Q,
and define the kernel

n

Z(w
K’l(zi IU): )
kX:(; (k+1)!

*)k

where z, w € Q A3)

This kernel corresponds to a Pfaffian point field that takes value in real quaternions. The fact
that kernel (3) defines a valid random point field follows from Proposition 3.3.

Recall for comparison that the usual Ginibre random point field is a complex-valued
point field of eigenvalues of a random n-by-n complex Gaussian matrix. It is determinantal
with the kernel

n

k (=\k
Ko wy =3 20

k!
k=0

where z and w are in C and the background measure is du(z) = e am (z). (See [9],
Sect. 15.1 in [16], and Sect. 4.3.7 in [10].)
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Example 3 (Pfaffian Ginibre on C) This is another generalization of the Ginibre random
point field. See Sect. 15.2 in [16] for details. It is a complex-valued Pfaffian point field. Let

_ 1 27! 1 2 25+ 2i 2j+1
o= 2 0<i<jZ<Nfl 20 2 + 1)!(14 Y v )’

and define the quaternion kernel by its complex matrix representation:

onv(w,2) dv(W,2) )

Ky(z,w)) = ).
oK (z.w) <¢N(z, w) gy )
(The map ¢: Qc — M, (C) is a bijection between complexified quaternions and the 2-by-2
complex matrices. Its definition is standard and given in Appendix A.) Then this ker-
nel defines a Pfaffian point field with respect to the signed background measure du(z) =

e P (z = Ddm(2).

Example 4 (Bergman Kernel on Q) Let A be the unit disc in Q with the background measure
du(z) = m~2dm(z), where dm(z) is the Lebesgue measure on Q =~ R*. Define the kernel

K,z w)=) (k+2)* (w*)*,  where z, w € Q. )
k=0

Then this kernel corresponds to a Pfaffian point field that takes value in the unit disc of real
quaternions.

For comparison, the Bergman kernel on the unit disc in C is given by

K,z w) =Y (k+ D*@),

k=0

and corresponds to the determinantal point field of zeros of power series with i.i.d complex
Gaussian coefficients. (See Sect. 15.2 in [10].)

Which self-dual quaternion kernels correspond to random point fields?

Note that a correlation function is automatically symmetric if it is defined as in (2). That
is, we have

Rm (xa(l)’ e xn(m)) = Rm(xlv e xm)

for every permutation o € S,,. Hence, by the Lenard criterion ([13] and [14]), positivity is a
necessary and sufficient condition that ensures that a kernel corresponds to a random point
field. This condition can be explained as follows. Let X be the space of configurations of
points in A. Let ¢ = {¢,} denote an arbitrary sequence of real-valued functions ¢, over
AF which have the property that they are zero if at least one of its arguments is outside of
a certain compact set in A. Define operator S on ¢ as follows: S maps sequence ¢ to a
function S on X

(SP)) =D @u(xiyo - X))

where x = (xy, x,, ...) is an enumeration of a point configuration in X, and the sum is ex-
tended over all finite sequences of distinct positive integers (iy, ..., ;) including the empty
sequence. (This sum is essentially finite since the definition of the space of configurations
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requires that the number of points of any configuration in any compact subset of A be fi-
nite.) The positivity condition says that if (S¢)(x) > 0 for all x € X (including the empty
sequence), then it must be true that

N
/go(x)dp =@+ Z/k O, o X Re(xy, o x)d () - - d () > 0.
k=174

This criterion is useful for fields with small number of points. However, in general this
criterion is often difficult to verify.

In the case of the usual determinantal fields with self-adjoint kernels a much simpler
criterion is given by the Macchi-Soshnikov theorem (see [15] and [20]) that says that a self-
adjoint kernel K (x, y) defines a determinantal point field if and only if the corresponding
operator K is in the trace class and all its eigenvalues are in the interval [0, 1].

Our first result is a weaker version of this theorem for Pfaffian point fields.

Suppose that a quaternion kernel K can be written as follows:

K(x,y) = Mue(x)up(y), )

k=1

where A; are scalar and u;(x) is an orthonormal system of quaternion functions:

/ () () (x) = 8.
A

(The series in (5) are assumed to be absolutely convergent almost everywhere.) We will say
in this case that K (x, y) has a diagonal form with eigenvalues A;. If A are real and u; (x)
is an orthonormal system of real quaternion functions, then we will say that K (x, y) has a
real diagonal form.

Theorem 1.3 Suppose that a quaternion kernel K (x,y) has a real diagonal form with
eigenvalues Ay. Assume that all Ay € [0, 1], and that ZZ‘;I A < 00. Then the kernel K (x, y)
defines a Pfaffian point field with finite expected number of points.

The conditions of this theorem are sufficient but not necessary since there exist self-dual
quaternion kernels which do not have a real diagonal form and still define a valid point
field. For example, let the space A consist of two points and has the counting background
measure. Let K = %(i _1“ ), where a = (3ii — 5j) /4 so that > = —1. This matrix is self-dual
with determinant zero. It defines a random point field that has exactly one point uniformly
distributed on A. This kernel has a diagonal form but it does not have a real diagonal form.
(The eigenvector is a complex quaternion vector.)

Here is another example. Let A consist of two points, and let K = ( L

—al
ii — j, so that a> = 0. This matrix is self-dual with determinant 1. It defines a random point
field with exactly 2 points and correlation functions R; =1 and R, = (? (1)) On the other
hand, K does not have a diagonal form. (The eigenvalues equal 1 but K2 # K .)

These examples shows that the conditions of Theorem 1.3 are sufficient but not nec-
essary. On the other hand, it is not possible to drop entirely requirements on the eigen-
functions u;(x). For example, let A consist of two points and let K = %(l./lz :{54) (We
consider this matrix as a quaternion matrix. It is self-dual since (i /2)* = i/2.) This matrix
has eigenvalues 1 and 0 and it can be computed that it has a diagonal form with A =1

), where a =
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and u = (2/ \/5)[1, i/2]*. However, it does not define a valid random field since the first
correlation function is negative at the second point.

Many of the examples from random matrix theory are concerned with kernels that do not
have a real diagonal form. For example, one can check that the circular orthogonal ensem-
ble corresponds to a kernel without a diagonal form and the circular symplectic ensemble
corresponds to a kernel without a real diagonal form. Hence, it appears desirable to find
an extension of Theorem 1.3 . Ideally, we would like to know the sufficient and necessary
conditions that would ensure that a self-dual quaternion kernel defines a valid random point
field.

While this question is not answered in this paper, we can extend Theorem 1.3 and give
sufficient conditions that ensure that a kernel without a real diagonal form defines a valid
random point field. First, let us say that a kernel K (x, y) has a quasi-real diagonal form (or
simply call it quasi-real) if it has a diagonal form with real eigenvalues. Second, we will call
it positive if

DetM (K(X,', Xj))

P
I<i,j<m —

for all m € Z* and all x, ..., x,, € A. (A remarkable fact is that quasi-real kernels with
positive eigenvalues are not necessarily positive, as the last example above shows.)
We will call a quasi-real kernel K (x, y) completely positive if every of the kernels

Ki=Y ui(xuf(y)

iel

is positive, where {u;(x)} is an orthonormal set of eigenfunctions of K(x,y) and I =
(i1, ...,1,) denote an ordered subset of indices of all eigenfunctions.

Theorem 1.4 Suppose that a quaternion kernel K (x, y) is finite-rank, quasi-real and com-
pletely positive. Assume that all »i € [0, 1]. Then the kernel K (x, y) defines a Pfaffian point
field.

Remark: We omit the assumption that Y .-, A < 0o which we imposed in Theorem 1.3
since we assume that the kernel is finite-rank. It should be possible to extend this theorem
to a more general case when there are infinite number of A; and Z,fil Ai < 00.

Still, even if we restrict attention to kernels with a diagonal form, the conditions of The-
orem 1.4 are not necessary. For example, consider the two-point space A with the counting

measure . Let a = (1 +2i) + (% — %i)i, and define the kernel as K = %(al* ‘]’) Then

Dety (K) & 0.3745, the pair correlation function is positive, and the kernel defines a valid
random point field on A. On the other hand the eigenvalues are A, & % + 0.3529i and
therefore the kernel is not quasi-real.
In order to prove Theorems 1.3 and 1.4, let us introduce the following notations.
Suppose K (x, y) has a diagonal form with eigenvalues X, that all A, € [0, 1], and that
Y o2, Ak < 00. Define a random kernel

Ke(x,y) =Y &up(x)uj(y), (6)

k=1

where &, are independent Bernoulli random variables. The random variable & takes value 1
with probability A;. (We will prove later that this kernel defines a valid point field.)
Theorems 1.3 and 1.4 are immediate consequences of the following results.
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Theorem 1.5 Suppose K (x, y) has a real diagonal form with eigenvalues A, that all . €
[0, 1], and that Z,fil Ak < 00. Let X be a random point field which is a mix of Pfaffian
point fields with random kernels K¢ (x,y) defined in (6). Then, X; is a Pfaffian point field
with the kernel K (x, y).

An analogous result holds for the quasi-real case.

Theorem 1.6 Suppose K (x, y) is finite-rank, quasi-real and completely positive with eigen-
values Ay € [0, 1]. Let X¢ be a random point field which is a mix of Pfaffian point fields with
random kernels K¢ (x,y) defined in (6). Then, X; is a Pfaffian point field with the kernel
K(x,y).

These theorems are quaternion analogues of Theorem 7 in [11]. The key ingredient in
their proofs is an analogue of the Cauchy-Binet formula for quaternion determinants which
we state in Sect. 2 and prove in Appendix B. We will prove these theorems in Sect. 3.

New kernels of Pfaffian point fields can also be obtained by the restriction operation.

Proposition 1.7 Suppose K (x,y) is a kernel of a A-valued Pfaffian point field X. Let
D C A. Then Kp(x,y) =1p(x)K(x, y)1p(y) is a kernel of another A-valued Pfaffian
point field.

Proof The correlation functions defined by the kernel K (x, y) are valid correlation func-
tions since they equal the correlations functions of a random point field X, generated by
the following procedure. First, generate the points of X'. Then remove the points which are
outside of D. 0

In addition to the existence results, Theorem 1.5 allows us to study the total number of
points in a Pfaffian point field.

Theorem 1.8 Let X be a A-valued Pfaffian point field with a finite-rank kernel K. Let
N denote the number of points of X in A. Then the characteristic function of the random
variable N satisfies the following equations:

on () = }E(eiN[) = (1 + (e” — l)kk)
k=1
=Dety (I + (¢ — 1)K), M

where Ay are eigenvalues of the kernel K and r is its rank.

A consequence of this result is the central limit theorem for the number of points in
Pfaffian point fields.

Theorem 1.9 Let X, be a sequence of A,-valued Pfaffian point fields with finite-rank ker-
nels K,,. Let N, denote the number of points of X,,. Suppose that all eigenvalues of kernels
K, are real and in the interval [0, 1], and that Var(N,) — oo as n — oo. Then, the se-
quence of random variables (N, — E(\N,))//Var(N,) approaches a standard Gaussian
random variable in distribution.
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This is an analog of a theorem that was proved by Costin and Lebowitz in [4] and Diaco-
nis and Evans in [6] for particular cases, and by Soshnikov in [22] for general determinantal
ensembles. Later, a simplified proof was suggested in [11] and we use its main idea to prove
our theorem.

We will see in the final section that the circular and Gaussian symplectic ensemble of
random matrices have finite-rank projection kernels . Numerical evaluations suggest that the
restrictions of these kernels have real eigenvalues in the interval [0, 1]. However, the proof
of this claim is elusive.

In the theory of determinantal random fields, a prominent place is given to determinantal
formulas for evaluation of expressions like E ]_[,ZCV:1 (14 f(xx)), where x; denote the points
of the field. These formulas are useful for calculating the distribution of spacings and similar
quantities. It turns out that similar expressions can be written for Pfaffian fields. (This was
also observed in Rains [18] in a somewhat different form.)

First, we define the quaternion version of the Fredholm determinant for the self-dual
kernel K (x, y):

o0
1
Dety (I + K) =1+ Z 5/ DetM(K(x,-,xj))|1<l.yj<ndx| ceedxy,.
n*l . An - -

Note that for finite-rank kernels the series has only finite number of terms. In addition, it can
be checked that if A is finite, so that / + K is a matrix, then this definition agrees with the
usual definition of the Dyson-Moore determinant for the matrix  + K.

Let us consider E], (1 + f(xx)), where f(x) is a complex-valued function and the
product extended over all points of the field.
Theorem 1.10 Suppose that the kernel K of a Pfaffian field has finite rank. Then

ET](1+ f @) =Detu (I +/FOKVF ),
k

whenever terms on both sides of this equality are well-defined.

Proof The assumption implies that the field has a finite number of points and the product
ETT, (1 + f(x¢)) has finite number of terms. By the definition of correlation functions

[o¢] 1 n
El_[(l + fx) =1+ Z ;/ (Hf(%‘))R(xh oo Xp)dxy - dxy,
i n=1 YA Nz
[ee] 1 n
=1+) / (]‘[ f(xl-)> Dety (K (xi, %)) |, ; o, dx1 -+ dx,
n=1 YA Nz o

21
=1+) = /A Dety (v f () K (xis x )V F D)y oy - d
n=1

=Dety (I + f()K (V).

(Note that in fact all the series in this calculation have the finite number of terms.) O

In particular, formula (7) can be alternatively obtained from Theorem 1.10 by taking
f(x) =¢" — 1, a function which is constant in x and depends only on a parameter ¢.
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The rest of the paper is organized as follows. Section 2 formulates a quaternion version
of the Cauchy-Binet identity. Section 3 proves the existence Theorems 1.3 and 1.4, Sect. 4
proves the CLT in Theorem 1.9, and Sect. 5 provides an illustration by considering the cir-
cular and Gaussian symplectic ensembles of random matrices. Appendix A contains back-
ground information about quaternion matrices and determinants and Appendix B contains a
proof of the quaternion Cauchy-Binet identity.

2 Cauchy-Binet Formula

Determinants of quaternion matrices have been studied for almost a hundred years. (Study
wrote a paper [23] about them in 1920, and Moore presented his definition [17] in 1922). In
the 1970s, this subject got a boost after Dyson [7] re-discovered Moore’s determinant and
related it to the distribution of eigenvalues of random matrices.

Unfortunately, none of the available quaternion determinants enjoys all the properties
of the usual determinant, and the validity of each standard determinantal identity has to be
checked individually.

The Cauchy-Binet identity states that if A is an m-by-n matrix and B is an n-by-m
matrix, with n > m, then

det(AB) =) "det(A")det(B"),
1

where the summation is over I = (i} <i, < --- < ,,), the ordered subsets of {1, ..., n} that
consist of m elements. Matrices A’ and B’ are square matrices that consist of m columns
of A and m rows of B, respectively, with indices in /.

An implicit assumption in this result is that the entries of the matrices A and B are from
a commutative ring, for example from a field of complex numbers. Unfortunately, in this
form the Cauchy-Binet identity fails for the quaternion determinants.

However, a weaker form of the Cauchy-Binet identity still holds.

Theorem 2.1 Let C be an n-by-m quaternion matrix, n > m, and let C* be the dual of C.
Then

Dety (C*C) = > Dety((C')"C").

where the summation is over 1 = (i} < iy <--- <1iy), the ordered subsets of {1, ..., n} that
consist of m elements, and where C' consists of rows iy, ..., i, of C.

A proof of this theorem is in Appendix B.

Corollary 2.2 Suppose that A is an n-by-n diagonal matrix with scalar entries \; on the
main diagonal and that C is an n-by-m quaternion matrix, n > m. Then, we have.

Dety (C*AC) = Y Ay -+Ay, Dety((CT)"CT).

I=(iy,..rim)
i <--<im

Proof of Corollary 2.2 Let A'/? be an n-by-n diagonal matrix with scalar entries such that
(A2 = A For I = (iy,...,in), let (A'/%)!T denote an m-by-m matrix which is formed
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690 V. Kargin

by taking entries at the intersection of rows and columns iy, ..., i,, in matrix A% We write

DetM(C*AC _ZDetM AI/ZC)I*(Al/ZC)I)
_ZDet A'c)’)
= "Dets((4?)" )
1
3 Dets((4'7)'") Dets(c")
1
D iy, Dety((C7)7C).

I=(iy,....im)

The first line is the Cauchy-Binet identity. The second line is the relation between the
Moore-Dyson and Study determinants (see (23) in Appendix A). The fourth line follows by
multiplicativity of the Study determinant. And in the fifth line we have used (23) again. [

3 The Existence of Pfaffian Point Fields

Proposition 3.1 Let Ky(x,y) = Z,{V:l ur (x)uj(y), where uy(x) are orthonormal quater-
nion functions, and assume that Ky (x, y) is positive, that is,

DetM(KN (xivxj))}lsi,jim >0

forallm e Zt and all xy, ..., x,. Then Ky(x, y) defines a valid symplectic determinantal
field with exactly N points.

Note that for the case when u; (x) are real quaternion functions the assumption of pos-
itivity can be dropped. Indeed, in this case, the matrix K = K, (x;, X;)|; j=1,...m 1S positive
semidefinite. (That is, for every real quaternion vector v, v*Kv > 0.) This implies that all
eigenvalues of this matrix are real and non-negative. For self-dual matrices with real quater-
nion entries the Moore-Dyson determinant can be computed as the product of the eigenval-
ues, and we conclude that Dety (Ky (x;, X;))|1<i,j<m = 0.

Proof of Proposition 3.1 We need to show that the functions defined by the rule
Ry(x1,....xy) =Dety(Ky(xi,x;)), i, j=1,....m
are the correlation functions of a random field.

First, by assumption of positivity all functions R,,(xy, ..., X,,) are non-negative.
Next, by integrating the kernel we find that

/ Ky(x,x)dx =N

R

/ Ky (x,y)Ky(y,x)dydx = N
R
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By using formulas (1), we can conclude that the total number of points in the process with
kernel Ky (x, y) is exactly N. (Its expectation is N and its variance is 0.) Hence, it remains
to show that the functions R, (xy, ..., x,,) agree among themselves for all m. This can be
done by the quaternion analogue of the Mehta lemma. (Compare Theorem 5.1.4 on p. 75 in
Mehta [16])

Let K, := (K (x;, x;))1<i, j<m for a self-dual quaternion kernel K (x, y). O

Lemma 3.2 (Dyson) Assume that K satisfies either

/RK(x,y)K(y,z)dyz K(x,2) (8)
or
so(/RK(x, MK (y, Z)dy> =¢(K(x,2)) + E¢(K (x,2)) — (K (x,2))E, )
where
E=<(1) g) (10)
Then

/ Dety (Kyn)dxy = (N —m + 1) Dety (K1), 1)
R
where N = [ K (x, x)dju(x).

This result is due to Dyson. (See proof of Theorem 4 in [7].)
For the kernel Ky (x, y), equation (8) holds, and we find that

/ Ru(xt, ..., xp)dxy = (N — (m — D) Ry 1 (x1, ..., X)),
R
which shows that all correlation functions are all in agreement.

Corollary 3.3 Assume that
Ke(x,y) =) &u(0up(y), (12)
k=1

where every & is an independent Bernoulli random variable that takes value 1 with
probability Ay, and where uy(x) are orthonormal real quaternion functions. Suppose that
Y e Ak < 00. Conditional on &, the function K¢ (x,y) is a kernel of a determinantal point
field, X¢, and the total number of points in Xg is Z,fil &.

We can prove an analogous result for a quasi-real diagonal form.

Corollary 3.4 Assume that

N
Ke(x,y) =) &ur(x)u;(y), (13)

k=1
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where every & is an independent Bernoulli random variable that takes value 1 with proba-
bility Ay. Suppose that the kernel K (x,y) = Z,}{VZI ur(x)ui(y) is completely positive. Con-
ditional on &, the function K¢ (x,y) is a kernel of a determinantal point field, X; and the
total number of points in X is Z/lcv:1 &.

Proof of Theorem 1.5 By the iterated expectation formula, the correlation functions of pro-
cess Xr equal EDety (K¢ (x;, x;)), where the expectation is taken over randomness in §.
Hence, it is enough to prove that

]EDetM(KE(X,',Xj))=D€tM(K(Xi,Xj)), i,j=1,...,m, (14)

almost everywhere.
First, let

R
Kr(x,y) =) M (g ().

k=1

Since we assumed the absolute convergence of the kernel, hence Dety (Kg(x;, x;)). con-
verges to Dety (K (x;, x;)) almost everywhere as R — oo.
Let R-by-m matrix C be defined as

Cu=ui(x), k=1,...,R; [I=1,....m.

and let A be an R-by-R diagonal matrix with diagonal entries A;.
By Corollary 2.2,

Dety (K (xi, %)) = Z Ay - Ay, Dety ((CT)°CT). (15)

Next, let the random variable Dety (K¢ (x;, x;)) be denoted as ¥ and let Ag be the event
that all & are zero for k > R. (Thatis, Ag = (), z{& = 0}). Note that

EY =E(Y|AR)P(Ag}) +E(Y]AR)P(AR). (16)
By using independence of Ay and & for k < R, we find that
E(Y|Ar)P(Ag) =EDety (C*A:C)P(Ag),

where A denotes an R-by-R diagonal matrix with diagonal entries §&;.
Next, by Corollary 2.2,

EDety (C*A:C)=E Y & &, Dety((C')"C").
I=(iy,..., 41”,)
i <-<ipy
Since the variables §;,...,§;, are independent and have expectation A;,...,A;,, we
find that E§;, ---&;, = A;, ---A;,. Hence
E(Y|Ar)DP(Ag) = Dety (K (xi, x;))P(Ag), (17

and the probability P(Ag) converges to 1 as R — oo by independence of &;, Borel-Cantelli
lemma and the assumption Y _ A, < 00.
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Now let us show that E(Y |A%)P(A%) converges to zero almost everywhere. By positivity
of the determinant, it is enough to show that

/ E(Dety (K (x;, x;))|A%)P(A%) — 0 (18)

as R — oo.
Let

o0
ne =y &,
k=1

which is finite since both the expectation and the variance of the sum on the right hand side
are convergent. Since K; is a projection operator, the total number of points of the process
X in R equals n;. By changing the order of the expectation and the integral signs in (18),
which is possible since the integrand is positive, and by using the identities for correlation
functions we obtain that we need to estimate

E(ng(ng — 1)+ (ng —m + D]AR)P(A%),

which is smaller than

B 145)B(45).

ny' = (kz;ék) ,

and using the fact that & = & for every integer s > 1, we observe that it is enough to show
that

By expanding

IE( Y &, |A;>P(A;) -0,
i <o<iy
as R — oo, where the sum is over all possible ordered r-tuples (iy, ..., i,) such that i} <
cee<i,and 1 <r <m.
We can divide the sum in two parts. The first part is when i, < R. In this case, the
variables &, &;,, ..., &, are independent from the event A%, and therefore we can estimate
this part of the sum as

(0 huee o 143 JP(AR) < 5B

i <--<iy

where S := ) /2, Ax and c is an absolute constant. Hence this part converges to zero as
R — 00 because P(A%) converges to zero.
The second part of the sum is when i, > R. In this case, the event §; = 1 implies A% and
therefore,
IE(E,-I&Z . ~$,-,|A;)IF’(A;) = ]P’(Si] =1,...,& =1, and A;)
=P¢, =1,...,&§ =1
=Ny A

i -
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Therefore, we estimate the second part as

o0 o0
DEVEEHED DY

iy <<iy, ir=R+1iy,...ip_1=1

ir>R
=)
m—1
=5 Y

ir=R+1

Hence the second part converges to zero as R — 0o, because the tail sums ) 7 ;. A;,
converge to zero.

This shows that E(Y|A%)P(A%) in (16) converges to zero as R — oo. If we compare
(15) and (17) and let R grow to infinity, we find that

EDety (K (xi, x;)) = Dety (K (x;, x,)) (19)
almost everywhere, and this completes the proof of the theorem. ]

The proof of Theorem 1.6 is essentially the same as for Theorem 1.5 but it is easier, since
we assumed that the number of eigenvalues is finite.

4 Number of Points in Pfaffian Point Fields

Proof of Theorem 1.8 The moments of the number of points distribution can be written
as polynomials in traces of the kernel and its powers. Therefore, they can be written as
symmetric polynomials of the kernel eigenvalues. It follows that the characteristic function
of NV can also be written as a symmetric function of the kernel eigenvalues. The form of this
function can be recovered from the particular case when the kernel has a real diagonal form
and Theorem 1.5 is applicable. In this case N is the sum of independent Bernoulli random
variables, N' = & + --- + &,, where & equals 0 or 1 with probabilities 1 — A, and A,
respectively. By properties of characteristic functions,

r

on @) =]Tes =T+ (" = 1))

k=1 k=1
The second equality follows because the determinant can be written as the product of eigen-
values. ]
Proof of Theorem 1.9 The expression for the characteristic function of N, is

'n

on, O = J(1+ (¢ = )a),

k=1
where )»,((") are eigenvalues of the kernel K,,. This expression is the same as for the sum of
independent Bernoulli random variables f,-‘,f") with P(&, " =1)= A,((”). By the Lindenberg-
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Feller theorem ([19], Theorem 1I1.4.2 on p. 334) we conclude that if Var(N,) — oo as
n — oo, then

Var(N,)

approaches the standard Gaussian random variable. O

5 Example: Symplectic Ensembles of Random Matrices
5.1 Circular Symplectic Ensemble

The circular symplectic ensemble of random matrices (CUE) is defined as the probability
space of N-by-N self-dual real quaternion unitary matrices. The probability space has the
Haar measure.

The eigenvalues of matrices from this ensembles are located on the unit circle and can be
identified with angles 6;. The density of the eigenvalue distribution is

0. 0, 14
c 1_[ |e’0/—e’9k‘, -7 <6 <.

1<j<k<N

(For more details see Dyson’s papers or Chap. 2 in Forrester’s book [8].)
Let N be any positive integer. Define

1 . 1 1 sin(N8/2)
— ip6 _ = —
s (0) = ije - ;Cos(pg) 27 sin(6/2)

(Here the first summation is over p = (—2N + 1)/2, (=2N +3)/2,..., (2N — 1)/2, and
the second summation is over p =1/2,..., (2N — 1)/2.) Note that s, () is even in 6.
Following Dyson, we write

d i . 1 .
Dson(6) i= —oson(0) = 5~ > pe?’ = - > psin(ph),
p p>0

and

0
ISZN(O) I=/ SZN(Q/)dG/,
0

so that

2mi

1 . 1 |
Is;n(0) = — Zp_lelpe = Z » sin(p@)
P

p>0

The functions Ds,y, and s,y are odd in 6.
Define the quaternion function oy4(68) by its matrix representation:

_ L sn@) Dsyn@®)\_ 1 cos(pd)  —psin(ph)
(p(UM(Q)) T2 (IszN(Q) son (0) ) o ZO <p‘1 sin(pf)  cos(ph) ) )
p>
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In terms of quaternions, the kernel can be written as follows:

1 1 L1 .
ons(0) = = (SzN — E(ISZN + DSzN)lH‘E(ISzN - DSzN)J>

2
N-12
=5 Z (cos p@ + a,, sin po),
p=1/2
where
1 . .
a,= 2—[(p2 — D)ii+(p* + 1)j]-
P
It is easy to check that a) = —1.

Dyson proved the following result (See Theorem 3 in [7]): The random field of eigenval-
ues is Pfaffian with the kernel on4(6 — 6).

The kernel oy4 is a projection on a subspace of a finite-dimensional linear space (or
rather module) L over Q.

2N -1
5 .

1 1 . 13
L =spany —=cos pf, —sinpf,p=—-, -, ...,
T T 2°2

g e

Note that dimg L =2N.
If we calculate the action of the kernel oy4(6) in the basis 7w~/ cos p@, w~1/2sin pé,
then we find the following matrix representation of the operator with kernel oy4:

1 1 111/2> ( 1 a3/2> < 1 aN71/2>
K=- D D ---D . 20
2 {<—£11/2 1 —az, 1 —an-1,2 1 20)

That is, K is a 2N-by-2N block-diagonal matrix that has blocks

1 1 a,
2\ —a, 1

—1/2

on its main diagonal.
It follows that it can be written as

— *
K= E UpU,,

p

where

v, = %(O,...,O, 1,a,,0,...,0),
and the entries 1 and a,, are at places 2p and 2p + 1, respectively.
Hence the kernel oy4(6) has a quasi-real diagonal form with eigenvalues A, = 1.
Clearly the restriction of this random point field to an interval I = (a, b) is also a Pfaffian
random point field with the kernel o;y4 = 1;(6)on4(0 — 6")1;(8"). Numerical evaluations
suggest that this restricted kernel is also quasi-real with positive eigenvalues for arbitrary N
and /. However, the proof of this claim is elusive. The author proved it only for N = 2.
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5.2 Gaussian Symplectic Ensemble

The Gaussian symplectic ensembles of random matrices (GSE) consists of N-by-N self-
dual real quaternion matrices H with the density given by the formula

p(H) = cexp[—2Tr(H?)].

The ensemble is called Gaussian because the entries of H have components that are real
Gaussian variables with variance 1/4.
The eigenvalues of a GSE matrix are real and have the density

N
c H(Xj — xk)4 1_[ uJ(X.,')de*,
j=1

Jj<k

where w(x) = exp(—x?). Let Q j(x) be polynomials of degree j which are orthogonal with
respect to weight w(x). That is, :

(Q2), Q2j41) = /(sz(x)Q/z_H](x) - Q’zj(x)QQj+l(x))w(-x)dx =1

(Q2j+1, Q2j) = —1 and (Qy, Q) = 0 for all other choices of k and /.
Define

2N-1

Sx (@, ) = Vw@w() Y [Qhst () Qu(y) — O () Qa1 ()],

k=0
2N—1

In(x,y) = Vwx)w(y) Z [ Qo1 (x) Qo (y) — Qo (¥) Qa1 (1]

k=0
2N-1

Dy (x,y) =V w@®w©) D [~ () 0y () + O (¥) Qs 0],
k=0

Define the quaternion kernel Ky (x, y) by its matrix representation:

SN(X»)’) DN(X»)’)>.

QD(KN(X» y)) = <1N(x, y)  Sn(y,x)

The eigenvalues of GSE form a Pfaffian field with this kernel (see, for example, Tracy
and Widom [24] or Chap. 5 in Mehta [16] for an explanation).
We can introduce the quaternion functions y(x) as follows:

B Qo (x) —0% ()
¢ (e (0)) = vw(x) (—Q2k+1(x) Q/2k+l(x)> .

The dual is

o Qs () ngm)
# (i (0) = V) <Q2k+1(x> 0n) )’

and we find that
N—1

Ky, y) =Y xi 0x(y).

k=0
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Since x; are orthonormal, hence we find that the kernel Ky (x, y) is finite rank and has a
quasireal diagonal form with all eigenvalues equal to 1.

The kernel is positive since the determinants Dety (K (x;, Xj))|1<i, j<m can be interpreted
as correlation functions for eigenvalues. Unfortunately, it is not clear how to show the posi-
tivity without appeal to correlation functions. For this reason, Proposition 3.1 cannot be used
to give an independent proof that this kernel corresponds to a valid random point field.

It is also an open question whether the restrictions of this kernel to finite intervals have
positive eigenvalues. This would be necessary to show in order to establish the CLT by
using Theorem 1.9. (Note however that for the Gaussian symplectic ensemble, the CLT is
already known from the results in [4], which are based on the relations between eigenvalues
of Gaussian symplectic, orthogonal and unitary ensembles.)

Appendix A: Quaternion Matrices and Determinants

The algebra of complex quaternions Q¢ is isomorphic to the algebra of two-by-two complex
matrices M,(C), with the correspondence defined by the rules

. 0 i . 0 -1 i 0
l_<i 0), J—(l 0>, and k_<0 —i)'

In terms of 2-by-2 matrices, if ¢ = ('j Z), then its conjugate is g* = (i _ab).

A number 1 is called an eigenvalue of a quaternion matrix X if for some non-zero quater-
nion vector v, we have Xv = vA. (These are the right eigenvalues of X, which are the most
convenient in applications.) It is easy to see that if A is an eigenvalue, then g ~'Aq is also an
eigenvalue for any quaternion g. However, for self-dual real quaternion matrices, all eigen-
values are real and it is possible to show that every n-by-n matrix X of this type has exactly
n eigenvalues (counting with multiplicities); see Zhang [25].

It is possible and useful to generalize the concept of determinant to quaternion matrices.
There are several sensible ways to do this and in this paper we will only use the Moore-
Dyson and Study determinants. Interested reader can find details in a review paper by Aslak-
sen [1].

If we replace each entry of a quaternion matrix X by a corresponding 2-by-2 complex
matrix, then the matrix X becomes represented by a 2n-by-2n complex matrix which we
denote ¢(X). Then the Study determinant of X is defined as the usual determinant of ¢ (X).

Detg(X) := det(p(X)).

It can also be defined in a slightly different way for real quaternion matrices. If X = X; +
Xoi+ X3j+ X4k, where X, X5, X3, and X4 are real, then we define two complex matrices
A =X, + X,i and B = X3 + X4i. Then, ¥ (X) is defined as a 2n-by-2n complex matrix
(:% g), where A is the conjugate of matrix A, that is, (A = (Aw), and similarly for B.
The matrix ¥ (X) is called the complex adjoint of matrix X. Then, Detg(X) = det(y (X)).

The Study determinant is multiplicative: Dets(A B) = Detg(A) Detg(B) for square ma-
trices A and B.

The Moore-Dyson determinant of a self-dual real quaternion matrix X can be defined as
the product of the right eigenvalues of the matrix. Remarkably, this determinant can also be

extended to all quaternion matrices by using a variant of the Cayley combinatorial formula
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for the determinant. Namely, let S, be the group of permutations of the set {1, ..., n}. Write
every permutation o as a product of cycles:

o = (niiy---ig)(noja--ji) - (nrka - ki),

where n; are the largest elements of each cycle and ny > n > --- > n,. Then we can write

DetM(X) = ZS(J)(aniZXizfg e Xixnl) o (Xllrk2Xk2k3 e Xklnr)7

o

where e(0) = (—1)""" is the sign of the permutation o. (see [17] and [7]).

Note that this definition allows one to calculate the quantity Dety, (X) for an arbitrary
quaternion matrix. Dyson established that this quantity is scalar for every self-dual matrix,
that is, in this case the i, j, and k components of the determinant are zero.

The Moore-Dyson quaternion determinant of a self-dual quaternion matrix can also be
written as the Pfaffian of a related complex matrix. Let J be a 2n-by-2n block-diagonal
matrix with the blocks ((1) _01) on the main diagonal. If X is a self-dual quaternion matrix,
then —Jo(X) is antisymmetric (that is, [—J@(X)]” = Jp(X)), and we can compute the
Pfaffian of this matrix. We have

Dety (X) =Pf(—Jp(X)). (21)

(see [7] and Proposition 6.1.5 on p. 238 in Forrester’s book [8]).
In terms of the transformation 1, this can be written as follows. Let X be a real quater-
nion matrix and let A and B be defined as in the definition of the complex adjoint. Let

T=v(= ((1) 701) Then, —J ¥ (X) = (5 g). If the real quaternion matrix X is self-dual,

then —J- ¥ (X) is antisymmetric, and it can be shown that
Dety (X) = —Pf(—J ¥ (X)). (22)
The Study and Moore-Dyson determinants are related by the following formula:
Detgs(X) = Dety (X*X). (23)

(See formula (6.13) on page 239 in [8] or Corollary 5.1.3 on p. 75 in [16].)

Appendix B: Proof of Theorem 2.1

Since the identity is algebraic, it is enough to show that it holds for matrices with real
quaternion entries. We will prove this by showing that the corresponding result holds if we
write the quaternion determinants in terms of Pfaffians. Namely, let C = X; + X,i + X3j +
X,k and define complex matrices A = X; + X,i and B = X3 + X4i. Then, by using (22)
we obtain that

__R* * t * t *
DetM(C*C)=_Pf( B*A+(B*A)" (A*A)' + B B>.

—A*A — (B*B) A*B — (A*B)'

The blocks —B*A + (B*A)' and A*B — (A*B)' are antisymmetric, and ((A*A)" +
B*B)' = —A*A — (B*B)', so the block matrix is antisymmetric as well.
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What we need to prove is that

pp( B A+ (B*A)  (A*A) + BB
*A—(B*B) A*B— (A*B)'

_pr _BI*A1+(BI*AI)I (AI*AI)I—FBI*BI
- _AI*A[_(BI*BI)t AI*BI _(Al*Bl)t

where the summation is over all ordered m-tuples I = (i} < --- < i,,), with iy € {1,...,n},
and A, B are the matrices that are obtained from matrices A and B, respectively, by taking
the rows with indices in /.

In order to prove this, we recall that if R is a 2m-by-2m antisymmetric matrix, then the
Pfaffian of R is defined as follows:

m

1
Pf(R) = il Z sgn(o) 1_[ Roi—nyoiy- (24)

0ESom i=1

Next, we note that if

r_ (~BAT(BA) (A*A) +B'B
= *A—(B*B) A*B— (A*B)'

then there is a formula for R;; in terms of elements of A and B. This formula depends on
whether i and j are greater or less than m. For example if i and j are both < m, then

Rij=) (=BaiAaj+ BajAc) =Y Wali, j).

a=1 a=1

If we substitute this in formula (24), and expand, then we get

Pf(R) = sgn(o) Z 0(1) 0(2)) Z(0(2m — 1),0(2m)), (25)
! o€Sy, (a,b,.
where the summation is over all m-tuples (a, b, ..., z) with each letter taking a value in
{1,...,n}.

A similar formula holds for the Pfaffian of R, where

Rl_ _BI*AI+(BI*AI)I (AI*AI)I+BI*B[
- _AI*AI_(BI*BI)t AI*BI_(AI*BI)t

Namely,
PI(R") = 2 — Y sen(0) Y Wa(o(D),0(2) - W (o@m—1),02m)). (26)
gE€Soyy (a,b,...,z)el™
The difference with the previous formula is that the elements of m-tuples (a, b, ..., z) are

now restricted to take values among indices in m-tuple /.
Let us for shortness write ¥, .(o) for the product ¥,(c(1),0(2))---¥.(c(2m —
1), 0 (2m)).

@ Springer



On Pfaffian Random Point Fields 701

If all elements of (a, b, ..., z) are different, then the term ¥,
pansion (25) and once in the sum of expansions (26),

> Pi(R").

.(0) occurs once in ex-

.....

(In this sum, it occurs in the expansion of that Pf(R'), for which I is the ordered version of
the m-tuple (a, b, ..., z).)

If some of the elements of (a, b, ..., z) coincide, then the situation is different. The term
¥, .. .(0) occurs once in expansion (25) but it can occur more than once in the sum

> Pi(R").

For example, if all elements of the m-tuples are the same, a = b = - -+ = z, then this term
will appear in the expansion of each Pf(R'), whose index I contain a.

Clearly, in order to prove that Pf(R) = ), Pf(R’), it is enough to prove that the sum of
all these terms is zero. That is, it is enough to show that for a fixed m-tuple (a, b, ..., 2)
with at least two elements that are equal, the sum

> sgn(@)¥,...-(0)

D’ESQ,,,

is zero.
Without loss of generality we can assume that a = b. We have to consider several cases
of o, which are summarized in the following table

o) 0@ o3 @

Som[1]

Som(2] * *
Som (3] * *
S2/n [4] * *

SZm [5] *
S [6] *

S2m [7] *

Som[8] * * *

The star means that the corresponding o (i) is greater than m. For example, S,,,[1] denote
the set of all permutations from S,,, that satisfy the condition that all of o (1), 0 (2), o (3),
o (4) are smaller than or equal to m. For permutations in this set,

'Ija (0(1)7 6(2))Wu ((7 (3)7 O'(4)) = (_EajAa.j +Ea,jAa.i)(_§a,kAzul + Ea,IAa.k)-

Som[2] denote the set of all permutations from S, that satisfy the condition that
o (1), 0(2) are smaller than or equal to m and o (3), o (4) are greater than m, and so on.

Let us define t;[o], as a permutation that coincides with ¢ on all indices except 2 and 4,
for which it is defined by equalities t;[0](2) = 0 (4), and t;[0](4) = 0 (2). Similarly, 1[0 ]
is defined as a permutation which acts on everything except 2 and 3 as o, and on these
indices it is defined by 1:[0](2) = 0(3), ©2[0](3) = 0(2). Finally we define 73[0] as a
permutation that coincides with o on all indices except 2,3, and 4, where it is defined
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by the rules: 13[0](2) =0 (4), 13[0](3) =0 (2), 13[0](4) = 0 (3). Note that sgn(z,[o]) =
sgn(ty[o]) = —sgn(o), and sgn(w3[o]) = sgn(o). Observe that for an arbitrary function f,

Y. (fe + f(ulol) + f(nlel)) =3 Y flo).

oeSll] oeS,(l]
It is easy to check that the identity
0=W,(c(1),0(2))¥(0?3),04) — ¥ (alol(1), nlo12) ¥ (nlo13), ulol@)
—¥(nlo](1), nl0]2) ¥ (nlo1(3), nlo]4)

holds for permutations in S,,,[1], and this implies that

Y sen(@)¥,,...(0) =0. 27)

€Sy 1]

Next,

Y (f@+ f(mlol) + f(mlol))= > fl@)+2 Y. fl).

o€SHml2] o€SHml2] 0 €S 3]
and it is easy to check the identity
0=y, (0(1),0(2)¥(03),0(4) —¥(aloll), ulo]2)¥(n[013), ti[o]&)
+ ¥ (i3lo](1), Blo](2) Y (t3lo1(3), 13l01(4)) (28)
for o € S5,,[2]. Hence, identity (28) implies that
( Y2 ) ) sen(0),,...(0) =0 (29)
o€SHn (2] o €S, [3]

The other cases are similar. We use

Y (f@ + f(mlol) + f(mlol)) =2 Y fl)+ Y. flo)

€Sy [4] o€SHm (4] o€SHm (2]

in order to conclude that

(2 >+ > )Sgn(a)lllawz(g)=() 0,

oe€Soml4]  oeSml2]

By adding (29) and (30), we obtain

< Z + Z + Z >Sgﬂ(0’)l1/a ,,,,, z(a)=0. (31)

0€SHm[2]  oE€SHI3]  oeSHyl4d]

Next, the identity

Y (fe@ + f(mlol) + f(mlel) =2 Y fl)+ Y flo)

€S, [5] 0 €S, [5] 0 €Sy, [6]
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implies that
(2 Yoo+ > )sgn(d)% lllll (o) =0, (32)
oeS, 5] €S [6]
and the identity

Y (@ + f(mlo) + f(mlel)) = D fl@r+2 > fo)

0 €S 6] €Sy 6] 0 €Soml7]

implies that
( Yoo ) )sgn(a)wa,m,z(w:o. (33)
0 €S, [6] 0 €Som[7]

By adding (32) and (33), we obtain:
( D+ D+ ) ) sen(0)¥,,...(0) =0. (34)
0€Sm(5]  0€SH[6]  oESHIT]

Finally,
Y (fe)+ f(ulel) + f(mlol) =3 > flo).
0 €8, (8] 0 €S8l

Identity (28) still holds in this case, and therefore,

> sgn(o)¥,..:(0) =0. (35)
€Sy 8]
Clearly, the sets S, [k], are disjoint and their union over k =1, ..., 8 consists of all

permutations from S,,, for which o (1) < m. Hence, identities (27), (31), (34), and (35)
imply that

3 sen(@)¥,,...(0) =0.

oS
o(l)<m

The case o (1) > m can be handled similarly, and we obtain

Z Sgn((f)ll/aw,z(g) = 0

0ESH
This holds provided the first two indices in (a, ..., z) are equal. It is clear that this identity
also holds if any two indices in (a, ..., z) are equal.

As observed earlier, this implies that we can remove all terms ¥, (o), for which two
indices in (a, ..., z) coincide, from the expansions of both Pf(R) and the sum ) J Pf(R").
(See expansions (25) and (26).) Then it is clear that the remaining terms in the expansions
are the same. Hence

Pf(R) =) "Pf(R'),
i
and this implies the statement of the theorem.
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