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We give simple linear algebraic proofs of the Eynard-Mehta theorem, the
Okounkov-Reshetikhin formula for the correlation kernel of the Schur process,
and Pfaffian analogs of these results. We also discuss certain general properties
of the spaces of all determinantal and Pfaffian processes on a given finite set.
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0. INTRODUCTION

The goal of this note is to give simple proofs of the Eynard—Mehta theo-
rem, the Okounkov—Reshetikhin formula for the correlation kernel of the
Schur process, and Pfaffian analogs of these results.

The Eynard-Mehta theorem® provides a determinantal formula for
marginal distributions of probability measures on nk-point configurations

1 k
{x} ),...,x,(,l)}U---U{x{ ),...,x,(lk)}
of the form
i

const - det ¢; (xj.l)) det W (xl.(l), x](.z)) coedet Wi (x (k_l), x](.k)) det i (x;k)).

The formula was initially derived for computing the spectral correlations
of coupled random matrices, but has been used for a number of other
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purposes since then. Alternative proofs of the formula can be found in
Refs. 7, 14 and 20.

The Pfaffian analog of this result gives a Pfaffian formula for mar-
ginal distributions of probability measures of the form

const - Pfe(x(", xj(.l)) det Vi (x", x;z)) cdet Vi (x* Y, xj.")) det& (xj.")).
A variant of this formula relevant for evaluating the dynamical correlation
functions of the orthogonal-unitary and symplectic-unitary random matrix
transitions, was proved in Refs. 5 and 15.

The Schur process was introduced by Okounkov—Reshetikhin in Ref.
16. It is a probability measure on (generally speaking, infinite) sequences
of partitions, which in the case of finite sequences

FcAV D i@ 5@ o py T D@5 g,
takes the form
+ - + + -
const -5, (Pg ) S0/, (01 )83 7,0 (P == 830 =1 (P _ ) 830 (P )-

Here s;, 55/, are the usual and skew Schur functions, and /ol.dE are
specializations of the algebra of symmetric functions. Thanks to (Jacobi—
Trudi) determinantal formulas for s;, 5;,/,, the Eynard—-Mehta theorem can
be applied to evaluating the correlation functions of the Schur process.
One way of doing that is explained in Ref. 7, although the original der-
ivation of the correlation functions in Ref. 16 uses different methods. We
give another way of deriving the Okounkov—Reshetikhin formula for the
correlation kernel of the Schur process from the Eynard-Mehta theorem.

The Schur process has been used for analyzing uniformly distributed
plane partitions (or 3-D Young diagrams!®)), polynuclear growth pro-
cesses,”) and domino tilings of the Aztec diamond.®

Quite similarly, using the Pfaffian analog of the Eynard—Mehta result,
we obtain the Pfaffian structure and a formula for the correlation kernel
for the Pfaffian Schur process, which associates to the sequence of parti-
tions above the weight

COIlSt‘TA(l)(/OSL) S;L(l>/u(1)(pl_)Sk(2>/M(1)(pP_) "'Sx(n)m(n—n(,():_l)s,\(m (0,),

where the symmetric functions t, are defined by tx =), cen S1/c- These
functions have a Pfaffian representation (see Lemma 3.1), which plays a
key role in the proof.
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The Pfaffian Schur process was essentially introduced by Sasamoto—
Imamura,!® with pj specializing the symmetric functions into one vari-
able equal to 1. They computed the correlation functions and used them
for asymptotic analysis of polynuclear growth processes with a wall. The
Pfaffian Schur process can also be used for studying tiling models with
a symmetry condition, but further explanations of this connection go
beyond the goals of this paper.

Following our treatment of the Pfaffian Schur process, Matsumoto in
Ref. 13 gave a linear algebraic proof of his formulas for the correlation
functions of the shifted Schur measure (see Ref. 12 for the initial deriva-
tion). The shifted Schur measures were first introduced in Ref. 21.

The basic tool of our proofs is the computation of inverse of the
“Gram matrix” of inner products for the corresponding model. Similar
ideas have been previously used in Refs. 1, 6, 7, 9, 17 and 19.

In the last section of this paper we also discuss certain general prop-
erties of the spaces of all determinantal and Pfaffian processes on a given
finite set.

1. EYNARD-MEHTA THEOREM AND ITS PFAFFIAN ANALOG

Let X be a finite set. A random point process on X is a probability
measure on the set 2% of all subsets of X. The subsets of X will also be
called point configurations. Let L be a |X| x |X| matrix whose rows and
column are parameterized by points of X. For any subset X C X we will
denote by Lx the symmetric submatrix of L corresponding to X:

Ly =Lk, x) . ex.

If determinants of all such submatrices are nonnegative (e.g., if L is posi-
tive definite), one can define a random point process on X by

detLX
Prob{X}=——, X .
rob{X) det(1+ L) cx

This process is called the L-ensemble.

A random point process is called determinantal if there exists a |X| x
|X| matrix K with rows and columns parameterized by points of X such
that the correlation functions

p(Y)=Prob{Xe2*|YCc X}, YCX,
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of the process have determinantal form: p(Y) =det Ky. The matrix K is
often called the correlation kernel of the process.!

Proposition 1.1.3:!19  The L-ensemble as defined above is a deter-
minantal point process with the correlation kernel K given by K =L(1+
L)~L.

Take a nonempty subset ) of X and, given an L-ensemble on X,
define a new random point process on ) by considering the intersections
of the random point configurations X C X of the L-ensemble with ), pro-
vided that these point configurations contain the complement 2) of 9) in
X. It is not hard to see that this new process can be defined by

det LYU@
Prob{V}=——> Y . 1.1
robi¥} det(1@+L) <3 (1.1
Here 1y is the block matrix |:(1) 8 where the blocks correspond to the

splitting X=9)11Q). We call this new process the conditional L-ensemble.

Proposition 1.2. The conditional L-ensemble is a determinantal
point process with the correlation kernel given by

K=1p—(y+L)"y g

Note that for ) =X this statement coincides with Proposition 1.1.
det AY

Proof. Using the fact that if B=A"! then det Bx = Tet A for any
Y €29 we obtain
_ det(lyy+ L)
detky =Y (=D¥ldet (A + L)"') = _pXI=—A T2
etKy=) (-h¥de (( y+L) )x Z,( ) det(ly + L)
Xxcy Z=X>Y
= Z (—1)*I Probf{all points of the random point configuration
Z=X>Y
are in Z}

=Z(—l)|x | Prob{X has no points of the random point configuration}
Xcy

=p),
where the last equality is the inclusion—exclusion principle. |

INote that the correlation kernel is not defined uniquely; conjugation of K by a diagonal
matrix does not change the minors det Ky.
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Let us now state the Eynard-Mehta theorem.® Other proofs of this
theorem are given in Refs. 7, 14, and 20.

Consider a random point process on a disjoint union of k (finite)
sets XD U...Ux® which lives on nk-point configurations with exactly n
points in each X®, i=1,...,k, defined by the condition that the proba-
bility of any such point configuration equals

po [+ 00|

b=t

—const- det [&:xM)]- det [wy @, x@
const | det [¢i(x))]- | det [Wix.x))] (1.2)

det W1 &0 x® )] det [y )]
1<i,j<n[ —1(x; ; )]1@,;@[%( 9]

., are some functions on XM, (y;};_1 _,, are some
,,,,, k—1, are matrices with rows parameter-
ized by points of X" and columns parameterized by points of X+D.
The normalization constant on the right-hand side of (1.2) is chosen in
such a way that the total mass of all admissible point configurations is
equal to 1. We do not address the problem of positivity of (1.2) as it does
not play any role in the sequel. It suffices to assume that the normaliza-
tion constant is finite (the total mass is nonzero).

It is convenient to organize the functions ¢; and y; into two matri-
ces ® and W, the rows of ® and the columns of W are parameterized by
{1,...,n}, the columns of & are parameterized by points of X1, and the
rows of W are parameterized by points of X*). The corresponding matrix
elements are just the values of ¢; and ; at the corresponding points.

Lemma 1.3. The sum of the right-hand sides of (1.2) with “const”
removed, taken over all possible point configurations is equal to det M,
where

.....

M=>OWy---Wp_1W. (1.3)

Thus, const in (1.2) is equal to det M~!, provided that det M #0.
Proof. Follows from the well known Cauchy-Binet formula. |

In what follows we always assume that M is invertible, that is det M #0.
Set

Wi...Wj_l, l<]7 o Wl'.WJ 1 l<J

Wi hy=11x0, =], Wi = s
, , 0, > .
0, > -



296 Borodin and Rains

Theorem 1.4. (Eynard—Mehta). The random point process defined
by (1.2) is determinantal. The (i, j)-block of the correlation kernel is given
by

Kij =W UM oWy j)— Wi j). (1.4)
Proof. Take
x={1,...,npuxDy...ux®

and consider the conditional L-ensemble on ¥ with 9 =xDu...ux®
and the matrix L given in the block form by

0 0 0 -0
00 —Ww;0 ---0
] 1)
000 O —Wi—q
v oo 0 0

Then this conditional L-ensemble is exactly the point process defined by
(1.2). Indeed, the determinant of a block matrix of type (1.5) is nonzero
if and only if the sizes of all blocks are equal, and in that case the deter-
minant is equal to the product of determinants of the nonzero blocks up
to a sign which depends only on the size of the blocks. This observation
immediately implies that (1.1) and (1.2) are equivalent.

According to Proposition 1.2, in order to compute the correlation
kernel we need to invert 1g+ L.

Lemma 1.5. The following inversion formula for a block matrix
with square (1,1) and (2,2) blocks holds:

[A B}l_[—/\/l_l M-1BD~!

-1
CD D—ICM—I D—l_D—ICM_lBD_1i|s M=BD 'C—A,

where we assume that all the needed inverses exist.

Proof. The matrix on the right-hand side equals

1 01 -M"t M~1BD!
-D'c1]]o D! ‘
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Inverting this product we obtain

8] e s [28]

We now split 199+ L into blocks according to the splitting X={1,...,n}U
) and use the above lemma. First of all,

1 —w,0 -0 1 Wi Wiz - Wi
0 1 —Wy---0 0 1 W3 - Wi

p'=f0o0 1 -0 =00 1 Wy
00 0 -1 00 0 1

Next, M=BD !C - A= OW[y W is exactly the matrix M given by
(1.3). It readily follows that 1g) — (D' —D-'cM~'BD™) is exactly the
right-hand side of (1.4). |

We now aim at proving a Pfaffian analog of Theorem 1.4. In order
to work with 2 x 2 matrix valued matrices, we introduce two copies of our
(finite) phase space X which we will denote by X’ and X”. Each point x €
X has a prototype x’ € X’ and another one x” € X”.

A Pfaffian L-ensemble on X is a random point process on X with
probabilities of the point configurations given by

Pf Ly

— = XcX
Pf(J+L) <

Prob{X} =

Here L is a |X| x |X| skew-symmetric matrix made of 2 x 2 blocks
with rows and columns parameterized by points of X. Alternatively, it is
a 2|X| x 2|X| matrix with rows and column parameterized by elements of
X'UX"”. The 2 x 2 blocks have the form

L&YY LG,y
L(x,y)= |:L(x”, y/) L(x", y//):|

The matrix J is defined by

0 1
X =
J(x,y)= -1 0 v

0, XF#y.
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A random point process is called Pfaffian if there exists a 2 x 2 matrix
valued |X| x |X| skew-symmetric matrix K with rows and column param-
eterized by points of X, such that the correlation functions of the process
have the Pfaffian form: p(Y)=Pf Ky for any Y C X. As in the determinan-
tal case, the matrix K is called the correlation kernel.

Similarly to Proposition 1.1, we have the following statement.

Proposition 1.6.(!7 The Pfaffian L-ensemble as defined above is a
Pfaffian point process with the correlation kernel K =J+ (J+ L)L

Once again, let us take a subset ) of X and let us consider a new
random point process on ) by taking the intersections of the random
point configuration of the Pfaffian L-ensemble with ), provided that these
configurations contain the complement ) =X\ 2). Then the probabilities
of the point configurations for such a process are given by

Pf Ly 5

Prob{Y}= m )

Yc9.

We call this process the conditional Pfaffian L-ensemble. Proposition 1.6
above is a corollary of the following more general claim (cf. Proposition
1.2).

Proposition 1.7. The conditional Pfaffian L-ensemble is a Pfaffian
point process. Its correlation kernel is given by

K:J@+(J@+L)_1]@x@.

Proof. We have

_1)|X| Pf(J@‘FL)Z

PrKy=) Pf(Up+L)7") = ( Pf(Jy+ L)

Xcy Z=X>Y

and the rest is as in the proof of Proposition 1.2. Here we used the fol-
lowing fact: if A and B are 2/ x 2] skew-symmetric matrices and B=A"!
then

Pf Bii,.. 21\ e, ....00m) 1

PF A, = (D) e =

We proceed to stating the Pfaffian analog of the Eynard—Mehta theo-
rem. Let us assume that our state space is a union of k subsets XD U- ..U
X®_ and consider a random point process that lives on 2nk point configu-
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rations with exactly 2n points in each ¥®, i=1,..., k. The probability of
any such point configuration is given by

Prob {{xlgl)}%’ll U.--u {xl.(k)}zn }

i= i=1

D] det viePxP] )

J
l I 1 2n R, JK4n

e ] e [
1<i,j<2n[ k 1(’ J )] léi,jgzn[%-l( j )]

Here {&};—1...2n, are some functions on X®, {V,,},—1  _1, are matri-
ces with rows parameterized by points of X" and columns parameterized
by points of X"+D_ and € is a skew-symmetric matrix with rows and col-
umns parameterized by the points of XD,

As before, it is convenient to organize &s into one |¥®)| x 2n matrix
E with columns parameterized by 1,...,2n, and rows parameterized by
X®; the matrix elements are the values & (x®), x® e x®,

The next statement is an analog of Lemma 1.3.

Lemma 1.8. The sum of the right-hand side of (1.6) with “const”
removed, taken over all possible point configurations is equal to Pf N,
where

N=E'V}_|---VleV|---V_| E.

Thus, const in (1.6) is equal to Pf N~!, provided that Pf N #0.

Using the familiar notation

Vl....Vj_l, i<]., ° V,VJ—I l<]
Vi, =1 1x0, i=j, Viip= s
) ' 0’ > ’
0, i>J -

we have N =E! V[’1 o€ VLo E. In what follows, we will always assume that
this matrix is nondegenerate.

Theorem 1.9. The random point process defined by (1.6) is Pfaffian.
The 2 x 2 entries of the correlation kernel in its (i, j)-block are given by

Vi ENTTETV ) Vi BNV E' V] peVing) — Vi
an—lm O anv-lg ’
_V[rl,i)ev[l,k) ENT'E V[Ij.k) + ij.i) _V[’l,i)ev[l,k) ENT'E V[r1,k)€V[1,j) + V[tl,i)ev[lj)
(1.7)
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Proof. Take
x={1,....2npuxPuyu...ux®

and consider the conditional Pfaffian L-ensemble on X with 9 =%y
...UX® and the matrix L which in the block form corresponding to the
splitting

{L...2mu (@) u@E®)"y.. . (x0) uE®)"

has the form

0 00 00 0 ---0 0 &
0 ¢0 00 0 ---0 0 0
0 00 V0O 0 -0 0 0
0 0 —V/0 0 0 -0 0 0
[0 00 00 V.0 0 0
=0 00 0 —Vi0 -0 0 0
0 00 00 0 ---0 Vi1 0
000 00 0 ---=V/,_, 0 0
|-E00 00 0 ---0 0 0 |

Then this conditional Pfaffian L-ensemble is exactly the process defined by
(1.6). We want to use Proposition 1.7 and Lemma 1.5. Writing (Jg) + L)
in 2 x 2 block form corresponding to the splitting

{,...,2n)U ((xm)’ UED) U--- (2®) U (x(k))”)

and using the notation of Lemma 1.5, we obtain that the (i, j)-block of
(J+ D~ 1) has the form

0 —Viij
ot

Vi VipeVing

This follows, for example, from the explicit computation of the terminat-
ing series

D '= (JQ.)‘*'L@)71 =—Jy (1 +LyJy+ (LgJJgJ)z NS (L@J@)zkfl).
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Further,

M:—E’V[Lk)eV[l,k)E:—N,
DTlC=[VupE, —eVinE, Vouo& —ViyeVing ... &=V yeVinE],
LEV peViLn].

al

BD'=[E'V{j 1), BV ye&: BV, BV peViLy, -,
and the (i, j)-block of
J@+(J@+L)’1|@X@:J@+(D’l —-Dp'cm~'BD™Y

is readily seen to be equal to (1.7). |

2. SCHUR PROCESS

In Sections 3 and 4 we will be extensively using the theory of symmet-
ric functions; we refer the reader to the book! which contains all needed
notations and definitions.

Pick a natural number 7 and consider all sequences of partitions
(equivalently, Young diagrams) of the form

GaD 50 a5, @ 5 T-D M) 5y @.1)
To any such sequence we assign the weight

W, 1) = 5300 (05 ) 5.0/, (07832, (07 ) =+ 85,00 1= (PF_ 1) 830 (7).
2.2)

In this formula, there is one factor for any two neighboring partitions
in the sequence. All of the factors, except for the first and the last ones,
are of the form s,,,(p). The p’s here are specializations of the algebra
A of symmetric functions, s;’s are the Schur functions, and s;,,’s are the
skew Schur functions.

We will use the notation [; =A; —i, m; =u; —i. Note that s;,, can be
written as a determinant of a submatrix of the Toeplitz matrix [h;_;]:

sp=detlhy 1Ny NZmax{i(h), [(w)}. (23)

Here h;’s are the complete homogeneous symmetric functions, and 4; =0
if i <0. Their generating function will be denoted by

Y o) =H(p;2).

k>0
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We will use the notation

H(p's ") =Y 5:(p)s:.(0").
A

If p’ and p” are specializations into sets of variables x, y then one has the
Cauchy identity

Hey) =[] -xiyn~".
i

Both sides of this identity should be viewed as formal series with elements
from A ® A; these series “converge” in the sense that there are only finitely
many terms of any fixed degree. In what follows we will usually omit com-
ments of the same kind.

For two specializations o’ and p” we denote by p’Up” the specializa-
tion which adds the power sums:

Pe(p"Up")y=pr(p") + pr(p”), k>1.

Proposition 2.1. The sum of the weights (2.2) over all sequences
(2.1) is equal to

Zpy= ] He;). (2.4)

0<i<j<T

Proof. Follows from the well known identity (see Ref. 11, 1.5.26),

Z Su/3(X)Sv/u(¥)=H(x; y) Z S/ ()8 ().

Using this formula to sum (2.2) over all A®) reduces the statement to a
similar one with smaller length 7 of the sequence (2.1). Induction on T
completes the proof. |

We now consider a (formal) random point process on {1,...,T} xZ
by assigning to a sequence (2.1) the point configuration

(1) T .
L) = { A l)} { A z)}i>1. (2.5)
The “probability” of this point configuration is given by the weight (2.2)

divided by Z(p). The correlation functions of this point process are given
by the following statement.
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Theorem 2.2. (Okounkov—Reshetikhin'®) The random point
process defined above is determinantal. In other words, for any pairwise
distinct points (i, us), 1 <s< S, of {l,...,T} xZ we have the following
formal series identity

3 W) =2(p)- det S[K(is, ugi i, up)],  (2.6)
{101 (is508)) CLA) SHS
where
o 1 H (o 7y D H (p 3 w) dzdw
K@, u;j,v)= 5 ¥ 1 — 1\ sutl,v+1"
(2mi) (zw =1 H (ppg ;s 2= VH (o ppw™) 27w
2.7)

The contours for z and w go around 0 in the positive direction so that for
i >j we take |z] > 1, |w|>1 meaning that we may expand

(zw — 1)_1 = (zw)_1 + (zw)_2 +---

to evaluate the kernel, while for i < j we take |z] <1, |w| <1 thus allowing
the expansion

w—D""=—U+zw+ G@w)> +--).

Remark 2.3. As will be shown in the proof, (2.6) and (2.7) becomes
a numeric equality for arbitrary finite dimensional specializations p* with
values of the variables taken from the open unit disc, and contours in (2.7)
taken close enough to the unit circle. By a simple approximation argument
it follows that (2.6) and (2.7) holds for arbitrary specializations p* such
that the radii of convergence of H (,ol.i; 7) are strictly greater than 1, and
the contours are chosen close enough to the unit circle. As was shown by
Johansson,” these analytic restrictions can be further relaxed.

Proof. 1t suffices to prove (2.6) when par and p;, are specializations
into finitely many variables:

p(-)i_:(-xlv"'vx[)L pj_":(ylvvyﬂ)
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If we sum (2.2) over all u@’s with AV fixed, use (2.3) and the defini-
tion of the Schur polynomial as a ratio of two determinants (see Ref. 11,
1.3(3.1)), we obtain

P \P )
P (x 1
iy i) o det |x/ | det wiP, 1)
L. 1 1
[T Gi—xpGi—y) 1<ij<p 1<, j<N d
I<i<j<p (2.8)
i
det B (Z(T 1) l(T)) det [yi’ ]
1<i ]\N 1<i,j<p

where N is large enough, N >max{I/(A))}, and |W;(x, y)|x,yez are Toep-
litz matrices with symbols

> Wi +m )" =H(p;  )H(pj:27").

mez

The formula (2.8) is very similar to (1.2). There are two important differ-
ences though: the intermediate determinants in (2.8) may be of any finite
size N, and the variables l§') may vary over the infinite set of all integers,
not over some finite set X.

However, if we are interested only in the terms of (2.2) of a small
enough degree, we may restrict our attention to Young diagrams 1) with
bounded lengths of the first row and column, which translates into bound-
edness of 1(A)) and l(l) Thus, in order to correctly evaluate the terms of
(2.2) of a fixed degree we may choose p large enough and assume that in
(2.8), N=p and l;.')’s vary in a finite set. Therefore, we are in a position
to apply Theorem 1.4.

The hard part in the application of Theorem 1.4 is the computation
of M~!. Thanks to (1.3) and (2.4), we know that up to terms of high
degree

p v )P
. X
1_[1:1( lyt) det M = l_[ H(p;r;p;)
lgiljjgp(XZ —x/)(yz _y/) 0<i<j<T
P P
— H(o> “xH + . 1 H +. -
—l_[ (,0[1’7,1],351) (,O[l,r,l],yz)' l_[ I—x - l_[ (Pi 'R ),
i=1 ij=1 i 1<i<j<T—1

where we use the notation ,o[li.j] =,oii U,ofrl Uu-Up]jF.
On the other hand, it is not hard to see that computing the deter-
minant of M with kth row and /th column removed is, up to terms of
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high degree, equivalent to repeating the above computation with variables
x; and y; removed from the specializations ,ogr and pg:

R X V] e ey )P 1. k-
(X1 Xg e Xp Y1 Vi Yp) detM( k p)
[1 (xi —x;)(yi —yj) [
I<i<j<p, i#k,j#l

P P
:HH(p[_l,T—l]; Xi)H(P[T,T_”; i) 1_[
i=1

— 1l HoSe)
ij=1 1Y 1<i<j<T—1
[T/, (0 =xey) (= xiy)
H(pg 7y ) H oy 73 (1= x01)
The conclusion is that up to terms of high degree,
Kl o gy (1P
o (=D detm (7570
( k= det M
_ Xk Y P A =xey)d=xiy)

ni;&k(l _xi/xk) nj;é[(l _yj/yl) H()O[il,T_ll; xk)H()O[T’T_I]; yl)(l _kaZ) )
Hence, in the notation of (1.4) we have

WMo,

p v+l u+l

XX [T, (A —xey) (1 = xiy)
P [Tk V=i /x) [, (L= 3/ 0 H oy 7133 50 H (o 7y ¥ (1= xeyn)

1 H +; -1 H(p7; =1y jv,,u
g e
(2ri) (A —=zw)H (pyy 773 D H (o 7)5 W)

The last equality is just a formal evaluation of residues of the inte-
grand at the points z=xg, w=yj; k,I=1, ..., p. Then, using the same rule
of evaluating the integrals, up to terms of high degree, we obtain

(Wi UM W )= — ?{fH(plz-.fﬁZl)H(Pir];wI)Z”w“
[i.k) [i,)))uv = Qi)

— - dzdw.
(1- zw)H(,o[qu]; Z)H(,O[O’,«); w)

Finally, if for i < j we evaluate the residue of the right-hand side at w=

z_l, we get

1
o + -\ v—u—ly o w.
_Ef}](p[ia/)’Z)H(p[i,/)’z )z dz=( W[l,]))uv~
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Thus, (1.4) implies the statement of the theorem? for finite-dimen-
sional specializations ,o(T =(x1,...,Xp), py =(O1,...,yp), with the follow-
ing (formal) rule of evaluating the double contour integral: for i > j we
sum up all the residues at z=x;, w=y;, and for i <j we also add the
residue at w=z"".

If we now assume that all our specializations ,oijE are finite-dimen-
sional with numeric values of the variables taken from the open unit disc,
then this evaluation rule will give the actual value of the integral if for
i > j we take the contours to be circles |z| =|w|=1—¢ with small enough
e>0, and for i < j we take the circles |z]=|w|=1+¢ with small enough
£>0. Thus, in this case we can evaluate the integral in a different way, by
expanding (1 —zw)~! and all the H’s into Taylor series and computing the
residue at z=0, w=0. This proves our theorem for any finite dimensional
specializations, and hence for any specializations. [i

3. PFAFFIAN SCHUR PROCESS

Once again, we consider sequences of Young diagrams of the form
(2.1), but the weight (2.2) is replaced by

Vi 10 =50 (05) 8300 1,0 (07832 1,0 (0F) =+ 8300 /0-1 (05— 1) $30 (07

3.1)

where the symmetric functions 7, are defined by

Ty = Z SA/K-

K’ is even

Lemma 3.1. The symmetric function 7, can be written as a Pfaffian
of a Toeplitz matrix made of complete homogeneous symmetric functions
as follows:

TA.:Pf |:Z (hli—a—lhlj—a_hli—ahlj—a—l) ’ l()")<2N(32)

aeZ :|1<i,j<21v

Proof. 1t is not hard to see that the indicator function for partitions
x with even conjugate and /() <2N can be expressed as a Pfaffian:

2with the change (z, w) —> (w1, z7) of the integration variables.
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X ) =Pf1gi j<on [Se—i—tij—j = Si—ivij—j—1] -

Using the Pfaffian variant of the Cauchy-Binet formula and the notation
k; =k; —i, we obtain (all determinants/Pfaffians are of size 2N >1(1))

Tx :Zdet[hli—kj]Pf [&C,‘*i*l,l(j*j _816,'71',)(]'7]'71]
K

= P 1 1 1815 = Sty |- Wi ]
K

=Pf [Z (ht;—a—1hi;—a —h,iahl_,_a_l)} =

aeZ

The definition of t, implies that if we specialize t; into one nonzero
variable « then 1) («) — qLiz1 M1 (there is a unique choice of « that
gives a nonzero contribution). In particular, 7, (1)=1.

Note also that the symbol of the Toeplitz matrix in (3.2) is equal to

(z ' —2)H(p; D H(p; z71).

In addition to the notation H(p’; p”’) introduced in the previous sec-
tion, we define

H(p)= ) s.(p).

A is even

If p is the specialization into a set of variables x then
Hx) =] [ =xixj)~".

i<j

We have the following analog of Proposition 2.1.

Proposition 3.2. The sum of weights (3.1) over all sequences (2.1)
is equal to

Z°p)=HGwp ) [T He 0. (3.3)
0<i<j<T
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Proof. As in the proof of Proposition 2.1, we sum over all A?) using
the identity used there together with, (see Ref. 11, 1.5.27),

D osp@=H(x) Y scx)

v/ even k' even

thus reducing the statement to the case of smaller 7. |

Similarly to Section 2, we consider the random point process on
{1,..., T} x Z generated by the point configurations £(1) (see (2.5)), and
weights (3.1).

Theorem 3.3. The point process introduced above is Pfaffian. In
other words, for any pairwise distinct points (is,u5), 1 <s < S, of
{1,...,T}xZ we have the following formal series identity

> VO, 1) =Z%p) - PE[K G, s i, un)] <y s
{G1,uy),....(Is,us)}C L)

where K (i,u; j,v) is a 2 x 2 matrix kernel

oo K@, us j,v) K, u; j,v)
K@,u;, j,v)= . . . .
(] v) |:K21(1,M§J»U) Ky (i, u; j,v)
whose blocks are given by:
K, u; j )—71
uluw jvy=ms
x// (z—w) H(py 7y 2)H (pgj rpy w) dzdw
@ =D?=Dw—1) H(oy 1yYppi 2D H (o U ep, w!) 2w

The integrals are taken along closed contours which go around zero in the
positive direction, and such that |z|> 1, |w|>1,3

K@i, u; j,v)=—K1(j,v;i,u)
1 // (z—w) H (o7 DH (b 1Yo 53 W) dzdw
Qri)> JJ (@ =D@w—Dw H(oy 1Yegs 2 DH (o pp w™) 2w’

3This condition means that we may use the expansions
@ =1 :ZZ—ZI(—Z’ w?—1)"! :Zw—Zk—Z’ (zw—1)"" :Z(Zw)—k—l
k=0 k=0 k=0

to see that this integral is a formal series of symmetric functions. Similar comments apply to
other integral below.
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The integrals are taken along closed contours which go around zero in the
positive direction, and such that |z| > 1 and

e ifi>j then |zw|>1;

e ifi<j then |zw|<1.

Finally,

Kli i v) 1 // I—w H(P[T,T]Upfd,i);Z)H(P[T,T]UP[E.,-);w) dzdw
Lu, Jj,v)= " — _
OESOT i )] s =aw) T Hipgppe DHG e

The integrals are taken along closed contours which go around zero in the
positive direction, and such that |zw| < 1.

Remark 3.4. Similarly to the determinantal case of Section 2, the
statement of Theorem 3.3 becomes a numeric equality if all the specializa-
tions are such that the radii of convergence of H(,oii; 7) are strictly greater
than 1 and the contours are chosen close enough to the unit circle.

Proof. Since the computations are very similar to those in the proof
of Theorem 2.2, we will omit the necessary justifications and just produce
the formulas.

Using the similarity of (3.1) and (1.6), we will compute the correlation
kernel via Theorem 1.9. Let us take p; to be the finite dimensional spe-
cialization into variables xi,...,x2,. The matrix N T computed using
(3.3) in the same way as M~! in the proof of Theorem 2.2 was computed
using (2.4). Namely, up to terms of high degree,

2
(xl...pr) p

PEN=H (o) [] H':p;)

Hl<i<j<2p('xi —Xxj) 0<i<j<T
2p
_ - + . - +. -
= [I = I1#Gunvasni Hepy [T He e,
1<i<j<2p = 0<i<j<T-1

Furthermore, for k </, up to terms of high degree we have

(e Ry Ky x0p) P PfN(l IEZ:ZP)
l_[lgi<j<2p.[’j7&k,l(xl'_.x]') l.k.l.zp

- T =

[ H (o 1y Y0,y %) - H(ppy 1) [ He e
1<i<j<2p i=1 0<i<j<T—1

l_[,-zﬁl(l —xix) (1 —xix7)
(A =x) (A =xP) (A =xx0) Hppy 7)Y oy 73 Xas 1)

1—Xin
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and

(1.../;...i...zp) , :
_ Loki2p X] — Xk )XkX]
(N"Hp = (=D =
Pf N H,‘;gk(l — X /Xk) Hj;sl(l _xj/xl)
y 12,0 = xix) (1 —x;xp)
(A =x) A =3P (A =xex) Hpg U oih 13 X5 1)
Hence,

u+1 v+l
(1 —xi)x, " x;

ENT'ENu
(= Z H,#((l Xi /%K) l_[j#(l_xj/xl)

k=1
5 [T2, (1 = i) (1= xix)
(1 _xk)(l _xlz)(l — Xk Xp) H(,O[l T) UIO[() Ty Xk> X)

B %74 s dzdw
(2m‘)2 (=21 =w)(1 = zw)H (o 1) YU oy 1y 2 W)

The integral is understood as the sum of residues at the points z,w =
X1, ...,x2p. Taking convolutions of this expression with V;’s, which are
Toeplitz matrices with symbols H(p; ; 2) H (,o;r :z71), and with e which is
also Toeplitz with symbol (z~! —Z)H(pg_; z)H(pa”; z~1), we obtain, in the
notation of (1.7),

Vi ENT'E'VY 1)

__1 // (w—2)z"w" H(pp 2V H (g 3 w™h) dzdw
Qri)2JJ (1=2)(1 —w) (1 —zw) H(py 1Y ppis 2 H (g Y0 ;) w) ’

Inverting the variables of integration yields the expression for Kij.
Furthermore,

W, T)EN V[] 7)€ Vit )uw

// (w—2)z'w" H(P[ZT12Z_I)H(Pﬁ.r1UP£,j>2w_l)dzdw
(2771)2 (A=zyw —zw)  H(py 1Y, DH (o[ 15 w) ’

Note that the residue of this integral at w=z""! equals (i < j)

1 - . -1 + . u—v—1
—%/‘H(P[i,”,z )H(P[,-,j), 2)z2 dz=(—Vi j))uvs
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which is the second term in the (1,2)-entry of (1.7). This proves the for-
mula for K7y and Kyp.

Finally,

(_V[’u)fv[l.,T) en! Elv[tl,T)EV[l,j))zw

dzdw

_ 1 / (w—z)z”w” H(IO[_LT]U'O[_S,,');Zil)H(p[_l,T]Up[_(')—,j); wil)
(2mi)? zw(l —zw) H(py 13 D H (o 1 w)

and the residue of the integral at w=z"" gives

1 1 _ + . -1 — + . u—v—1 t
% (z—z )H(p[l,j)Up[O‘i),z )H(P[l,,-)U)O[o,j)vz)Z dZ:(V[L,‘)EV[l,j))uv
as is needed in the (2,2)-block of (1.7). |1

4. ABSTRACT PROCESSES

Given a conditional determinantal or Pfaffian L-ensemble, the associ-
ated collection of minors determines a point in R* = (R?)®". For algebraic
purposes, it is nicer to consider the complex analogue of this notion; we
thus obtain the following definitions.

Definition 4.1. Let n be a positive integer. A nonzero point p €
(C2)®" is determinantal if there exists an integer m >0 and an (n +m) x
(n+m) matrix K such that for SC{l,2,...n},

ps= det (K).
SU{n+1,...,n+m}

The point is Pfaffian if there exists a 2 x 2 matrix valued (n+m) x (n+m)
skew-symmetric matrix K such that

pS:PfSU{n+1 ..... n+m}(K)

for all Sc{l,2,...n}.
A point process whose correlation functions p(S) are given by minors
ps as above is called conditional determinantal (or conditional Pfaffian).
If we replace K by the block matrix

K 0

ko , respectively, 0 s
0 = 0 —50



312 Borodin and Rains

for some nonzero scalar s, this simply multiplies pg by s, and thus the
cc;ndlitions depend only on the corresponding points in the projective space
P¥'-1(©).

Now, adding a multiple of one of the last m rows/columns of K to
one of the first n rows/columns of K leaves p unchanged, as does an arbi-
trary change of basis applied to the last m rows/columns. It follows that
we may choose K of the form

o QO
cow

0
0 )
D

where A is n xn and D is diagonal and invertible. But this gives the same
point, projectively, as

A B

c o

It follows that in the definition of determinantal or Pfaffian points, it suf-
fices to consider m=n+ 1. In particular, the set of such points is an alge-
braic set, as the image of the space of matrices under a polynomial map.

Theorem 4.2. Thesetof determinantal (resp. Pfaffian) points in
P2'~1(C) is invariant under the natural action of the group GL,(C)" x §,,.

Here the jth copy of GL,(C) acts on p by

a b
c dl P = aps +bpsuyjy,
i /s
a b
c dlP = cps+dpsugj)
J SUj

and S, acts in the obvious way (permuting the tensor factors).

Proof. We consider the determinantal case; the Pfaffian case is anal-
ogous.

The invariance under S, is immediate, and thus invariance under the
full group will follow from invariance under the first copy of GL,(C).

Suppose p is determinantal, with kernel

¢
F
M

>
Il

oL UL R

eI
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Multiplying the first row or first column by « replaces p by

and thus the latter is determinantal. Similarly, replacing a by a +aq takes

p to
1 0
ap 11[7.

We thus have invariance under a Borel subgroup of GL,(C); it will thus
suffice to consider the corresponding Weyl group. In other words, we need
to show invariance under
i
1 0]’

in particular, that determinantal/Pfaffian ]Jrocesses are closed under taking

symmetric differences.* In fact, p | can be obtained from the
1

0 1
1 0
(m+m+1)x (m+m+1) kernel

Q ool Ry —

ST ©
MR o

The invariance claim follows.

Remark 4.3. Notein particular that for any probability distribution p,

(b T7) 2

which should be viewed as the correlation function of p. We thus arrive
at an a priori nonobvious conclusion that every conditional determinantal
(Pfaffian) process is a conditional determinantal (Pfaffian) L-ensemble and
vice versa. (Note that the converse statement also follows from Proposition
1.2))

4The observation that the set of determinantal processes is invariant under taking symmetric
differences is due to Kerov (cf. Ref. 2. A.3).
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Let D, be the topological closure of the set of determinantal points,
and let P, be the closure of the set of Pfaffian points; of course both of
these are projective varieties. Now, the generic point of either set satisfies
py#0, and thus can be obtained from an n x n kernel. Thus naively, we
should have the dimensions

dim(D,) ~n*>—n+1, dim(P,) ~n(2n—1) —3n,

in each case the difference of the dimension of the space of kernels and
the dimension of the set of “equivalent” kernels. (For D,, this entails con-
jugation by diagonal matrices, while for P,, it entails the natural action of
SL,(€)" on the kernel.) Of course, if there exist inequivalent kernels for
the same point, or if the generic kernel has an automorphism, these for-
mulas fail, but this happens only for small n. We in fact have the follow-
ing.

Theorem 4.4. For all n, dim(D,)=n%>—n+1; in particular, for n <
3, D, =P¥~1(C). Similarly, for n>5, dim(P,) =2n(n —2), while for n <4,
P, =P ~1(C).

Proof. For D,, the generic n x n kernel has a canonical form (in
which the off-diagonal entries of the first row are all 1), from which we
readily determine that it has no automorphisms, and is uniquely deter-
mined by the associated point (in fact by the coordinates of that point on
sets of size <2). Thus the naive dimension count is in fact accurate.

For P,, both properties fail for small n. For n =1, every kernel is
invariant under SL,(C), while for n =2, the generic kernel can be taken
to the form

0 a 0 —b
—a 0 b 0
0 -b 0 —c|’
b 0 c 0

invariant under the diagonal subgroup of SL,(C)%. For n=3, the generic
kernel still has a one-dimensional automorphism group; finally for n >
4, the generic kernel has no automorphisms. Since for n <3, P, D D, =
P2"-1(C), we have dim(P,)=2"—1 for n <3, and thus the generic auto-
morphism group is the only correction to the dimension formula; in par-
ticular, the generic point in P;, P, P3 determines a unique kernel up to
equivalence.
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For n =4, the above dimension count is too high; it gives 16 out of
a possible 15, suggesting that the generic point determines a one-parame-
ter family of equivalence classes of kernels. By direct computation with a
random Pfaffian point, one can show the existence of a point with such a
family, showing that dim(P4) > 15 and thus Py=P¥"-1(C).

Similarly, for n =35, it suffices to find a (random) point having a
unique kernel up to equivalence; the lack of automorphisms gives rise to
a canonical form, showing that this uniqueness extends to all larger n.

The first nontrivial instances are thus D4 and Ps. The structure of Dy
can be deduced from the following fact.

Proposition 4.5. Let p eIPztl((C) be a point such that pg =0
unless |S|=2. Then p is determinantal.

Proof. Equivalently, we may assume that p is supported on the six
sets

?,{1,2,3,4},{1, 3}, {1,4},{2,3},{2, 4}

and by symmetry and rescaling assume that py=1. But then the kernel

0 0 1 —p{1’4}

0 0 —Pi3) )‘C“’ 1
—P{1,3} X 0 0 ’

1 —P.4) 0 0

works, for a suitable choice of x.

Theorem 4.6. A point in ]P’24_1((C) is determinantal if and only if
it is in the GL,(C)®*-orbit of a point supported on sets of size 2. Equiv-
alently, D4 is the codimension 2 variety Vyode(¥), in the notation of Ref.
22, where we have identified C2* with the space of multilinear polynomi-
als on (P")%; in other words, D4 is the variety of multilinear polynomials
with two critical points in general position.

Proof. Given a multilinear polynomial with two critical points in
general position, we may act by GL(C)®* to put the critical points at
(0,0,0,0), (00,00, 00,00); but then the corresponding point in IP’IS((C) is
determinantal by the proposition. The remaining claims follow by compar-
ing dimensions.

Note that although this gives a fairly simple direct characterization of
Dy, the variety itself is fairly complicated. In fact, one can show that the
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variety has degree 28, with ideal generated by a whopping 718 degree 12
polynomials.

For Ps, the situation is even worse; although dimension consider-
ations show that Ps is a hypersurface, and thus cut out by a single GL-
invariant polynomial, experimentation over finite fields suggests that this
polynomial has degree 1146. We have also been unable to find any sort of
natural direct characterization of Ps.
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