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Abstract

The initial purpose of the present paper is to provide a combinatorial
proof of the minor summation formula of Pfaffians in [8] based on the
lattice path method. The second aim is to study the applications of the
minor summation formula to obtaining several identities such as a variant
of the Sundquist formula established in [31] about some extension of Pfaf-
fian’s version of the Cauchy determinant, a simple proof of Kawanaka’s
formula concerning a g-series identity involving Schur functions [15] (also,
of the identity in [16] which is regarded as a determinant veriosn of the
previous one from our point of view). We also establish a certain identity
similar to the Kawanaka formula.
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1 Introduction

Recently, some applications of the minor summation formulas of Pfaffi-
ans presented in [8] have been made in several directions, e.g., to study
a certain limit law for shifted Schur measures in [32], to find an explicit
description of the skew-Capelli identity in [17] and to make further gen-
eralizations of the so-called Littlewood formulas for instance in [11] (see
also [21], [13], [14]), etc. Moreover, the formula has been generalized to
the case of hyperPfaffians in [23] (see also [22]).

In this paper we hence treat again the minor summation formulas of
Pfaffians and derive several basic formulas concerning Pfaffians from cer-
tain combinatorial theoretical points of view. In order to develop the
study of these formulas nicely, we present also a Pfaffian version of the
Lewis-Caroll formula (Dodgeson’s identity) and of the Pliicker relation.
The proof and the discussion concerning these latter formulas have not
been developed sufficiently in our previous papers since they are not di-
rectly related to the actual proofs in our several applications of the minor
summation formulas to obtaining various generating functions of the Schur
functions etc, whereas they have been studied from the early stage of the
research.

One of the main purpose of the present paper is to prove the minor
summation formulas using the lattice path methods (see [30]) combined
with the Lewis-Caroll formula for Pfaffians. The proof thus obtained en-
ables us to provide a combinatorial interpretation of the minor summation
formula through lattice paths. The point is that the Lewis-Caroll formula
for Pfaffians plays efficiently to reduce the proof of the minor summation
formulas, for instance, comparing with a similar combinatorial discussion
given in [30], and consequently the present proof may give much clear
meaning of the formulas.

The paper is organized as follows. In Section 2 we present two Pfaffian
identities which may be called a Pfaffian version of the Lewis-Caroll for-
mula and the Pliicker relations respectively , and in Section 3 we rewrite
the various type of minor summation formulas, where the Pfaffian ana-
logue of the Lewis-Caroll formula has a key role in rewriting. In fact, we
define the notion of the matrix formed by coPfaffians which may sound
abuse of langueges, but we need to define a Pfaffian counterpart of the
matrix of cofactors in the determinant theory, and then we express the mi-
nor summation formulas with these matrices of coPfaffians. Without the
notion of matrices for coPfaffians, it seems very hard to discover a Gessel-
Viennot type combinatorial proofs developed in Section 4, which simplfy
the lattice paths’ proof of the minor summation formulas. As another
aim of the paper, we shall give in Section 5 some variant of the Sundquist
formula obtained in [31] which is considered as a two variable pfafffian
identities. The proof of this formula is elementary but involves several
interesting identities. In Section 6 and Section 7 we give certain applica-
tions of the minor summation formulas to g-series. Actually, in Section 6
we show that Kawanaka’s ¢-Littlewood identity is easily derived from the
minor summation formulas, and in Section 7 we show that Kawanaka’s
g-Cauchy identity is proved by the Binet-Cauchy formula with some com-
binatorics. We also establish a certain identity similar to Kawanaka’s
g-Littlewood identity in the same line.

Though the notion of Pfaffians is less familiar than that of determi-
nants it is also well-known that the Pfaffian (of a skew-symmetric matrix)
is expressed as a square root of the determinant of the corresponding



matrix. We recall then first a more combinatorial definition of Pfaffians
presented in [30]. Let &, be the symmetric group for the set of the letters
1,2,...,n, and for each permutation o € &,, let sgn o stand for (—1)‘{(")7
where ¢(o) denotes the number of inversions in o.

Let n = 2r be an even integer and let A = (asj)1<ij<n, (€. aj; =
—a;;) be an n by n skew symmetric matrix whose entries a;; are in a
commutative ring. The Pfaffian Pf(A) of A is defined by

Pf(A) = 26(01, 02y ey 0n—1,0n) Go1og - - Gop_jomn- (1)
Here the summation is over all partitions {{o1,02}<,...,{on—1,0n}<} of
[n] into 2-elements blocks, and €(o1,02,...,0n—1,0r,) denotes the sign of

the permutation

1 2 -+ n—1 n

o1 02 -+ On-1 On)’

For instance, when n = 4, the equation above reads:
0 a12 a13 ai14
—a12 0 a3 Q24

Pf = (12034 — Q13024 + G14a23.

—a13 —as3 0 aiq
—ais —a2a —azs O

Note that a skew symmetric matrix A = (ai;)1<i,j<n is determined by its
upper triangular entries a;; for 1 <i < j < n.

A permutation (o1,02,...,0n-1,0,) which arises from a partition of
[n] into 2-elements blocks is called a perfect maching or a 1-factor. For
each m € &y, put A™ = (ar(i)r(j))- From the definition above it is easy
to see that

Pf(A™) = sgnm Pf{(A). (2)

2 The Lewis-Caroll formula and the Plucker
relations

We provide a pfaffian version of Lewis-Caroll’s formula (Dodgson’s iden-
tity). We first recall the so-called Lewis-Caroll formula, or known as
Jacobi’s formula which is an identity among the minor determinants. The
reader can find a restricted version of this identity and related topics in [1]
and [28]. Furthermore, we present the Pliicker’s relations. The latter re-
lations are also treated in [3], and in [18] they are called the (generalized)
basic identity. We give a brief proof of ordinary Lewis-Caroll’s formula,
which is needed for establishing the Pfaffian version, to make also this
paper self-contained. We only use Cramer’s formula to prove it.

Let us denote by N the set of non-negative integers, and by Z the set
of integers. Let [n] denote the set {1,2,...,n}, for a positive integer n.
Let n, M and N be positive integers such that n < M, N and let T be
any M by N matrix. For any multi-indices I = {i1,...,,int< C [M]
and J = {j1,...,4n}< C [N] of cardinarity n, let T = T;f]’: be the
submatrix of T' obtained by picking up the rows indexed by I and the
columns indexed by J, i.e.,

biyjy N
I
TJ ==

tinjn -+ lingn



Let as; be a fixed element of a given square matrix A, and denote by
(4;14,7) a square submatrix obtained by removing the ith row and jth
column of A. The determinant of (A4;4, ) is called a minor corresponding
to aij, and the number (—1)""7 det(A;4,5) is called a (4, j)-cofactor of
A. The cofactor matrix A of A is the matrix whose (4, j)-entry is the
(%, j)-cofactor of A.

Theorem 2.1 Let A be an n by n matriz and A be its cofactor matrix.
Letr <mnand I,J Cn|, $I =4J =r. Then

det A% = (—1)71*17I(det A)"~ 1 det AL, (3)
where T, J C [n] stand for the complements of I,J, respectively in C [n].
Here we denote [I| =3, .
Proof. Let A(i,j) = (—=1)"9 det(A;4,7) denote the (4, j)-cofactor of A.
Then, by definition, the matrix of cofactors is

A= (AG)) = ()™ det(As,)) -
Put T = {p1, - ,pn—r}, J = {q1, -+ ,qn—r}, and let M = (M;;) be the
matrix defined by

A(i,j) ifiel,
Mij;={1 ifi=p, el and j = q,

0 otherwise.

Then it is a direct simple algebra to see that the (¢, j)-entry of the matrix
A'M = B = (b;;) is given by

dijdet A ifjel,
Bi; = 7 -
Qiq, if j =pr € 1.

Thus we have det B = (det A)" det Ag. Meanwhile, it is easy to see that
det M = (=) et A% = (= 1)1+ qet AY
This proves the theorem. O

Example 2.2 We put I = J = {1,n} C [n] in the formula above and
obtain the Desnannot-Jacobi adjoint matriz theorem:

M M2,m,n—1 Ml,m,n—l M2,m,n _ Ml,u.,n—l MQ,H.,n
2 1 2,...,m 2,. 1

yeen—11 7 yeeyn—1 JRPIN o} yeeam—10D

which is also called Dodgeson’s formula (or the Lewis-Caroll formula). For
the details and the interesting story of the relations with the alternating
sign matrices, see [1].

Let n be an even integer, and let A be a skew symmetric matrix of
size n. Assume that Pf(A) is nonzero, which implies A is non-singular.
For1<i<j<m,let (A;{i, 5}, {i,j}) denotes an (n —2) by (n — 2) skew
symmetric submatrix obtained by removing both the ith and jth rows
and both the ith and jth columns of A. Let us define 7(3, j) by

v, j) = (=)™ PE(A; (i, 5}, {4, 5}) (4)

for 1 < i < j < n. We define the values of y(4,7) for 1 < j < i < n as
~v(4,4) = —y(4,7) always holds. Then the following expansion formula of
Pfaffians along any row (resp. column) holds:



Proposition 2.3 Let n be an even integer and A = (as;;) be an n by n
skew symmetric matriz. For any i, j we have

k=1
833 PE(A) =" aury (5, k). (6)
k=1

Since a;i; and (¢, j) are skew symmetric, the reader sees immediately
that the identities (5) and (6) are equivalent. Moreover, to prove the
general case it is sufficient to show the case where i = j = 1 in view of the
formula (2). This case can be proved combinatorially from the definition
(1) of Pfaffian. If we multiply the both sides of (5) by Pf(A) and use the
basic relation between determinants and Pfaffians; det A = [Pf(A)]* (for
a combinatorial proof, see for e.g. [30]), we obtain

> ary(k, §) PEA) = 6i; [PE(A)]? = 655 det A.
k=1

Comparing this identity with the ordinary expansion of det A, we obtain
the following relation between A(%, j) and (%, j):

A(i, 5) = (i, 5) PE(A). (7)

Definition 2.4 Given a skew symmetric matriz A, let us call v(i,7) a
copfaffian corresponding to ai; (or (i, j)-copfaffian), and let A denote the
skew matriz whose (i, j)-entry is v(i,7), which we call the copfaffian ma-
trix of A.

Example 2.5 Let P,(s,t) denotes the skew symmetric matriz, whose
(i, 7)-entry is given by s(—Dmed2imod2yi—i—1 . 1 <4 < § < n, where
xmod 2 stands for the remainder of x divided by 2. In Lemma 7 of [8],
we proved the formula

[n/2] [n/2]
Pi(ziy;)i<icjen = [ w2im1 [] ves (8)
i=1 =1

for an even integer m. From this formula, it is easy to see that the
(i,7)-copfaffian of Pn(s,t) is (fl)ﬁkls”*“lt(kmm"d2“ mod2 e —
{i1,12,...,92r—1,%2r }<, then the formula (8) also implies

27 ; 2r k.
Pf [Pn(s,t)ﬂ =3 kzl(ik—k)mont i (=1) i (9)

The following result is considered as a Pfaffian version of Lewis-Caroll’s
formula.

Theorem 2.6 Let n be an even integer, and let A be an n by n skew
symmetric matriz. Then, for any I C [n] such that $ I = 2r, we have

Pf [(A)f] = (~1)"77 [PE(A)]" " PE(AT). (10)

In particular, we have A = (Pf A)™ 2 A with n = 2m.



Proof. Let A = (A(i,§)) denote the matrix of the cofactors of A. From
(7) we have A = Pf(A) A, thus (A)} = Pf(A) (A)}. Tt follows that

det(A)} = [PE(A)]*" det(A)F = (det A)" det(A)7.

On the other hand, Theorem 2.1 implies that det(A?) = (det A)*" ! det A%.
Comparing these two identities, we obtain

PN

det(A)} = (det A)" " det AL.

By taking the square root of both sides of this identity, we obtain

Pf (A1) = + [Pr(A)]" "' Pt (AD). (11)
To finish the proof we have to determine the sign. We substitute
0 1 ... 1
-1 0 ... 1
Sp=Pa(1,1)=| . . . (12)
-1 -1 ... 0

in the both sides of (11). Since S, = (5i;) with Si; = (=1)"*7~! for i < j,
Applying (9), we obtain PfS; = (—1)/I=" and PfS; = 1, which shows
the desired sign. This proves the theorem. O

Example 2.7 Given a skew symmetric matriz A of size n, take I =
{1,2,3,4} in the theorem, then we obtain a formula which reads

,,,,,

This may be regarded as a Pfaffian version of Dodgson’s identity given in
Ezample 2.2.

We give some examples of the copfafﬁa/rlmatr/i\ces. Let n = 2r. If S, =
(SU) with Si]’ = 1for: < j, then we have Sn = (S”) with Si]’ = (—1)Z+]_1
for ¢ < j as obtained in the above proof. Put T,, = (T;;) = Pn(0,1) and
ﬁ - (ﬁj)7 then

Tij =

1 if1<i<yj,andiand j— i are both odd,
0 otherwise.

ij = .
0 otherwise,

7 {1 ifj=i+1,

For example,

0 1 0 1 0 1 0 0
-1 0 0 O - -1 0 1 o0
L=y o o 1] =149 1 0o 1
-1 0 -1 0 0 0 -1 0

Let E,, denote the identity matrix of size m, and let O,, denote the zero
matrix of size m. Let J,, denotes the symmetric matrix of size m defined
by

0 0 1

0 10
Im = .

1 0 0



Om  Jm _( Om En
We let n = 2m and put Kn = (—Jm Om> and Ln = (—Em Om>'

Then it is easy to see that ‘K, = —K,, ‘Lpn = —L,, K2 = L?2 = —1I,,
m(m—1)

Pf(K,) =1 and Pf(L,) = (—1)" 2 . From Cramer’s formula and (7),
we have A = Pf(A)'A™! for a non-singular matrix A, which immediately
implies I/(\n = K,, and i; = (71)m<m71>/2Ln.

We next state a Pfaffian analogue of the Pliicker relations (or known
as the Grassmann-Pliicker relations for determinants) and make a remark
on a relation with the Lewis-Caroll formula. It is an algebraic identity of
degree two describing the relations among several subpfaffians. We point
out that this identity has been proved in [6] and in [3] in the framework
of an exterior algebra.

Theorem 2.8 Suppose m, n are odd integers. Let A be an (m + n) X
(m 4+ n) skew symmetric matriz. Fiz a sequence of integers I = {i1 <
ig <+ <im} C [m+n] such that § I = m. Denote the complement of I
by T = {ki,ka,...,kn} C [m +n] which has the cardinality n. Then the
following relation holds.

> e (4R e (A0R) = oo e (it e ()
(13)

Proof. We only use the expansion formula for Pfaffian given in Proposi-
tion 2.3. In fact, if we expand Pf(A{ij}uT) along the 4;th row/column on
the left-hand side and also expand Pf(Ajy(x;}) along the k;jth row/column
on the right-hand side, and finally compare it, then it is immediate to
see the desired equality. This identity is also proved directly from the
definition (1) of Pfaffian by usining the notion of matching and related
combinatorics. O

Given a skew symmetric matrix A, we use the notation A (i1, iz, . . ., t2k)
for A" gzg: Then the formula in the following assertion, which is

called by the basic identity in [18], is regarded as a special case of the
Pliicker relations above.

Corollary 2.9 Let A be a skew symmetric matrix of size N. Let I =
{i1,42,...,%2k} be a subset of [N]. Take an integer | which satisfies 2k +
2l < N. Then we have

PE(A(L,2,...,20) PE(A(i1, ia, . . .o, 1, ... ., 20))

2k
Z 1Y PE(AL,2, ..., 2L, 01,05)) PE(A(in, . . . 04, - -2k, 1, ..., 20)).
(14)
Proof. Given a skew symmetric matrix A = (ai;)1<ij<n of size N and
a subset I = {i1,42,...,%2k}, we consider the skew symmetric matrix
B = (bij)1<i,j<2r+a1 of size 2k + 41, whose (i, j)-entry b;; is equal to ap,p;,
where the sequence {p;}2*T is determined by
Py =v if1<v<2l,
Potsy = iy if1<v<2k,

Pokt2ity =v  if 1 <v <20



Now, apply Theorem 2.8 to B with m =2l +1, n =2k+2l -1, [ =
{1,2,...,201+1} and T = {21+2,21+3,...,2k+4l}. Then, since each sum-
mand on the left-hand side vanish except for the case j = 21 —1 (i; = 41),
the desired identity immediately follows from the identity of Theorem 2.8.
O

Remark 2.10 If we put k = 2 in this corollary, then the identity is
nothing but the identity in Example 2.7. This implies the basic identity
partially covers the Lewis-Caroll formula.

3 Summation formulas of Pfaffians

In this section we review the summation formulas of Pfaffians. We restate
the theorems in [8] and, in the next section, we shal give certain combina-
torial proofs of Theorem 3.2, 3.6 and 3.7. In [8] we gave algebraic proofs
of these thorems, instead in this paper, we use the lattice paths combined
with the Lewis-Caroll formula (i.e. Theorem 2.6) to prove these theo-
rems. Especially the Lewis-Caroll formula is useful to simplify our lattice
path proof, comparing with the combinatorial discussion given in [30], and
give more insights to explain these formulas. Our proofs of the theorems
described here will be postponed until the next section. We restate our
theorems in [8] in the form in which the copfaffian matrix A appears in-
stead of the original weight matrix A. This enable us to interpret these
Pfaffians more directly and our proofs are not merely a weighted version
of Stembridge’s lattice path proofs, but more simplifyed and explain how
copfaffian A appears in Okada’s summation formula [26].

Lemma 3.1 Let m and N = 2N’ be even integers such that m < N. Let
A (resp. B) be a skew symmetric matriz of size m (resp. N). Let T be
an m by N rectangular matriz. We assume that Pf(B) # 0. Then

~IN'T x5 In'BIn

In'Adm InT N A T
=Pf _tpg 1tp =(-1)" Pf _tp 1 tp (15)

Pf(B)~' Pt (A+TB'T) :Pf( A = )

PI(B) PI(B)
Proof. From the formula (5), we have BB = —FEnN, and since B is skew-
symmetric, we also have ‘B = Jy BJny = —B, which means Jy'BJy = B.

A TJNA E, 0] _(A+TB'T TBJy
—JNIT ﬁJNtBJN JNB'T JNBJn) (@] En )

By taking the determinants of the both sides, we obatin

TJIn

det (—JNtT 1 JN'BJx

) det B =det (A+TB'T)
Pf(B)

By taking the square root of this identity, we have

A TJIn

—JIN'T S JN'BJn

+ Pf(B) Pf
PI(B)

) =Pf(A+TB'T).

To determine the sign, we compare the coefficient of Pf(A) of both sides as
a polynomial of the entries of A and B. This coefficient is clearly equal to



+1in Pf (A + TB'T). Meanwhile, from the definition (1) of Pfaffian, this

term only appears in the form Pf(A) Pf(ﬁJNtEJN) = Pf(f];‘;‘;, Pf(B)

on the left-hand side. By (10) we obtain Pf(B) = Pf(B)N/*1 . This shows
the sign is +1 and we obtain the desired result. All the other identies are
derived by the same method by multiplying an appropriate matrix to
make it into a triangular matrix. The last identity is obtained from the
first by the identity (2), which shows how a permutation of rows/columns
changes the sign of a Pfaffian. This completes the proof of the lemma. O

We restate Theorem 1 of [8] in the following form:

Theorem 3.2 Let m and N = 2N’ be even integers such that m < N.
Let T = (tik)i<i<m,1<k<nN be an m by N rectangular matriz. Let A =
(asj)i<ij<n be a skew-symmetric matriz of size N and let A denote its
copfaffian matriz. Then

Om TJ
3" PE(A]) det(T1) = PE(Q) = PE(A) Pf ( Ivep 1 JNth JN)

ICIN] PE(A)
HI=m
= Pf(A) Pf ~] = (=1)" Pf(A)Pf ~.
(tTJm Pf%A)tA) ‘T szA)t
(16)
Here Q = (Qi;) = TA'T, and its entries are given by
Q= Y. andet(Ty)), (1<4,j<m). (17)

1<k<I<N

The first identity, i.e. 3. Pf(Al)det(Tr) = Pf(Q), holds even if N is not
even. When m is odd, we can immediately derive a similar formula from
the case when m is even. So we only treat even cases in this paper. If we
take m = N = 2r and A = K, in (16), then det(T") = Pf(K,,) det(T) =
Pf(T K,'T). This means that every determinant of even degree can be
represented by a pfaffian of the same degree.

When m and N are even integers such that 0 < m < N, and X and
Y are m by N rectangular matrices, taking A = ‘XK, X and T = Y
in Theorem 3.2, we obtain the following corollay, which is the so-called
Cauchy-Binet formula. For another proof which use Theorem 3.2, see [7].

Corollary 3.3 Assumem < N, and let X = (zij)1<i<m,1<j<n and Y =
(yij)1<i<m,1<j<n be any m by N matrices. Then

> det(Xk)det(Yi) = det (XY). (18)
KC[N]
HK=m
We also list one formula concerning the skew symmetric part of a
general square matrix as a simple reduction from the minor summation
formula. Actually the following type of pfaffians may arise naturally when
one considers the imaginary part of Hermitian forms. For the proof, see
[12]
Corollary 3.4 Fix positive integers m, n such that m < 2n. Let A and
B be arbitrary n X m matrices, and X be an n X n symmetric matriz.



(i.,e. X = X). Let P be the skew symmetric matriz defined by P =

*AXB —t*BXA. Then we have
K K
On X det A
-X O, X B

In particular, when m = 2n we have

Pf(P)= Y  Pf

KC[2n]
§K—m

Pf (P) = det(X) det (g) .

Proof. Apply the above theorem to the 2n x 2n skew symmetric matrix

<O" X ) and the 2n x m matrix <§> . Then the elementary identity

-X O,
(A O, X A\ t
(B> (7X Oﬂ) <B> —'AXB - 'BXA

immediately asserts the corollary. O

Before we state the next theorem, we prepare a lemma:

Lemma 3.5 Let m, n be nonnegative integers, and let N = 2N’ be an
even integer such that m < N. Let A (resp. B) be a nonsingular skew-
symmetric matriz of size m (resp. N). Let G (resp. H) be an m by n
(resp. m by N ) rectangular matiz. Assume that Pf(B) # 0. Then

A+ HB'H GJ A HJn GJn,
Pf(B)_le( fJ e O”) =Pf| —IN'H ppIn'BIn Onn
" " —Jn'G On,N On
—ImAJm  InG Im H A G H
=Pt -Gl On  Oun | =(-DVPt|[-'G On Onn
*tHJm ONyn ﬁtB 7tH ON,n ﬁtB
(19)
Proof. The identity (5) implies
A HJN GJn Em Om,N Om,n
—JN'H ﬁJNtBJN OnN,n JNB'H JnBJn On,n
—JntG On7N On On,m On,N En
A+ HB'H HBJv GJ,
= OnN.n En OnN,n

e On,N On

By taking the determinant and its square root of the both sides, we obatin

A HJy GJn ALHB'H CJ
ﬂ:Pf(B)Pf —JNtH ﬁJNtBJN ON,n :Pf( jJ tG O") .
_Jn tG On,N On " "

We can determine the sign by comparing the coefficient of g11 - - - gmm@m+1,m+2 -+ An-1,n
of the both sides using the definition (1) and Theorem 2.6. The other
identies can be proved in the same way. O
The following theorem gives a minor summation formula, in which the
index set I of a minor in the sum always include some fixed column index
set, say {1,2,...,n}. (See [8] and [30].)

10



Theorem 3.6 Let m, n and N be positive integers such that m —n and
N = 2N’ are even and 0 < m —n < N. Let A = (aij)1<i,j<n be a non-
singular skew-symmetric matriz of size N. Let T = (tij)1<i<m,1<j<n+N
be an m by (n+ N) rectangular matriz. We put the sets of column indices
RO={1,....,n} and R={n+1,...,n+ N}. Then

> Pf(Aﬁ)det(TROM):pf( Q TRan>7

=, —JnTro Oy
fI=m—n
Om TrJIN TroJn Om JmT'ro InTRr
=Pf| —JInTRr Pf(A) JNtAJN Onn = Pf _bTRO Im On On N
—JnTro On,N On ~TrJm  Onn Pf(A) ‘A
O, Tro Tr
— ()N Pt | —Tro  On O (20)
—Tr  Onn Pf(A) ‘A

where Q is the m by m skew-symmetric matriz defined by Q = TrA Tr,
i.e.

Qij= Y, audet(T]), (1<ij<m). (21)

1<k<I<N

We shall later restate a combinatrial description (and a proof) of this
theorem as Theorem 4.4.

The following theorem shows a minor summation formula for both the
rows and columns.
Theorem 3.7 Let M and N = 2N’ be even integers such that M < N.
Let T = (tij)1<i<m,1<j<n be any M by N rectangular matriz, and let A =
(asj)i<ij<m (resp. B = (bij)i<i,j<n) be a nonsingular skew-symmetric
matriz of size M (resp. size N ). Then

min(M,N)
Z Z >~ Pf(A]) PE(BY) det(T) = Pf(A) P [—?1 +z2TB’T]
[M] JC[N] )

T : even u] r o gJ=r
A T srayInAdn  2JuT

= PE(A)PEB) PE | TT 2N | pr(A) PE(B) PE | P st
—ZJNT WB —ZTJn Pf(B)B

, A T
— (—1)Y Pf(A) PE(B) Pf | FTA) N (22)

We also have the

Corollary 3.8 Let M and N be nonnegative integers such that M < N.
Let T = (tij) be an M by N rectangular matriz. Let B = (bij)o<i,j<n be
a skew-symmetric matriz of size (N + 1),

1. If M is odd and A = (aij)o<s,j<m 15 a nonsingular skew-symmetric
matriz of size (M + 1), then

D20 >0 > PH(A) Pi(By) det(T7)

o<r<M IC[M] JC[N]
T even fI=r fJ=r
ta T 2 (Afo}on) PE(B{g) ) det(T)
0<r<mM IC[M] JC[N
r odd fI=r 4J= 7‘
1 ~
=Pf(A)Pf| ——A 23
WPt (g A+). (2)



where Q = (Qij)o<i,j<m 1S given by

0, ifi=7=0,
Qi) = ZzlngNbOktjlm ifi=0and1<j< M,
") 2T ichen botin, if j=0and1<i<M,
223 cperen b det(TR]), if1<i,j <M.

(24)

2. If M is even and A = (aij)o<i,j<m+1 15 a nonsingular skew-symmetric
matriz of size (M + 2), then

> oz Z > Pf(A]) PE(B7) det(T})

0<r<M IC[M] JC[N]
T even 41— 7‘ 4=
{O}UI {o0}uJg
+ > 2D Z PE(Ajgyor) PE(Blgyoy) det(T))
0<r<M 1C[M] JC[N
r odd Hl=r HJ= ,
= Pf(A)Pf A 2
WPt (prd+a). @)
where Q = (Qij)o<i,j<m+1 15 given by
0 ifi=35=0,
221gkg1vb0ktjka ifi=0and1<j< M,
Qij = 4 221 << brotjk, ifi=0and1<i<M,
Z Y i<kei<n e det(Ty7), if1<4,5 <M,
0 ifi=M-+1orj=M+1.

(26)

The proof of the following lemma is parallel to the proof of Lemma 3.5
and we omit the proof.

Lemma 3.9 Let n, m and M be nonnegatuve integers, and let N = 2N’
be an even integer. Let A (resp. B) be a skew symmetric matriz of size n
(resp. N) such that B is nonsingular. Let Th1, Ti2, To1 and T2 be an m
byn, m by N, M byn and M by N rectangular matix, respectively. Then

T12B'Ti» T12B'Ts Ti1Jn
Pf(B) ' Pf | TooB'T12 A+ Te2B'Tos TorJn

_JnTll _Jn721 On
Om, Om, M Ti2JN T dn
Onm,m A Too JN To1Jn
= Pf ’ ~ 2
—JINTie —JInNTe ﬁJNtBJN OnN,n (27)
Ty —Jn Ty On,N On

Theorem 3.10 Let m, n, M, N be nonnegative integers such that M =
N=m-n=0 (mod2). Weput R® ={1,...,m}, S°={1,...,n}, R=
{m—|—1, . 7’ITL-I—]W} and S:{n+1, . ,n+N}, LetT = (tij)1§i§m+A{,1§j§n+N
be any (m+ M) by (n+ N) rectangular matriz, and let A = (aij)i1<ij<m
(resp. B = (bij)i<i,j<n) be a nonsigular skew-symmetric matriz of size
M (resp. size N ).

12



1. If0<m—n < N, then

> 2N 3T Pf(A]) PE(BY) det(TE2T)
0<r<min(M,N—m+n) ICR JCs
r even tI=r fJ=r+m-n
Om Om.nt T8I TR T,
Onm L1 A 2TEJT TR J,
=Pf(A)PEB)PE| T, TS 2SR 5
*ZJNbTS 7ZJN]‘II’S WJN BJN ON,n
—anTg)D —antTé% On,N On
(28)
2. If0<n—m< M, then
S ST PIAD PIBY den(TE )
0<r<min(M —n+m,N) ICR JCS
T even gfI=r+n—m ﬁ.] r
Om Om.1t P05 NI o
Onm LA 2TEJT 2TR T,
= Pf(A) Pf(B) Pt Mmoo DI s 5
—ZJN]‘/I'S —ZJNTS Pf(B)JN BJN ON,n
fanTﬁ)o fantTé?o On.N On
(29)

Corollary 3.11 Let m, n, M and N be nonnegatie integers such that

m =n (mod2). Weput R° = {1,...
1,...,m+ M} and S={n+1, ... ;n+N}, Let T =

be any (m+ M) by (n+ N) rectangular matriz, and let B =

be any skew-symmetric matriz of size (N + 1).
1. Assume 0 <m —n < N.

(a) ]f M s Odd and A = (aij)lgi,j§M+1 18
symmetric matriz of size (M + 1), then

,m}, 8% ={1,...
(T hr<ism+ma<i<ntn

,n}, R={m+

(bij)o<ij<n

a nonsingular skew-

> ST YD PHAD PH(BY) det(TES))
0<r<min(M,N—m+n) ICR JCcs

r even ti=r fJ=rfm—n

r+ Te{M+1} BIeN+1}
+ > Y Y PHARG L) PE(BIG Ny det(
0<r<min(M,N —m+n) ICR JCS
r odd #I=r fJ=r4+m—n
Qu Q12 Tﬁ)DJn
=PIA)PE[ —Q? 55 A+Q*2 Teol, (30)
—anTg)D —anfTI;o On

where Q' = (Qij )1<ij<m, @ = (Qi})1<i<m, 1<j<m+1, Q% =

(sz]'z)lgi,]ghf+1 is given by

11 2 ij
ij — % bri det(Tn+k,n+z)
1<k<l<N
i,J+m
{ Zl<k<l<N by det(T,15 1)
m-+i,m+j
z Zl<k<l<N bri det(Tn-Hc n+l )
Q22 Z21<k<N bn 1, an+k
(%] T m—+1i

z Zl<k<N b, N1 T

13

if 1<j <M,

ifj=M+1,

if 1<4,j <M,
ifi=M+1and1<j< M,
ifj=M+1and1 <i< M,
ifi=j=M+1,

ROwr
TSOUJ

)



and T};o is the (M + 1) by n matriz in which its first M rows
are the same as Té% and the entries of its bottom row are all
zero.

(b) If M is even and A = (aij)1<ij<m+2 1S a nonsingular skew-
symmetric matriz of size (M + 2), then

3 SIS YT PHAD PE(BY) det(TH )

0<r<min(M,N —m+n) ICR JCS
T even tI=r fJ=r+m-—n
r4+m Iw{M+1} JwW{N+1} ROWrI
+ Z z Z Z Pf(AILﬂ{MJrl})Pf(BJLﬂ{N+1})det(TSOL+JJ)
0<r<min(M,N—m+n) ICR JCs
r odd gI=r gJ=r+m-—n
Q" Q2 zTﬁ)OJn
~ =R
=Pf(A)Pf| —'Q' ) s A+ Q% 2TsoJn (31)
fan“’Ig% fanfTsRo O

where Q' = (Qi} )1<ij<m, @7 = (Qif)1<i<m, 1<j<mr2, Q% =

(Q?jz)lgi,ngJrz is given by

QU =2 Z b det (T2, 5 1)

1<k<IKN
1 _ 2 cpcren b det(TFm ) if 1< j < M,
Y 0 PM+1<j<M+2,
223 pcren bl det(T;’ﬁfﬂjﬂ') if1<4,j <M,
2 cnen N T ifi=M+1and1<j<M,
Q7 = 2 cpen ben T fj=M+1and1<i<M,
0 ifi=j=M+1,
0 fi=M4+2o0rj=M-+2,

and T* 5y is the (M + 2) by n matriz in which its first M rows
are the same as TS{%O and the entries of the last two rows are all
zero.

4 Proofs by Lattice Paths

In this section we give combinatorial proofs of the summation formulas
of Pfaffians, i.e. Theorem 3.2, 3.6, 3.7, which are stated in Section 3.
In [26] Okada gave this type of the formula related to a certain plane
partition enumeration problem, but his formula was a very special case, i.e.
A = Sn, of ours. In [30] J.Stembridge gave a lattice path interpretation
of this special summation formula, and gave proofs from this point of
view. We follow his line in part and give a lattice path interpretations
of our formulas and proofs from this viewpoint. Moreover, the Pfaffian
analogue of the Lewis-Caroll formula (Theorem 2.6) makes possible the
story clear. Thus, in this section, we obtain an improved and a much
simplified version of Stembridge’s proof. We may say our proofs are closer
to Gessel-Viennot’s original proofs in [5] than those given in [30]. We note
that Stembrige’s proof [30] can be also generalized almost parallelly to
proving Theorem 3.2, 3.6, 3.7, but we do not develop the proofs in this
direction.

Now we review the basic terminology of lattice paths and fix notation.
We follow the basic terminology in [5] and [30]. Let D = (V, E) be an
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acyclic digraph without multiple edges. Further we assume that there are
only finitely many paths between any two vertices. If u and v are any pair
of vertices in D, let P(u,v) denote the set of all directed paths from u to v

in D. Fix a positive integer n. An n-vertex is an n-tuple v = (v1,...,vn)
of n vertices of D. Given any pair of n-vertices v = (u1,...,un) and
v = (v1,...,vn), an n-path from » to v is an n-tuple P = (Py,..., P,)

of n paths such that P; € P(u;,v;). Let P(u,v) denote the set of all
n-paths from u to v. Two directed paths P and @ will be said to be
nonintersecting if they share no common vertex. An n-path P is said to
be nonintersecting if P; and P; are nonintersecting for any i # j. Let
P°(u,v) denote the subset of P (u,v) which consists of all nonintersecting
n-paths.

We assign a commutative indeterminate x. to each edge e of D and
call it the weight of the edge. Set the weight of a path P to be the product
of the weights of its edges and denote it by wt(P). If w and v are any pair
of vertices in D, define

h(u,v) = Z wt(P).

PeP(u,v)

The weight of an n-path is defined to be the product of the weights of its
components. The sum of the weights of n-paths in P (u,v) (resp. P°(u,v))
is denoted by F(u,v) (resp. F°(u,v)).

Definition 4.1 If I and J are ordered sets of vertices of D, then I is
said to be D-compatible with J if, whenever u < v’ in I and v > v’ in J,
every path P € P(u,v) intersects every path Q € P(u’,v").

The following famous lemma is from [5], and we recall its proof here again
to make this paper self-contained.

Lemma 4.2 (Lindstrom-Gessel-Viennot) Let u = (u1,...,un) and v =
(v1,...,vn) be two n-vertices in an acyclic digraph D. Then
Z sgnm FO(UW,’U) = det[h(ui,vj)]lgingn. (32)
TESn
Here, for any permutation m € Sy, let u™ denote (Ur(1),. .., Ur(n)). In

particular, if uw is D-compatible with v, then

F(u,v) = det[h(us, v;)]1<i,j<n- (33)
Proof. From the definition of determinants we have
det[h(us, vj)i<ijen = Y sen(m)h(u, va))h(Uz, vx()) - - Bt Va(n))-

TESH
(34)

For m € Gy, let P(I, J; ) denote the set of all the n-paths P = {Py,..., Py}
such that each path P; connects u; with v, for ¢ = 1,...,n. Let
PY(I, J; ) denote the subset of P(I,.J;7) which consists of all noninter-
secting paths P € P(I, J; 7). Let us define sets IT and II° of configurations
by

II={(n,P): 7€ &, and P € P(I,J;7))},

= {(m,P): 7€ &, and P € PO(I,J;W)}.
Then the right-hand side of (34) is the generating function of config-
urations (m,P) € II with the weight wt(m,P) = sgn(m)wt(P). Now
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we describe an involution on the set IT \ II° which reverse the sign of
the associated weight. First fix an arbitrary total order on V. Let
C = (m,P) € TI\II°. Among all vertices that occurs as intersecting points,
let v denote the least vertex with respect to the fixed order. Among paths
that pass through v, assume that P; and P; are the two whose indices
¢ and j are smallest. Let P;(— v) (resp. P;(v —)) denote the subpath
of P; from u; to v (resp. from v to ve(;). Set C' = (', P’) to be the
configuration in which P, = Py for k # i, j,

P/ = P(—v)Pj(v—),  Pj=Pj(—v)Pi(v—),

and ' = 7o (4,5). It is easy to see that C’ € II and wt(C') = — wt(C).
Thus C +— C’ defines a sign reversing involution and, by this involution,
one may cancel all of the terms {wt(C) : C € I\ II°} and only the
terms {wt(C) : C' € I°} remains. Since h(u™,v) = h(u,v”_l), we obtain
the resulting identity. In particular, if w is D-compatible with v, the
configurations C' € TI° occur only when 7 = id, and are counted with the
weight wt(P). This proves the lemma. O

Here we briefly review the definition of Pfaffians. Let v = (v1,...,vn)
be an ordered list of n objects, and assume that n is even. A permu-
tation T = (VUr(1);Vr(2),-- > Ur(n—1), Ur(n)) Of vertices is said to be a per-
fect matching if it satisfies 7(2¢ — 1) < 7(2¢) and 7(2¢ — 1) < 7(2¢ + 1)
for all ¢ such that the both sides are defined. We say that the vertices
Vr(2i—1) and v,(g;) are connected to each other in this perfect match-
ing 7 for each 1 < ¢ < n/2. We will write F(v) for the set of perfect
matchings of v, and F,, for the set of perfect matchings of [n]. We may
identify the perfect matiching 7 = (vr(1),Vr(2)s-- s Vr(n—1), VUr(n)) With
T ={(v-1),Vr2))s - - - s (Vr(n=1)s Vr(n)) } Which lists the set of pairs of con-
nected vetices, and we call a pair (v;,v;) in 7 an edge connecting between
v; and v;. We can express a pefect matching graphically by embedding the
vertices along the z-axis in the plane and representing the edges by curves
in the upper half plane. Two edges (v;,v;) and (vg, v;) in 7 will be said to
be clossed if the corresponding edges always intersect in such an embed-
ding. Define the sign of 7, denoted by sgn 7, to be (fl)k, where k denotes
the number of crossed pairs of edges in 7. For an example of such a pefect
matching, see Figure 1 bellow, in which 7 = {(v1,v4), (v2,vs), (vs, ve)}
and the sign of the perfect matching becomes (—1).

Let S = {v1 < --- < vn} be a finite totally ordered subset of V. We
assume a commutative indeterminate a.,», is assigned to each pair (v, v;)
(¢ < j) of vertices in S. We write the assembly of the indeterminates
as A = (avivj)iq. This upper triangular array uniquely defines a skew-
symmetric matrix of size IV, and we use the same symbol A to express this
skew-symmetric matrix. Suppose m is even and u = (u1, ..., Um) is an m-
vertex. We will consider a generating function of the set of nonintersecting

U1 V2 U3 U4 Us V6

Figure 1: A perfect matching
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m-paths from u to S weighted by subpfaffians of A:

Q(u, $;A) = Y pf(A7)F°(u,I)
ICs
gI=m
The following theorem gives an answer to this problem, and is interpreted
as a lattice path version of Theorem 3.2.

Theorem 4.3 Let m and N be even integers such that 0 < m < N. Let
u = (u1,...,um) be an m-vertex and S = {V1 < --- < Vn} be a totally
ordered set of vertices in an acyclic digraph D. Let A = (aViVj)lgi<]‘§N
be an skew-symmetric matriz indexed by S, and let A denote its copfaffian
matriz. Then

Om (u S)JN
I . O/ _
> Pf(A) Y sgnw FO(u”, I) = Pf(A) Pf (_JNtH(%S) o JNtAJN>
Ics TESm
4I=m
(35)
In particular, if w is D-compatible with S, then we have
Om H(u S)JN
Pf(A])F°(u™, I) = Pf(A) Pf
; ! —Jn'H(w,S) gy In'Adn
HI=m
(36)
Proof. First we put A= (’a\viv]) and let av,v;, = Pf(A)aVV for 1 <

i,7 < N. Since multiplying Jn from right reverse the order of columns of
H(u, S), we have

On (u S JN
Pf (—JNtH(u,S) Pf(A) JNtAJN> ngnr h(us, V5) H
(ui,Vj)er (Vi,Vi)er
summed over all perfect matchings 7 on (u1,...,um, V~,..., V1) in which

there are no edges connecting any two vertices of u. For an example
of such a perfect matching, see Figure 2 bellow. We may interpret this
Pfaffian as a generating function for all (m+1)-tuples C = (1, P1, ..., Pm)
such that P; € P(u;,V;) if there is an edge (ui, V;) € 7. This implies that
each vertex, say wu;, in u is always connected to a vertex, say Vj, in S,
and remaining (N — n) vertices of S are connected each other by edges
which we write (Vi, V) € 7. The weight assigned to C = (7, P1,..., Pn)

shall be sgn 7 (H(Vk,vl)e aVsz) w(P1) - w(Pp). Let ¥ denote the set of

configulations C = (7, Pi, ..., Pn) satisfying the above condition, and let
%% denote the subset consisting of all configulations C' = (7, P1,..., Pn)
such that (Pi,...,Pn») is non-itersecting. We will show that there is

Uy Us Ve Vs Va V3 Va Vi

Figure 2: Proof of Theorem 4.3
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a sign-reversing involution on ¥\ £°, i.e. the set of the configulations
C = (r,P1,...,Py) with at least one pair of intersecting paths. Our
proof here is essentially the same as that in Lemma 4.2. To describe the
involution, first choose a fixed total order of the vertices, and consider an
arbitrary configuration C' = (7, Py, ..., Pn) € £\ £°. Among all vertices
that occurs as intersecting points, let v denote the vertex which precedes
all other points of intersections with respect to the fixed order. Among
paths that pass through v, assume that P; and P; are the two whose
indices i and j are smallest. We define C' = (7', P{,..., P,,) to be the
configuration where P, = Py for k # i, j,

P} = Pi(— v)Pj(v —), P} = Pj(— v)Pi(v =),

and, if (ui, Vi) and (u;, V}) are the edges of 7, then (u;, V;) and (u;, Vi) are
in 7" and all the other edges of 7’ are the same as 7. Note that the multisets
of edges appearing in (P1,..., Py,) and (Py,..., P},) are identical, which
means wt(C’) = —wt(C). Since this involution changes the sign of the
associated weight, one may cancel all of the terms appearing in X \ 0,
aside from those with non-intersecting paths. For C' = (7, P1,...,Pn) €
Y9 let I denote the set of vertices of S connected to a vertex in u, and
let T denote the complementary set of I in S. Put I = {Vi,,..., Vi, }<,
then we can find a unique permutation m € Sm such that each u, ) is
connected to V5, in 7 for £ = 1,...,m. The remaining edges in 7 which
does not contribute to this permutation perform a perfect matching on T
which we denote by o. The sgn 7 is eqaul to (—1)*%"1) sgn 7w sgn o, where
s(I,T) denote the shuffle number to merge I with T into S. Thus, if we
put m = 2m’ and N = 2N’ for nonnegative integers m’ and N’, the sum
of weights is equal to

2(71)5(1’7) Z SgnWFO(“WJ)W Pf (A\%) ,

I TESm

where I runs over all subsets of S of cardinarity m. Theorem 2.6 implies
Pf (/T%) = (= 1)/ TN = pp( )N =m =1 pp gLy,

Since IUT = S, we have |I| +|I| = (V') = N’ (mod 2). Meanwhile, it is
easy to see (—1)*D = (—1)‘”_"‘/. This immediately implies (35). This
completes the proof. O

In fact Theorem 4.3 is equivalent to Theorem 3.2. In [8] we gave an
algebraic proof of Theorem 3.2 using the exterior algrbra. One easily sees
that Theorem 4.3 is an easy consequence of Theorem 3.2 and Lemma 4.2.
Here we give a proof that derives Theorem 3.2 from Theorem 4.3. Simi-
larly one can derive Theorem 3.6 from Theorem 4.4, and also Theorem 3.7
from Theorem 4.5, but we will not give the details here and leave it to the
reader.

Proof of Theorem 3.2. First we define a digraph D with vertex set Z2
and edges directed from u to v whenever v — u = (1,0) or (0,1). For
u = (i,7), we assign the weight z; (resp. 1) to the edge with v — u =
(1,0) (resp. (0,1)). If u = (4,1) and v = (j,7), then lim, o h(u,v) =
hj—i(x) is well-known as a complete symmetric function h;_;(z), which
is defined by 3,0 he(2)t" = [1,;5; 7= (See [24]). Thus, if we fix
constants (A1, , Am) and (g1, , fm) which satisfy Ay < -+ < A
and p1 < -+ < lm, and take the vertices u; = (A, 1) and v; = (s, 7) for
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i=1,---,m, then, 4 and v are D-compatible, and from Lemma 4.2, we
deduce

lim F°(u,v) = det (hy,—x, (2))

r—o00 1<i,j<m’

Let N be a positive interger such that N > m > 0 and A = (a;5) be an N
by N skew-symmetric matrix. We let w = (u1,- -, um) with u; = (N3, 1)
fori=1---mand S ={v1, - ,on} withv; = (j+Nm,r)forj=1---N.
Then, from Theorem 4.3 and by taking the limit » — co, we obtain

> Pf(A7}) det (hij+n (@) 2, e = PE(Q)

I={i1 < <im }C[N]

where Q = (Qij)1<i,j<m is given by

Qij = Z Qg

1<k<I<N

hiynn—i)(®) PN (n—i) ()
PN (n—) (®)  PigN(n—j) (2)

We use the fact that the h1, ---, hym are algebraically independent over
Q (See [24]). Thus we can replace each h;y(m—;) With any commutative
indeterminate ¢;;, and we obtain Theorem 3.2. O

We next consider the lattice path version of Theorem 3.6. Let m, n
and N be positive integers such that m —n is even and 0 < m —n < N.
Suppose that S° = {v; < --- < v,} is a fixed ordered list of vertices,
and let S = {Vi < --- < Vn} be a totally ordered set disjoint with SO,
For a subset I of S let S° W I denote the union of S° and I, ordered so
that each v; precedes each w € I. Let A = (av;v;)1<ij<n be a skew-
symmetric matrix indexed by the totally ordered set S as before. We will
obtain a formula of the genarating function weighted by subpfaffians of A
as follows:

Qu; S°,8;4) = > PHANF(u,5°w1)
Ics
fI=m—n
Theorem 4.4 Let m, n and N be positive integers such that m —n and
N are even integers and 0 < m —n < N. Let u = (u1, - ,um) be an
m-verter and S° = {v1 < --- < v, } be an n-vertex in an acyclic digraph
D. Let S = {Vi < --- < Vn} be a finite totally ordered set of vertices
which is disjoint with So. Let A = (av,v;) be an N by N skew-symmetric
matriz indexed by S. Then

Z Pf(A}) Z sgnm FO(u™, S w 1)

; ICs TESm
I=m—n
Om Hw;S)Jy  H(u;S%)J,
=PIA)Pf | —In"H(w;S) pr/n‘AIv Onim (37)
—Jn tH(“; SO) On,N On
where

H (u; SO) = (h(uiv”j))1§igm,1§j§nv

H(u; S) = (h(uivvj))lgigm,gjgw :
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In particular, if w is D-compatible with I° & S, then we have

> PHANF(u, 8w 1)

ICs
fI=m—n

Om Hw;S)Jy  H(u;S%)J,
=PIA)PE [ —Jn"H(wS)  prayIn‘Adn Onyn (38)
—Jn tH(“; SO) On,N On
Proof. First we put ax = ﬁakl as before. We have
Om H(u;S)Jy  H(w;S%)J,
Pf *JNtH(’U.; S) ﬁJNtAJN ON,n
—J,. H(u; S°) On,N On
=Y sent [ hw,vi) [ ewwv, [ A, Vi) (39)
T (ui,Vj)ET (Vi,Vy)er (u;,Vy)ET

summed over all perfect matchings 7 of (u1, ..., Um, VN, .., Vi,Un,...,01)

in which there are no edges connetcting any two vertices of 4, and each
vertex in S® must be connected to a vertex in w. An example of such a
perfect matching is given below. This may be interpreted as the gen-
erating function for all (m + 1)-tuples C = (7, P1,..., Pn) such that
P; € P(ui,v;) if there is an edge (ui,v;) € 7, and P; € P(us, V;) if there is
an edge (u;, V5) € 7. The weight asigned to C' = (7, P1,..., Py) shall be
sen7 [l v, viyer @viviw(Pr) ... w(Pm). We claim that the sign-reversing
involution used in the previous proofs can be applied to this situation
as well. In fact, quite the same arguments show that one may cancell
all of the terms appearing in (39), aside from those with non-intersecting
paths. In 7 associated with these configulation C = (7, P, ..., Pn), each
vk (k= 1,...,n) is always connected to a vetex in u. This means that
exactly n vertices of 4 are connected to vertices in S°, and the remaining
(m — n) vertices are connected to certain vertices in S. Let I denote the
set of vertices in S connected to vertices in %, and let T denote its comple-
mentary set in S. Note that I = (m—n) and I = (N—m+n). Let S°WI
denote the juxtaposition of vertices from I° and I arranged in this order,
and, if we put I° W I = (uf,...,u),) then there is a unique permutation
m € Sm such that each u, is connected to uy for £ = 1,...,m. The
remaining edges of 7 whose both endpoints are included I define a unique
perfect matching on T. In this situation sgn 7 is equal to s(I, 7) Sgn T Sgno.
Thus, if we put m —n = 2m’ and N = 2N’ for nonnegative integers m’
and N’, then the sum of weights is equal to

2(71)5(1’7) sgnm FO(u™, 1° W)
I

1 T
(ﬁf;ﬁ}ﬁt;y‘Pf@47%

up uz uz ug Vo Vs Vi Vi3 Vo Vi vy wy

Figure 3: Proof of Thoerem 4.4
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where I runs over all subsets of S of cardinality (m—n). From Theorem 2.6
we have

Pf (A?) — (—1)THN"=m" (pp YN =m =1 pp gLy,

Since TUT = S, we have |I| + |[I| = (V') = N’ (mod2). Meanwhile,
it is easy to see (—1)31) = (fl)m_ml. This immediately implies (37).
Lastly, if u is D-compatible with I° & S, then there is no non-intersecting
path unless m = id, which immediately implies (38). This completes the
proof. O

Now we consider a theorem to prove Theorem 3.7. For the purpose we
consider the more general problem of enumerating sets of non-intersecting
paths in which both

Theorem 4.5 Let M and N be even integers. Let R = {u; < -+ < um}
and S = {v1 < --- < vn} be totally ordered subsets of vertices in an
acyclic digraph D. Let A = (auiuj) (resp. B = (bvivj) be a mon-sigular
skew-symmetric matriz indexed by the vertices of R (resp. S). Then

> 2" N PRADPH(BY) > senw FO(I™,J)

0<r<min(M,N) ICR JCS TESY
T even gI=r §J=r
L_A H(R,S)J
= PECA)PIB)PE(_ TT 2H (R, 8) T (40)
—2JN'H(R,S) w57 I8 BIN

In particular, if R is compatible with S, then

> 2" Y0 Pi(AL) PE(B)FO(1, )

0<r<min(M,N) ICR JCS
r even fI=r fJ=r

zH(R S)JN

1 7
= Pf(A) Pf(B) Pf Pi(a) , (41)
—2Jn'H(R,S) prp;In'Bin

ai; and fBi; = 1 bij. Then, we have

Proof. First we put a;; = PI(B)

1
PI(A)

. i A zH(R S)JIn
—2IN'H(R,S) g In'BIn

:ngnT H Qujuj H zh(ui, vj) H Bo;v;

(uq,uz)e€T (ug,vj)€ET (viyvji)ET

summed over all perfect matchings 7 on (u1,...,un,vN,...,v1). An
example of such a perfect matching is Figure 4 bellow. As before we
may interpret this Pfaffian as a generating function for all (r 4+ 1)-tuples
C = (r,P1,...,P;) which satifies (i) r is an even integer such that 0 <

Uy U2 U3 U4 U5 Ug Vg VUs Vg4 V3 Vg U1

Figure 4: Proof of Thoerem 4.5
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r < min(M, N), (ii) there are exactly r edges whose one endpoint is
in R and the other endpoint is S, and (iii) 7 is a perfect matching on
(u1,...,un,VN,...,v1) such that P; € P(u;,v;) if and only if there is an
edge (ui,v;) € 7. The weight assigned to C' = (7, P1, ..., P-) shall be

sgnt 2" H uju; w(Pr) - w(Pr) H Bosv, -

(ui uz)€T (vi,vj)ET

The same argument as in the proof of Theorem 4.3 shows us that we
can define a sign-reversing inolution on the set of the configulations C' =
(1, P1,..., P.) with at least one pair of intersecting paths, and this involu-
tion cancell all of the terms involving intersecting configulations of paths.
Thus we need to sum over only non-intersecting configulations. Given a
perect matching 7 on (u1,...,unm,VN,...,v1) such that there are exactly
r edges conecting a vetex in R and a vertex in S. Let I (resp. J) denote
the subset of R (resp. S) which is composed of such endpoints of 7. Thus
4 = #J = 7, and = must be even. Let T (resp. J) denote the comple-
mentary set of I (resp. J) in R (resp. S). Put I = {u,,...,u, }< and
J =A{vj,,...,vj, }<, then there is a unique permutation 7 such that Ui,
is connected to vj, in 7 for v = 1,...,7r. If we put M = 2M', N = 2N’
and r = 2r’, then the sum of weights becomes

).

M
- - 1 P 1 ~
s(I,I)+s(J,J) 3 r 0/ 77 T J
Zo > > (-1 > sgnm 2 FO(I ,J)ipf(A)M,_r, Pf(AI)ipf(B)N,_T, Pf(B?
r=0 ICR JCS nESn

r=2r! 4I=r fJ=r

By (10) we have P£(AL) = (—1)/TI=M"+" pe(4)M'="=1 pf(Al) and P£(BY) =
(71)“”71\””' Pf(B)N/*T/*1 Pf(B7). Further it is easy to see that s(I,T) =
|I|—r" (mod2) and s(J,J) = |J| —+' (mod2) Since TUT = R and JUJ =

S, we have |I| +|T| = (M}') = M’ (mod?2) and |J| + [J| = (V}') =
(mod 2). These identities immediately implies (40). O

!

In the following theorem we assume D-compatiblity of two regions to
make our notation simple, but the more general theorem is also possible.
Theorem 4.6 Let m, n, M and N be nonnegative integers such that
M=N=m-n=0 (mod2). Let R® = (u1,...,um) (resp. S° =
(v1,...,vn)) be an m-vertex (resp. an m-vertezr) in an acyclic digraph D.
Let R={Uy < - <Un} (resp. S={Vi <--- < Vn}) be totally ordered
subsets of vertices in D which is disjoint with R® (resp. S°). Assume that
R° W R is D-compatible with S° & S. Let A = (av,u;) (resp. B = (bv;v;))
be a skew-symmetric matriz indezed by the vertices of R (resp. S).

1. If0<m—n <N, then

> 2y Y PHADPEBHFY(R WIS w )

0<r<min(M,N—m+n) ICR JCsS
T even gI=r fJJ=r+m—n
Om Om,m H(R",S)Jy H(R° S°)Jn
Onrtm A H(R;S)J H(R;5°)J,
= Pf(A) Pf(B) Pt b PT(A) 1( t)AN (7 57)
—JIN'H(R®,S)  —JIN'H(R;S) gy In'Bin Onn
—J,'H(R®,S%) —J,'H(R;S°) On.N On,

(42)
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2. If0<n—m< M, then
> 2y > PHADPHB)F(R W ,5% w J)

0<r<min(M —n+m,N) ICR JCS
r even t I=r4+n—m fJ=r
Om Om.m H(R®,S)Jy H(R®, S°)J,
Or,m LA H(R;S)J. H(R;S%)J,,
= Pf(A) Pf(B) Pf S PT(A) 1( BAN (857
—JIN'H(R®,S)  —JIN'H(R;S) prgIn'Bin On,n
—Jo'H(R®,S°) —J,'H(R;S°) On, N On

(43)

Proof. We can assume 0 < m —n < N since for the other case we

can prove them almost parallelly. First we put agy = ﬁ’dwy for

2,y € R and Boy = ﬁbw for x,y € S as before. Further we put
ROWR = (ut, . um,Uty...,Um) = (ui,...,ufyp) and S°w S =
(1, n, V1,0, V) = (01, ..., u5 4 ) for convenience. Then we have
Om Om, 1 H(R°, S)Jy H(R® S°)J,
Orim snA H(R;S)Jx  H(R;S°)J,
—JN'H(R®,S)  —JIN'H(R;S)  pigy In'BJn Onm

—J,'H(R®,S%) —J,'H(R;S") On,N On

= Z sgn T H au, U, H Bvievi H h(ug,vi') (44)

(U, Up)er (Vi,V)er (uy v )€er

Pf

summed over all perfect matching on (ui,..., U Unans---,01). We
can interpret this Pfaffian as a generating function for all (r + m + 1)-
tuples C' = (7, P1, ..., Prym) which satisfies (i) r is an even integer such
that 0 < r < min(M,N —m + n), (ii) 7 is a perfect matching on
(Uls e U s Une Ny -+ V1) = (U1, o Um, Uty o U, Vv, oo, Vi Uy 1)
such that P; € P(uj,v]) if and only if there is an edge (uj, v;') € 7 which
is connecting a vertex in R® W R and a vertex in S° W S. (iii) each vertex
in R° must be connected to a vertex in S’ S, (iv) each vertex in S° must
be connected to a vertex in R°W R, (v) and there are exactly r edges con-
necting a vertex in R with a vertex in S° W S. The weight asigned to C' =
(1, P1,...,Prym)shallbesgnr H(Uk,Ul)ET auU, U, H(Vk,V;,)eT By, vy Wt(P1) - - - Wt ( Prgom)-
It is easy to see that the sign-reversing involution used in the previous
proofs is applicable exactly as before, and we may cancell all the terms
appearing in (44), aside from those with non-intersecting paths. Thus
we only need to consider configulations C' = (1, P1, ..., Pr4m) with non-
intersecting paths. From the assumption that R°WR is D-compatible with
SOw S, (a) each v; must be connected to u; in 7 and P; € P(u;,v;) for i =
1,...,n, (b) each u; must be connected to V;_, in 7 and P; € P(us, Viep)
fori = (n+1),...,m, (c) there are r vertices I = {U;, ..., Ui, }1<i <---<in<M
in R and r vertices J = {Vj;,..., Vi, }m—n<j; <--<jr<n such that each U;,

is connected to Vj, in 7 and P, € P(U;,,V;,) for k = 1,...,r, (d) and
the remaining (M — r) vertices in R are connected each other in 7 and
the remaining (N —m + n — r) vertices in S are connected each other in
7. Thus r must be even. We set T (resp. .J) to be the complementary
set of I (resp. J) in R (resp. S\ {Vi,...,Vin—n}). If we put M = 2M’,
N —m+n = 2N’ and r = 2’ for nonnegative integers M’, N’ and 7/,
then the sum of the weights becomes

min(M,N —m+n)

_1\sU,D)+s(J,J) 1 s I 20 R0 0

r=0 ICR JCS
r=2r/ even fI=r gJ=r
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By (10) we have Pf(AL) = (—1)/7I=M"+" pg(A)M'=r"=1 pf(Al) and Pf(BY) =
(—1)‘J‘*N'+T' Pf(B)N ="' =1 Pf(BY). Further it is easy to see that (1, 7=
[I] = 7" (mod2) and s(Jj) = |J| — ' (mod2) Since TUT = R and
JUJ =8, we have |I| + [I| = (V') = M’ (mod2) and |J| + [J| =
(N;'l) — (™77*") = N’ (mod2). These identities immediately implies
(40). O

5 A variant of the Sundquist formula

We give here some variant (both a statement and a proof) of the Sundquist
formula [31]. Indeed, we prove the

Theorem 5.1
a+b(zi + ;) + cvitj ) 12 i<, 1<i<j<2n
_ (ac—b2)(g) Z (_1)\1\*(";1)y1A1(x)A1c(x)Jz(x)ch(x)
1C[2n)
fT=n

— (ac— %3 ST (IO (gr 4 (<1 ) Ar(@) Are ()T () Tre (),

1C[2n]
I=n
i1 <ji1

(45)

where the sum runs over all n-elements subset I = {i1 < -+ < in} of

2n] ={1,2,...,2n} such that i1 < j1 and |I| =41 + -+ in. Moreover
I°={j1 < -+ < jn} is the complementary subset of I in [2n] and

Ar(z) = [] (@i =),
i,j€I
i<j

Ji(x) = Ji(z;a,b,¢) = [] {a+bwi + z)) + cwizy},

ijer
yr=[Tv-

i<j
i€l
In particular, if the relation ac = b® holds then

pf ( Yi— Ys ) =0.
a+b(xi + ;) + cxit; ) 1oy joon

Example 5.2 In the case of n =2, if we put a =c=1 and b = 0 then
the theorem above reads

Yi — Yj
pf [7] X (1 + zizj)
1 +mix] 1<i<j<4 1<7gj§4

= (y1y2 + y3ya) (1 — z2)(z3 — xa) (1 + z1272) (1 + T374)
— (Y1ys + y2ya) (@1 — x3) (x2 — 24) (1 + z123) (1 + 2224)
+ (y1ya + y2y3)(z1 — xa) (w2 — 23) (1 + z124) (1 4 223)

Proof of the theorem. Since

b b?
_)+a,_
C

i)(\/5171 + 7

a+b(zi +x;) + cviz; = (Vew: + e
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it is enough to show the theorem for the case a = c¢=1 and b = 0.

Moreover, since the second equality follows immediately from the first
one if one notes the fact that [I| + |[I°| =n mod 2, we give a proof of the
first equality. We prove it by induction on a size of the matrix in question
using Corollary 2.3. Assume the formula holds for n. Consider the n + 1
case. If we exapand first the pfaffian of the left-hand side along the first
row, then the induction hypothesis yeilds

2n+1
a—1 Y0 — Yo Yi —Yj
LHS = (1+ zizy) (-1t pf < >
ogi<gzn+1 J O; 1+ zoxa a+ b(mi + xj) + cxix; 137',/;;7;32:“
2n+1

(71)0471
= 1 N
H +3i75) Z 1—|—JcoxaH i<i (14 mizy)

0<i<j<2n+1

i,j70,a

I(a)|—ntD)
x o (=)IOITET ey aa) (),

where we put

are)(x) = Aray () Araye () Jra) (@) Jraye () (= ar@aye ().

Here I(&) in the interior sum indicates the sum over the subset I(&) =
{i1,...,in} €{1,2,...;a—L,a+1,...,2n + 1}(C [2n + 1]) satisfying
#I(&) = n and one put jo = #{i € I(&); i > a}, and I(&)° being the
complement of the subset I(&) in {1,2,...,a—1,a+1,...,2n+ 1}.

It is hence easy to see that

2n+1 2n+1 2n+1

N n(nt+l) . _
LHS = Z Z(_l)u(a” 2 Jete l(yo—ya)yl(d)al(d)(x) H (I4zoxy) H (I4+zaz;).
a=1 I(&) ;5;1 1;1
cF JFo

We now arrange the sum above in the following way; Take K = {k1 <

. < kn} C [2n + 1] such that #K = n. Note that the complement K°

of K in [2n + 1] is equal to the complement ({0} U K)¢ of {0} U K in

{0,1,2,...,2n + 1} and #K° = n + 1. Thus if K = I(&), then since

I(a)°UK ={1,2,... ,a—1,a+1,...,2n+ 1} we observe that I(&)° =
(K°in[2n + 1])\{«}. This indicates

2n+1

> > =D X
=1 K=I(&) KC[2n+1 j

¢ g{l,Q,...,a—l,aj—l,...,2n+1} ﬁI[(;ln ! I(a)=K

One hence rewrites LHS as follows.

tas= 5 % (- P o (K) a1

KC[2n+1] a€KE®
fK=n

2n+1 2n+1

X (Yxu{o} — Yxu{a})ax (x) H (14 zoxk) H (14 zaxy),
k=1 i=1
ko ja

where jo (K) = #{i € K; i > a}. Note that any subset [ in {0, 1,... ,2n+
1} such that #I = n + 1 can be represented by either I = K U {0} or
I = K U{a} for some K C [2n + 1] with #K = n and a € K°. Hence it
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is easy to see the RHS of the target formula is written as

(n+1) (n+2)

RHS= 3 (-)/ Ty ()
1C{0,1,...,2n+1}
fI=n+1
_ n(n+1)
= > ()OI ey axugoy (@)
KC[2n+1]
fK=n
n(n+1)

+ > T ).

0¢I1C{0,1,... ,2n+1}
HI=n+1

Hence the first formula of the theorem follows immediately from the fol-
lowing lemma. O

Lemma 5.3 Let K be the subset of [2n + 1] with #K = n.
(A) Suppose 0 € I(C {0,1,...,2n+ 1}). Then I is given by the form
I = KU{0}. Note that K°in [2n+ 1] =1°n {0,1,... ,2n+ 1}. Then

2n+1 2n+1
ST +zome) TT (1 + zams) (1) 7250 Ak (2) Jie (2) Axcer (o} () Tcer o) (2)
aeRE s

=Akuoy (1) Axe (1) Jugoy () Jre (2).

(B) Suppose I & (C {0,1,...,2n+ 1}). Thus I is written as the form
I = KU{a} for some K C 2n+ 1] and o € K°. Note that in this case
| =|KU{a}| =|K|+«a. Then

2n+1 2n+1 _
> [T+ zozw) T (1 + wams) (=172 Axe (@) Jie (2) Ager (o () Ticer {ay ()
Ku{a}=I k=1 j=1
KC[2n+1],ag K k#a VE
tK=n,

=Ar(x)Are(z)Jr(x)Jre ().
Proof. We first prove the case (A). Since a ¢ K one has

2n—+1
T (1 + 2oz icer o (2) = [+ zazi) e (z),  (46)
j=1 JEK
FEL
2n+1
H (1 + l‘ol‘k)JK(:L') = H (1 =+ xaxk)JKU{U}(x), (47)
k=1 kEK®
Ao ko

Put

35@) = T (0 + o) [T +2azs)(~1)= 500 Ao oy (@) (48)
Icke#KC JEK

Then, by (5.1, 2), to prove (A) it is enough to show

Y Ta(@) = ] (@o —wr)Axe (). (49)

acKe® keK

We shall prove (5.4) by two steps.

the 1st step: Note that

Age(@) = [] @a—z)(=1)* " O Apey (o) (). (50)

JFo
JjEK®
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Hence we rewrite Ja(z) as

5501 = (e ey JL 0 e T s

S Ke kEK®C jEK

Since JX(2) is a polynomial in x;’s, the expression of J,(z) above com-
bined with the simple relation

H(.Z‘a—xj): H(xa_xj)x(xa_xﬂ) (ﬁ?ﬁa7ﬁ¢K)
JFa Jj#o,B

implies that J&(z) + J§ () is divided by zo — z3. Moreover, if v #
o, B then xo — x5|Age\ (4} (), whence zo — z5J5 (2). It follows that
> acxe Ja(x) can be divided by 3 — - for all 8, € K. Hence we see

that AKU ($)| ZQEKC Jg{(l’)

the 2nd step: We shall next prove the relation:

[T o -2l 3 5. (51)

ke K acKc®

To prove (51) we may assume K = {1,... ,n}. In this case, K¢ = {n +

1,...,2n+ 1}. Suppose now z1 = zo. Then one writes
2n—+1 2n+1 2n+1 n
Sda@ =[] O4zar) Y J]O+zazy) (1) Axer(ay (2).
a=n+1 k=n+1 a=n+1j=2

By this expression, in order to show (51) it is sufficient to show the

Lemma 5.4 As a polynomial in xpy1,... ,T2nt1 we have
2n+1 n

Z H(l + mamj)(fl)aAKu\{a}(x) =0.
a=n+1j=2

Proof. Denote the left hand side’s polynomial in question by P(z). Put
also
Asce(@)(=)" T2y (1 + 2az))

Ka (z) = H(l + 2ax;)(—1)* Age\ (o) (z) = [0 (za —z5)

Jj=2

Note that P(z) = S22 (z). From the second expression of K ()

a=n+1
it is easy to see that if @ < 3 then

Ka(l’n+1,... s LBy 3y Ty - ,$2n+1) = 7Kg(xn+1,... sLay e y LBy ,$2n+1),

whence K, (z) + Kg(z) = 0 when zo = z3. Also for v # o, 3, a — 3
is factored out in Age\gy3(z). It follows then immediately to see that
zo—2xg|P(z) for any o, 3 € K°. Thus P(x) can be divided by Age(z). On
the other hand we have deg(P(z)) =n—1+ (3) < (";1) = deg(Axe(x)).
Hence we conclude that P(x) = 0. This proves the lemma. O
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Combining the results obtained in the 1st and the 2nd steps above,
one concludes that

I (@ —zr)Axe(@)] Y Jala).

keK acKe®

Let us now compair the degree of both sides: As polynomials in z; (j €
K°), we see that

deg( [T (20 — o1) A (2)) = deg(Axce(2)) = (”‘2”) =n+ (Z) = deg( Y TE ().

keEK acK¢®

As polynomials in zo, the degrees of both sides are equal to n. Thus there

is a constant C' = Ck (xk,, ... ,Tk,) such that
> Ja(@) =C [] (w0 — ax) Age ().
acKe® keK

We now prove C' = 1. It is obvious to show this when K = [n]. Since the
coefficient of 2y which does not contain x,+1 in the left hand side is obvi-
ously given by the one of I 1(), and hence it is equal to (—1)"Tn42 -+ - Tant1 A e\ (o1} (T)-
Thus if we look at the relation Age(x) = Hfz:}ﬂ (Tnt1—25) Ager fnt1} (),
it follows that C' = 1. This completes the proof of the case (A).
We next prove the case (B). For each K, « such that I = K U{a} note

that
Ap(w) = (=1 I (@a — 25) Ak (2). (52)
JEK
Since I°in{0,1,...,2n+1} = K°in{1,... ,a—1,a+1,...,2n+1}U{0} =
(K°\{a}) U {0} one has

A[c (.Z‘) = H (1’0 — xj)AKc\{a} (.Z‘) (53)
JEK\{a}
Similarly we have

2n+1

H 1+ zaxj)Jrx(z) = H I+ zazj)Jr(x), (54)

j=1 ; c
o jeRe\{a}

2n—+1
H (1 + zozk)Jge\ (o} (T) = H (1 + zoxk)Jre (), (55)

k=1 keK
k#a

whence we find the identity in (B) is equivalent to

2n+1 2n+1
Z H (1+(E0(E}C) H (1+xamj)(fl)j”‘(K)AK(x)AKU\{a}(x) :AI(Z’)AIL(Z’)
Ku{a}=I kEK jeEK\{a}

KC[2n+1],a¢ K
1K=

=n,

(56)

Thus we prove (56). It is enough to prove (56) for the case I = {1,... ,n+
1}. Note the fact K°\{a} ={n+2,...,2n+2}. Since K = I\{a} and
jo(K) =n+ 1 — «, the idenitity we should prove is the following.

n+1 2n+1
Z Lo(z) = H (o —xj)Ar(2), (57)
a=1 j=n+2
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where we put

n+1 2n+1

La(z) = H (1+ zoxy) H (1 + zoz;)(—1)" T Ag (z). (58)
k=1 j=n-+2
k#a

It is clear that La(z) can be divided by zg — z, for any 3,7 # a (1 <
B,v <n+1). Suppose K = {1,...,a—1,a+1,... ,n+ 1}. For any
B#a(l<pB<n+1)since

n+1
AK( ) AK\{B} H '_xﬂ 1)n+1—57
z#ug
we have for o <
]La(l‘l,... s LByeee y Loy 7$2n+1) = —]Lg(xl,... s Layeee s LBy 7$2n+1)~

This shows 25 — za|La () + Ls (). Hence one has Az(z)| S0 La (2).
Our next task is to show that 32771 L, () is divided by Hf"tiz(xo -
z;). Thus, suppose To = Tan+1. Then we have

n+1 2n
Lo(x) = | | (1 + moms) H (1 + zoz;)(—1)" T Ak (x).
k=1 j=n+2

Therefore what we have to show is

n+1 n+1 n+1l 2n

Z]La H (1 + zomi)( "'HZ H (14 zaz;)(—1)*Anjay(z) =
k=1

a=1j=n+42

but this is indeed true by Lemma 5.2. Hence we see that

2n+1 n+1
I (o0 200 310
j=n+2

Compairing the degree, and further the coefficients of x§ which does not
contain for instance x,+1 of the both sides, by the quite similar way as
we have done in the proof of (A), we see that (5.12) holds true. This
completes the proof of the case (B), whence Lemma 5.1 follows. O

As a corollary of this theorem we obtain the identity established in [31].
It is considered as a two variables generalization of the pfaffian version of
Cauchy’s determinant formula (see e.g., Lemma 8 in [8].)

n(n—1) H1§i<j§2n(xj — i)

H1§i<j§2n(1 —twiz;)’

Tj — Ts
1—tziz;

pf( Ji<i<j<on =1

We have already given a way of reduction of the following corollary from
Theorem 5.1 in [12] by using

[ +wia)= > sa(@1,-- , mn)

1<i<j<n A=(a1, - aplar+1,,ap+1)

where sy = sx(z1,- - ,zn) are the Schur functions, so we omit it.
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Corollary 5.5

Yi =Y
pf <1 . ) I O4miz) =D aris,urs. (,9),
TTiT5 ) <4 j<on

1<i<j<2n A1

where the sums runs over pairs of partitions

)\:(a17"'7ap|a1+17"'7ap+1)7uz(ﬁ17"'7ﬁp|ﬂl+17"'7ﬁp+1)

in Frobenius notation with a1,01 < n — 1. Also, for a and 3 partitions
(compositions, in general) of length n, we put

aa,8(z,y) = Z e(o)o(zi yr - xf{"yn Tl mgﬁ)

oc€G2y
where o € Gay acts on each of two sets of variables {x1, -+ ,xn} and
{y1, -+ ,yn} by permuting indices, and 6, = (n —1,n —2,---,0). O

Suppose n is even. If we put y; = 1 for all 1 <14 < 2n in the theorem
then it is immediate to see the

Corollary 5.6

> (MA@ A @)1 (@) i () = 0

holds for even n. O

Remark 5.7 It is naturally thought the theorem as the identity of two
variables related as a An-type root system. It would be intersting to estab-
lish the By, Cn, Dy etc analogues of Theorem 5.1 and its corollaries.

6 Kawanaka’s ¢-Littlewood formula

In [15], Kawanaka gave a certain g-series identity which is a generalization
of the classical Littlewood identity:

1 1
;SA(x):Hl—xigl_xixj.

First of all, we recall his generalization of the Littlewood formula. Let
(a;q)o0 = T177 (1 —ag™) and (a;q)n = % for complex numbers a,

q such that |q| < 1. We write (a), (resp. (a)s) for (a;q)n (resp. (a;q)oc)
in short when there is no fear of confusions.

Theorem 6.1 (Kawanaka)

n

1+ q (=%i¢; ) 1
> 11 1 _qh(ce) H (zi:q )oo II T—wwm; (59)

A aEX i=1 1<i<j<n

In this section we give a short proof of this identity as an application
of the minor summation formula and then use this method to obtain a
similar formula as follows.
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Theorem 6.2

A ! (60)

= \(%) = =—F——

B\ Hae/\(l - qh(a>) Hi:1(~ri§ @)oo

Here n(\) = ZiZl(i — 1) for a partition \. More generally,
n n—1 n n—1
no Ty (@5 @) 3y 4n—i B , (ag" '@i; @)oo

q 7 o) = a;q)i —_—. 61
2 gy 2@ = H@a [ T=E0r = 6

In order to prove the theorems, we recall here a well-known formula
called the ¢g-binomial formula as a lemma.

Lemma 6.3

(@n (#)oo

The following lemma is a generalization of the g-binomial formula and
becomes the key to the proof of Kawanaka’s identity.

i (G/)nxn _ (aa:)oo.D (62)

Lemma 6.4

k150 (@)r(a) qk+qlﬂj v= (2)oo (Y)oo 1—ay

3 (—)r(=0)i ¢ =" x 1 (@%)oo (qY)oe T—y

Proof. Put

F(z,y) = Z (—q;k(—Q)l ql - Qk xkyl _ Z aklxkyl7

k 1
r@ @ +q =

c—y yrltadt 14yt ko1
G(z,y) = 1 I e — = Z brix™y".
TS T —Ya k,1>0

Then

N EDer ke (000 el
F(gg,o)_kgO D ST ). G(z,0).

In the same way we have F/(0,y) = —y(_(g)y;‘” = G(0,y), and this shows

aro = bro and ag; = bo,; for k,I > 0. We show the coefficent of z*y'
of (1 — xy)F(z,y) is equal to the coefficent of x*y" of (1 — xy)G(x,y) for
k,l > 1. An easy calculation shows that

(=@)r-1(=q)1-1
(@rlg)

On the other hand, the coefficent of z*y' in (1 — 2y)G(z,y) = (= —

(=97) oo (=9¥Y) o ;
Y o 8

ar — ap—1,-1 =2(¢" — ")

Qi1 (=01 (Dx (=91 2(d! k)(_Q)kfl(_Q)lfl
(@r-1 (@) (@Or (@)1 :

This proves the lemma. O
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The Schur functions are well-known symmetric functions. The reader

should consult [24] to see detailed explanations of these symmetric func-
tions. Here we only use a well-known deteminantal expression for Schur
functions. We use the notation of Macdonald’s book [24]. For exam-
ple, a partition is a non-increasing sequence of nonnegatie integers A\ =
(A1, A2, ...) with finite non-zero parts. The number of non-zero parts are
called the length and denoted by ¢(\). We may assume that the number of
variables are finite, say n, and * = (z1,...,%,). Then the Schur function
corresponding to a partition A is defined to be
—— det (7" 7).
Here A(z) =[], (zi —z;). In the discussion we identify a partition with
its Ferrers graph. Given a partiton A, the hook-length of A at o = (i,7)
is, by definition, given by h(a) = h(4,j) = s + A\j —i— 7+ 1. A key
observation to proving Kawanaka’s formula is the following fact which
the reader can veryfy directly from the diagram of a partition:

144" ﬁ (—=9)e, I 1—g'5

—ghla) 7i—1;
acr 14 @ (@ i LHa T
Here ¢; = A\; +n — i with £(A) < n. In fact, if one write a large Young
diagram and fill each cell with its hook-length, then he will notice that it is
easy to see that the numbers in the first row are [¢1] — {¢1 — 4|1 < j < n},
and the numbers in the second row are [¢2] — {¢2 — ;]2 < 7 < n}, etc. We

also use the following famous identities. (For the proof, see [30].)

Lemma 6.5 Let n be an even integer. Let x1,...,xn be indeterminates.
Then
Pf {—” — mj] - I &=, (63)
TitTilicicjcn  1<idjen T8 T T
Pt {73& — % ] = H LZit%h g (64)
L= 2j|1cicj<n 1<i<j<n 1= wiz;
Let A = (ij)i,5>0 denote a skew symmetric matrix. If A = (A1, A2, -+)
is any partition, then we put ¢; = A\j +n — i for i = 1,...,n with a fixed

even integer n > ¢(\). As an application of Theorem 4.3 we obtain the
following formula from the definition of Schur functions.

Lemma 6.6 Let n be an even integer. We denote by sx(x) the Schur
functions of n variables corresponding to a partition \. Then

1
> Pf(at,e,)1<pa<nr (@) = ~7gy PiBii)i<igzn (65)
A

(z)
where X runs all the partition satisfying £(\) < n and
ﬁij = Z akzﬂﬁfﬂﬁé = Z (677]

k>0 0<k<l

and A(z) =11 cicjcn (@i — 25).
Now we are in the position to prove the Kawanaka formula above.

zf
k l
Ty Ty

I
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Proof of Theorem 6.1. 1t is enough to prove the case where n is even. For

a partition A = (A1, - ,An) (A1 > > XAy >0), weput & =Xi +n—1
(i1=1,2,---,n) as above. If we put ax = %qul in (65), then

(63) and the remark above show

Pf [O{g,[_] =

itl1<i,j<n

| 3
—

|

=)
=

H ¢ —q" 144"
w1 (@ 1§i<j§nq X ac A1-4a 1—g"®

Thus, Lemma 6.4 and (64) show

14 ¢"® ) (g )ee T4
ZH +q ):Pf[( Q?a,)oo( q.J)Oo i .7v:|
1— qh(T) (zi)oo  (j)oo 1—wmim; 1<i<j<n

A a€EX
bl (:I:i)oo ili<icj<n
- (_qxi)oo 1
= A - - 7 [ —
(z) H (i) oo H 1—zz;
i=1 1<i<j<n

This proves the theorem. O
As a formula similar to (63) and (64), the following is a Pfaffian version
of the Vendermonde determinant.

Lemma 6.7 Let n = 2r be an even integer. Then

Pf {u = [] @i—=. (66)

)2]
Ti =T licicj<n  1<idj<n

Proof. To prove this identity we can adopt exactly the same method to
prove the Vandermonde determinant. The reader can find the fundamen-
tal ideas to evaluate determinants in [20], and we will see these ideas are
also applicable to evaluate Pfaffians. First of all, the left-hand side is a
polynomial of z;’s of degree at most nn=1) gince each entry of the Pfaffian
is a polynomial of degree (n — 1). If we put x; = x; with ¢ # j, then the
Pfaffian vanishes since all the entries of a row/column become zero. This
shows that (z; — x;) divides the Pfaffian as a polynomial, which implies
that the complete product [[, ., ;,(z: — ;) must divide the Pfaffian.
Thus we conclude that

T \2

pPf [M] =c H (zi — x5).
Ti —Ti licicj<n 1<i<j<n
To determine the constant ¢, we check the coefficient of 2]~ 13:3 2 xna
in the both sides. In the Pfaffian in question this monomial appears
only when the corresponding perfect matching becomes ((1,n),(2,n —
1),...,(r,r + 1)), and the reader can easily confirm ¢ = 1. This proves
the lemma. O

This proof shows that replacing the entries of the Pfaffian by appro-
priate polynomials will be an interesting problem.

Proof of Theorem 6.2. Now we consider a skew symmetric matrix A =
(ak,1) of size n = 2r whose (k,l)-entry is defined by

(@)r(a)i (¢ = q™)?
(@Drl@r ¢ =g

Qg1 =
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For a partition A = (A1,...,An) we put £ = XA+ n — i. Then, from
Lemma 6.7 we obtain

Pf[az £ H Z H (qej _qei)

1<i<j<n
T (@)
= i —1 4 ;—1;
i=1 1<i<j<n
e

HCEA(]‘ - qh(C))

Now, to apply Lemma 6.6, we need to study the sum:

rl qu)Q xkyl
I _ gk ’
k>0 (@Orlen d—q

I
—
S
~
e
—~
>
—
_Q

fn(z,y)

I
>Q @
/—\/\
S5 Q
—N—
tM
_
?
C
<
?
5
?
5
<
t
C
H/—/

k,1>0
v ”‘136)00 (44" "y ¢ (aqn‘”w)oo (ag" 'y)oo
_; ) (4"VY)eo ; (@ 2)o (¢ 'Y)oo
Thus we have
_ (ag" 7)o (ag" M y) oo

where g, (z,y) is a polynomial of x and y defined by

r v—1

W= TI0 -0 [0 a0 [0 -9 [] (-ai )
k=v

v=1 k=1

T n—v n—1 v—1 n—1

-S> J[a-d"" J] (G-ad""a) [0 -¢""y) [J(1—aq

v=1 k=1 k=n—v+1 k=1 k=v

By applying Lemma 6.6, it is not hard to see that in order to prove (61),
it suffices to prove the following lemma, Lemma 6.8. Note also that the
formula (60) is obtained by putting a = 0 in (61). Hence the theorem
follows. O

Lemma 6.8 Letn be even integer and let gn(x,y) be as above. Then we
have

n—1
1 — —
Pflgn(s, o5)li<icjcn = 8"V T (@) [ (20— 2)-

k=1 1<i<j<n

Proof. The method we use here is quite similar to that of we used in
the proof of Lemma 6.7. First of all the reader should notice that g(x,y)
is of degree (n — 1) as a polynomial in the variable x. This shows that
Pf[g(xs, ;)] is a polynomial of degree at most (n — 1) if we see it as a
polynomial of a fixed variable z;. Since g(x,y) is skew symmetric,i.e.
9(y,z) = —g(z,y), and this show that (z; — z;) divides the Pfaffian, and,
as before, the complete produce [] — z;) must divide the Pfaffian.
Thus we conclude that

Pllg(zi,aj)hcicisn =¢ [ (@i —2;).

1<i<j<n

z<](
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If we see the right-hand side as a polynomial of a fixed variable x;,
then it is of degree (n — 1), and this shows the constant ¢ must not
include x;. Now, to determine the constant ¢, which is independent of
z;, we compare the coefficient of the monomial ]!, 2" of the both
sides. First we consider the left-hand side. The Pfaffian is the sum
of polynomials sgnogn(xi,,Zj,) - gn(Ti,., ;) for all perfect matching

o = ((i1,51),..., (ir, jr)) of [n], The monomial which contributes to the
monimial [T;_, 7'~ in the polynomial gn(zi,,z;,) is z; “*} ~’*. This

shows hence that the coefficent of [/, )" in the left-hand side Pfaffian
n—i, n—j

is equal to Pf [[az y" 7 gn(z, y)] Thus, to prove the desired identity it
suffices to prove the identity

Pf [[mn_iyn_j]gn(x’ y)} 1<i<j<n

n—1
_ q%n(n—l)(n—Q) H(a)k

k=1
Here [z°y%]f(x, y) stands for the coefficent of the z°y” in the polynomial
f(z,y). Since the determinination of the sign of the Pfaffain is easy, to
prove the identity it suffices to show the following lemma. O

Lemma 6.9 Letn = 2r be an even integer and let hyn(x,y) = hn(a, b, q,t; z,y)
be the polynomial of x and y defined by

r v—1 n—1 n—v n—1
STIa - o) [T —ad"te) [T ="ty J[ (—bt""1y)
v=1k=1 k=v k=1 k=n—v+1
r n—v n—1 v—1 n—1
S J[a=¢""2) J[ (—ad" o) JJ -ty []Q-bt""y).
v=1 k=1 k=n—v+1 k=1 k=v

Then we have

<iyj< bl

n—1 n—1
n—i_ n—j Lnn-1)(n—
det [[x y ]]hn(%y)}K‘ Ok =0 T (a59) [ (48);-
j=1

Proof. TFirst of all, we can easily observe that [z 'y I]h,(x,y) is a
polynomial of degree (n — 1) with respect to a, and also of degree (n — 1)
with respect to b. This means the determinant is a polynomial of degreee
at most n(n — 1) with respect to each variable a or b. Now we show
that T]7",'(a; q)s H;‘z_ll (b;t); divides the determinant. For this purpose
we want to show that (1 — ag’™') divides the determinant (n — i) times
for each ¢ = 1,...,(n — 1). For example, if we substitute a = 1, then it
is easy to see from h,(z,y) that all the columns of the matrix become
proportinal and the rank of matrix become at most 1. This shows (1 —a)
divides the matrix at least (n — 1) times. Next, if we substitute a =
¢~ ', then the dimension of the vector space spanned by n polynomials

Vi = ¢ ) IR (1 — ag"'a) for v = 1,...,n is at most 2 since
all these polynomials are multiples of HZ;f(l - qk_l_x). This shows that
at most two column vectors of the matrix [[#"*y" 7]hn(z,y)] is linearly

independent, which means (1 — aq) divides the matrix at least (n — 2)
times. By the similar arguments, it is easy to see that

n—1 n—1
det [[mn_iy”_j]hn(x, y)] . =c H(a; Q)i H (b;1);,
<4< j=1

=1
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where c is a constant independent of a and b. To find ¢, we compare the
constant term of the both sides regarding them as polynomials of a and b.
If we extract only the constant from the matrix [[z"~'y"7]hn(z,y)] and
set the resulting matrix to be G = (gs5)1<i,j<n, then gi; =0if i + j < n.
Further, by checking the coefficient of " "y"” in hn(z,y), we have

(n—v—1D(n—v) (v=2)(r—1)
pl t 2

n—v v—1
Gun—v = —(=1)"""q k=t BT ()Tl Y = g

(v=—2)(v—1) (n—v—1)(n—v)
for 1 < v < r. By the same way we have g, , = —¢q 2 t 2

for 1 < v < r. This shows

n v—2)(r—1 n v—2)(r—1
c=q i %t n_, % _ (qt)én(n—l)(n—2)7

and this completes the proof of the lemma. O

7 Kawanaka’s ¢g-Cauchy identity

In [16] Kawanaka gave a g-Cauchy formula, which is considered as a de-
teminant version of the formula in the previous section.

Theorem 7.1 (Kawanaka) Let x = (x1,22,...) and y = (y1,y2,...) be
two independent sequences of variables. For a partition A let sx(x) and
sa(y) be the corresponding Schur functions in x and y respectively. Then
we have the following identity:

S (@) ()5, ()

A1

11 (_Q.Z‘i§q2?:o I (—qvi:4*) 11 171xiyj' (67)

i (@) T (9Y550%)ee 2

Here Jy,(t) is a rational function defined below.

Let A and p be partitions, and let ¢ = (7,7) be any cell in the plane.
As a natural generaliztion of the hook length hx(c) = Xi +A; —i —j + 1,

hap(c) =Ni+py—i—j+1

is defined in [16]. For example, let A = (4,3,1,1) and p = (3,3). If we fill
each cell ¢ of A\ with the numbers hy,(c), then it looks as follows:

In [16],

nAp) = Y N-i)= > (G—pi-1)

(,4)EX—p (,5)EX—p
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is also defined as a generalization of n(X) = >,5; (i —1)\; (see [24]). Let ¢
be an indeterminate. For partitions A and p, we define a rational function
I (t) in ¢ by

h () A

O TT LT nen 1+t“

Tau(t) H EFTNG) H 1 — thn(
cep

Lemma 7.2

3 (=% )k (=a*a) 22"y (—a250%)w (~ayid®)e 1
G (@5a®k (¢3¢ a0 (0556%) (ay3¢%)e 1 -2y
(68)
Proof. Put
(=¢% @)k (g% %) 22*y kL
F(x’y)zz 2. 2 2. 2 k—1 l—k:Zaklmy’
e (@%a)k (¢%56%) ¢ +g o

_(9556)) 0 (—qy307)oe 1
Gley) = (a7;0%) o0 (q¥;¢%)se 1 —my’

We will compare the coefficients of z*y' of (1 — xy)F(z,y) and (1 —
2y)G(z,y). By Lemma 6.3 we have

(“L,)e(=1;¢")1 rt1 k2
1—2y)G(z,y) = R x
(1= e)Gley) k%o @A T Y

Meanwhile, the coefficient of z*y' of (1 — zy)F (z,y) for k,I > 0 equals

Akl — Ak—1,1—1
(_q2§q2)k—1(_q2§ qg)lfl 2k 21 2k 21 2qqu
= (% (a5 ) {T+¢")A+¢")-1-¢")1—¢q )}W
_ 4(*q2;(12)k—1(*q2;q2)z—1qk+z _ (*1;q2)k(*1;q2)zqk+z
(@ a®)k(a* @ (@ a®)k(g* @

The coefficient of z* of (1 — zy)F(z,y) is equal to

(@) 1+¢%*  (¢%¢*)k

(=% )k 24" (*1;q2)qu

In the same way it is easy to see that the coefficient of y' of (1—zy)F(z,y)

is equal to ((qquz))‘ ¢'. Thus we have (1 — zy)F(z,y) = (1 — zy)G(z,y),
and this completes the proof. O

The following identities are known as the Cauchy determinants (see
[24]).

Proposition 7.3

det ( ) _ ng <j< ( J)H1g <j< ( J)7 (69)
TitYi ) 1<ij<n H1§z‘,j§n(1’i +5)

det ( 1 ) _ H1§i<j§n(1’i - ;) H1§i<j§n(yi ) (70)
1— iy 1<i,5<n H1§i,jgn(1 - T3Y;)
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Lemma 7.4 Let A= (A1,...,A\n) and p = (p1,. .., un) be partitions such
that L(N), () < n. Weputk; = Ai+n—i and €; = pi+n—i for 1 <i <n.

If we put
oy = CCP (%024
(@) (%6 ¢®F + ¢V
then
det(ar,e,)1<ij<n = ¢ MM TGP, (71)

Proof. By (69) we have

det(ar,e;)1<i,j<n

I, (g% +¢°%)

2(k; —k; 200, —0; 2. 2 2. 2
e J@i—Dki+ 5 (25-1)¢; H'L<j(1 —q* J)) Hi<j(1_q ( J)) [L(—a%5a)k, Hj(_q 3 q )lj

i

Kk k; 0. 2,
=2"g Mt G T] (—=¢*a*)w; I (=¢%0%)e, i, (@ = ) I (67 — )
(@), L1 (%02

2. 2 ’ 2. 2 ’ 2k; 20
Hz(q 54 )kL j(q 4 )f] Hi,j(q i+q J)
2(k; —k ;) 2(0;—0;)
iy, 1—g? T iy, 1—g i
: 1 _ _1<i<j<n 1 __1<i<j<n
Since [T, e = N CE and [, e (@50, )

it is enough to show that
n 2, 2 n 2, 2
Py (2i-Dki+ Toq (251 [T (4% a7k, Hg‘:l(_q 4 )lj
I17,-1 (g% +q%9)
= @B 420 (0, 2) I1 (1 + qzhm(@) I1 (1 + q2h,‘,x(c)> .

cEA cep

2"q

Note that hau(c) = Xi —j+pj —i+1 =X —j+{r: p- > j} —i+ 1.
This implies that, if we draw the Young diagram of A\ and fill each cell ¢
with hx,(c), then we find that the numbers in the ith row of A are

[ﬁ{r:/jr>Ai}7i+1,]€¢]f{ki*£7:/LTS)\»;}.

Here we write [a,b] = {a,a + 1,a + 2,...,b} for integers a,b € Z. It is
also easy to see that, if we write the Young diagram of p and fill each cell
¢ with hux(c), then the numbers in the jth row of u are

f{roAe 2 p} =3+ LG = {6 — ke 2 Ay < pr}
Thus it is enough to show that
@50 T (=47 6%)e,
H,J (%R + ¢?h)

k; 2m n £ 2m
\/\ plHp—X+2n (X, p)+2n () Hl 1Hm_ﬁ{’"ﬂr>>‘} it1 (1—|—q )Hj 1Hng g{r:Xp>pt—j+1 (1—|—q )

H)\ > (]‘ + qQ(k )HA <Hj (1 + qQ(Z —hi ))

n
gng TGt (i T (-

It is easy to see that

n
H (1+q2(k1¢4j)> H (1+q2(e,;7kj))7 —2P(\,p) H Ry g2)
My <A A <py i,j=1
where

=>4+ > ks —Zﬁ{r i > Ai Yk +Zu{r Ar > 115},

Xi > Ai<pg
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Let A and B be the sets of lattice points defined by

S
I
—_
<

{( Yif{l<r<n:p >N} <y< X +n-1}

k]

b
I

-
1
-

{@i-D:1<r<n:A>p}<e<p+n-1}.

<
Il
—

t
I
=

Then we have

n ki

I1 I1 1+ = I (1+av),
i=1m=f{rp,>\;}—i+1 (z,y)€A

n Zj

I I )= T (1)
J=lm=f{r:Xp>p;}—j+1 (z,y)eB

For example, if n =4, A = (4,3,1,1) and u = (3, 3), then the big circles
in Figure 5 are in A and the small circles are in B. The numbers asigned
to big circles are y — x and the numbers asigned to small circles are x — y.
Let

A= -1y :t{i<r<nip >A}<y<n-—1},
i=1

Bi=|J{@j-1):t{1<r<n:n>p}<z<n-—1}
j=1

A=l - Ly s t{n <y <hitn—13,

i=1
n

BgzU{(x,jfl):jj{ngmg,ujJrnfl}.

j=1

Then we have A = A; U A3 and B = B; U Ba. Tt is also easy to see that
A1 U By =[0,n — 1] x [0,n — 1], which implies that, as a multiset,

Ully—i+ 1l tfr:m > A <y<n—1yuJ{lz =5+ 1 :t{r: A >} <z <n—1}

i=1 j=1

4 |s
5 14
6 5

Figure 5: Lattice points
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is equal to {|z — y|; (z,y) € [0 n — 1] x [0,n — 1]}, and is composed of n

0’s,2(n—1) 1’s, 2(n —2) 2’s, ..., 2 (n — 1)’s. This shows that
I1 (1 PO z)) I1 (1 + q2<zfy))
(zy)eA z,y)€B
q—2Q(>\,,u)2n H(qu; qz)ki H(f
i=1 j=1
where
Qamw= > -2+ Y. (&-v)
(z,)€A (z.y)€B
<y >y
_ i—1—8{r:p >N} i—1—8{r: A >pu;}
N R )
’\ié/"i Ai </A

Thus the proof will be done if we show the identity

A=l =+ [0 = AL+ 2n(A, p) + 20, A) + 2P(A, 1) — 2Q(A, p)
=3 (2 - Dki+ > (2§ — 1)t

In the example above, we have |A — p| = 3, |p — A = n(g,A) = 0,
n(A\p) =1, P,u) = 64, Q\,u) = 4, and 3+2+64 —4 = 65 =
S (20— ki + 2?21(2]' — 1)¢;. In the following lemma we prove the
identity above. O

Lemma 7.5 Letn be a nonnegative integer, and let A and p be partitions
which satisfies £(N), £(n) < n. Then the identity

A=l + = Al +2n(X, 1) + 2n(p, A) + 2P (A, 1) — 2Q(A, p)
=D @i—Dki+ > (25— 1)¢;. (72)

holds.

Proof. We proceed by induction on n. When n = 1, assume \; > pu;.
Then it is easy to see that n(A, p) = n(p, A) = Q(A, 1) =0 and P(X\, pu) =
2p. This shows that the left-hand side equals A1 + p1 and it coincides with
the right-hand sides. In the case A1 < p1, we can prove it similarly. Asu-
ume n > 2 and (72) holds up to (n—1). Given partitions A = (A1,..., An)
and p = (p1,.. ., tn), Weput)\—()\l,...)\ 1) = (A1,...,An—1) and
o= (ﬁl,...,ﬁn 1) = (p1,. .., in—1). Further we set E —X +n—1—1
and 0; = fii+n—1—ifor 1 <4 <n—1. Then, by the induction hypothesis,
we may assume that (72) holds for (n—1), A, i, k and /. First we assume
that An > . Thus we have [X— p| + [ — Al = |X =i+ L = Al + Ao — pin.
From the condition A,, > puy, we can find an integer s such that 0 < s <n
and ps > An > ps+1 holds. Here we use the convention that Ao = o = oo
Using this s, we can express the statistics on A and p with the statistics
on A and fi. For example, if we write the Young diagram of A and p and
fill the cell (i,5) € A — p with the number p} — i — 1, then we easily see
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that
n—1

n(\ ) =n\f) + (n—s = D = popr) + D (n—i— 1) (1 — pat),

i=s+1

n—1
=n\NE)+m—s—DA— > i
1=s+1

n (i, A) = (i, ).
For a fixed ¢ such that 1 < ¢ < n, from the fact that ps > Ap > psy1, it
is easy to see that
Hr e > N} = t{r e > i
#{r: Ar > i} if1<i<s,
H{r A > pi} = T~ . .
Hr: >+l ifs+1<i<n.

From these facts we have

n—1

PO\ p) =P + (n =12+ > L+ shn + npin,
j=s+1

Q1) = QAL + (”;)

Here we used the fact 37" #{r : ur > Ni} + Z;‘;ll Hr o A >y} =
(n — 1)?, which is easy to confirm. From these identities, we obtain
A=l =+ 11 = AL+ 2n(A, p) + 20, A) + 2P(A, 1) — 2Q(A, p)
= N = Rl + |7 = X + 20, i) + 2n(E, X) + 2PN, 1) — 2Q(N, 1)
+(2n — DAn + (20 — D + 2(n — 1)%

By the induction hypothesis we have |X\— |+ |ﬁ—X| +2n(X, w)+2n(m, N+
2P(\ i) — 2Q(\ i) = Y05 (26 — 1)k + 300 (2 — )6 = Y12 -
ki 4+ 3071 (2i — 1)¢; — 2(n— 1)?, and this proves the desired identity. In
the case of A\, < pn, we may find an interger s which satisfes 0 < s < n
and A\s > fn, > Asy1. A similar arguments will lead to the desired identity
again. O

Proof of Theorem 7.1.
We may assume that the number of variables are finite, i.e., x =

(z1,...,2n) and y = (y1,...,Yn). Assume N > n is a positive integer.
Let T and S be two n by N rectangular matirces defined by
T— (xN_j>i:1,...,n g - (yN_],>i:1,...,n .
v j=1,..N v j=1,...,N

Let A be an N by N square matrix defined by
A= <(*q2;q2)N7i (—a*d*)ny 2 )
i,7=1 N

(% ¢*)n-i (¢%5®)N-5j ¢TI+ ¢

=1,...,

Now we compute limy_, o det *T'AS in two different ways. By the Cauchy-
Binet formula (18), we have

det'TAS = Z Z det Tr det A% det S.

IC[N] JCIN]
HT=n fJ=n
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Put I = {i1,...,in} and J = {j1,...,74n}. Then there exist partitions
A= (A1,...,An) and g = (p1,..., un) such that A1, u1 < N —n and we
can write N —i, = A, +n—rand N —jr =pr+n—rforr=1,... n.
Then it is easy to see that det7; = det (x;\j+n_J) = A(z)sx(z) and

det S; = det (yfﬁ"fj) = A(y)su(y). As before we put k, = A\ +n — 71
and 4 = ur +n—r for r =1,...,n. Then, by Lemma 7.4, we obtain
(=% %)k, (=% 0%, 2

det A% = det
! (@ P, (@57, @55 + 45k

:| _ q\/\*ulJrIu*MJM(q?).

On the other hand, by Lemma 7.2, we have

~0256%) o0 (—095:6%) o0 1
lim dettTAS:det[( qxﬁg) ( qy],g) ] .
N—oo (92339 )o0 (q¥530%)o0 1= @il |, ;o9 0
Thus (67) is an immediate consequence of (70). This proves the theorem.
Od
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