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Abstract

We compute the auto-correlations functions of order m > 1 for the characteristic polyno-
mials of random matrices from certain subgroups of the unitary groups U(2) and U(3) by
establishing new branching rules. These subgroups can be understood as certain analogues of
Sato—Tate groups of USp(4) in our previous paper. Our computation yields symmetric poly-
nomial identities with m-variables involving irreducible characters of U(m) for allm > 1 in
an explicit, uniform way.
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1 Introduction
1.1 Auto-Correlation Functions

The distribution of characteristic polynomials of random matrices has been of great interest for
their applications in mathematical physics and number theory. Since Keating and Snaith [21,
22] computed averages of characteristic polynomials of random matrices in 2002 motivated
in part by connections to number theory and in part by the importance of these averages
in quantum chaos [1], it has become clear that averages of characteristic polynomials are
fundamental for random matrix models [2-5, 15, 16, 28].
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On the way of these developments, the auto-correlation functions of the distributions
of characteristic polynomials in the compact classical groups were computed by Conrey,
Farmer, Keating, Rubinstein and Snaith [8, 9] and by Conrey, Farmer and Zirnbauer [10,
11]. Later, Bump and Gamburd [7] obtained different derivations of the formulas starting
from (analogues of) the dual Cauchy identity and adopting a representation-theoretic method.
Their results show that the auto-correlation functions are actually combinations of characters
of classical groups.

For example, for the symplectic groups, an analogue of the dual Cauchy identity is due to
Jimbo-Miwa [19] and Howe [18]:

m g
_ _ Sp(2 2
[TITGi+x" e+ = 3 6P e xiheP e, a
i=1j=1 A<(g™)
where XSp(zm) is the irreducible character of Sp(2m, C) associated with the partition A <

(g™ andwesetA = (m —A,,...,m— A withd =@, ..., A’g) the transpose of A. This
identity can be considered as a reflection of Howe duality. Using this identity, Bump and
Gamburd computed the auto-correlation functions to obtain

m

Sp(2
/ [Tdet +x;) | dy = Geroooxen)® xgoy™ G xE)). (1.2)
USp(2g) j=1

1.2 Sato-Tate Groups

The celebrated Sato—Tate conjecture for elliptic curves (i.e. genus 1 curves) predicts that the
distribution of Euler factors of an elliptic curve is the same as the distribution of character-
istic polynomials of random matrices from SU(2), U(1) or N(U(1)), where N(U(1)) is the
normalizer of U(1) in SU(2). The conjecture is proven (under some conditions) by the works
of R. Taylor, jointly with L. Clozel, M. Harris, and N. Shepherd-Barron [12, 17, 30]. For
curves of higher genera, J.-P. Serre, N. Katz and P. Sarnak [20, 29] proposed a generalized
Sato-Tate conjecture. Pursuing this direction, K. S. Kedlaya and A. V. Sutherland [23] and
later together with F. Fité and V. Rotger [13] made a list of 52 compact subgroups of USp(4)
called Sato—Tate groups that would classify all the distributions of Euler factors for abelian
surfaces. Recently, Fité, Kedlaya and Sutherland showed that there are 410 Sato—Tate groups
for abelian threefolds [14].

1.3 Our Previous Work

Inspired by the approach of Bump and Gamburd, in a previous paper [26], the authors
computed the auto-correlation functions of characteristic polynomials for Sato—Tate groups
H < USp(4), which appear in the generalized Sato—Tate conjecture for genus 2 curves. The
result of [26] can be described as follows. Let H < USp(4) be a Sato—Tate group. Then, for
arbitrary m € Z>1, we have

m—. bJ

m L

/ ]"[det<1+x,y>dy—(x1 xm) Y Z M (4200) Kooz 122y (13)

b=0 z=0
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where the coefficients m,42; 5y are the multiplicities of the trivial representation in the
restrict.ions X (prg)z’ b) | H an.d. are explicitly give.n in the paper [26] .for all the Sato—Tate groups
of abelian surfaces. Exploiting the representation-theoretic meaning of m,42; 5), the authors
. . - . Sp(4)

obtained this re.sult by establishing branching rules for X(b+22.b) | -

Moreover, since most of the Sato—Tate groups are disconnected, we can decompose the
integral in (1.3) according to coset decompositions, and find that the characteristic poly-
nomials over some cosets are independent of the elements of the cosets. Combining this
observation with the computations of branching rules, we obtain families of non-trivial iden-
tities of irreducible characters of Sp(2m, C) for all m € Z=. For example, we have, for any

m e Zz],

m m 252

_ Sp(2
[T+ =33 va oS30 M)
i=1 b=0 z=0

where ¥4(z, b) is defined on the congruence classes of z and b modulo 4 by the table

[ [ 0O [ T T2 3]

0 1 -1 0 0

1 0 1 —1 0

2 —1 1 0 0

3 0 —1 1 0
Sp(2m)

Notice that the irreducible characters are symmetric functions with the number of
terms growing very fastas m increases, but that the coefficients ¥4 (z, b) are independent of m.
In order to produce the left-hand side of the identities, there must be systematic cancelations
in the right-hand side.

1.4 Schur Functions

The Schur functions S, form the distinguished self-dual basis of the ring of symmetric func-
tions. They appear naturally in representation theory, algebraic combinatorics, enumerative
combinatorics, algebraic geometry and quantum physics. In particular, (i) every Schur func-
tion corresponds to an irreducible character of the unitary group, which implies the ring of
symmetric functions form the Grothendieck ring for unitary groups, (ii) it has various com-
binatorial realizations in various aspects of algebraic combinatorics. Hence understanding
the properties of Schur functions takes a center stage in these research areas. One of the key
features of understanding Schur functions is how other symmetric functions can be expressed
in the basis of Schur functions; that is, computing the coefficients of S, called Schur coeffi-
cients, in the expansions. One of the well-known instances is the (inverse of) Kostka matrix,
which can be understood as Schur coefficients for monomial (complete) symmetric functions
in algebraic combinatorics, and as composition multiplicities of V () in the permutation rep-
resentation W(X) in representation theory. Recall that the (inverse of) Kostka matrix is a
uni-upper triangular matrix with integer coefficients and entries in the Kostka matrix has a
description in terms of semistandard Young tableaux. However, the closed-form formulas for
entries in the (inverse of) Kostka matrix are not available in general. Another well-known
instance is Littlewood—Richardson rule, which can be understood as Schur coefficients for a
product of two Schur functions in algebraic combinatorics, and as composition multiplicities
of V(X1)’s in the tensor product V() ® V(1) in representation theory.
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1.5 Main Result

In what follows, we describe the main result of this paper and its application.

(M) We compute explicitly the auto-correlation functions for H = U(1) < U(g) (g =
2, 3) and for the subgroups H < U(g) (g = 2, 3) defined in (1.6) below. Namely, for any
m € Z=1, we obtain

m
/ [dett +xivydy = > muH) )™ x), (1.4)
H=<U(g) i=1 A<(g™)

where the coefficients my/(H) are completely determined. Here Sf(m) (x) denotes the char-
acter of the irreducible representation V(1) of the unitary group U(m), which are Schur
functions.

(A) As an application of the main result, we give closed-form formulas of Schur coeffi-

cients ¢*  for special infinite families of symmetric functions tgln,)gz (x), which also have

81,82
simple expansions in terms of monomial symmetric functions {m;m)

m € Z=y1and 1 < g; + g2 < 3, we obtain

(x)}. That is, for any

m
@ =JaxxHaxx = Y o 8", (1.5)
i=1 A2((g1+82)™)
where the Schur coefficients cg g, are given in closed-form formulas. Note that tgfl,)gz (x) has
an expansion in mim)(x) with coefficients from {1, 0, —1}. Thus the explicitly determined
cgl ., s acombination of entries in the inverse Kostka matrices for which explicit expressions
are not known.

Let us explain the main result and its application in more detail. We note that more than
half of the Sato-Tate groups for genus 2 curves considered in [13, 26] are subgroups of
USp(4) having U(1) as the connected component of the identity. They are generated by U(1)
and some twisting elements, resulting in disconnected groups, and those twists bring about
interesting structures. We make a search of analogous structures inside U(2) and U(3) and

find the following six groups:
Hy :=(U(1), a), Hj,:=(U(1),24) < Hya:=(U(1), J2,£24) < U(Q),
Hy == (U(1), J3), Hy4:=(U(1),834) < H34:=(U(1), J3,£34) <UQB), (1.6)

where

010 V=1 0 0
I = <_0 1), Lo = <V51&>, Bi=[-100], ¢za=[ 0 v=T0
001 0 0 1

Indeed, the groups in (1.6) are generated by U(1) and some twisting elements. One can see
that these groups also satisfy direct analogues of the axioms (ST1)—(ST3) for the Sato—Tate
groups in [13, Definition 3.1] or [14, Definition 3.12], since each G of these groups satisfies
the following!:

1 (AST1) and (AST2) follow from the definitions. For (AST3), it will be shown in later sections that the
integral in (1.4) with H replaced by G' has integer coefficients as a polynomial of x|, x2, ..., x;;. This
implies that the expected value of x(y) is an integer when y is the character of any tensor product of
fundamental representations. Since an irreducible representation appears as the highest component in such a
tensor product, we can use induction on weights with the lexicographic order to obtain an integer expected
value for an irreducible character .
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(AST1) The group G is a closed subgroup of U(2) or U(3).

(AST2) There exists a homomorphism 6 : U(1) — GY such that 6 («) has eigenvalues u or
u~! and the image of 6 generates a dense subgroup of G, where G is the identity
component of G.

(AST3) For each component G of G(i =0,1,...,k—1)and each irreducible character
x of GL4(C), the expected value of x () over y € G' is an integer, where k is the
number of connected components of G.

Moreover, these groups bring about interesting identities in Application below as some
Sato—Tate groups do in [26]. In that sense, we consider them as analogues of the Sato—Tate
groups. However, in this paper, we do not attempt to classify subgroups of U(2) and U(3)
that satisfy axioms (AST1)—(AST3).

Now we present the main result more precisely.

Main Theorem. Let H < U(g) (g = 2,3) be U(1) or a group in (1.6). Then, for any
m € Z>1, we have

/ l_[det(l +xy)dy = Y my(H) S ™ (x)
H<U(g) }_

Ad(g™)

where the coefficient m;s(H) are the composition multiplicities of the trivial representation
in the restriction xﬁ ® | g and are explicitly given in Theorems 3.1, 3.4, 4.6 and 4.14.

This theorem can be interpreted as a result on branching rules from U(g) to H in repre-
sentation theory. Since H are disconnected except U(1), the branching rules do not follow
from classical results. Actually, the proof of the theorem requires concrete realization of the
representation structure of V(1) over U(g) with respect to H and various combinatorial
consideration to determine the cardinalities of certain linearly independent subsets in V (1').

For an application of Main Theorem, we observe (i) H’s are decomposed into discon-
nected cosets

H, =U)u L U(), Hy 4= Hj 4 U L U(l) U 4J UL,
=UMu U0, H3s4 = H;,uJ3U(1)Ug34J U,

and (ii) the characteristic polynomials in the underlined cosets of H are independent of

elements of the coset. These observations together with some manipulations of the integral

in Main Theorem enable us to obtain closed-form identities involving Schur functions.
Application. For arbitrary m € Z>, we have the following identities

m—. bJ

m L

(A) ]_[(H-x )=Y Z (-1)/ Sgﬁ,’”l)zj)(x) (derived from Hs, Theorem 3.1),
b=0 , =0

®) 3 (l_[a TC | (T )) = Y s
i=1 i=1

(b+2j,b)<(m?)
b+j=20

(derived from H> 4 and Hz” 4» Theorem 3.4),
m
O [Ja+aa+xph = Y 1@ b S)™(x)  (derived from H3, Theorem4.6),

i=1 2<(3™)
2=k ,2b,1%)
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(D) % (]‘[(1 +x)(+x) + [ Ja+xa —x3)> = Y w0 b) S,

i=1 i=1 2<A(3M)
(derived from H3 4 and Héy 4» Theorem4.14),

where

@) 7(z,b) € {—1, 0, 1} is defined on the congruence of z and » modulo 4 as in the following
table

[ O] T ]2 ]3]
0 TT 1] 00
T(z,b) =1 T 0 | —1]0
2 ([0 =1 [ =10
3 01 0 ] 00

(ii) w¢(z, b") depends on the congruence of z and b modulo 2, 4 and given in Corollary 4.13.

Combining the identities in Application and replacing x; with —x;, we obtain all the other
identities in (1.5) (see (3.6), Corollary 4.17, Corollary 4.18 and Remark 4.19).

Note that the identities obtained involves negative Schur coefficients and the number of
terms in Schur functions grows enormously as m increases. However, our result implies that
such combinations of Schur functions have miraculous cancellations and yield symmetric
functions with positive coefficients. Furthermore, the identities state that the Schur coeffi-
cients do not depend on m (see Example 3.3, Example 4.8 and Example 4.16). These identities
seem intriguing from the viewpoint of representation theory and algebraic combinatorics. It
might have been difficult for us to expect that such identities exist, without regard to the
auto-correlation functions and branching rules of the newly introduced groups in (1.6).

1.6 Organization of the Paper

In Section 2, we review the necessary backgrounds for auto-correlation functions and the
dual Cauchy identity. In Section 3, we compute the auto-correlation functions of H’s of U(2)
and establish the corresponding identities involving Schur functions. In Section 4, we present
the auto-correlation functions of H’s of U(3) and consider the corresponding identities by
analyzing the representation structure of V (1) with respect to H’s. But we postpone a part of
the proof to Section 5, which is devoted to determine the composition multiplicities of trivial
representations in X)Ij ® |g’s. This amounts to the proof for U(3). We convert this problem
into counting the pairs of integers encoding certain information from representation theory.
By expressing the cardinalities as closed-form formulas, we complete the proof.

Convention 1.1 Throughout this paper, we keep the following conventions.

(i) For a statement P, the notation §(P) is equal to 1 or 0 according to whether P is true
or not.

(ii) For m,m’ € Z and k € Z~o, we write m = m’ if k divides m — m’, and m #; m’
otherwise.

2 Dual Cauchy Identity and Auto-Correlation Functions

In this section, we fix notations and review the dual Cauchy identity and establish a general
formula for the auto-correlation functions of characteristic polynomials.

@ Springer
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A partition A = (A1 > --- > Ax) is a non-increasing sequence of non-negative integers

Ai. Define |A| = Zf:] Ai and £(A) = k. We write A = (m*) whenm = A1 = -+ = A
More generally, a partition is written as (m]f1 , mgz, e mfs) form; > my > --- > my and

ki > 1. For two partitions A = (A1 > -+ > X)) and 0 = (g > --- > uy), we define a
partial order A < pifk </land A; < u; foralli = 1,2,..., k. A partition A corresponds
to a Young diagram, and the transpose )’ is defined to be the partition corresponding to the
transpose of the Young diagram of A.

Let U(g) be the unitary group for g > 1. For a partition A with at most g parts, let Sf(g) be

S}Lj(g)

the Schur function associated with A. It is well-known that is the irreducible character

of U(g) with highest weight A. Denote by V, (1) the representation space of Sf(g ). When g
is clear from the context, we will simply write V (1).

Definition 2.1 Let H be a closed subgroup of U(g). Define m; (H) to be the multiplicity of
the trivial representation 1 in the restriction of V(i) to H.

2.1 Dual Cauchy Identity

Let us recall the dual Cauchy identity (see, e.g., [7, (9)]) :

Lemma2.2 Foranym > 1and g > 1, we have

m g
[T +xp= 3 sV wsi®w.
i=1j=1

A<d(g™)
where X = (x1, ..., xp) and t = (11, ..., t,). We also have
m g
U U(g
[TITa =% = Y s/ ws ),
i=1j=1 2<I(g™)

by replacing x; to —x;.
Following Proposition 3.3 in [26], we obtain a formula for the auto-correlation functions.
Proposition 2.3 Let H be a subgroup of U(g) and dy be the probability Haar measure on

H. Then, for each m > 1, the auto-correlation function for the distribution of characteristic
polynomials of H is given by

m
/ [Tdett +xivydy = > mu(H) )" ). 2.1)
H iz 2L (g™)
m
/ [Tdettd —xivydy = > (=D mu (i) 87 ). 2.2)
i 2<(g™)
Proof Letty,..., tg be the eigenvalues of y € H. Since we have

8
det(I +x;y) = [ [(1 + xit)),
j=1
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it follows from Lemma 2.2 that

m m g
/ [ ] dets +x_,y)dy:/ TTITa+xitpdy
H . H:

j=1

i=1j=1

U U U U
- / 3 s ws Y wday = > 57" / S t)dy.
H 5 agm A<(g™) H
S};{(g)
multiplicity of the trivial representation 15 of H in the restriction of SE(g) to H, which is
equal to my (H) by Definition 2.1. This establishes the first identity. The second identity
follows from replacing x; with —x; in the first identity. O

From Schur orthogonality (for example, [6]), the integral | H (t)dy is equal to the

Corollary 2.4 Suppose that —1 € H. Then my/(H) = 0 whenever || is odd.

Proof If —I € H, we have

m m
f [ ] det +xy)ay =/ [ det —x;»)dy.
H H

Our assertion follows from (2.1) and (2.2) by comparing the right-hand sides, since the Schur
functions are linearly independent. O

We recall the classical branching rule from U(g) to U(g — 1) for g > 2.

Proposition 2.5 Let V(1) be the irreducible representation of U(g) with highest weight A.
Then we have
[Ve(h) : Vo1 ()] <1

for any partition © with at most g — 1 parts. Furthermore, [Vy(X) : Vo1 ()] = 1 precisely
when

3 Identitiesforg = 2

In this section, we consider some disconnected subgroups H of U(2) and compute my/(H)
for A < (2™) in (2.1). This computation produces identities involving Schur functions S}\J(m)
forallm € Z>1.

We identify U(1) with the subgroup {(t 0 ) 1eC, |t = 1} < U(Q).

0!
3.1 Subgroup (U(1), J)

Let us consider the subgroup H; of U(2) generated by U(1) and J := (_01 (])>, ie.

Hy = (U(1), J) <U(Q2).
Then we have

H, =U()uJu). 3.1)
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Theorem 3.1 For any partition (a, b) < (m?), we have
Mp)(U(l)) =68(a =2 b) and wp)(Hy) = 8(a =4 b).

Furthermore, for any m € Zx1, we have

m m 1252
[Ta+xh=" 3 /™0 =3 Y /sy, ., (G2
i=1 A<I(2M) b=0 j=0

N=(b+2j.b)

where we set j := (a — b)/2.

0¢!
the probability Haar measure on U(1) < U(2). By Proposition 2.3 and (3.1), we have

Proof For any y = <t 0 ) e U(1), we have det(/ +xJy) =1 +x2. Letdu = du(y) be

m
> m ()8 ™ (x) = / [ [ detr + xiy)dy
A<(2m) Hy i=1

m

1 / 1
= | |det(1 +xiy)du + = / | |det(1 +x;Jy)du
2 U i l 2 Juo i=1 l

1 U(m) 1/ | | 2
= = m;/(U(1))S X) + = 1—|—x~ d
) E A( ( )) A ( ) ) (l)i 1( z) u

A@2m)

1 " 1~
=3 > mpu)sy )(X)+5H(1+xi2). (3.3)

A<(@m) i=1

Let v; = (1,0) and va = (0, 1) be the standard unit vectors of V := C2, and consider
the standard representation of U(2) on V, and let det be the one-dimensional representation
of U(2) defined by the determinant. For A’ = (a,b) < (mzA),Awe have V(1)) = det’ ®
Sym?~?(V). Thus the trivial U(1)-module is generated by v{v] only when a — b is even,
where we set j := (a — b)/2. In other word, we have

M, (U(1) = 8(a =2 b).

Furthermore, since J sends vi — —uvs and vy — v, we see that v{ vé is fixed by J when j
is even. Therefore,

M) (H2) = 8(j =2 0) = 8(a =4 D).
Note that, when A’ = (b + 2, b), we have A = (2b, 12]‘)_ Now it follows from (3.3) that

m Lm bJ m Lm;bJ
6] i U
H(l +x) =03 @G =200 =1 Syl 0 =30 D (=D S, 0.
b=0 j=0 b=0 j=0

m}

Remark 3.2 The left hand side of (3.2) can be written as a simple combination of the mono-
mial symmetric functions. Namely, we have

m m
[Ta+x) =3 m& .
i=1 k=0
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where mf\m) denote the monomial symmetric functions in m-variables associated with parti-
tions A with £(A) < m.

Example 3.3 Let us see an example for the case m = 10 in Theorem 3.1. We have

10 14%2]
H(l +a) =3 Y 1 sy, . (3.4)
b=0 j=0
Note that S(ggl(l);) (x) appears in the right hand side of (3.4) with the coefficient —1 since j = 1.
As a polynomial itself, Sgal(f; (x) contains 8701 monomial terms and Sgil?;)(l) = 29700,
wherel=(1,1,...,1). Actually, there are 15 Schur functions with negative coefficient —1

in the right hand s1de of (3.4) including S 251 ?;)

functions, we obtain a symmetric functlon in the left hand side of (3.4), which contains only
1024 monomial terms with coefficients all 1 in its expansion.

(x). After amazing cancellations among Schur

3.2 Subgroup (U(1), J, {4)

Set
_(~-1 0
¢4 .—< 0 ﬁ>eU(2),

and denote by H3 4 the subgroup of U(2) generated by U(1), J and 4. That is, we define
Hy 4 :=(U(), J,&4) =UQ).

Then we have
Hy4»=U)uJUD)ugsUN) ugsJ UQ).

Let H) , be the subgroup of H, 4 generated by U (1) and 4.
2.4 group g M

Theorem 3.4 For any partition (a, b) < (m?), we have
m(a,;,)(HQ’A) =8(a+b=40) and wmp(Hy4) =6(a+b=40)5(a—b=40).

Moreover, for any m € Z=1, we have

1 m m
5 (]‘[(1 +xA)+[a —x?)) = Y DRI ®
i=1 i=1

(a,b)<(m?)
a+b=40 (35)

_ i qU(m)
= > ISy, M,
(b+27,b)<d(m?)
b+j=20

where we set j := (a — b)/2 as before.
Proof Let \' = (a,b) < (m?). We keep the notations in the proof of Theorem 3‘.1‘f0r
V()) = det’ ® Sym*~?(V). A vector in V() is fixed by U(1) if it is of the form v'l’ v% up
to scalar multiplication. Since det(¢4) = —1, we get

JoJ b+j.J.J
Cavjvy = (=1 +/vlvz.
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Wesee thatb + j =20 < a+b=40,andifa + b =4 O thena — b =3 0. Thus we obtain
Wby (H 4) = 8(a+b=40).

As observed in the proof of Theorem 3.1, the vector v{ vé isfixedby J ifandonlyifa—b =4 0.
Therefore we have
Map)(Ha4) =8(a+b=40)5(a—b=40).

Letdy’ = dy’(y) be the probability Haar measure on H; ,. Since
det(/ +xJy) =1 +x2 and det(/ +x¢&4Jy) =1 —x?
for all y € U(1), we have

1 1 1
/ A)dy = / Ay + - / AG)du + f A(y)du
Haa 2 Ju 4 Jru 4 Jeqru

2,4

_1/
=5/

2,

lm lm
Apdy +-Tla+x5H+ = 1 —x?),
4 (y)y+4g( +x,)+4i11( x?)

where we write A(y) = []i-, det(I + x;) for convenience. Applying Proposition 2.3 to
the integrals, we obtain

1 m m
3 (]‘[(1 +xp+]Ja- x,-2>> = Y (2men(Haa) = man (Hs0) S sy 0
i=1 i=1

(a,b)<(m?)
U i oU
= Y DR L= Y (=Syh, 0.
(a.b)<d(m?) (b+2j.b)d(m?)
a+b=40 b+j=20

m}

Remark 3.5 (1) The identity (3.5) can be derived from (3.2). We will consider the alternate
proof in Section 3.3.

(2) As in Remark (3.2), we observe that the left hand side of (3.5) is a simple combination
of the monomial symmetric functions in m-variables:

m m L% ]
1 m
! (na b+ ] - x,-2>) _ 3 .

i=1 i=1
3.3 Pieri'srule

One can see that

m m
[Ta-xH=" 3 D sy, =D (=D mi) x. (3.6)
i=1 A<(2™) k=0

A =(b+2j.b)

Indeed, by replacing x; with +/—1 x; in (3.2), we obtain

m
i i U U
[Ta-xH=" > sy m= 3 D2 s, .
i=1 A<(2™) A<2™)

N=(b+2j,b) A'=(b+2j,b)
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and the second equality in (3.6) follows from the definition of the monomial symmetric
function mzm)) Combining (3.2) with (3.6) yields the identity (3.5). If we combine (3.2) and
(3.6) in a different way, we obtain

m IJ
1 (& ) n ) s 2
Z — — — _1)8(azab) JUm) (m)
2(_1‘!(1“,-) 1‘!(1 x| = §:2( N § m G (X)-
= = (a,b)d(m?)
aa+bzi”2

Moreover, (3.6) can also be proven using Pieri’s rule. Since the idea can be used in other
cases, let us see the proof. We first consider the trivial case g = 1 to use the results for the
case g = 2. Let m(m) be the monomial symmetric function of m-variables associated to a
partition A with Z(k) < m, as before. Then, in particular, we have

(m) _ ¢UGm)
Mk = S(lk) fork <m
and obtain
]_[(1 +xi) = Zm(’;’k))(x) =Y 5". (3.7)
A<(m)
By replacing x; with —x;, we have
m m
[Ta—x) =Y Dm0 = 3" D" . (3.8)
i k=0 A<(1m)

Recall Pieri’s rule from, e.g., Macdonald’s book [27, (5.17)]:

m

0" @) x [T +x) = 7" ) x (Z el(X)) = ) S"w. 69

i=1 1=0 A< <At (1m)

where e;(x) denotes the elementary symmetric function of partition (/) of length 1 and
A+ (™M)= +1L,0+2,..., Apn+ 1D fork =0, Ao, ..., Apm).
By (3.9) and (3.8), we have

[Ta-sh=[Ta+xrx Y 0rspim
i=1 i=1

abgam

=i Y, 15"

k=0 (1h) du<a(2k, 1m=k)

(3.10)

Thus for any partition (22, 1977) <1 (2™), the coefficient of Sggj’l;lz)

by

(x) in (3.10) is given

a 0 ifa—b=1,
d(=1={1 ifa—b=,0andb =0,
—1 ifa—b=y0andb =, 1.
Whena — b =; 0, write a — b = 2. Then we have

[Ta-xh= 3 sy ™
i=1

A<@m)
N =(b+2].b)
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as desired.
Using a similar argument, we obtain two more identities.

Proposition 3.6 For any m € Z=1, we have

m

[Ta+2x+xhH=" > (@=b+DSy", ), (3.11)
i=1 (a.b)<(m?)

m

[Ja-26i+xH= > D P@a-b+ 1)sgg("l>u,,,)(x>. (3.12)
i=1 (a.b)<(m?)

Proof By (3.9) and (3.7), we have

[Ta+x?=[Ta+xpx Y s ®
i=1 i=1

(b <aam)

=), 2 STe

k=0 (1k) Ip<1(2k, 17k)

(3.13)

U(m)

Thus for any partition (27, 197?) < (2™), the coefficient of S as,

a
Zl:a—b+1,
s=b

and the identity (3.11) follows. By replacing x; with —x; in (3.11), we obtain (3.12).

(x) in (3.13) is equal to

[m}

Remark 3.7 The above use of Pieri’s rule may not be applicable, in general, if one can try to
obtain closed-form formulas for g > 3. For instance, based on Theorem 3.1 about g = 2, one
can check the formula in Theorem 4.6 about g = 3 below using Pieri’s rule, for first several
small values of m. But, when g > 3, obtaining closed-form formula for the coefficient of

S;J(m), m > 1, seems not easy in this approach.

4 Identitiesforg =3

In this section, we consider some disconnected subgroups H of U(3) and compute m;/(H)
for A < (3™) in (2.1). As with the case g = 2, our computation yields identities involving
Schur functions S for all m € Zx;.

To begin with, we embed U(1) into U(3) via

t 00
uUly~{lotrto]:reCtj=1},
001

and U(2) into U(3) via A — (13 ?) for A € UQ2).
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4.1 Subgroup (U(1), J)

Define
010
Ji=]-100] eUu@®.
001
Note that
-1 00 100
J2 =0 —-10]eu@) and J*=]010]=1.
0 01 001

Consider the subgroup Hz of U(3) generated by J and U(1), i.e.
Hz = (U(1), J) = U@Q).

Then one can easily check that J normalizes U(1), and H3 = U(1) u J U(1). Note that

t 00 0+ttlo
Jlortol=1= 0 0| and detd +xJy) =1+ +x?) (4.1)
001 0 01

for all y € U(1).
We prove a useful lemma.

Lemma4.1 Forany k € Z>(, we have
Matk bk, k) (U(D)) = Mm@ p,0(U))  and Mgk btk k) (H3) = Ma,5,0)(H3).

Proof Let det be the one-dimensional representation of U(3) defined by the determinant.
Then we have
V(a+k,b+k k) =det" ® V(a,b,0).

Since det(A) = 1 for any A € U(1) and det(J) = 1, the assertion follows.

[m}

Thanks to Lemma 4.1, we need to consider the irreducible representations V (') of U(3)

only for A" = (a, b, 0). In what follows, we assume A" = (a, b, 0) and freely write V (a, b) =

V()). Note that we may also regard V (a, b) as the irreducible representation of s[(3, C)
with highest weight (a, b). More precisely, define i1, hy € s1(3, C) by

hy = diag(l, —1,0) and hy = diag(0, 1, —1),

and denote by b the subspace of sl(3, C) spanned by h; and hy. We regard any partition
uw = (1, (o) as an element of h* by setting
u(hy) = p1 —py and  w(ha) = ua,

and p is a weight of s((3, C).
LetVand W = /\2 V be the fundamental representations of U(3). Take a basis {vy, v, v3}
of V such that
Jvy=—vy, Jvy=wv; and Jvz =v3. 4.2)

Write
w2 =V AV2, W13 =7V AV3, W23 =V2AU3.
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Then {w12, w13, wy3} is a basis for W, and we have
Jwip =wi2, Jwiz=-wy and Jwyz = wi3.
As s1(3, C)-representations, V and W are equivalent and can be described as follows:
v-mimim w:%L‘ 4.3)
The diagrams mean

fivi =2, Huv=v3, frwp=w3, flws = w3

and fiv; = 0 and fiw;x = O for other choices of i, j, k, where we set f| :=
000 000 010 000
(1 00), = (0 0 0) € s1(3, C). Equivalently, if we set e| := (0 0 0), e = (0 0 1) €
000 010 000 000

5[(3, C), we have
ev3 =112, €1v2 =V, ejwz3 = wi3, w13 = w12
and ¢;v; = 0 and e¢;wj;r = O for other choices of i, j, k. The embedding U(2) — U(3)
corresponds to {(e1, 11, f1) = sl(2, C) — sl(3, C).
We realize the representation V (a, b) for a partition (a, b) as the irreducible component

of Sym®~? V ® Sym®? W generated by the highest weight vector v?_b ® w?z. In particular,
V=V({,0)and W = V(1, 1). Weidentify V (a+ 1, b+ 1) with the image of the embedding

lav1p+1 - V@a+1,b+1) = V(a,b)® V(1,1) 4.4)

given by
b+1

VWP @ uwl T s 0P @ wh,) @ win.
For a partition (a, b), set z :== a — b and define a set of partitions which interlace with
(a, b):
®(a,b):={(p.q)la=p=b=q=0}

Clearly, we have
|®(a,b)=@—b+1Db+1)=z+DB+1).
It follows from Proposition 2.5 that

the set ®(a, b) is exactly the set of U(2)-highest weights in the restriction V (a, b)|uy(2).
4.5)

Example 4.2

(@) ©3,2)={(3,0),(2,0.3.D,(2.1,3,2),(2,2)}.
(b) ©(4.3) ={(4.0),(3.,0),(4. 1), (3. 1), 4. 2), (3,2), (4. 3), 3, 3)}.

For our purpose, we need to precisely describe U(2)-highest weight vectors in the
restriction V (a, b)|u(2). In what follows, we specify such vectors. We freely use the s[(3, C)-
representation structure on V(a, b) and apply actions of ¢;, fi (i = 1,2) on vectors of
V(a,b).

For V(a, 0), define

V(k,0:0,0) = v’fvé’_k for (k,0) € ®(a,0) (orequivalently, for 0 < k < a).
By considering sl(2, C) action from (4.3), one can see that v o.4,0) are U(2)-highest weight
vectors with highest weights (k, 0).
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Next let us consider U(2)-highest weight vectors of V(a + 1, 1) via the embedding t,1 1
in (4.4). Obviously, the vectors

V(k+1,1;a+1,1) = V(k,0;a,0) ® W12

are contained in V (a + 1, 1) from the construction of V(a+1, 1), and each of themis a U(2)-
highest weight vector of V (a + 1, 1), which generates a (k + 1)-dimensional U(2)-module.
Thus they correspond to the partitions (k + 1, 1) in ®(a + 1, 1). Similarly, the vectors

V(k+1,0;a+1,1) = f2 (v(k,o;a,O) ® wlz) = V(k,0;a,0) ® W13

are contained in V(a + 1, 1) and are U(2)-highest weight vectors of V(a + 1, 1). Each of
them generates a (k + 2)-dimensional U(2)-module. Hence they correspond to the partitions
(k+1,0)in ®(a + 1, 1). Since

Pa+1,)={k+1,D)[0=<k=<alu{k+1,00]0 =<k =<a},
we have obtained all the U(2)-highest weight vectors of the restriction V(a + 1, I)|u(2).
Generally, for (p, q) € ®(a, b), define

—b_a— bh—
Vip.giapy =V vy T @whw;?  b<p<=<a.
Lemma4.3 The vectors v(p,q.a,p) are U(2)-highest weight vectors of V (a, b) for (p,q) €
®(a, b).

Proof 1tis straightforward to check that v, 4:4,5) are U(2)-highest weight vectors. For induc-
tion, assume that v(, 4:4—1,5—1) are contained in V (a — 1, b — 1). Then, by the construction
of V(a, b), we have

Vktb—1.b—Lia—1.b—1) ® W12 = (v’fvg’_b‘k ® wf;‘) ®@wp = v\l g ul,
= V(ktb,b:a,b) € V(a,b)
for0 <k <a—b. Since
Fivasnbiab = gemvivs " @ wly wiy = GByvactbb-tap for0<1<b,

we have v(p ¢:a,) € V(a, D) for any (p, g) € ®(a, D).

O
The vectors in the above lemma are distinct, linearly independent and exhaust all the
U(2)-highest weight vectors in V (a, b). Note that
. —b a— b— _g. p—b a- b—
(1) Since J(v(p,g:a,0)) = J(vf7 vg P& w({zw13 = (=1)? qvé’ vg P& wilzw23 a
the vector J (v(p,¢;a,p)) is @ U(2)-lowest vector in the U(2)-representation generated

by V(p.g:a.b)-
32) Jfi = —erJ.

Proposition 4.4 For a partition ). = (a, b, 0), the multiplicity m;,(U(1)) of the trivial rep-
resentation in 'V (A')|u(1y is equal to the cardinality of the set
P (a,b) :={(p,q) € ®(a,b) | p=2 g},

and the multiplicity m;, (Hz) of the trivial representationin V (X)| u, is equal to the cardinality
of the set
@ (a,b) = {(p.q) € Pa.b) | p =4 q).
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Proof From the embeddings of U(1) into U(3), we see that the multiplicity m,/(U(1)) is
equal to the number of linearly independent vectors in V(1) with weight w such that

u(hy) = 0.

Similarly, the multiplicity m;, (H3) is equal to the number of linearly independent vectors v
in V()") with weight w such that

uChy) =0 and Jv=w.

If we consider the restriction V (1')|y(2), then the condition j(h;) = 0 means weight 0.
A weight 0 vector occurs in Vo (p, g) precisely when p — g =» 0 with multiplicity 1, where
Va(p, g) is the irreducible representation of U(2) with highest weight (p, ¢). Thus the first
assertion follows from (4.5).

Write p —g = 2k. Then v := flkv(p,q;a,h) is a weight O vector by Lemma 4.3. Using (J1)
and (J2) in (4.6), we obtain

J) = A0 @ whuly?) = (DFEI ] T @ whuys?)
= (¥ @ whuwhy )= DX T @ whu?y ) = (D
Thus v is fixed only when k is even. Thus the second assertion follows. O
The cardinalities of the sets @2 and ®® are computed in the following proposition.
Proposition 4.5 For a partition (a, b), write z :== a — b. Then we have
9@ (@, b) = [z + Db+ 1)/21,

and 1
1@ (a, b)| = 5 [+ DG+ 1D/2] + 1. b))

where T(z, b) € {0, 1} is defined on the congruence classes of z and b modulo 4 as follows:

[ 0] 1 ]2 ]3]
0 TT 1] 00
©(z,b) =[7 T 0 | —1]0
2 ([0 1 [ -1]0
(ol o0 0o

Proof The elements (p, g) in ®(a, b) and the corresponding dimensions p — g + 1 can be
each arranged into an array of size (z + 1) x (b + 1) as follows, where we put (p, g) in the
left and its corresponding dimensions in the right:

(a,0) (a,1) -+ (a,b) a+1l a ---a—-b+1
(a@a—1,0) (a=1,1) --- (a—1,b) a a-—1--- a—>b

4 . . 4.7)
GO k) e by | b+l b

By counting the number of odd integers in the right array, we obtain
9@, b)] = [z + DB+ /21,
and by counting the number of integers congruent to 1 modulo 4 in the right array, we get
1
199G, b) = 2 ([ + DB+ 1D/2] +1(. b))

m}
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Now we state and prove the main theorem of this subsection.

eorem 4. or a partition A’ = (a + Kk, b + k, k), k € Z>¢, we have
Th 4.6 Fc ition X = ( k,b+k k) kel h

1
mu(U) =+ DO+ 1)/21 and my(H3) = 5 (Te+ DO+ 1/2]1 + (2, b)),

where we set 7 := a — b. Furthermore, for any m € Zx1, we have

m
[Ta+xa+xh=" Y t@bs ™, (4.8)
i=1 A<(3™)

2=k ,2b,1%)
m
[Ta-xa+h= 3 DM bs)™ w. 4.9)
i=1 A<(3™)

A=(3k12h’11)

Proof From Proposition 4.4, we obtain
m (U(1) = [P (a,b)| and my(H;) = [®W(a, b)|,

and the formulas for m;/(U(1)) and m;/ (H3) are from Proposition 4.5.
Let dy, dy; be the probability Haar measures on H3, U(1) < U(3), respectively. Since
H; =U(1)u JU(), we use (4.1) and Proposition 2.3 to obtain

m
> m(H3)S ™ (x) = / [ Jdett +xiv)dy
A<(3m) Hs i

m

1/ 1 z )
= det(1 4 x;v)dy +f/ (1 +x) A+ x7)dni
2 Ju [1 l 2 JU(])H l l

M=

1 U(m) 1~ 2
- ENZG:m)m”(U(I))S* (x) + EE(I + ;) (1 + x2).

Hence, using Lemma 4.1,

m
[Ta+xna+xH= > @myH)—muUD) ;" ®= > 7@ b, ™ x.
i=l A4(@E™) A<(3™)
2=(3k 26 1%)
The identity (4.9) follows from (4.8) by replacing x; with —x;. O
Remark 4.7 The left hand side of (4.8) is a simple combination of the monomial symmetric
functions mf\m) associated with partitions A in m-variables:

m

[Ta+xa+xpH =3 m" .

i=1 2<(3m)

Example 4.8 (1) Let us see an example for the case m = 7 in Theorem 4.6. We have

7
[Ja+xma+xph= > cbns) " (4.10)
i=l 2437
A=(3%,2,1%)
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One can see that S(lig)zz 11)(X) appears in the right hand side of (4.10) with the coefficient
U(7)

—1las t(1,2) = —1. As a polynomial, S(32 2.1
30 11 = ,wherel = (1, 1, ..., 1). There are chur functions with coefficient
S(‘g”; 11y = 7560, where 1 = (1, 1 1). Th 18 Schur functi ith coeffici
—1 in the right hand side of (4.10) including sg§7)22 11)(X). On the other hand, we obtain a
polynomial in the left hand side of (4.10), which contains 16384 monomial terms with
coefficient all 1. One can check this, for example, using SAGEMATH.
(2) Let us consider the case m = 20 in Theorem 4.6. We have

(x) contains 1778 monomial terms and

20
[Ta+xma+shH= Y 1@nsPm (4.11)
i=l 2432
A=(3k 20 12)
Here S([ig?g) (x) appears in the right hand side of (4.11) with the coefficient —1 as (5, 6) =
(1, 2) = —1. Using WEYLCHARACTERRING in SAGEMATH, one can check that S(ggz?g)(l) =
4557090720. Including S99 there are 315 Schur functions with coefficient —1 in the

26,15
right hand side of (4.11) aild' th)e specialization of the left hand side of (4.11) at 1 is equal to
4?0 = 1099511627776. However, checking whether the right hand side of (4.11) coincides
with the left hand side of (4.11) may well go beyond the capacity of a regular personal
computer.

4.2 Subgroup (U(1), J, {4)

Let us set

V-1

0
0 /=10]eU®B\U®D.
0 0

=)

Then we have
det(I + x¢4Jy) = (14+x)(1 —x2) and det(I +xJy) = (14+x)(1+x%). (4.12)
Define H3 4 to be the subgroup generated by U(1), J, ¢4, i.e.
Hz 4= (U(1), J, £4) =UQ@G).
Then we have the coset decomposition
Hz4=U)uJUD)ugsUN) ugsJ UQ). (4.13)
Let H3/’ 4 be the subgroup of H3 4 generated by U(1), &4. Note that
H3 4 = H3/’4 u JH3/’4. (4.14)
Lemma4.9 Forany c € Z>», we have
Wiabe)(H34) = Wg2p2.c-2(H34) and Wpe)(H;4) = M@a—2p-2.c-2)(H3 4).

Proof As before, let det be the one-dimensional representation of U(3) defined by the deter-
minant. Then we have

Va,b,c)=det> @ V(a —2,b—2,c —2).
Since det(A) = 1 forany A € U(1), det(J) = 1 and det(¢£4) = —1, the assertion follows. O
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By Lemma 4.9, it suffices to consider partitions of the form
(a,b,e€), e e{0,1}.
For a partition (a, b, €) (¢ € {0, 1}), define
®a.b.e)={(p.q) €’ |a=p=b=q=e)
For example, ®(3,2, 1) = {(3, 2), (2,2), (3, 1), (2, 1)}. From Proposition 2.5, we see that

the set ®(a, b, €) is exactly the set of U(2)-highest weights in the restriction V (a, b,€)|u(2).
4.15)

Proposition 4.10 For a partition ' = (a, b, €) (€ € {0, 1}), the multiplicity m;, (Hy ,) is the
same as the cardinality of the set
VA = ((p.q) € @) | p+q =40},
and the multiplicity w,/(H3 4) is the same as the cardinality of the set
VA = {(p.q) € @) | p—q =40, p+q =40}
Proof Let v be a weight vector fixed by Hj 4. Then, in particular, v is fixed by U(1), and we
may write v = flkv(p,q;a,b) for p — g = 2k as in the proof of Proposition 4.4. Since
v= eI @ whus?) = Cof e @ whhuys
+(other terms with the same weight),

for some constant C, the number of v; factors and the number of v, factors are the same,
which is equal to k + ¢ = (p + ¢g)/2, and we have

Lav = ( /_1)(p+q)v _—

Thus we have p + g =4 0, which implies p — g = 0.
If v is also fixed by J, the we obtain an additional condition p — g =4 0 as in (the proof
of) Proposition 4.4. O

The cardinalities of the sets ®®% (1) and ®“** (1") will be computed in the next section,
and we present the resulting formulas in the following two propositions.

Proposition 4.11 For a partition ' = (a, b, €) (€ € {0, 1}), writez:=a—band b’ :=b —e.
Then we have

(z+ DO + 1) +ke(z, D)

|d@P ()| = 1 (4.16)
where k. (z, b") are defined on the congruence classes of 7 and b’ modulo 4 by
[ [[0] 7 [2]3] (W [ 07 23]
0 3] 2]1]0 , 0 1 ]2] 1 0
ko(z, D) =["T [[2 [ =420 and  ki(z,b") =7 2 (4] =20}
2 T 230 2 T [2 ] -1]0
3 0] 0 |00 3 0 [0] 0 [0

Proposition 4.12 For a partition M’ = (a, b, €) (e € {0, 1}), writez:=a—band b’ :=b —e.
Then we have
b'z+ne(z,b') - (b, 2) + & (2, b)

q>(4,4) )\./ —
| 9] 3

4.17)
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where (x,y) - (b, z) = xb' + yz, and ne(z, ') and . (z, b') are defined on the congruence
classes of z and b’ by

[ 2\ 0 ] [[=\ 0o 1 T ]

b)) =0 [ & 0D ] mb)=0 [oo] e

[ 7 [ a2y [aD ]| L7 [ao [ aDp |
[ [[0] 7T [2]3] [ o712 T3]

0 8] 0 4]0 0 0161 02

oz, b)=T 6] =321 and  &(z, ) =["7 05 =4 |1
2 ([ 4 =440 2 012 =42

(21 1 [ 21 3 o111 0 |1

Corollary 4.13 For each partition \' = (a, b, €) (¢ € {0, 1}), write z:=a—b and b’ :=b —e.
Then we have

Ole(Z, b/) : (b/7 Z) + ﬁe(za b/)
4 s

where (x,y) - (b',z) = xb' + yz, and a(z, b') and Be(z, b') are defined on the congruence
classes of z and b’ by

we(z,b) :=2|dHP )| — 1PV )| =

[ 0 [ 1 | oWl o 1 1]
ao(z,0) =0 [ @D [ L0 } a(zb)=0 L] o}
[ ! D [ ©0 | [ 7 [ ©-D [©0 |

(2w [[o] £ ] 2713 ] (W[ o] r]2T]3]
0 [ 4] 1 [ 2 - 0 0] 3 [ 21

Boz,b) =T [[3[ 0 | -1] 0 and  P1(z,b') =1 T [0 | =3[0}
Z [ 2| 30 | i 7 [ [ =1 | =41
I [ 1[0 10 I [ =1 [0 [ -i]0

Now we state and prove the main result of this subsection.
Theorem 4.14 For a partition )/ = (a + 2k, b + 2k, € + 2k) (k € Zso, € € {0, 1}), write
z:=a—bandb' :=b — €. Then we have
D' +1 b 4 b)) -, b
o (H ) = (z+1)( +4)+Ke(z ) and g (Hy 1) = 2+1e(z, b) é D+Ee. b))

Furthermore, for any m € Z=1, we have

1(]‘[(1+x,-)<1+x,<2>+]‘[<1+xi)<1—x?)): Y 0@ b) S M), (418)

2
Ad@G™)

i=1 i=1
where 7, b', € are determined by the transpose A" of & < (3™).

Proof The first assertion follows from Propositions 4.10, 4.11, 4.12 and Lemma 4.9. Let
dy, dy1, dy> be the probability Haar measures on H3 4, H3/’4, U(1) < U(3), respectively. We
use the coset decompositions (4.13) and (4.14) and the computation (4.12) and Proposition
2.3 to obtain

m
Y mu(H8, " 0 = / [ [det(7 +xiy)dy
SIED) M4 =)
1 m

1 - 1 -
:E,/ l_[det(1+xiy)dy|+1/ l_[det(l—i—x;y)dyz—l—Z/ ndet(l—i-x,-y)dyz
! JU)

3.4 =1 £ U) j
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1 , - 1 m 1 m
=5 > 8@+ [Ja+ad+af) + 3 []a +xd - ).

2<(3m) i=1 i=1

Hence, using Corollary 4.13,

1 m m
2<1‘[<1+xi><1+x3>+]‘[(1+xo<1—x?)) = Y (2my(Hsa)—my(Hj ) )" (x)
i=1 i=1 A<(3™m)
= Y b)) ).
24(3™)

[m}

Remark 4.15 (1) The left hand side of (4.18) can be written as a simple combination of the
monomial symmetric functions in m-variables:

(H(l +xi) (1 +x2) + ]‘[(1 +x) (1 — x] )) Y mi" ).

i=1 V()
)\/2220
where 1" = (1], A5, 1%).
(2) By replacing x; by —x; in (4.18), we obtain

;(1'[(1 —x)(+xp) +[Ja -xna —x%)) = Y DMz )8 ™ x).

i=1 i=1 A<(3m)

Example 4.16 (1) Let us see the case m = 7 in Theorem 4.14. Then we have

7 7
;(]‘[(1+x,-)<1+x?>+]‘[(1+x,-><1—x?)> = > 0@b)s, V@419

i=1 i=1 A<(37)

The function SV (x) appears in the right hand side of (4.19) with the coefficient —2

3, 22 1)
as 2’ = (4,3, 1) and hence z = 1 and b’ = 2. As a polynomial itself, sY¢

U
(3,22,11)

coefficients in the right hand side of (4.19) including S (22 n
polynomial of 8192 monomial terms with all coefficient 1 in the left hand side of (4.19).
(2) Let us see the case m = 20 in Theorem 4.14:

20 20
;(l_[(1+x,~)(l+xl«2)+l_[(l+xi)(l—xiz)): Y ez b) SV x)  (420)

i=1 i=1 A<I(3m)

(32 22 1 (x) contains

1239 monomial terms and S 1, (1) = 3402. There are 36 Schur functions with negative

(x). However, we obtain a

Here SY (29 12) (x) appears in the right hand side of (4.20) with the coefficient —3as 2’ = (11, 9)

and hence z = 2 and b’ =4 1. One can check that sggﬂ;; (1) = 12342120700. There
are 590 Schur functions with negative coefficients in the r1ght hand side of (4.20), and the
specialization of the right hand side of (4.20) at 1is equal to 23°. This shows some systematic,

even miraculous, cancelations of monomial terms in Schur functions involved in this example.

Combining Theorems 4.6 and 4.14, we obtain the following identity.
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Corollary 4.17 For each partition A" = (a + 2k, b+ 2k, € +2k) (k € Z>o, € € {0, 1}), write
z:=a—bandb' :=b — €. Then we have

m
[Ta+xa-xhH= Y  DO=2ImPa = Y Gz b) 5, " ),
i=1 (M. 45,25) < (m3) A(3™)
where ~
~ 0z, D) (B 2) + Be(z, D)
we(z,b') = :
2
Here ,ge (z, b') are defined on the congruence classes of 7 and b’ by
~ [ o] 1] ~ Lo LW o 7]
Bowby=Fo a1 ad PBib)=[o =TT}
L [r[o] L [[-to]

Similarly, combining Theorem 4.6 and Corollary 4.17, we obtain another identity below.

Corollary 4.18 For each partition A" = (a + 2k, b+ 2k, € +2k) (k € Zso, € € {0, 1}), write
z:=a—bandb' :=b — €. Then we have

% (H(l +x)(1+x) = [ +x)0 —x?)> - Y "
i=1

i=1 O 25,05 Dm?)
)L/z;ézl

= Y Be(z.b) 5" ).

}\S](:;m)

where R
—0e (2, b)) - (I, 2) 4 Be (2, )

4

Here ,@(z, b') are defined on the congruence classes of z and b' by

ZBG(Z, b’);: =

[ [ 0 [ 1 ]2 T3] [ [0 1 T 2713 ]
~ 0 01 3 | 21 . , 0 T 1 ] 2 | -1
Po(z,b) =11 1 0 | 3]0 and  B1(z,b") =7 3 0 | —1] 0
2 S 1 | 41 2 21 3 0 | -1
3 T o0 | —1]0 3 T 0 1 0

Remark 4.19 Replacing x; with —x;, we obtain identities for

[Ja-xoa+xp and  J]a—xna—xP)

i=1 i=1

and hence identities for

% <H<1 —x) (1 +aP) £ [[ —x)1 - x?)) :

i=1 i=1

5 Proofs for the Cardinalities of @24 and 44

In this section, we will prove the explicit closed-form formulas of ®?# and ®*¥, which
are presented in Propositions 4.10 and 4.11, respectively. Throughout this section, we will
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explain the reason why the functions «¢ (z, b), n¢(z, b) and & (z, b) are defined with respect
to congruence classes modulo 2 or 4. We start this section with an example.
Let us consider the partition v/ = (a, b, 0) = (a, b) = (7, 2) of length 2. Note that

ez=a—b=5andhencez+1=6,b+1=3,
e among the partitions (a, b) with

a—b=5 and b=42, 5.1
the partition (7, 2) is the smallest one.

Thus the set ® (7, 2) can be displayed by the following (6 x 3)-array as in (4.7):

Z

(7,2) (7, 1) (7,0) (z+b,b) (z+b,b—1) (z+b,0)

(6,2) (6,1) (6,0) (z+b—-1,b) z+b—-1,b—-1) (z+b—-1,0)

(5,2) 5, 1) (5,0 _ - - -

4,2) 4, 1) 4,0 - . . . (52)
(3,2) 3,1 (3,0) (b+1,b) b+2,1) (b+1,0)

(2,2) 2,1 (2,0) ) (b, b) b+1,1) (b, 0)

Motivated by (5.2), for (k,[) € Z?and z,b € Z=g, we define the set | (k, 1) ; of pairs of
integers:

kD] ={p.@) e 1k+b=p=k z+1=q=1), (53)

whose cardinality is (z + 1) x (b + 1).
In (5.2), one can check that, for v’ = (7, 2), we have

e ®20) = ((4,0), G, 1. (7.1, (6.2). 2.2).
o ®4V() ={(4,0). (6.2), 2.},

and hence ®ZY (V) \ ®*P (V') = {(3,1), (7,1)}. Here one can notice that (p, q) €
2Dy \ d*H (1) are located in the second column of (5.2), since

g =4 1 and hence p =4 3, yielding p — g #4 0. 5.4

Let us consider a partition &' = (11, 6) which is the second smallest case in the sense
of (5.1). Then its corresponding ® (11, 6) can be represented by the following (6 x (34 4))-
array as follows:

(11,6) (11,5) (11,4) ¢ (11,3) (11,2) (11,1) (11,0) ¢
(10,6) (10,5) (10,4) | | (10,3) (10,2) (10,1) (10,0)
(9,6) (9.5) (9.4) 9,3) (9.2) 9.1) (9,0) (5.5)
(8,6) (8.5 (84) 8,3) 8.2 (8.1) (8.0 :
(7,6) (1.5) (3.4) (1,3) (1.2) (1.1) (7,0)
6.6) (6.5) (6.4) 5 6.3) (6.2) (6.1) (6,0)

Here the left (resp. right) part of (5.5) coincides with | (b + 4, 4) ; (resp. b+4,0) ;)

Then one can see that (i) the left part of (5.5) can be obtained from (5.2) by adding (4, 4)
for each entry and (ii) the right part of (5.5) consists of four columns. Since the number of

(p,q)’s satisfying p +¢q =4 0in| (b + 4, 4) i is the same as |®@4 (V)| by (i), and each
row in | (b + 4, 0) ; contains (p, g) with p + g =4 0 exactly once by (ii), we have

12D ()| = [@FV W)+ + 1) =5+6.
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For the same reason as in (5.4), the (p, g)’s with p + g =4 0 with ¢ =4 1, 3 cannot satisfy
the condition p — g =4 0. Thus we obtain

24D ()] = 104D )| + =3+3.

z+ 1
2

Since
4.4) _ “4.4) <
@ (c+4,d+4)_(q> (c,d)+(4,4))|_| d+4,0)];

and the number of (p, g)’s satisfying p + g =4 0 (resp. p +q =4 0 and p — g =4 0) in
(d+4,0) ; does not change for any (c, d) with ¢ —d = 5 and d =4 2, the closed-form

formulas are written in (4.16) and (4.17), which are determined by |®%* (v/)|, |®&* (u/)| —
[dED WY (k =2,4) depending on z and on the congruent classes of z and » modulo 4.
Now we generalize the argument above. We begin with a definition.

Definition 5.1 Fix € € {0, 1}, b’ € {0, 1, 2, 3} and z € Zs(. We call the partition
Vi(z, b, €)= +b +eb +ee)
the base partition for the triple (z, b/, €)

For any finite set X of pairs of integers, we denote by ¢>* (X) (resp. ¢*+¥ (X)) the
number of (p, g)’s in X satisfying p + ¢ =4 0 (resp. p + ¢ =4 O and p — g =4 0). In
particular, we write

pUP ) =P (@) = 10UV w=2.4)

for a partition v’ of the form (z + 5" + €,b' + €, ¢€) (z, b’ € Z>p, € € {0, 1}). Then the
following lemma is obvious:

Lemma5.2 Forany| (k,I) Z and (m, n) € 72, we have
0D ([&D]}) =0 ([ D) + @m. 4m) @ =2.4).
Lemma 5.3 For any partition (a, b, €) witha — b = z € Z> and € € {0, 1}, we have

¢V a+4,b+4,6)— ¢V b e)=z+1.

Proof Letz =a — b and b’ = b — €. Then we have

Z 2
Pa+4b+do=[b+4el, . da@be=[tel
and hence
Oa+4,b+4,6) = (®@abe)+*4) Ll [G.o]. (5.6)

By Lemma 5.2, oV (a, b, e) = p®? ( (b, €) ; + (4, 4)) (u = 2,4) and hence

$"Da+abtd e ¢V @b =0 ([G0]]) w=2.4.

Recall that | (b, €) ; consists of four columns with height z 4+ 1. Thus we have
o0 ([bo])) =z+1,

because each row in ; contains (p, g) with p + g =4 0 exactly once. O
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Lemma 5.4 For any base partition v/ =V'(z, b, €), we have

B +1D(z+1) +ke(z,b)
2 )

¢(2,4) (v/) —

Proof (1) Note that, when b’ = 3 (resp. z =3 4), the integer k¢ (z, b’) = 0. The assertion for
this case comes from the fact that

consists of 4-columns with height z + 1 (resp. (b’ + 1)-columns with height z 4+ 1 = 4k for
some k € Z=1), implying that each row in the set contains (p, g) with p + g =4 0 exactly
once (resp. each column in the set contains (p, g)’s with p 4+ g =4 0 exactly k-times).

(2) Now let us consider the case when b’ =2,z =4 1 and € = 1. Write z = 4k + 1 for

Zz
some k € Z>o. Then’ (b’ +¢,€) b=

Z
’ (b’ +¢€,¢€) ‘2 can be described as follows:

Zz
O +z+1,3) 0O +z+1,2) O +z+1,1)
(b’ +2,3) 0 +2,2) 0 +z,1
®+z-1,3) O +z-1,2) ' +z-1,1)

: : : 5.7
' +3,3) b’ +3,2) (b +3,1)
(' +2,3) b’ +2,2) b +2,1)
b +1,3) O +1,2) O +1,1)

Here the underlined pairs (p, ¢g) of integers satisfy the condition that p + g =4 0. One sees
that the number # of underlined (p, ¢)’s in the column withg =i (i =0, 1, 2) is given by

to=k+1, ti=k and £, =k. (5.8)
Thus we have 3 % (4 +2)—2
¢(2,4)(V/) =3k+1= X(4—+)_
which implies «1(1, 2) = —2.
(3) For the remaining cases, one can prove the formula by a similar argument. O

Proof (Proof of Proposition 4.11) By Lemma 5.3 and Lemma 5.4, for a partition (a, b, €) of
the form

(z+b +4k+e b +4k+e,¢) (z=a—b, keZspandb' €{0,1,2,3}),

we have
b’ +1 1 b’
$C9 (a. b, e) = (b"+ 1z +4)+KG(Z ) kXt
/ 1 1 /
_ @'+ Dz +1) +ke(z, b) (b =b—e),
4
as we desired. O

Lemma 5.5 For any partition (a, b, €) witha — b = z € Zx(, we have

Z +ne(z, b)y

¢4V +4,b+4.6)— ¢, be) = S

where 1n¢(z, b)1 denotes the first component of n¢(z, b).
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Proof By (5.6), it suffices to show that

z e(z, b
¢(4.4)< .0 3)=z+772(z )1,

where ¢ 29 ( 2) =z + 1 by Lemma 5.3 and the set 2 can be described as

follows:

(b+z,e+3) (b+z,e4+2) (b+z,e4+1) (b+z,€)
b+z—1,e+3) b+z—1,e+2) b+z—1l,e+1) (b+z—1,¢)
(b+z—2,e+3) b+z—2,e+2) b+z—-2,e+1) b+z-2,¢)

(5.9)

(b+2.c+3)  (+2.e42)  (+2e+1) (42,0
(b+1,e+3) (b+le+2) (G+lLe+D (b+le
(b,e+3) (b,e+2) (bye+1) (b, €)

Then, for each adjacent two rows, there are exactly two pairs of integers (p;, g;) (i = 1,2)
satisfying p; +¢; =4 0, where exactly one of them does not satisfy the condition p —g =4 0
and the another satisfies the condition, as in (5.4).

Z+ne(z,b)1  z+1

(1) For z =, 1, we have always n(z, b) = 1 and hence =— Thus the

assertion for this case follows from the fact that z + 1 =5 0.
(2) Let us consider the case when z =5 0, b => 1 and € = 0. Then it suffices to consider
the bottom row in (5.9):

(0.3 0.2 6.0 k0]

Then exactly one of (b, 1) and (b, 3) satisfies the condition that p + ¢ =4 0 but it does not
satisfies the condition that p — g =4 0, since ¢ =4 1, 3. Hence

o9 (@) =

(3) The remaining 3-cases can be proved by a similar argument. O

Lemma 5.6 For any base partition v' = V'(z, b’, €), we have

D'z +ne(z,0) - (0, 2) + &e(z, b))

pHO0) = <

Proof (1) As in Lemma 5.4, let us consider the case when b’ = 2,z =4 1 and € = 1. Write
z = 4k + 1 for some k € Z>¢. Then the underlined pairs (p, ¢) of integers in columns with
g = 1 or 3 in (5.7) cannot satisfy the condition p — g =4 0, while the ones in the column
with ¢ = 2 in (5.7) satisfy the condition as p =4 2. Thus ¢>* (1) = k by (5.8). Since

_2(4k+1)+(1,0)-(2,4k+1) —4

k ,
8
our assertion holds in this case.
(2) For the remaining cases, one can prove the formula by a similar argument. O

Proof (Proof of Proposition 4.12) By Lemma 5.5 and Lemma 5.6, for a partition (a, b, €) of
the form

(z+b +4k+e, b +4k+e,€) (z=a—b, keZspandb' €{0,1,2,3}),
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we have

Z +ne(z, b)y

b/Z + 776(2’ b/) ) (b/7 Z) + %‘G(Z» b/) +

CHea b — k
o} (a,b,e€) 3 x 2
b/ , b/ ) b/7 , b/
_ Z+7]6(Z ) - ( Z)+§E(Z ) (b/ :b—é),
8
as we desired. O

Remark 5.7 After the first version of this paper was posted on the arXiv, Ronald C. King
informed us that identities (1.5)-(1.5) in Application can be extracted from the work of
Yang—Wybourne, Lascoux—Pragacz and King—Wybourne—Yang [24, 25, 31] that appeared
in the mathematical physics literature in the 1980’s. Their methods are purely combinatorial
and do not have direct connections to auto-correlation functions.
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