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Combining hook length formulas and
BG-ranks for partitions via the Littlewood decomposition

Guo-Niu HAN and Kathy Q. JI

ABSTRACT. —  Recently, the first author has studied hook length
formulas for partitions in a systematic manner. In the present paper we
show that most of those hook length formulas can be generalized and
include more variables via the Littlewood decomposition, which maps
each partition to its t-core and t-quotient. In the case t = 2 we ob-
tain new formulas by combining hook lengths and BG-ranks introduced
by Berkovich and Garvan. As applications, we list several multivari-
able generalizations of classical and new hook length formulas, including
the Nekrasov-Okounkov, the Han-Carde-Loubert-Potechin-Sanborn, the
Bessenrodt-Bacher-Manivel, the Okada-Panova and the Stanley-Panova
formulas.
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1. Introduction

The hook lengths of partitions are widely studied in Partition Theory,
Algebraic Combinatorics and Group Representation Theory. Recently, the
first author has studied hook length formulas for partitions in a systematic
manner. See [Ha08d] for the motivation of this new study of hook length
formulas. In the present paper the term “hook length formula” means a
formula involving the hook length of partitions in the following form:

YA I e D pe(h) = fla),

\eP heH(N) REH(N)

where p1, p2: N* — K are two maps of the set of positive integers to some
field K and f(q) € K][[g]] is a formal power series in ¢ with coefficients
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in K such that f(0) = 1. In the above formula P is the set of all integer
partitions A with |A| denoting the integer partitioned by A and H(\) the
classical multiset of hook lengths associated with A [Ha08d]. See [AnT6,
p.1; La01, p.1; St99, p.287] for the basic notions on partitions. Let us list
several hook length formulas having the above hook length form.

1) Y d T 5 = ela).

AeP heH(N)

(1.2) > ] % = exp <q - g) :

AEP heH (M)

13) > ] 1—H

AEP heH (M) k>1
Al - ,6’+1
(1) oM 3 —Hl_q DI
rep heH(X) m>1 k>1

114 2" 14z q>
15 Yo ] (— |
Aep heH(N)

e Yo I (1-75) = [la-d9"

AEP heH (M) kE>1

) S [Tz X TI07 - = 0)a* expla).

AEP  heH(N) heH(N)i=1

0=

(1.8) > g H > h* = exp(q Z T(k+1,i+ 1)C(i)g".

\EP hEH(A) heH(N)

In (1.8) T'(k, 1) is the central factorial number defined in (9.2) and (9.3).

Formulas (1.1) and (1.2) are two well-known hook length formulas in
Group Representation Theory, which could be deduced directly from the
Robinson-Schensted-Knuth correspondence [Ha08d]. Formula (1.3) is the
traditional generating function for partitions that goes back to Euler. For-
mula (1.4) could be deduced from a result due to Bessenrodt [Be98, BM02,
Ha08a]. Formula (1.5) was conjectured by the first author [Ha08b] and
then proved by Carde et al. [CLPS08]. Formula (1.6) was obtained by
Nekrasov and Okounkov [NOO06], and re-discovered by the first author us-
ing the hook length expansion technique [Ha08a, Ha08d]. Formula (1.7)
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was conjectured by Okada [St08] and proved by Panova [Pa08]. Formula
(1.8) was first stated by Stanley [St08, Pa08] and generalizes the marked
hook formulas [Ha08c]|.

Recall that a partition A is a t-core if it has no hook equal to ¢t. For
example, the only 2-cores are the “staircase” partitions (k,k —1,...,1).
The Littlewood decomposition is a well-known bijection which maps each
partition A to its t-core p and t partitions A%, A1, ... A*=! such that |A| =
|| + ¢ Zf;é |A!| . From this bijection, it is immediate to obtain the well-
known identity [Kn98. p.69, p.612; St99, p.468' GKS90] for t-cores:

A 1—q
(1.9) Z\I kl:[l 1—q :

where the sum ranges over all t-cores. When ¢t = 2 it yields Gauss’s
identity:

k1 (1 - qQk)Q 1 — q2k
(1.10) > == = e
k>0 k>1 k>1
Recently, Chen, Ji and Wilf [CJWO08] found that the Littlewood decompo-
sition for ¢ = 2 implies the following enumerative result due to Berkovich
and Garvan [BG06|

(1.11) gMpBEN) = - % W gl 21,

where BG()) denotes the BG-rank of the partition A defined as follows.
First, fill each box in the Ferrers diagram of A with alternating +1’s,
chessboard style, beginning with a +1 in the (1, 1) position (see Fig. 1.1).
The sum of these entries is the BG-rank of A. For example, the BG-rank
of A=(6,3,3,1)is —1.

— 1]

+|—|+ 4121

—|+|— 5132

+ [+ =+ ol7[6]3]2]1]
Fig. 1.1. BG-rank Fig. 1.2. Hook lengths

In the present paper, we show that most of the hook length formulas
(in particular examples (1.1-1.8)) can be further refined if the generating
function for t-core (1.9), or the BG-rank formula (1.11) are taken into ac-
count. Our main results are the following theorems which will be proved
in Section 2 by using the combinatorial properties of the Littlewood de-
composition.



Theorem 1.1. If the series fo(q), ga(q) and the functions p1(h), p2(h)
satisfy the relations

(1.12) S dM T pilah) = fala),

AEP heH(N)
and

(1.13) STd* I eilen) Y pa(ah) = galg),

\eP heH(N) REH(N)

then, for any positive integer t, the following identity holds:

S et T ph) Y el

AEP heH (M) heH:(N)
B (1 - qtk)t
(1.14) = tfi(wq) gi(og)) []
i (1—d%)

where Hi(A) ={h | h € H(N\),h = 0(modt)}.

For example, the hook lengths of all boxes for the partition A= (6, 3,3, 1)
have been written in each box in Fig. 1.2, so that H(\) = {1,4,2,1,5,3,2,
9,7,6,3,2,1}. Consequently, Ha(\) = {4,2,2,6,2} and Hg(/\) 3,9,6,
3}.

Theorem 1.2. If the series fo(q), go(q) and the functions p1(h), p2(h)
satisfy relations (1.12) and (1.13), then

Zq\klx#m(k)bBG(A) H p1(h) Z pa2(h)

AEP h€H2(>\) heH2(N)

(1.15) = 2f5(2q*)g2(2q?) Z bl g2

]_—OO

Let p1(h) = 1 in Theorems 1.1 and 1.2, then f,(q) = [[,>; 1/(1 — ¢*)
using the generating function for partitions (1.3). Thus, we obtain the
following two specializations.

Theorem 1.3 (Addition Theorem). If the series g, (q) and the func-
tion p(h) satisfy the relation

(1.16) Yo d™ > plah) = ga(e),

AEP heH(N)
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then, for any positive integer t,

qum#m(k) Z p(h)

AEP heH:(N)
B N . (1 _ qtk>t
(1.17) = tgi(xq );g (1 — (zg))k)i—1(1 — gk)’

Theorem 1.4 (Addition BG-Theorem). If the series g,(q) and the
function p(h) satisfy relation (1.16), then

quk\x#ﬁz(A)bBG(/\) Z p(h)

AP hEeH2(N)
(1.18) = 2g5(7q?) H Z A
k>1 j_—OO

Let pa(h) =1 in Theorems 1.1 and 1.2. Then

d
ge(zq') = l’@ft(xqt)
Thus, we are led to the following two results obtained by integrating both
sides of (1.14) and (1.15) with respect to x.

Theorem 1.5 (Multiplication Theorem). If the series f,(q) and the
function p(h) satisfy the relation

(1.19) YoM T eleh) = falo),
AEP heH(N)

then, for any positive integer t, the following identity holds:
thyt

020 Yt T 00 = (rte) TT )

Aep heH:(N) k>1

Theorem 1.6 (Multiplication BG-Theorem). If the series f,(q) and
the function p(h) satisfy relation (1.19), then

(1.21) Y gMa#pBE) TT p(h) = (fa(aq?®) Z b i1,
rep heHz (M) Jj=—00

Take the weight function p(h) = (t — h)p(h) with the special value
p(t) = 0 in Theorems 1.5 and 1.6. Then the series fi(q) is equal to 1,
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since only the empty partition has no hook equal to one (see (1.19)). We
recover the generating function (1.9) for ¢-cores from Theorem 1.5 and the
following generating function for 2-cores by the BG-rank from Theorem 1.6

+oo
ST ARG = ST pigiinD),

A:2-core Jj=—00

As applications of Theorems 1.1-1.6, we derive the generalizations of
formulas (1.1-1.8) in Sections 3-9, respectively. We should like to single
out the following specializations.

Corollary 1.7 [Set = 1 in Theorem 3.5]. We have

§ gPly#H=2HBE0) WLO)

AEP

(1+(y — g (2j-1),
U e

k>1 j=—o0
where {h = 2} := {h € H(\), h = 2} and WL(\) is defined in (2.1).
Corollary 1.8 [Set =1 and ¢ = 2 in Theorem 4.4]. We have
1 q4 1— q2k: 2
S T g=ew (o) T
h 4 1—gq
AEP heH2(N) k>1

Corollary 1.9 [Set z = 1 in Theorem 5.2]. We have

11+ 2" 1+2
[AlpBG(A) il — (2j-1)
Zq b H hl—zh_eXp(l 2q—|— ) Zbﬂﬂj

Corollary 1.10 [Set x = 1 and replace z by 2z in Theorem 6.2]. We have

S PEe T (1_2_';) “11 T Z bgi(2i=1)

rep hEH2(N) k>1 j=—00

Corollary 1.11 [Set = —1,t = 2,2 = 1/q in Theorem 7.5]. We have

k
$ gioaty 3 _H (1+4¢") 1zqk_

1—
AEP heHQ()\) k>1 ¢* E>1

Note that the proof of Corollary 1.7 needs further combinatorial tech-
niques developed in Theorem 2.1; it cannot be deduced from Theorem
1.6.



2. Combinatorial properties of the Littlewood Decomposition

In this section we prove Theorems 1.1 and 1.2 by using some combi-
natorial properties of a classical bijection which maps each partition to
its t-core and t-quotient. This bijection probably goes back to Littlewood
[Li51] or Nakayama [Na40], which will be referred to as the Littlewood
decomposition. There are several ways to describe it [Ma95, p.12; St99,
p.468; JK81, p.75; GKS90]. Here we give a description in terms of binary
sequences [AF04; St99, p.468|.

Let W be the set of bi-infinite binary sequences beginning with infinitely
many 0’s and ending with infinitely many 1’s. Each element w of W
can be represented by (b;); = ---b_3b_ob_1bgb1bobs - --. However, the
representation is not unique, since for any fixed integer k the sequence
(bi+k); also represents w. The canonical representation of w is the unique
sequence (¢;); = -+ +C_3C_2C_1CoC1C2C3 - - - such that

#{i < —1,¢; =1} = #{i > 0,¢; = 0}.

It will be further denoted by - --c_3c_sc_1.cocicacs - - - with a dot symbol
inserted between the letters c_; and c¢g.

There is a natural one-to-one correspondence between P and W (see,
e.g. [St99, p.468; AF04] for more detail). Let A\ be a partition. We encode
each horizontal edge of A by 1 and each vertical edge by 0. Reading
these (0,1)-encodings from top to bottom and from left to right yields a
binary word u. By adding infinitely many 0’s to the left and infinitely
many 1’s to the right of u we get an element w = ---000ulll--- € W.
Clearly, the map % : A — w is a one-to-one correspondence between P
and )/. The canonical representation of 1(A) will be denoted by C,.
For example, take A = (4,3,3,1,1,1). Then u = 1000110010, so that

w = ---0001000110010111 - - - and C\ = (¢;); = - --000100011.0010111 - - -
1
110
2 10
3 01 1
612110
7132,
91514 1]1]o0

Fig. 2.1. Partition and (0,1)-sequence



Theorem 2.1. Lett be a positive integer. The Littlewood decomposition
Q; maps a partition A to (u; A%, AL, ..., X'™1) such that

(P1) p is a t-core and \°, \', ... A\'~! are partitions;

(P2) A = [l + t(IA°] + N+ -+ A

(P3) {h/t | h e H:(N)} = HOA) UHA) U--- UK.

The vector (A%, AL, ... At71) is usually called the t-quotient of the parti-
tion A.

Proof. Let us briefly describe the bijection € (see, e.g., [AF04; St99,
p.468]). Split the canonical representation Cy = (¢;); of the partition A
into ¢ sections. This means that the subsequence w* = (Cit+k )i is extracted
for each k = 0,1,...,t — 1. The k-th entry A* of the t-quotient of \ is
defined to be the inverse image 1~ (w¥) of the subsequence w*. With
the above example w® = ---00101011 - - - and w! = ---0000100111- - -, so
that A\ = (2,1) and \! = (1,1). Property (P3) holds since H(\°) =
{1,3,1}, H(AY) = {1,2} and H2(\) = {2,2,6,2,4} (See Fig. 2.1-2.4).
Note that the subsequence w* defined by w* = (Cit+k); 18 not necessarily
the canonical representation. For that reason we do not reproduce the dot

symbol “.” in the corresponding rows in the following table.
Cy -0001000O11.001011111-
w’ 0o 1 0 1 o 1 1 1 1-
90 0 0 0 1 1 1 1 1 1-
w|---0 0 0 0 1 0o 0 1 1
vl]l---0 0 0 0 0 o 1 1 1
Cy -000O0OO0OO0OO0O1O0O.101111111-

1 1
3[1] 3[1]

Fig. 2.2. Partition \° Fig. 2.3. Partition A\!  Fig. 2.4. The 2-core u

For each subsequence w* we continually replace the subword 10 by 01.

The final resulting sequence is of the form ---000111--- and is denoted
by v*. The t-core of the partition A is defined to be the partition u
such that the ¢ sections of the canonical representation C), are exactly
oY ol oL vt With the above example we have u = (2,1). Properties
(P2) and (P3) can be derived from the following basic fact: each box of A
is in one-to-one correspondence with the ordered pair of integers (i, j) such

that ¢ < j and ¢; = 1,¢; = 0 and the hook length of that box is equal to
Jj—1.



The process above is reversible. Given t + 1 partitions (u; A%, AL, ...,
A=) where p is a t-core, we first split the canonical representation C,=
(d;); of the partition u into t sections, namely, we form the subsequence
v = (djsyr); for k = 0,1,...,t — 1. Clearly, every subsequence v* is of
the form ---000111---, since p is t-core. Let w® = 1(\¥). Note that
the representation of w” is not unique. We choose the one which can be
obtained by continually replacing the subword 01 of v* by 10. We then
obtain the partition A whose canonical representation C = (¢;); consists
of such sequences w®, w!,...,w!~t. This means that (c;;x); = w” for
k=0,1,...,t—1. []

For the case t = 2, the Littlewood decomposition {25 has more combina-
torial properties in addition to (P1)—(P3). To describe our new properties,
we need a new statistic called the weak length WL(\) defined by means of
the multiplicity notation

A= (1M 2m2 )
of the partition A\. Recall that this means that exactly m; of the parts of

A are equal to i, so that £(\) = Z;:1 m;. Let k be the smallest part such
that my, is even. Then, the weak length WL(A) of A is defined to be

Pl mj — 1 my 4
(2.1) WL(A):Z( 5 )+7+ > om

j=1 j=k+1

For example, the weak length of A = (4,3,3,1,1,1) = (13,2°,3% 4%) is 4.

Theorem 2.2. When t = 2, the Littlewood decomposition ), has the
further two properties.
Ll P BG(A) > 0
(P4 BG(N) =5 7 ) >0,
Lt FBG(A) < 0;
(P5) WL(A) = £(\%) + £(A).

Proof. From the description of the Littlewood decomposition €25, it follows
that the 2-core p of the partition A is obtained from the canonical repre-
sentation C\ = (¢;); by continually choosing ¢ with ¢; = 1 and ¢;42 = 0,
and then replacing ¢; by 0 and ¢; 45 by 1. Such an operation is equivalent
to removing a horizontal or vertical pair of adjacent cells from the Young
diagram of A\. The BG-rank of the partition A and of its 2-core u are then
equal. On the other hand, the BG-rank of a 2-core of length k is (k+1)/2
if k is odd, and —k/2 if k is even [CJWO08]. This shows that Property (P4)
holds.



Given a partition A = (1™, 2™2 ... h™") let uw = (u;);>0 be the (0, 1)-
encoding of A\. Then u is the sequence of the form

(2.2) wu=100---100---100---1------ 100---0
e e e e e~
mi mo ms mp,

Clearly, the number of 0’s in u is equal to the length ¢(\) of A\. Let m be
the smallest positive integer such that ug,,+1 # 0, so that ug;41 = 0 for
0 <j <m—1. From the description of the Littlewood decomposition {2
given in the proof of Theorem 2.1, it follows that the sum of the lengths of
A% and Al is equal to £(\) — m. On the other hand, let k be the smallest
part of A such that its multiplicity my, is even. From (2.2), it follows that

m = (Ele mj + k —1)/2, where m is the smallest positive integer such
that uop, 1 # 0. Thus, Property (P5) holds by an easy calculation. []

We are ready to prove Theorems 1.1 and 1.2 by using the above prop-

erties of the Littlewood decomposition.

Proof of Theorem 1.1. By properties (P1)—(P3) of the Littlewood decom-
position €2; in Theorem 2.1 we have

D aMa# ™ T pi(h) D pa(h)

AEP hEH:(N) heH(N)
t—1
1—q t
_H - Z th\/\l #H(N) H p1(th) %
k>1 ¢* i=0 \lep heH(N)
3 g # RO IT pth) D palth)
\iep heH(A?) heH(A?)

tk)t t—1

= H o > fil@d')  gilxq’)

k>1 1=0
(1—q™)
1— gk

Y

=t fi(wq")  gr(xd’) [ ]

k>1

where the third equation follows from formulas (1.12) and (1.13) by re-
placing ¢ by zq¢® and setting o =¢.  []

Proof of Theorem 1.2. From properties (P1)—(P4) of the Littlewood de-
composition 25 in Theorems 2.1 and 2.2, we get

S gPla# e T pi(n) 3 palh)

AP heHz(N) heHa(N)
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+oo
— Z quJ(QJ_l) X 2 Z q2‘>‘|x#H(>\) H p1(2h) X

j=—00 Aep heH(N)
D @MEFRN TT pi2h) Y pa(2h)
AEP heH(N) REH(N)

=2f>(2q”)g2(q) Z Ve,

j=—00
where the last equation follows from formulas (1.12) and (1.13) by replac-
ing ¢ by z¢? and setting a = 2. []

3. Generating function for partitions

In this section we give several generalizations of generating function
for partitions (1.3). First, we obtain the following two generalizations by
applying Theorems 1.5 and 1.6 with the weight function p(h) = 1.

Theorem 3.1 [Ha08c, Corollary 5.1]. We have

1— tk\t
= L= Gy — o)
Theorem 3.2. We have

(Al p# H2(N) pBG(A) — (25-1)
qu *b _H(l— QZbJJJ

AEP k>1 j=—00

In fact, we can obtain more generalizations by means of the combina-
torial properties of the Littlewood decomposition. Before doing this, we
need the following lemma.

Lemma 3.3. We have
_ 1+ (y — 1)eg®
S gy 0) Z IT (y —1Deg”

gk
AEP k>1 1—cg
Proof.
Z g My #n=11 ) H<1 Fyed® +y2d* £yl 4 )
AEP k>1
— [0+ 1ycq
k>1 —cq"
1+ (y—1) cq
N H 1 —cqk i
k>1

The following theorem unifies Theorem 3.1 and another result of the
first author [Ha08c, Theorem 1.4]
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Theorem 3.4. We have
Z g g ) =ty H (1—¢™)fQ+(y— 1)(33(1'5)]“)'5.
= i (=)= (zg)*)

Proof. From properties (P1)—(P3) of the bijection €; in Theorem 2.1 we
get

AL # Ho V), e lh=t} (1—g¢™) HAL# RO, =1} )
5 gy = [0 (5 ot o)

1—gq

AEP k>1 AEP
=11 11__qq x (3 gt Py
k>1 Aep
_ (1 + (y — D(ag")™)!
N 1;[ (1= (zg)*)t

where the last identity follows from Lemma 3.3 by replacing ¢ by z¢? and
setting c=1. []

The following theorem gives a generalization of Theorem 3.2.

Theorem 3.5. We have

\EP
2 +oo
_H 1+ (y ij J(2j-1)
(1 —c(zq?)
k>1 j=—00

Proof. From properties (P1)—(P5) of the bijection 25 in Theorems 2.1 and
2.2 we get

$ P Ha ) # (=2} pBGO) WL

AP

+o0
_ (Z qzum#mx)y#{hzl}g(x)f x 3 pigheieD

AEP j=—00
2 Ix
- (Z(xqz)wy#{hzl}czu)) x 3 gD
Aep Jj=—o0
— bJ J(25— 1)
kl;[l 1—qu J_ZOO

where the last identity follows from Lemma 3.3 by replacing ¢ by z¢%. []

Setting x = y = b =1 in Theorem 3.5 and using Gauss’ identity (1.10)
we obtain the following corollary.
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Corollary 3.6. We have
2k
(3.1) SN Z [ )
(1 — 2F—1)(1 — cq?¥)?

AEP k>1
By definition (2.1) of the weak length WL(\) we also have

k—1

AEP E>1 =1
X (1+cq —l—c2q4k+ )

+o0
X H (1+cq’ +c?¢¥ +--)

j—k—|—1
1 =1
:Zq Hl—chJ,H 1—cqg
k>1 j=k+1
3.9 b l—cqj
(32) _Hl—cqﬂl;q 31_[11—06123"

Combining (3.1) and (3.2) we get the following identity which is a special
case of g-Gauss second identity [GR90, p.237, Eq.(I1.11)] for a = \/cq, b =

V4
(S e (1 e (1 )
(3.3) Z q H W - kl;[l (1 — 1) (1 — cq2F)’

k>0

4. Two classical hook length formulas

The two multiplication theorems are also applicable to the two classical
hook length formulas (1.1) and (1.2) [Ha08d], themselves obtainable from
the Robinson-Schensted-Knuth correspondence (see, for example, [Kn98,
p.49-59; St99, p.324]). When applying Theorems 1.5 and 1.6 with the
weight function p(h) = 1/h?, we get the following generalizations of (1.1).

Theorem 4.1 [Ha08c, Corollary 5.4]. We have

1 xqt (]- qtk>t
E A S FEHe (A | | — ex | |

AEP heH(N) k>1
Theorem 4.2.
AL # Ha (M) pBG(N) 1 2®\ X L eie
Z q'"Mx b H 77 = exp | -~ Z b q .
\ep hEH2(N) j=—00

The following result is immediate from Theorem 4.2 by setting x = 1
and comparing the coefficients of b° on both sides.
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Corollary 4.3. We have

S I %:exp(g).

AEP,BG(A)=0 heH2(N)

Corollary 4.3 could also be derived from formula (1.5) by setting z =
—1. Note that, for any partition A\, the number of odd hooks in X is
greater than or equal to the number of even hooks in A\. Moreover, when
the numbers of odd hooks and of even hooks in A are equal, the BG-rank
of A\ is equal to 0.

The following theorems are generalizations of (1.2). They are imme-
diate consequences of Theorems 1.5 and 1.6 with the weight function

p(h) =1/h:
Theorem 4.4. We have

1 2 2t 1— tk\t
w0 S T e (s - SE) T
\EP hEH(N) k>1

Theorem 4.5. We have

1
Al # Ha () pBG(N) 1
> M II 5

AEP heH2(N)

+oo
) S b,

j=—o0

2 4
(4.2) = exp (qu -+ x4q

By comparing the coefficients of 2¢'™ on both sides of (4.1) we have
the following result.

Corollary 4.6. We have

1
> o £ 1 (n = 2)1(20)7”

Atn,# Hi(A)=n  hEH(N) J

Setting x = 1 and comparing the coefficients of b° on both sides of (4.2)
yields the following result.

Corollary 4.7. We have

SN low <2+f)
q no pl4a 1)

AeP,BG(A)=0 heH2(N)
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5. The Han-Carde-Loubert-Potechin-Sanborn formula

In [Ha08b] the first author found the hook length formula (1.5), related
to partitions and permutations. Formula (1.5) has recently been proved
by Carde et al. [CLPS08]. Formula (1.5) is an interpolation between the
two classical hook length formulas. It reduces to (1.2) when z = 0. When

q is replaced by L‘Liq and z is equal to 1, formula (1.5) yields (1.1).

When p(h) = (1 + 2")/(h(1 — 2")), the series f.(q) defined in (1.19)

has the following explicit form:

1 14 2%k 1+2%q q?
A Y Ll q ,
fala) );Dq hel;I(A) ah1—zah &P <1 — 2%« + 202

Hence, Theorems 1.5 and 1.6 imply the following generalizations of (1.5).
Theorem 5.1. Let t be a positive integer. Then

114 2"
M o#He (A
S [T
AEP heH(N)
1+ 2t . quQt (1_qtk)t
_exp(l_ztxq—l— 2 161;[17(1—(]]“).

Theorem 5.2. We have

h
S gMla#repEe) T 11+2

— Lk
AEP hEH2(N)
L+22 o 2\ X e
:exp(l_zzxq +T Z b q .
j=—00

When z = 0, Theorems 5.1 and 5.2 reduce to Theorems 4.4 and 4.5

respectively. When x is replaced by L‘_ix and z = 1, Theorems 5.1 and

5.2 give back Theorems 4.1 and 4.2, respectively.

6. The Nekrasov-Okounkov formula

Formula (1.6) can be seen as an explicit expansion formula for the pow-
ers of the Euler Product in terms of partition hook lengths. It was first
discovered by Nekrasov and Okounkov in their study of the Seiberg-Witten
theory and random partitions [NOO06] and re-discovered by the first au-
thor [Ha08a] by means of an appropriate hook length expansion technique
[Ha08d]. An elementary proof of the Nekrasov-Okounkov formula is given
in [Ha08c¢].

Theorems 1.5 and 1.6 with the weight function p(h) = 1 — z/h? yield
the following generalizations of (1.6).

15



Theorem 6.1 [HaO8c, Theorem 1.2]. We have

Z g gt ) H (1- %) _ H (1k_ qtk/)t .
_ t t—z/t _
AEP heH: (A) h k>1 (1= (zq")*) (1—q*)
Theorem 6.2. We have
z
Z g # H2 () pBG (Y H (1- ﬁ)
AEP hGHQ()\)
(6.2) = H B « Z bl i (=1,
k:>1 oo

Corollary 6.3. We have
3n+1
(6'3) Z H Z W = 2n n _ 1)
AF2n+3(25—1), BG(\)=j heHQ(A) h€H2(>\)
Proof. Clearly, the left-hand side of (6.3) is the coefficient of
q2n—|—j(2j—1)bjxn(_z)n—1

on the left-hand side of (6.2). Using the following identity (see [St99,
p.316])

(6.4) 1T }:k

1—q
m>1 k>1
the right-hand side of (6.2) can be written:

k too
—Z | i(25-1)
| e e
k>1 k>1 j=—o0
Thus,
[q2n+j(2j_1)bjxn(—Z)n_l]R
_ 1 - (zg*)*
= [¢"a" (=" I I E e o
i (L= (zg?)") 2 5 k(= (2¢)Y)
n—1
1 1 (zg*)"
[anl’n]— - - - 17
51— L TG |\ & - e

_ 2;(; 1 1 1 qu "
=lq ]2”_1(71 — D1 = (z¢?))? ((1 — (zq?) T 2(1 - (xq2)2))
1 n—1

E— B
it

~ 3n+1 i

~2n(n — 1)1
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Corollary 6.3 could also be derived from Theorem 9.2 by setting x =
1, k =1 and comparing the coefficients of b7¢2"*7(2/=1) on both sides.

Setting z = 1 and comparing the coefficients of (—2)b’ on both sides of
(6.2) leads to the following corollary.

Corollary 6.4. We have

qJ(QJ 1)

1
Z g™ Z h2 2Hk>11_q2k22k1_q2k

AEP,BG(N\)=j heH2(N) k>1

Corollary 6.4 could also be deduced from Theorem 7.6 by setting § =
—2, x = 1, and comparing the coefficients of ' on both sides.

7. The Bessenrodt-Bacher-Manivel formula

Formula (1.4) deals with power sums of hook lengths. Its proof is based
on an elegant result about the multi-set of hook lengths and the multi-
set of parts of all partitions of n due to Bessenrodt, Bacher and Manivel
[Be98, BM02]. See also [Ha08a| for some historical remarks. Each hook
length h can be split into h = a + [ + 1, where a is the arm length and [
the leg length (see [St99, p.457]). The ordered pair (a,l) is called a hook
type.

Theorem 7.1 [Bessenrodt-Bacher-Manivel].  Letn > k > 1 be two
integers. Then, for every positive 7 < k, the total number of occurrences
of the part k among all partitions of n is equal to the number of boxes,
whose hook type is (j,k —j —1).

Theorem 7.1 implies in particular that the total number of hooks of
given hook type (j,k — j — 1) occuring in all partitions of n depends only
on the length k£ and not on the particular hook type itself. Since there
are exactly k distinct hook types for hooks of length k, the total number
of hooks of length £ in all partitions of n is k times the total number of
occurrences of the part k among all partitions of n. For each partition A
let my(A) denote the number of parts in A equal to k. Then

S #{heHN h=k} =)k xmp()

AFn AFn

In fact, the following more general result can be deduced from Theo-
rem 7.1.

Corollary 7.2. For each positive integer n, t, and each complex number (3
we have

(7.1) S =)0 () ma (M),

AFn heH (N) AFn k>1

We next prove the following theorem that generalizes formula (1.4).
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Theorem 7.3. For any positive integer t and complex number 3 we have

1 tk
SUCID DIEEE | P proCenion

AEP heH:(N) m>1 k>1

By Corollary 7.2, we see that Theorem 7.3 is equivalent to the next
Theorem.

Theorem 7.4. We have

S S0 S ) () = DI

n>1  Ank>1 m>1 E>1

Proof. Given a fixed positive integer k divisible by %, it is known that

1
S K me g = (Fe* + 26767 + 3k0% + ) ] I
AEP m#k q
d q* 1
= (vt ) T
_ ok _m
( dgl—q~) =5 1—q
k
1
= (M) 1T
_ qk)2 _ om
( (1 q") #1 q

1—q’“ H 1—q

Hence, we have

2 4" > ) (k) mu(n) = 1 1

n>1 AFn k>1 m>1

I

—_gm 1tk
q k>1 1 q
We now give two generalizations of (1.4) by applying Theorems 1.3 and

1.4 with the weight function p(h) = h”. Notice that Theorem 7.5 reduces

to Theorem 7.3 when z = 1. However, it cannot be proved directly using

the Bessenrodt-Bacher-Manivel theorem.

Theorem 7.5. For any complex number 3 and positive integer t we have

DO O

Aep hEHt()\)

_ H tk) Z(tk;)ﬁ“M
(1= (z¢")M) (1 = ¢") 1— (zq')
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Theorem 7.6. For any complex number 3 we have

S Mt G § s

AEP heHz (M)
1 (qu)k too oy
— N2k L A
LGt 280 e 2

The specializations § = 1 and § = —1 of Theorems 7.5 and 7.6 are
worth mentioning and are not reproduced. A further specialization with
B =—1,t =2, =1/q implies Corollary 1.11.

8. The Okada-Panova formula

Formula (1.7) is the generating function form of the Okada-Panova
formula (8.1), which was conjectured by Okada and proved by Panova
[St08, Pa08]:

T

sy SR Y [ - =co Lo,

"AFn hen(N) i=1 §j=0
where C(r) is defined in (1.7). By the hook length formula

n!

8.2 -
( ) f/\ HhEH(A)h

formula (8.1) can be written as

1 S5 o 1
> 11 o > I —@):o(mm.

AFn heH(N) heH(N) i=1

It is easy to see that formula (1.7) is the generating function version of
the above formula.

We now give a generalization of Okada-Panova formula (1.7) by using
Theorems 1.1 and 1.2 with the weight functions p;(h) = 75 and pa(h) =
[T;_,(h* —i*). By the classical hook formula (1.1), it is known that

(8.3) fal@)=Y_d" 1 (ijz - P (%)

AEP heH(N)

Recall that

w@=3 " I 5 X Hen=).

AEP  heH(N) heH(N) i=1
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To evaluate g,(g) we introduce a family of polynomials (B, r(a))o<k<r
defined by the following relations:

Bro(e) = [J(e® - %),
j=1
B, (o) = [aQ(k + 1)2 — TQ]BT_L]@(Oé) + aQBr_l’k_l(oz)
for 1 <k<r-—1,

B, (a) = o’

The first values of the polynomials B, j(«a) are:

Bio(a) =a? — 1, By (a) = a?,

Bog(a) = (a® —1)(a® = 2%), Byi(a) =5a%(a? — 1), Bya(a) = a?,
Bso(a) = (a® —1)(a? — 2%)(a? — 3?), Bz i(a) =7a*(a® — 1)(3a® - 7),
Bso(a) = 140t (a® — 1), Bss(a) = af,

Lemma 8.1. For any complex number o, we have

T

Jj=1

(z? = 5°)

\_/
<.
Il : E
[y

Proof. Let p,(a) = H; (a?2? — j%) and write

)= By p(@)pu(1)
k=0

We need to show that (B, ,(a)) satisfy the same relations as (B, x(a)).
From the definition of p,(«) we have

pr(a) = am—r ZBle )px(1)

r—

=Y Bi_ix@)e®@® = (k+1)*) +a®(k+1)* = r*]pi(1)

k=0
—oPZBT @pie (1) + 2[00k + 12— 2B 4 (a)pu()
k=0
P SLATRIEIOED SRR LA
k=0



Since the pg(1)’s are linearly independent, we obtain the following recur-
rences.

(8.4) B;",r(o'/) = O'/QB;‘—l,r—l(O'/)7 B;,O(OO = (042 - TQ)B;—LO(O‘)
and for O < k <r
re(@) =aBl_y (@) + [0 (k+ 1) = r%|B)_y 1 (a).

Iterating recurrence (8.4) (r — 1) times and using the fact Bj o(a) = 1, we
obtain By ,.(a) = a®", By o(a) = H;:1(O‘2 —3%). [

Thus we can express the series g,(q) from Lemma 8.1 and Okada-
Panova (1.7) as follows.

Proposition 8.2. We have

0)=> ¢ ]

( ZHah—z

Aep heH(N) heH(A)z 1
r k
(8.5) = exp (1) Y Bt (L)
k=0
Proof.
IAl "
()= (%) 11 hi > TTtany ~ )
AEP heH(N)  heEH(N)i=1
k
> ()" I % ¥ S sa@]l0r-
€P hGH(A) heH(,\)k 0 j=1
r k
= Br’k(a)Z( ) H % Z H(hQ_
k=0 XEP heH (M) heH(N) j=1
" k
= B, 1(a)C(k) (%) o exp (%) ,
k=0

where the last equation follows from (1.7). []

From the definition of B, j(a) in Lemma 8.1 it is known that for any
positive integer ¢, B, ;(t) = 0 for r > t(k+1). Combining (8.3) and (8.5),
we see that Theorems 1.1 and 1.2 give the following generalizations of
Okada-Panova’s formula (1.7).
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Theorem 8.3. For any positive integer t and r we have

e [ L > oo

AEP heEH(N)  heH (N) i=1
zq' 1-¢®)" § g\
= texp <T> Hﬁ > Brt)C(k) <t—2> :
k21 k=T

Theorem 8.4. For any positive integer r we have

T e e ] % > ﬁ(hQ—iQ)

Aep heHa(A)  heHa2(N) i=1
2¢®\ <X - zg®\ "
— 2 J3(2i—1) B..(2)C(k) [ =2= .
e () £ vt £ e ()
=17z

9. The Stanley-Panova formula
In [Ha08d], the first author conjectured that

%Zﬁ S g

"AFn heH(N)

is a polynomial function in n of degree k+ 1. Stanley and Panova proved a
generalization of this conjecture and deduced the following explicit formula
of this summation from Okada’s conjecture [St08, Pa08]:

i

k
(9.1) %fo > r*F=>"T(k+1,i+1)C0) [[(n— ),

"AFn heH(N) i=0 j=0

where T'(k, 1) is a central factorial number [St99, ex.5.8] defined for k£ > 1
and ¢ > 1 by

(9.2) T(k,0)=T(0,7) =0, T(1,1) =1,

(9.3)  T(k,i) =Tk —1,3) +T(k —1,i — 1) for (k,i) # (1, 1).

By hook length formula (8.2) one can easily see that formula (1.8) is the

generating function form of formula (9.1).

We now give two generalizations of Stanley-Panova’s formula (1.8) by
using Theorems 1.1 and 1.2 with the weight functions p;(h) = 1/h? and
p2(h) = h?%. By the classical hook formula (1.1) we know that

fo@ =5 T s = e ().

\EP heH(N)
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From the Stanley-Panova formula (1.8) it is known that

galg)=>_ ¢ ] (O;l)Q S a%p2

\eP heH(N) heH((N)

— % oxp (%) iT(k +1,i+1)C3) (%)m .
1=0

Thus, Theorems 1.1 and 1.2 imply the following generalizations of Stanley-
Panova’s formula (1.8).

Theorem 9.1. For any positive integer t and k we have

1
S PMlaFro T i Sk

Aep hEH(N) heH (M)
t 1— qtj)t k zqt i+1
= {2k+1 PN TT L= S e 1+ yo@) (BL)
exXp n ]];[1 1 — ¢ ; ( + 1L+ ) (2) $2

Theorem 9.2. For any positive integer k we have

S et e T % S op

AEP hEH2(N) hEH2(N)
2k+1 zq® = J j(25—-1) : . [ zq® Bk
=2 exp | =~ Z v q ZT(k-I—l,z—i—l)C’(z) e .
j=—o00 i=0
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