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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 obtain new formulas by combining hook lengths
and BG-ranks introduced by Berkovich and Garvan. As applications, we list
several multivariable 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 [13] 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:
YdN I ;) D pe(h) = fla),

rep heH(N) heH(N)

where p1,p2: N* — K are two maps of the set of positive integers to some field
K and f(q) € Kl[g]] is a formal power series in ¢ with coefficients in K such

2000 Mathematics Subject Classification. 05A15, 05A17, 05A19, 11P81, 11P83.
Key words and phrases. hook length formulas, BG-ranks, integer partitions, Littlewood

decomposition.
The second author was partly supported by the PCSIRT Project of the Ministry of Education
and the National Science Foundation of China under Grant No. 10901087.

1



2 GUO-NIU HAN AND KATHY Q. JI

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 [13]. See [2, p.1], [16, p.1], [22, p.287] for the basic
notions on partitions. Let us list several hook length formulas having the above
hook length form.

(1.1) > dM ] % = exp(g),

AEP heH(N)

(1.2) > dM ] % = eXp(qu%),

AEP heH(N)

(13) S I - =

1-gq
AEP heH(N) k>1
B — B+1
(1.4 STLID SN | Eer e Olt ,
Xep heH(N) m>1 k>1

11+ 2" 14z q°
[Al -t _ 1
(EINED SYLEN ) s exp(l_zq+2),

AEP heH(N\)

(1.6) > ] (1*%) = JJa-¢)

AeP heH(N) k>1

(1.7) P | B> Z H C(r)g " exp(g),

AEP hGH(A) hGH(A )i=1

=g () (747)

(1.8) Z g H Z h* = exp(q )Z (k4 1,i+1)C(i)g" .

AEP hGH(/\) heH )
In (1.8) T'(k,%) 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 Rep-
resentation Theory, which could be deduced directly from the Robinson-Schensted-
Knuth correspondence [13]. Formula (1.3) is the traditional generating function for
partitions that goes back to Euler. Formula (1.4) could be deduced from a result
due to Bessenrodt [3, 5, 10]. Formula (1.5) was conjectured by the first author [11]
and then proved by Carde et al. [6]. Formula (1.6) was obtained by Nekrasov and
Okounkov [20], and re-discovered by the first author using the hook length expan-
sion technique [10, 13]. Formula (1.7) was conjectured by Okada [23] and proved
by Panova [21]. Formula (1.8) was first stated by Stanley [23, 21] and generalizes
the marked hook formulas [12].

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
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w and t partitions A%, A ... X71 such that |\ = |u| + tz:;é [A{| . From this
bijection, it is immediate to obtain the well-known identity [9], [15, p.69, p.612],
[22, p.468] for t-cores:

(19) So= 4
. g
A E>1
where the sum ranges over all t-cores. When ¢ = 2 it yields Gauss’s identity:
k1 (1 — ¢?k)? 1— g%k
(110 OUEES | (et siay | JLEran

k>0 k>1 q E>1 q

Recently, Chen, Ji and Wilf [7] found that the Littlewood decomposition for ¢t = 2
implies the following enumerative result due to Berkovich and Garvan [4]

“+00
1 o
A72BG(N\) _ 2j-1
(1.11) E ql IpBG(N) — | | m % E quJ( j )’
Aep E>1 j=—00

where BG(A) 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]

+|—|+ 41211

— |+ 5132
+[=[+]=1+]-] 9[7[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 partic-
ular examples (1.1-1.8)) can be further refined if the generating function for ¢-core
(1.9), or the BG-rank formula (1.11) are taken into account. Our main results are
the following theorems which will be proved in Section 2 by using the combinatorial
properties of the Littlewood decomposition.

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

(1.12) S T pilah) = fala),
AeP heH(N)
and
(1.13) SdM T ealah) D7 palah) = galg),
AEP heH(N) heH(N)

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

S P I ) Y pe(h)

Aep hEH(N) hEH(N)
B (1 _ qtk)t
(1.14) = tfi(wq") gi(ed") [ —=4
i 1—db)

where Hi(A) = {h|h € H(A\),h=0( mod t)}.
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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, H2(\) = {4,2,2,6,2} and Hs(\) = {3,9,6, 3}.

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

ST gPla# B T pi(h) S pa(h)

AEP heHa(N) heHa2(N)
(1.15) = 2f>(2q”)g2(xq?) Z b/,
j=—o0

Let p1(h) = 1 in Theorems 1.1 and 1.2, then fo(¢) = [[;~, 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 go(q) and the function p(h) satisfy
the relation

(1.16) Yo dM YT plah) = gala),
AEP heH((N)
then, for any positive integer t,

_tk\t
(1.17) Z gz # e Z p(h) = tgi(zq") H 1- (x(;t)k)z—1)(1 — ¢~

AEP heH:(N) k>1

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

(1.18)
S PO S ) =2t [] e > PO
AEP he€H2(N) k>1 j=—00

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

d
gt(zq") = x@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 z.

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

(1.19) Z q H plah) (@),
ep REH(N)
then, for any positive integer t, the following identity holds:

(L20) 3 gMetre® ] p<h>=(ft<xqf>>tﬂ%.

AEP heH:(N) k>1



HOOK LENGTH FORMULAS AND BG-RANKS FOR PARTITIONS 5

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

(1.21) ZqIA\x#Hz(A)bBG(A) H p(h) = (fa(zq?) Z bigi2i=1),

AEP hEH2(N) j=—oc0

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, since only the empty
partition has no hook equal to one (see (1.19)). We recover the generating function
(1.9) for t-cores from Theorem 1.5 and the following generating function for 2-cores
by the BG-rank from Theorem 1.6

+oo
3 PR = $7 pigiCioh),

A:2-core j=—o00

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

Z gy #RER(N) h=2} BG(A) (WL(Y) H (14 (y — 1)eg®)? Jio b 21,
(1 — cq?F)?
AeP k1 jm—oo

where WL(X) is defined in (2.1).
Corollary 1.8 (Set x =1 and ¢ = 2 in Theorem 4.4). We have
4 2k 2
_ 2, 4 (1—-q¢")
S T g e (e 5 ) TT 5
AEP hEH2(N) k>1

Corollary 1.9 (Set =1 in Theorem 5.2). We have

114 2" 1+ 22 A\ =R
A, BG(X) - _ 2 1 (25-1)
>_ ¢ ,llzh—exp(lzzq+4 DIRLEa
AEP heH2(N) Jj=—o00

Corollary 1.10 (Set = 1 and replace z by 2z in Theorem 6.2). We have

S PEe (1_%):me Z b i),

AEP hEH2(N) k>1 j=—00

Corollary 1.11 (Set 8 = —1,t = 2,2 = 1/q in Theorem 7.5). We have

) 1 1 k\2 k
Z g hiodd) Z = H (ltq k) q

1—gk’
AEP heH2(N) k>1 q k>1 q

Note that the proof of Corollary 1.7 needs further combinatorial techniques de-
veloped in Theorem 2.1; it cannot be deduced from Theorem 1.6.
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2. COMBINATORIAL PROPERTIES OF THE LITTLEWOOD DECOMPOSITION

In this section we prove Theorems 1.1 and 1.2 by using some combinatorial
properties of a classical bijection which maps each partition to its ¢t-core and t¢-
quotient. This bijection probably goes back to Littlewood [17] or Nakayama [19],
which will be referred to as the Littlewood decomposition. There are several ways
to describe it [18, p.12], [22, p.468], [14, p.75], [9]. Here we give a description in
terms of binary sequences [1], [22, 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_2b_1bgb1babs - --. However, the representation is not unique,
since for any fixed integer k the sequence (b;41); also represents w. The canonical
representation of w is the unique sequence (¢;); = -+ ¢_3c_ac_1¢pC1C2¢3 - -+ such
that

#i<—1,c=1} = #{i > 0,¢; = 0}.
It will be further denoted by - --c_szc_sc_1.cocicacs - - - with a dot symbol inserted
between the letters c_1 and cg.

There is a natural one-to-one correspondence between P and W (see, e.g. [1], [22,
p.468]) 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 = ---000u111--- €
W. Clearly, the map ¢ : A\ — w is a one-to-one correspondence between P and
W. The canonical representation of ¥ () will be denoted by Cy. For example, take

A= (4,3,3,1,1,1). Then u = 1000110010, so that w = ---0001000110010111 - - -
and Cy = (¢;); = ---000100011.0010111 - - - .

1—

1o

2 o

30,

6121110

73210,

9541 ‘0

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

Theorem 2.1. Let t be a positive integer. The Littlewood decomposition Q0 maps
a partition X to (u; A0, AL, ..., NETL) such that

(P1) p is a t-core and \°, A, ... \'=1 are partitions;

(P2) IA] = lpal + E(A%] + [\ + - -+ [XL);

(P3) {h/t|heHN)}=HN)UHAHU---UHATL).
The vector (A%, A1, ..., A*71) is usually called the t-quotient of the partition M.
Proof. Let us briefly describe the bijection € (see, e.g., [1], [22, p.468]). Split the

canonical representation C = (¢;); of the partition A into ¢ sections. This means
that the subsequence w® = (c;z41); is extracted for each k = 0,1,...,¢ — 1. The
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k-th entry A* of the t-quotient of ) is defined to be the inverse image ¥~ (w")

1

of the subsequence w*. With the above example w® = ---00101011--- and w! =

+--0000100111 - -+, so that A% = (2,1) and Al =

(1,1). Property (P3) holds since

H(AO) = {1,3,1}, H(A)) = {1,2} and Ha()) = {2,2,6,2,4} (See Fig. 2.1-2.4).

Note that the subsequence w* defined by w*

= (c¢it+k)i is not necessarily the

canonical representation. For that reason we do not reproduce the dot symbol “.”
in the corresponding rows in the following table.

Ch 000100011.001011111 -
w? 0 1 0 1 o 1 1 1 1-
v 0 0 0 1 1 1 1 1 1°-
w! 0 0 0 0 1 0 0 1 1
vl 0o 0 0 0 0 o 1 1 1
C, 000000010.10111111T1-
1 1

3[1] 3]1]

Fig. 2.2. Partition \° Fig. 2.3. Partition \!

Fig. 2.4. The 2-core p

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 p such that the ¢ sections of the
canonical representation C), are exactly 00, v1, ..., vt L. 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 (¢, j) such that ¢ < j and ¢; = 1, ¢; = 0 and the hook length of that box is
equal to j — 1.

The process above is reversible. Given t+ 1 partitions (p; A%, AL, ... A*~1) where
p is a t-core, we first split the canonical representation C), = (d;); of the partition u
into ¢ sections, namely, we form the subsequence v* = (dit4r)i for k=0,1,...,t—1.
Clearly, every subsequence v* is of the form ---000111-- -, since u is t-core. Let
w* =9 (A\F). 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®, wt, ..., w'=t. This means that (c;ix); = wk for k=0,1,....t—1.

O

For the case t = 2, the Littlewood decomposition {22 has more combinatorial
properties in addition to (P1)—(P3). To describe our new properties, we need a
new statistic called the weak length WL()A) defined by means of the multiplicity
notation

A= (1M 2m2 L )

of the partition A\. Recall that this means that exactly m; of the parts of A are
equal to 4, so that ¢(\) = >_"_, m;. Let k be the smallest part such that my is

J
even. Then, the weak length WL(X) of A is defined to be

k—1

wLO) =Y (mj21> +%+ i m;.

j=1 j=k+1

(2.1)
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For example, the weak length of A = (4,3,3,1,1,1) = (13,29 3% 41) is 4.

Theorem 2.2. When t = 2, the Littlewood decomposition a has the further two
properties.
Lt 4f BG(A) >0
(P4) BG(\) = . 7 BG) >0,
~4if BG(V) <0
(P5) WL(A) = £(AY) + £(\1).

Proof. From the description of the Littlewood decomposition s, it follows that the
2-core p of the partition A is obtained from the canonical representation Cy = (¢;);
by continually choosing ¢ with ¢; = 1 and ¢;+2 = 0, and then replacing ¢; by 0 and
¢i+2 by 1. Such an operation is equivalent to removing a horizontal or vertical pair
of adjacent cells from the Young diagram of \. 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
kis (k+1)/2if k is odd, and —k/2 if k is even [7]. This shows that Property (P4)
holds.

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

(2.2) w=100---100---100--1------ 100---0
e S N N N~
ma mao m3 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 uom 41 # 0, so that ugj+1 = 0 for 0 < j < m—1. From the
description of the Littlewood decomposition 25 given in the proof of Theorem 2.1,
it follows that the sum of the lengths of A\’ and A! is equal to £(A) —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 = (Z?Zl mj + k —1)/2, where m is the smallest positive
integer such that ugm,11 # 0. Thus, Property (P5) holds by an easy calculation. O

We are ready to prove Theorems 1.1 and 1.2 by using the above properties of
the Littlewood decomposition.

Proof of Theorem 1.1. By properties (P1)—(P3) of the Littlewood decomposition
); in Theorem 2.1 we have

quﬂﬁ#m(’\) H pi(h) Z p2(h)

rep hEH(N) heH(N)
t—1
(1— ™) I\l g# HN)
¢ H
TS (5 e [ ]
k>1 =0 \\ep heH(N)
th"\llx#ﬁ(’\l II oth) D> palth)
Niep hEH(A?) heEH(A?)
tk t — t\t—1 t
—H L3 fiad)gilad)
kS1 i=0

_ thyt
=t fi(xq")" " gi(xqh) H w’

E>1 l—q
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where the third equation follows from formulas (1.12) and (1.13) by replacing g by
zqt and setting o« = t. O

Proof of Theorem 1.2. From properties (P1)—(P4) of the Littlewood decomposition
Qs in Theorems 2.1 and 2.2, we get

qu # Ha(N) pBG(N) H p1(h Z pa(h)

\eP heH2(N) heHa(N)
—+o0
_ Z Wl 2=1 2 ZqQIMz#H(/\) H p1(2h) | x
j=—o00 AEP heH(N)
SO PR TT pi(20) > pa(2h)
\EP heH(N) heH(X)

=2fa(2q%)g2(2q%) Z g/ B,

j=—00
where the last equation follows from formulas (1.12) and (1.13) by replacing ¢ by
zq? and setting o = 2. O
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 ([12, Corollary 5.1]). We have
S Mt = T ¢
(1= (zq")*)"(1 = ¢*)

Xep k>1
Theorem 3.2. We have

Z g M g# H2()pBGN) — H i Z b i i1,

AEP k>1 j=—o00

In fact, we can obtain more generalizations by means of the combinatorial prop-
erties of the Littlewood decomposition. Before doing this, we need the following
lemma.

Lemma 3.3. We have
_ 1+ (y = Deg”
T gy HREROE=T) 00 = T 1+ @y —Deg”

ok
AEP k>1 1 cq
Proof.
Z gy #RER()B=1} ) _ H(l +yegt + ye2g?* 4y + )
Aep k>1
1 — 1)egk
“Tla+ yeq® =TI +(y—Deg®
1 — cq® 1— cqgk
k>1 k>1

The following theorem unifies Theorem 3.1 and another result of the first author
[12, Theorem 1.4].
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Theorem 3.4. We have
AL (0), #{heron= _ T (1= a™) A+ (y — D(zg")*)
Zq v Y o H (1 —q*)(1 — (zqt)*)
Aep k31 1 1
Proof. From properties (P1)—(P3) of the bijection €; in Theorem 2.1 we get
Z g M g# He Q) #LhEH(N) h=t}

AEP

R AU (Z qtmx#H(A)Q#{henm,h:l})t
k>1 L—q* rEP

S n SOl g™’ % (Z(xqt)\xly#{hew»hzl})t
k>1 1—g* \EP

(1- )(1+(y*1)(xQ) )
U (TS
where the last identity follows from Lemma 3.3 by replacing ¢ by z¢? and setting
c=1. O
The following theorem gives a generalization of Theorem 3.2.

Theorem 3.5. We have
Z qlA\z# Hz(A)y#{heH(A),h:?}bBG(/\)CWL(/\)

AEP
2 too
— H E bJ J(25-1)
k>1 j=—o00

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

Z q\xlx# Hz(/\)y#{heH(/\),h:Q}bBG(A)CWL(A)

XEP
%qu #HO) #hEHO) h=1} u)) Z bl gi =1
AEP j=—o00
_(Z 2q?) My #hEH() h=1} e(A) Z b gi 231
AEP Jj=—0o0
(1 + 2 Z
,H b i %=1
k>1 j=—00
where the last identity follows from Lemma 3.3 by replacing ¢ by x¢?. O

Setting = y = b = 1 in Theorem 3.5 and using Gauss’ identity (1.10), we
obtain the following corollary.

Corollary 3.6. We have
2%k
IAWL(A) _ (1—¢*")
(3.1) Z ¢ = H 1 — ¢?*1)(1 — cg?*)2"

\eP E>1
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By definition (2.1) of the weak length WL(A) we also have

Zq\MCWL(A):ZH q +cq33+c2 5_]_*_.“)

AEP k>1j=1
X (L+eg® + g +--)
+o00
x H (L+cq + g% +--)
Jj=k+1

k
O]

k>1 j=1

ko el
(32) flL_chZq M=

k>1 Jj=1

1 =

1—cq% H 1—cqgl

j=k+1

Combining (3.1) and (3.2) we get the following identity which is a special case of
g-Gauss second identity [8, p.237, Eq.(IL11)] for a = \/cq, b = \/q.

k+1 j -
41 l—cg 7 (L—cg® H(1 —¢*)
(3:3) Zq( ) H 1—cq® H (1= ¢Z1)(1 — cg?F)

k>0 j=1 E>1

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) [13], themselves obtainable from the Robinson-
Schensted-Knuth correspondence (see, for example, [15, p.49-59], [22, 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 ([12, Corollary 5.4]). We have

1 ZL't (17 tk)t
I\ # He(N) - — ra L9 )
S et T e () TT U2

xEP heH: (M) k>1
Theorem 4.2.
Il Ha () BGOY) 1 1P\ XX e
Z gz b H 7z = exp - Z b q .
AEP he€H2(N) Jj=—o0

The following result is immediate from Theorem 4.2 by setting x = 1 and com-
paring the coefficients of b° on both sides.

Corollary 4.3. We have

S I L e (f) |
h? 2
AEP,BG(N)=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 X is equal to 0.

The following theorems are generalizations of (1.2). They are immediate conse-
quences of Theorems 1.5 and 1.6 with the weight function p(h) = 1/h:
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Theorem 4.4. We have
2

1 T 2t (1 _ tk)t
2 : I .7 He(N) I t q q
(4.1) g Tt || hexp<:cq + 5 ) II ot

l—q
AEP he€H:(N) k>1

Theorem 4.5. We have
(12) 3 Ma#reppen T %:exp <xq +~’C4q > Z RRCIEY
AeP hEH2(N) j=—o0

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

Corollary 4.6. We have

1 1
DN U A D% a7 Ty

Abtn,# He(N)=n  h€H(N) Jj=

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

Corollary 4.7. We have
1 4
Y g 2 4
Z q H hexp(q+4).
AEP,BG(\)=0 h€H2(N)
5. THE HAN-CARDE-LOUBERT-POTECHIN-SANBORN FORMULA

In [11] 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. [6].
Formula (1.5) is an interpolation between the two classical hook length formulas.
It reduces to (1.2) when z = 0. When ¢ is replaced by }jrjq and z is equal to 1,
formula (1.5) yields (1.1).

When p(h) = (1 + 2")/(h(1 — 2")), the series f.(g) defined in (1.19) has the
following explicit form:

1 1+ 200 1+2%¢q 7>
— [Al = =
2 Zq H ahl— zoh eXp(l—za a2 )

AEP heH(N)

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

11+ 2" 1+2 1— gtk
IM . # He (M) _ ty

Zq x hl— a2t _eXp(lzt )H 1fq
AEP heH(N) k>1

Theorem 5.2. We have

114 2"
[l # H2 (M) pBG(X) —
> e II 57—
AEP heH2(N)

1+ 22 23\ K i
:exp(lzZ,qu—i—T Z Vg2,

j=—oc0
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When z = 0, Theorems 5.1 and 5.2 reduce to Theorems 4.4 and 4.5 respectively.

When z is replaced by L:j

4.1 and 4.2, respectively.

6. THE NEKRASOV-OKOUNKOV FORMULA

Formula (1.6) can be seen as an explicit expansion formula for the powers 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 [20] and re-discovered by the first author [10] by means of an appropri-
ate hook length expansion technique [13]. An elementary proof of the Nekrasov-
Okounkov formula is given in [12].

Theorems 1.5 and 1.6 with the weight function p(h) = 1—2/h? yield the following
generalizations of (1.6).

Theorem 6.1 ([12, Theorem 1.2] ). We have

. Z\ (1 _ qtk)t
(6.1) Z gz # e H (1- ﬁ) - kl;[l (1= (wgh)k)==/t(1 — ¢F)’

\eP heH(N)

Theorem 6.2. We have

3 Pla#repBee T (1~ %)

AEP heH2(N)

(6.2) fﬂlﬂq QZ/QXZW

k>1 j=—o00

Corollary 6.3. We have

2 _ 3n+1
(6.3) > H S > h +1)!.

AF2n+35(25—1), BG(A\)=4§ h€Ha2(\ ) heHz(A
Proof. Clearly, the left-hand side of (6.3) is the coefficient of

q2n+j(2j71)bjzn(7z)n71

on the left-hand side of (6.2). Using the following identity

(6.4)

= exp Zk ,

m>1 k>1

the right-hand side of (6.2) can be written:

+oo
R= H T zexp | Zk 2)k) Z bigi(2i-1),

k>1 k>1 j=—o00
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Thus,
[q2n+j(2j71)bjwn(_z)nfl]R

= 2%"(*2)"*1]1'[;6){ iz&

! e U= @) P 2 k(1= @)
_1.2n,.n 1 1 (qu)k "
1 gt Ll =Gy | L -G

k>1 k>1

R 1 1 1 zq? "
=[q ]2"—1(n "1 - (22 <(1 — (2¢?) + 2(1 — (:cq2)2))
n—1

-~ (2 I
2"*1(71—1)!( -1+ —-)
:ﬂ_ O

27 (n —1)!

Corollary 6.3 could also be derived from Theorem 9.2 by setting z = 1, k =1
and comparing the coefficients of /¢>**+7(27=1) on both sides.

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

Corollary 6.4. We have
1 PUICTESY ¢

P DI k)1 e P M)

AEP,BG(N\)=j hE€H2(N) Z

Corollary 6.4 could also be deduced from Theorem 7.6 by setting § = —2, z =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 [3, 5]. See also [10] for some
historical remarks. Each hook length i can be split into h = a + 1 + 1, where a is
the arm length and [ the leg length (see [22, p.457]). The ordered pair (a,!) is called
a hook type.

Theorem 7.1 (Bessenrodt-Bacher-Manivel). Let n > k > 1 be two integers. Then,
for every positive j < 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 (4,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 k 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 X let my(\) denote the number of parts in A equal to k. Then

S #{he HON)h =k} =D kx mi(\).

Abn AFn
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In fact, the following more general result can be deduced from Theorem 7.1.

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

(7.1) SN0 BP=D0 () mu(N).

AFn heH () AFn k>1
We next prove the following theorem that generalizes formula (1.4).
Theorem 7.3. For any positive integer t and complex number 3 we have

tk:
PR hﬁznl_q thkﬁ“ o

\EP REH,(N) m>1 E>1

By Corollary 7.2, we see that Theorem 7.3 is equivalent to the next Theorem.
Theorem 7.4. We have
th

>0t o) ) = [T 1= x St

n>1  Abnk>1 m>1 k>1

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

1
> FmNg™ = (K¢" + 280 367" ) [ 7=
Aep mazk 4

d q* 1
— (KB,
< qdql—qk) 11 L—qm

m#k

:(kﬁ qkkz)H :
(1—4¢%) #1*(1
_ e 4

=11

1_(] m>11_q

Hence, we have

>0 30 3o ) = [] =0 2tk

n>1  Ank>1 m21 E>1

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 x = 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

S S = ] (1—¢™)! S (k)P (zq)*
(1= (zg")k)* (1 —g*) 1 — (zq")*

AeP hEH(N) k>1 q k>1

Theorem 7.6. For any complex number 3 we have

S g # GO § g

AEP heHz(N)

=11 1= (2% 222kﬁ+1_9672>< Z Vg,

k>1 k>1 j=—o00
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The specializations § = 1 and § = —1 of Theorems 7.5 and 7.6 are worth
mentioning and are not reproduced. A further specialization with g = —1,¢t =
2,z = 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 [21, 23]:

T

(s.1) LSy Y e = co [Jm-i.

Arn heH(N) i=1 3=0
where C(r) is defined in (1.7). By the hook length formula
n!
(8.2) h==——,
HhE'H(/\) h

formula (8.1) can be written as

S I 5 X e -o=cop——p;

AFn heH(A heH (A) 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 py(h) = 75 and p2(h) = [[,_, (h* —i*). By
the classical hook formula (1.1), it is known that

(8.3) fal@ =>_d™ ] @)2 = e (3z)

AEP heH(N)

Recall that

9)=> d" ][

AEP heH(N)

SO | (T

hEH(/\) i=1

(

To evaluate go(g) we introduce a family of polynomials (B i (a))o<k<, defined by
the following relations:

T

Byo(a) = [[(a® = 5%,

Bri(@) = [0?(k + 1) = r?|Br_1 k() + * By p-1()
for 1 <k<r-—1,

By, (o) = ™.

The first values of the polynomials B, ;(a) are:
Bio(a) = a?—1, By 1(a) = a?,

(@) = (a® = 1)(a® = 2%), Baa(a) = 5a%(a” — 1), Baa(a) =a,
Bsp(a) = (o = 1)(a® - 2%)(a” = 3%), By, ( ) = Ta*(a? = 1)(3a* = 7),
(@) = 1a’(a® — 1), Bys(a) = a’,
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Lemma 8.1. For any complex number o, we have

T

k
H(oz:cf] ZBHC fo]

Proof. Let p.(a) = H;ZI(OA2ZL'2 — j2) and write

= Blx@)pe(1)
k=0

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

pr(a) = (a®a® — 1 ZBmk )pi(1)

= ZBT Le(@)[?(@® = (k+1)%) + *(k +1)* = pi(1)

|
—

T

= o’ ZBT Le(@)prea (1) + ) [0 (k + 1) = ] Bl (e)pi(1)

3R
Il
= o

*042237« k-1 (@)pe(1) + )0 (k + 1) = ] By (e)pi(1).
k

Il
o

Since the pg(1)’s are linearly independent, we obtain the following recurrences.
(8.4) B;,r(a) = QQB;—LT—NO‘), B;,O(O‘) = (0‘2 - TQ)B;—LO(O‘)
and for 0 < k <r

By () = a®By_ x_y(a) + [0*(k +1)* = 1°]B]_; (a).

Iterating recurrence (8.4) (r — 1) times and using the fact Bj o(a) = 1, we obtain
By (a) = o™, B o(a) = [[j_,(e® = j%). O

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

Proposition 8.2. We have

> 1

AEP heH(N\)

> Y e -

( hEH(A) i=1

(8.5) :exp( )ZBrk (q)k+1.

ga(‘])
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Proof.
Al
@=L T & % Iten?-#
AEP heH(A) heH (A)i=1
Al u ,
S SIERE | (R Sl SENTEY | (e
AEP heH(A) heH () k=0 j=1
r k
= > Bri(a) Z ( ) H Z H i)
k=0 AEP heH( /\) heH(A j=1
(8.6) - Br,k(a)C(k)(%)k“exp (%)
k=0
where the last equation follows from (1.7). O

From the definition of B, ;(«) in Lemma 8.1 it is known that for any positive
integer t, By (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).

Theorem 8.3. For any positive integer t and r we have

PR | I o |

AEP hth(/\) hth () i=1
zq* (1—g¢"™)* B o (L e
= texp ; HW Z rk() () t2 .
k>1 fo=[ =ttt t+1

Theorem 8.4. For any positive integer v we have

S MBS T % 3 ﬁ(hQ—

AP hE€H2(A) = hEH2(N) i=1
r 2 2\ k+1
_2exp( ) Z bl g?(%—1) Z B, x(2)C(k) (%) .
j=—o0 k=["31]

9. THE STANLEY-PANOVA FORMULA
In [13], the first author conjectured that
EOI DI
TAFn hen(N)

is a polynomial function in n of degree k£ 4+ 1. Stanley and Panova proved a gen-
eralization of this conjecture and deduced the following explicit formula of this
summation from Okada’s conjecture [21, 23]:

%

k
(9.1) 'ZfA S RF=3"T(k+ 1,0+ 1)CE) [[(n - ),

Abn heH(N) i=0 =0
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where T'(k, ) is a central factorial number [22, ex.5.8] defined for k > 1 and ¢ > 1
by
(9.2) T(k,0)=T(0,i)=0, T(1,1)=1,
(9.3) T(k,i) =4*T(k — 1,4) + T(k — 1,i — 1) for (k,4) # (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 pa(h) = h?*. By
the classical hook formula (1.1) we know that

falq) = Z qMI H (O;L)Q = exp (%) .

AEP heH(N)

From the Stanley-Panova formula (1.8) it is known that

galg) =Y _ ™ ] (O;L)Q 3 an

\ep heH () heH(N)
k .
— o exp (%) S T(k + 1+ 1)C() (%) o
i=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

S et T % S

EP REH(N)  hEHL(N)
2k+1 zq" (1- qtj)t : q' o
=t exp (T) EWQTU?JFL”FDC(Z) <t_2> .
Jz =

Theorem 9.2. For any positive integer k we have

I PlaFreeEe T % S

AeP hE€H2(N) h€H2(N)
+oo k 1+1
= 2%+ oxp zq” > V@Y Tk + 1,4+ 1)C(6) zq” +.
2 j=—00 1=0 7 4
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