CHAPTER C

Durfee Rectangles and Classical Partition
Identities

For a partition A, its Durfee square is the maximum square contained in
the Ferrers diagram of A. It can be generalized similarly to the Durfee
rectangles. They will be used, in this chapter, to classify partitions and
establish classical partition identities.

C1. g-Series identities of Cauchy and Kummer: Unification

C1.1. Theorem. For the partitions into parts < n, classify them with
respect to the Durfee rectangles of (k + 7) x k for a fixed 7. We can derive
the following

qk(k+7')

v :Z;In;q(ixk (C1.1)

(qz; @)n qT; Q)k+r

PROOF. The partitions into parts < n with Durfee rectangles of (k+7) x k
for a fixed 7 are composed by three pieces. Omne of them is the Durfee
rectangle (k + 7) x k in common with enumerator z*¢***7). Another is
the piece right to Durfee rectangle which are partitions of length < k with

k
of (B4.2b) (only the univariate function is considered because the length
of partitions has been counted by the Durfee rectangle). The last piece
corresponds to the partitions with parts < k+ 7 whose bivariate generating
function is 1/(qz;q)k4+-. Classifying the partitions into parts < n with
respect to Durfee rectangles of (k + 7) x k with 0 < k <n — 7, we find
1 — [n—7
-2 ]

(gz;q)n =

parts < n — k — 7, whose univariate generating function is [ } in view

xqu(k+r)

(475 Q) ktr

which is exactly the identity required in the theorem. O
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Partition A = (9866531)
with Durfee rectangle
(k+7)xk=6x4

C1.2. Corollary. The formula just established contains the following known
results as special cases:

e The finite version of Kummer’s theorem (7 = 0)
1 " [n] q"c2
— = —_—. C1.2
(975 @)n ,;) M (g5 @)k (CL2)
e The identity due to Gordon and Houten [1968] (n — o0)
1 i ok qk(k-i-T)
(a2 oo = (@5 Dr(az; Qirr

(C1.3)

which reduces further to the Cauchy formula with 7 = 0.

C2. ¢-Binomial convolutions and the Jacobi triple product

C2.1. Theorem. For the partitions into parts < n, with at most a+~v—n
parts, classify them according to the Durfee rectangles of (n — k) x (o — k).
We obtain the first g-Vandermonde convolution formula

[a Z 7] _ Zn: m {n v k] ga=m=h), (C2.1)

k=0
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PROOF. The univariate generating function of the partitions into parts < n
with at most o + v — n parts is equal to {a;;—’y} by (B4.2b). Fixing

the Durfee rectangle of (n — k) X (o — k) we see that the corresponding
partitions into parts < n with at most a + v — n parts consist of three
pieces. The first piece is the rectangle of (n — k) X (o« — k) on the top-
left with univariate enumerator ¢(®=%)("=%) The second piece right to the
rectangle is a partition into parts < k with at most a — k parts enumerated
by [:} The third and the last piece under the rectangle is a partition
into parts < n — k with at most y —n+k = (a +v —n) — (o — k) parts
Y
—k
rectangles of (n —k) x (& — k) and summing the product of three generating
functions over 0 < k < n, we find the following identity:

enumerated by [ n } . Classifying the partitions according to the Durfee

at+y] _ 5~ [o]] v ESOIO
n Elln—k '

Its limiting case ¢ — 1 reduces to

(a;&;’y) B :0 <Z> <n1k>

which is the well-known Chu-Vandermonde convolution formula. O
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Partition A\ = (653221)
with Durfee rectangle
(n—k)x(a—k)=5x2
where n =6,a=3, k=1

C2.2. Proposition. Instead, considering the Durfee rectangle of kx (y—n)
for the same partitions, we derive the second g-Vandermonde convolution

formula
a+y| “fa+kl[y-k—1 k(y—n)
S o | S F N

PROOF. The univariate generating function of the partitions into parts < n
with at most o 4+ v — n parts is equal to {a Z 7] by (B4.2b). For a fixed

Durfee rectangle of k x (v — n) the corresponding partition into parts < n
with at most «a + v — n parts consists of three pieces: the first piece is the
rectangle of k x (v —n) on the top-left with univariate enumerator g*O—m),
the second piece right to the rectangle is a partition into parts < n —k with
y—k-1
n—~k
justify that the partition length can not be v —n, otherwise, we would have
a larger Durfee rectangle (k + 1) x (v — n), and the third part under the
rectangle is a partition into parts < k with at most «a parts enumerated

at most v — n — 1 parts enumerated by [ }, where we can easily
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by {a —]L_ k] Classifying the partitions with respect to Durfee rectangles of

k x (v —n) and then summing the product of three generating functions
over 0 < k < n, we find the following identity:

a+y| " Ta+k][y—k—1 k(y—n)
- e

k=0

For ¢ — 1, the limiting case reads as

() -2 0

which is another binomial convolution formula. O

Partition A\ = (65321)
with Durfee rectangle
Ex(y—n)=2x4
where n = 6,7 =10,k =2

C2.3. Corollary. Given the diagram of (m—7) x (n+7), consider the par-
titions contained in it. The classification with respect to Durfee rectangles
of k x (k+ 7) leads us to the following finite summation formula

PZZI ﬂ B Z MJ m ¢ (C2.3)

which is a special case of the first ¢-Chu-Vandermonde convolution formula.
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ProoOF. For the partitions into parts < m — 7 with at most n + 7 parts,
Ziﬂ by (B4.2b). Fixing
a Durfee rectangle of k x (k + 7), we observe that the partitions into parts
< m — 7 with at most n + 7 parts consist of three pieces. The first piece
is the rectangle of k x (k + 7) on the top-left with univariate enumerator
¢"*+7) The second piece right to the rectangle is a partition into parts

] and the

the univariate generating function is equal to [

< m — 7 — k with at most k 4+ 7 parts enumerated by [ ]fTT
third one under the rectangle is a partition into parts < k with at most
n — k parts enumerated by [Z] Classifying the partitions according to

the Durfee rectangles of k x (k + 7) for 0 < k < n and then summing the
product of three generating functions over 0 < k < n, we find the following
identity:

=2l e
= q
n4+T = k+7| |k

which is exactly the identity stated in the theorem.
We remark that this identity is a special case of the first g-Vandermonde
convolution formula stated in Theorem C2.1. In fact replacing n with £, we

can state the reversal of the g-Vandermonde convolution formula in Theo-
rem C2.1 as follows:

Performing parameter replacements
a—m, v—n and f—m—7T

we obtain immediately the identity stated in Corollary C2.3. O
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Partition A\ = (6544332)
with Durfee rectangle
kEx(k+71)=3x5
where £k =3,7=2

C2.4. The Jacobi-triple product identity. From the last g-binomial
convolution identity, we can derive the following bilateral summation for-
mula

m-+n

m N
@ Qm (@fzs e = > (~1)F gl { } . (C2.4)
n+k
k=—n
It can be considered as a finite form of the well-known Jacobi triple product
identity
+oo

(@ Do (5 Do (@/75 Do = Y (1) g am (C25)

n=—oo

whose limiting case z — 1 reads as the cubic form of the triple product
(Jacobi):

oo

(@ 9% = S (-1)"{1+2n}q(F". (C2.6)

n=0
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PROOF. According to the Euler ¢-finite differences (B5.3), we have two
finite expansions

(@, Q)m = é(—l)i[ﬂq(é)xz
¢/, q)n = i(—l)j{?]q(lﬂ)x i

Their product reads as the following double sum

_ Z “Z[HJH] (5)+(F)

(x, Q)m(q/z, @)n

where the last line is justified by the replacement k = ¢ — j. Observe that

() - (e () - Qs

Reformulating the double sum and then applying the convolution formula
stated in Corollary C2.3, we derive the finite bilateral summation formula
(C2.4)

(@, Qm(a/2, @) = i (~1)q(2)a* ’n { " ] mqm+k>

k=—n 7=0 k+]
_ Y O[] g
k:z_:n( ) {n—i—k

When m and n tend to infinity, the limit of ¢-binomial coeflicient reads as

[m +n (@ Dmsn 1

n+ ]f:| - (q; Q)n-i-k(Q; Q)m—k (q; Q)oo

Applying the Tannery Theorem, we therefore have

oDt = S (1A
T oot/ o0 = e (4 0) oo

which is equivalent to the Jacobi-triple product identity (C2.5).
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In order to prove (C2.6), we rewrite the Jacobi triple product identity as

+00
(@ Doo@5 Dool@/75 e = > (—1)7 gl g
:L_;O ) 14+n
= Y (g e
o
+ D=1l e,

Replacing the summation index n by 1 4+ m in the last sum:

O P DS AT R

we can combine two sums into one unilateral sum

oo

1+n —n n
(¢ Do Do @/ oo = (1" ) a7 — a1},
n=0
Dividing both sides by 1 — x, we get
0 Limy =T — gt
(@ Doc(97; Do @/73 Doe = D (~1)" ¢(F) —
n=0

Applying L’Hoéspital’s rule for the limit, we have
—n _ .n+1l
lim i 2n+ 1.
r—1 1—=x

Considering that the series is uniformly convergent and then evaluating the
limit x — 1 term by term, we establish

oo

(@ % = Y (1" {2n+ 1}
n=0
which is the cubic form of triple product. O

Remark The shortest proof of the Jacobi triple product identity is due to
Cauchy (1843) and Gauss (1866). It can be reproduced in the sequel.

Recall the g-binomial theorem (finite g-differences) displayed in (B5.3)

14

(a3q)e = Z<—1>k[ﬂq<§>xk.

k=0
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Replacing ¢ by m + n and x by xzq~™ respectively, and then noting the
relation

n

(@ " Den = (¢ @@ D = (~1)"0 e (g/230)u (@50

we can reformulate the g-binomial theorem as

m—+n
(@ mla/z;q)n = Y (=D [m + ”] g("2") ghn

k
k=0

which becomes, under summation index substitution & — n + k, the follow-
ing finite form of the Jacobi triple product identity

@ mlafzan = S (1™ 6k,
praree k::z—n {”‘H‘f]q

This is exactly the finite form (C2.4) of the Jacobi triple product identity.

C2.5. Corollary. From Jacobi’s triple product identity, we may further
derive the following infinite series identities:

e Triangle number theorem (Gauss)
2. 2 0
(q ) q2 )oo _ Zq(prz”)
(¢ ) =
e Pentagon number theorem (Euler)

+oo

(@ oo = D (1) gFBHY,

n=—oo

PRrROOF. Reformulate the factorial fraction in this way:

M N G ) N A N
(q; q2)<>o o (q’ q2)<>o - (q y 4 )OO( q; q)oo

(@ Qoo (=3 Qoo (=5 @)oo

= %(q; Doo (=15 Do (5 @)oc-

Applying the Jacobi triple product identity, we have
+oo

W) 1SR 0 2 LS04 3 0)
(@ ¢%)oo 2 2ha =0

1 = 14+n = n+1
- M )
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where the substitution n — 1 + n has been made for the first sum and
(%) = (*4") for the second sum. Canceling the factor 1/2 by two times of
the same sum, we have the triangle number theorem.

Now, we prove pentagon number theorem. Classifying the factors of product
(¢; ¢)oo according to the residues of the indices modulo 3, we have

(@ Do = (@*; @)oo (@5 ) (s ¢%) s

Then the Jacobi triple product identity (C2.5) yields

oo oo

(@ Doo = Y (—1)ngdE)+n = 3 (—1)ngent
n=—oo ne—oo
which is Euler’s pentagon number theorem. 0

C2.6. The quintuple product identity. Furthermore, we can derive the
quintuple product identity

+oo
4, 2, a/zdly [02% a/2% %] = Y {1-2¢"} G (¢2%)"

n=—oo

+oo
Z {1 _ zl+6n} qS(g) (q2/23)n

n=—oo

and its limit form

+oo

n=—oo

(@ )3 (@ )%

C2.7. Proof. Multiplying two copies of the Jacobi triple products

+oo )
4.2 0/5d = Y (~1)'q(3) 2"
i=—00
+oo ,
[qz7 q22, q/zz;qz}m - Z (—=1)7¢’ 527
Jj=—00
we have the double sum expression
= P i 2 . .
0, 2, a/zd [65 a2% a5, = . (~1)itgle)

i, j=—00
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Defining a new summation index k = 1427 and then rearranging the double
sum, we can write

+oo +oo

L k—24), 2

R I U E el B SO G S UL S O DS IO A
k=—o0 j=—00

Noting the binomial relation

k—2j k 2j+1 . k 0 .

we find that

+oo
0, 2 a/zdw [ 0% af22d), = Y (1))t

k=—o00
+oo
Y (—1)d g3 +i=2ki

j=—c0

Applying the Jacobi product identity to the inner sum, we get

+oo +o0 )
Z (—1)i g3 +i=2ki = Z (_1)jq6(g)+2(2_k)j
Jj=—o0 j=—o00
— [qﬁ’ q2+2k’ q4—2k’ qﬁ]oo.

This product can be simplified according to the residues of k£ modulo 3.

e k=3m with m € Z:

6 242k
b

(4%, q -2k

6]00 _ [qﬁ’ q2+6m’ q4—6m’ qﬁ]oo

@ ¢%)m
(4% ¢%)m
2

(_l)m (q2;q2)<>o qm—Sm )

q q

(4%, ¢* ¢*, ¢°]

e k=14 3m with m € Z:

6 2+2k _4—2k
4

[q .q 6] 4+6m  2—6m

®ls = [a° ", > ¢%
2—6m. 6
>~ 5™ q
i T )m[616,612,q4,qﬁ]0o
b m

b

2

(D)™ (¢*¢%)oe ¢~

o k=24 3m with m € Z:

(6% ®%* "% ¢%e = [¢% ¢®T, ¢, ¢%lc = O
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because of the presence of zero-factor:

(@ @)s =0, m=>0
(q6+6m; Qoo =0, m <O0.

Substituting these results into the infinity series expression, we obtain

Dividing both sides by (¢%; ¢?)e, We get the quintuple product identity:

4, 2, q/z 4y [d% ¢2°, a/7%d%)

+oo
k

= Y (1R, P g

k=—o00
+oo

= (5D Y qlF)mont pam

m=—0oQ

+oo

— (@) Y gl

m=—0oQ

+o0o
= (@) Y, ¢ {1 - g}

m=—0oQ

+oo

4, 2, 4/74) [qzz, q/zz;qz}oo = Z q3(73){1 — zqm}(qz3)m.

m=—0oQ

Splitting the last sum into two and then reverse the first sum, we have

9, 2, ¢/ 24l % [02°, 0/2% %]

+oo -

Z q3(2){1_zqm}(q23)m
m=—00

+oo - +oo .

Z q3(2)+mz3m _ Z q3(2)+2mzl+3m
m=—0o0 m=—00

+oo +oo

Z q3(g)+2nz—3n _ Z q3(’;)+2mz1+3m
n=—oo m=—00

+oo "

Z q3(2){1 _ z1+6n}(q2/zs)n
n=—oo

which is exactly the second version of the quintuple product identity.

41



42 CHU Wenchang and DI CLAUDIO Leontina

Finally, dividing both sides by 1 — 2

400 1— Zl+6n
4, 42, a/zd)s [02°, 0/2% 6% = . q?’(?)T(q /2%)"

n=—oo
and then letting z — 1, we get the limiting case of the quintuple product

identity

(@ 9)% (¢ ¢° Z {1+6n} qFC+0,

n=—oo

C3. The finite form of Euler’s pentagon number theorem

C3.1. Theorem. The classification of partitions enumerated by (—qx; q)»
with respect to the Durfee rectangles of (k+¢€) x k leads us to the following
finite form of the Euler pentagon number theorem.

Denote by [6] the integral part of real number 6. Then there holds
[’V'L 6] B k B 6
(—q7; @)n Z g+ [ L ](—qﬂc; @) ke

1 + .’L'q2k+€ _ q1+n k:—e(l +qu+e)
(1 + .’L‘qk+€) (1 _ q1+n—2k—e)

C3.2. Proof. For the partitions into distinct parts < n enumerated by
(—qx; q)n, they are divided by the Durfee rectangles of (k+¢€) X k into three
pieces:

A: the Durfee rectangle (k + €) x k itself with enumerator a*gF*+),
B: the piece of partitions right to the Durfee rectangle counted by

k-
{n i e] q(lgk), with k parts,

k-
{n ko1 e] q(g), with k — 1 parts.

C: the piece of partitions below the Durfee rectangle enumerated by

(=45 Q)ktes when B has k parts,
(—q; q)k+e—1, when B has k — 1 parts.
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Therefore for the fixed Durfee rectangle A, the enumerator for the rest of
partitions is given by the combination of B and C as follows

146\ [n—k — € nln—k—e
q( i) (—q2; Qrte + q(2) (—q2; @Qkte—1
k k—1
(g) n—k—e 1+xq€+2k _ q1+n—k—e(1+qu+e) (_ . )
q k (1 + 2qFte) (1 — gitn—2k—e) 4%; q)k+e-

Summing the last expression over 0 < k < [(n — €)/2], we get the identity
stated in Theorem C3.1.

Partition A = (865421)
with Durfee rectangle
(k+e€) xk=4x3
where e =1,k =3

C3.3. Corollary. This formula contains the following well-known results
as special cases:

e The limiting version with two parameters (n — oo)
o0
( (n+e)+ 1 + xq2n+€ (_qx; q)n-i-e n
q7; @)oo § z.
1 +zg"te (¢ @n

e The Sylvester formula (e = 1, z = —y/q and n — o)

W e = D (9" {1 2”}2 ;n

n=|
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e The Euler pentagon number theorem (e =0, z = —1 and n — o)
> n n 3n2—n
(@ @oo = 1+ ()" {14+q"}q >
n=1

Remark The Euler pentagon number theorem is also a particular case of
the Sylvester formula. In fact, for y — 1, the limit can be computed term
by term as follows:

o0 3n“—n
¢z w (L= y@®™) (y; @)n
G QPDoo = — lim(~y
(@ a) ,;) (¢ O)n ) 1—y
= (Q; Q)n—l 3n2—n
= 14+ (-){1-¢" =g
; { J (¢ @)n

= 1+ > (-)*{1+ q”}qgni‘%

n=1






