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On the k-measure of partitions and distinct

partitions

George E. Andrews, Shane Chern & Zhitai Li

Dedicated to Ian Goulden and David Jackson

ABSTRACT The k-measure of an integer partition was recently introduced by Andrews, Bhat-
tacharjee and Dastidar. In this paper, we establish trivariate generating function identities
counting both the length and the k-measure for partitions and distinct partitions, respectively.
The 2-measure case for partitions extends a result of Andrews, Bhattacharjee and Dastidar.

1. INTRODUCTION

The study of sequences in partitions has its origin in Sylvester’s seminal paper [10,
Item (16), p. 265]. His result can be translated into the modern language of integer
partitions as follows.

THEOREM 1.1 (Sylvester). The number of partitions of n into odd parts with exactly k
distinct parts equals the number of partitions of n into distinct parts such that exactly
k sequences of consecutive integers occur in each partition.

Along this road, we also witness the pioneering work of MacMahon [9, Section VII,
Chapter IV, pp. 49-58], Hirschhorn [8, Chapter 5, pp. 51-56] and many others. Briefly
speaking, in these work, the main objects are sequences or certain subsequences of
parts in partitions in which some sort of difference conditions are satisfied. From this
perspective, Andrews, Bhattacharjee and Dastidar [4] recently introduced a family of
new statistics for partitions, which they called k-measure.

DEFINITION 1.2. The k-measure of a partition is the length of the largest subsequence
(not necessarily consecutive) of parts in a partition in which the difference between
any two consecutive parts of the subsequence is at least k.

EXAMPLE 1.3. Given a partition A =11+8+8+7+4+ 2+ 2+ 1, its k-measure for
small k and the corresponding maximal subsequences are summarized as follows:
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k k(M) maximal subsequence(s)

1 6 (11,8,7,4,2,1)

2 4 (11.8.4.2), (11,8,4,1), (11,7,4,2), etc.
3 4 (11,8,4,1), (11,7,4,1)

4 3 (11,7,2), (11,7,1)

5 2 (11,4), (11,2), (11,1), (8,2), etc.

As remarked in [4], the 1-measure of a partition is the number of distinct parts
in this partition. The objective of [4] is to build a surprising connection between the
2-measure and the Durfee square of partitions. Here the Durfee square of a partition
is the largest square that fits inside the Ferrers diagram of this partition.

THEOREM 1.4 (Andrews et al.). The number of partitions of n with 2-measure m
equals the number of partitions of n with Durfee square of length m.

Throughout, let & and 2 denote the set of partitions and the set of partitions
into distinct parts, respectively.

Given any partition A, we denote by |A| the size, that is, the sum of all parts of A,
by £()\) the length, that is, the number of parts of A, and by px(n) the k-measure of
A for positive integers k.

Let the g-Pochhammer symbol be defined for n € NU {oo}:

(A;q)n = 1:[(1 - Agh).

k=0

Our first objective is to establish trivariate generating function identities enumer-
ating both the length and the k-measure of partitions.

THEOREM 1.5. For k > 1,

(1) Z yeo\)zuk(/\)q\kl _ 1 (—1)”y”q”(”+1)/2(z; qk—l)n.
AP (Ya: 2o 2= (@ @)n

Also, assuming that |z| < 1,

- z
@) Z yt ) 2N oA — (26" Vo Z (¢F1; gk 1

AP "50 ; Jn(Ye @) (h—1)n

n

From a combinatorial perspective, the 2-measure case of the above result yields an
extension of Theorem 1.4.

COROLLARY 1.6. The number of partitions of n with £ parts and 2-measure equal to m
s the same as the number of partitions of n with ¢ parts and Durfee square of length
m.

ExAMPLE 1.7. Considering partitions of 9 with three parts, we summarize their 2-
measure and Durfee square length as follows. Among the seven partitions, one par-
tition has 2-measure/Durfee square length 1, five partitions have 2-measure/Durfee
square length 2, and one partition has 2-measure/Durfee square length 3.
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partition 2-measure Durfee square length
T+1+1 2 1
6+2+1 2 2
o+3+1 3 2
5+24+2 2 2
44+4+1 2 2
4+34+2 2 2
3+3+3 1 3

We also have a corollary that builds a connection with partitions into distinct odd
parts.

COROLLARY 1.8. The excess of the number of partitions A of n with £(\) + p2(X) even
over those with {(\) + u2(\) odd equals the number of partitions of n into distinct odd
parts.

ExXAMPLE 1.9. Considering partitions of 5, we summarize their 2-measure and length
as follows. Among the seven partitions, 4 partitions are such that £(\) 4+ p2(X) is even
and 3 partitions are such that £(\) + p2(A) is odd. Also, there is 1 = 4 — 3 partition
of 5 into distinct odd parts.

A p2(A)
5 1
4+1 2
3+2 1
2

1

1

1

3+1+1
24+2+1
2+14+1+1
1+1+1+1+41

~
U W W NN =T
S~—
~
—
>
~—
o otk ot ro| T
=
no
—
>
~—

Our next objective is to investigate an analog for partitions into distinct parts.

THEOREM 1.10. For k > 1,

3) Sy g = (g g)o 3 (-1 @(/ 'q )( y
\ED n>0 & )n

Also, assuming that |z| < 1,

—Yq; Q) kn2"
(@) S O = (a1t Y D

g
= = (@5dh)n
Theorems 1.5 and 1.10 immediately reveal two unexpected nonnegativity results.

COROLLARY 1.11. Let k > 1. In the series expansions of

1 Z (_1)nynqn(n+1)/2(z; qk)n
W@ @)oo 255 (4 O)n

and

—1)"y"q"(2:¢")n
(_yQ;q)ooZ( ) . (&)
n=0

the coefficient of y*2™q" is always nonnegative.
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2. ¢-DIFFERENCE EQUATIONS

Throughout, we define for k > 1

Fr(y) = Fr(y,2,q) Z Yt e () g AL
AEP

Gi(y) = Gi(y,2,q) == D y*M Mg,
AED

Our task in this section is to construct g-difference equations for Fj(y) and G (y).

Let o(\) be the smallest part of a partition A\. We start with a trivial observation.
If we add a positive integer j to each part of A, then the resulting partition A* has
LX) =L(N), pe(A*) = pk(A) and o(N*) > j + 1. Therefore,

Z yf(/\)zuk(/\)qMI — Fk(yqul),

AP
oV
Dy Vg = Gy (yg ).
AED
oV
Thus,
(5) Fu(y) — Fr(yq) = D y"MamMNghl
AP
o(N)=1
(6) Gi(y) — Gilyg) = D y"MzmMNghl,
AED
oc(A)=1

On the other hand, given a partition A with o(A) = 1, we delete all parts of size
1,2,...,k and call the resulting partition A’. Then, o()\') > k+ 1. We also claim that
pr(A) = pp(N) + 1. To see this, we assume that pg(\) = m, which means that there
exists an m-member subsequence S of parts in A\’ such that the difference between
any two consecutive parts of this subsequence is at least k. Also, no such (m + 1)-
member subsequence exists. Note that all parts in S are at least k 4+ 1. Since 1 is a
part in A, then S U {1} gives an (m + 1)-member subsequence of parts in A so that
the requirement of k-measure is satisfied. Thus, pg(N) > m+1 = ug(N) + 1. To show
pe(A) < m+ 1, we simply assume that these is an (m + 2)-member subsequence of
parts in A with the requirement of k-measure satisfied. Since 1,2,...,k cannot be
simultaneously in this subsequence, then we arrive at a subsequence of length at least
m + 1 of parts in A\’ wherein the requirement of k-measure is satisfied. This results in
a contradiction. Therefore, we are led to the desired claim pg(A) = pp(N') + 1. Thus,

B yzq () () A
(7) ') e (N gAML — y' Nz q
g:@ (1 —yg)(1 —yg®)--- (1 - yq) é
oc(A)=1 o(N)=k+1
yzq k
= Fi.(yq

(yq; )k (")

and

(®)

Z yé()\)zuz(/\)ql)\l _ yzq(l + yq2>(1 + ng) o (1 + qu) Z yf()\)zufz()\)q\/w

D \eD
o(N=1 o(N)Zk+1

= y2a(—ya* @)r—1Gr(yg").
In light of (5)—(8), we have the following g¢-difference equations.
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LEMMA 2.1. For k > 1,

) Fiu(y) - Fi(yq) = (yzj) Fii(yg")
and
(10) Gr(y) — Gr(yq) = y2a(—yq®; )k—1Gr(yq").

3. PROOFS OF THEOREM 1.5 AND COROLLARIES 1.6 AND 1.8

We first prove Theorem 1.5.
Proof of Theorem 1.5. We first multiply by (y¢; ¢)o on both sides of (9). Then,

(¥4 @)oo Fr(y) — (1 = ¥0) (¥4”; @)oo Fr(yq) = y2a(yq" " @)oo Fr (y").-
Let us define
Sk(Yy) = (Y& @)oo Fr (y)-
Thus,
(11) Sk(y) — (1 — ya)Sk(ya) = yzqSk(yq").
We further write

Sk(y) :== Z sp(n)y™.

n=0

Then s;(0) = Sk(0) = Fi(0) = 1. Further, for n > 1, we deduce from the above
g-difference equation for Sk (y) that

sp(n) — (sk(n)q" —qsk(n — 1)q"_1) = zqsp(n — l)qk(”_l).
Therefore,
se(n)  —q"(1 — 2z DD
sp(n—1) 1—qn '

We then have
(71)nqn(n+1)/2(z; qkfl)n
(¢ Dn

sp(n) =

)

and therefore,

(—1)"yngn D2 (2 gk,
S(y) = :
= (% @)n

Since Fi(y) = Sk(y)/(yq; ¢)oo, the first part of the theorem follows.
For the second part of this theorem, we recall Euler’s first and second identities [2,
Corollary 2.2, p. 19]:

(12) S
and

(13) (@)oo= Y

(_t)mqm(m—l)/2
(4 @Dm
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Thus,
P B 1 (_l)nynqn(n—i-l)/Q(Z’ qk_l)n
k(y) = ; :
(ya; q)oo = (43 )n
_ — oo Z n(n+1)/2 1
(Vg oo 55 i @On (zqth=Vn; gk=1)
Py o n(n+1)/2 L (k—1)mn
25 oo q
(by (12)) =
(¥ @)oo ;) mz;() (A L
_ 1 oo Z Z (_l)nynqn(n+1)/2+(k71)mn
(g @)oo 25 ( m 5 (¢ Dn
_ »a OO (k—1)m+1.
(by (13)) = yq 14) oo
’ (¥4 @)oo mz>o )m( )
zm
= (%¢" Voo .
mgo ("5 ¢ V)m(Ya @) (k—1ym
This proves (2). O

REMARK. Our proof of (2) from (1) is based on the so-called “Heine’s method.” In
fact, such a deduction is an instance of the generalized Heine transformation:

a;¢")n(0; Qnnt™ (at; ") oo ~— (€

=5 ("4 Dn ( oo (13 qh

n=0

which first appeared in [1, Lemma 1, p. 577]. Setting h = k — 1, t — 2, ¢ — yq and
letting a,b — 0 in the above, we will see the equivalence between (1) and (2).

Corollary 1.6 is an immediate consequence of Theorem 1.5.
Proof of Corollary 1.6. Letting k = 2 in (2), we have
L(A) 2 (N) Al — (- <
Dy VNN = (zg)0 >
e o (@ Dn(ys:0)n
Recall Heine’s third transformation [7, (IIL.3), p. 359]:
,b abz/c; q) o ,c/b abz
2¢1 (a ;qaz> = %QQﬁl <C/a C/ 345 ) )
¢ (210) ¢ c
where the 57 series is defined for |z| < 1 by

201 (a bq, ) sz"

=5 (690)n(ca)n

n

Putting a = yq/7, b = z/7, ¢ = yq and z = 72 and letting 7 — 0 in the above, we

find that Iz
. yq/T,2/T 9 2"
lim 2¢ < ;q,7>= 2 q —_—
0 g ( )wg(q;q)n(@/q;q)n
Thus,
15 £ g2 (N g A = iy (yq/T’Z/T; ,72>
(15) A;@y g™ = Timoen (77 g

_ ynznan
- Z ( .

o WG On(g:0)n
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On the other hand, given a partition A, let D(\) be the length of its Durfee square.
It suffices to show that

2
T PN = 3 &
= =5 a5 @)n(g; @)n
To see this, we simply decompose a partition with Durfee square of length n as in
Figure 1. Then the Durfee square generates y"z"q”Q; the block below the Durfee
square generates 1/(yq; q)n; the block to the right of the Durfee square generates
1/(q; q)n- The desired identity therefore follows. O

FIGURE 1. Decomposing a partition with Durfee square of length n

n N 7L2

Yy zq

(Y @)n

Lastly, we show Corollary 1.8.

Proof of Corollary 1.8. Recall the following special case of the Bailey—Daum summa-
tion [2, Corollary 2.7, p. 21]:

(a; q)nqn(n+1)/2 )
(16) = (6 9) (a8 ") o
n%% (4 9)n
Setting k =2 and y = z = —1 in (1), then
_1- n(n+1)/2
Z(_l)e(,\)+u2(>\)q|,\| _ 1 Z( 15 q)ng" "t/
fer (@ @) 5 (¢ @)n
. 2
oy (1)) = T 9oe(Z0¢7)oc
(—4: )0
= (44 co-

This immediately implies the desired result. 0

4. PROOF OF THEOREM 1.10
In this section, we proceed with a proof of Theorem 1.10.

Proof of Theorem 1.10. We first divide by (—vq?; ¢)so on both sides of (10). Then,

Gely)  Grlyg) _ ~ Gilyd")
S +yq>(*yq;q)oo T R e e N
Let us define Golw)
L kY
Tily) := (—Y¢: @)oo
Thus,
(17) (1+ya)Ti(y) — Te(ya) = yzaTr(yq").
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Let us further define
Ti(y) ==Y tr(n)y™
n=0
Then ¢4 (0) = Tx(0) = Gx(0) = 1. Further, for n > 1, the above g-difference equation
for Ty (y) yields
(te(n) + qtr(n — 1)) — tp(n)g" = zqtr(n — 1)gF =1,
that is,
t(n) _ —q(1—2¢"""Y)

te(n—1) 1—q»

We then arrive at
(=1)"q" (24" )n
tv(in) = ——— 4~~~ 7~
() (4 @)n

and therefore,

(=1)"y"q"(2:¢")n
Ti(y) = Z ; :
= (¢ Dn
Recalling that Gi(y) = (—yq; @)oo Tk (y), we are led to the first part of the theorem.
For the second part, we may set h = k, t — z, b — —yq and let a,¢ — 0 in (14)
to obtain the equivalence between (3) and (4). We also supply a proof using Heine’s
method as follows.

—1)» nqn z;qk
Gk(y)Z(—yq;q)wZ( )y, (#)n
= (% @)n
& (_1)nynqn 1
= (—yq: @)oo (2: ¢
( Jool )mé (G (26" 0"
(71)nynqn qukmn
by (12)) = (—Yq; @)oo (23 ¢¥)
T mgo (4 9)n go(q’“;q’“)m
Zm (_1)nynqn+kmn
= (—y¢; @)oo (2 ¢")
T mé:o (@"5 6" )m n%% (4 0)n
2™ 1
by (12)) = (—Yq; @)oo (23 ¢")
Y - °° m%:() (0% ¢")m (—ya*™ 15 q) oo
(—Y¢ Drmz™
= (4" .
Oomézo (4% ¢")m
This proves (4). O

5. CONCLUSION

From the proofs of Theorems 1.5 and 1.10, we have a new witness of the power of
g-difference equations in the study of partition generating functions. However, the
succinctness of the expansions appearing in Theorems 1.5 and 1.10 suggests that
the underlying combinatorics merits further investigation. An anonymous referee has
commented that there should be a truly combinatorial proof of our main results,
relying on some subtle interpretations of the series on the right-hand sides of (1)—(4).
We agree but were unable to produce it. We hope that others will have more success.
It is also remarkable that in a recent preprint, Binner [6] provided a combinatorial
treatment of our Corollary 1.8.
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Also of significant interest is the fact, as we have pointed out, that all the expansions
in Theorems 1.5 and 1.10 are instances of the generalized Heine transformation (14)
due to Andrews, which was further extended by Bhatnagar [5, Theorem 2.1]:

) Y (a;¢")n(b;¢7)mnt" — (b;¢7)oo at q Z (c/b; ¢ )nltiq )gnb’ﬂ

= (@ d)n(Gd ) (¢ (@707 )n(at: g")jn

n=0

Such Heine-type transformations play a substantial role in the exploration of many
of Ramanujan’s identities from his Lost Notebook [3, p. 6]. This suggests further
combinatorial studies of the generalized Heine transformations.

Acknowledgements. We would like to thank an anonymous referee for bringing Bhat-
nagar’s transformation formula (18) to our attention.
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