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A generalisation of two partition theorems of
Andrews

Jehanne Doussef

1LIAFA, Université Paris Diderot - Paris 7, 75205 Paris cedex 13, France

Abstract. In 1968 and 1969, Andrews proved two partition theorems of the Rogers-Ramanujan type which generalise
Schur’s celebrated partition identity (1926). Andrews’ two generalisations of Schur’s theorem went on to become two
of the most influential results in the theory of partitions, finding applications in combinatorics, representation theory
and quantum algebra. In this paper we generalise both of Andrews’ theorems to overpartitions. The proofs use a new
technique which consists in going back and forth from g-difference equations on generating functions to recurrence
equations on their coefficients.

Résumé. En 1968 et 1969, Andrews a prouvé deux identités de partitions du type Rogers-Ramanujan qui généralisent
le célebre théoreme de Schur (1926). Ces deux généralisations sont devenues deux des théoremes les plus importants
de la théorie des partitions, avec des applications en combinatoire, en théorie des représentations et en algebre quan-
tique. Dans ce papier, nous généralisons les deux théoremes de Andrews aux surpartitions. Les preuves utilisent une
nouvelle technique qui consiste a faire des allers-retours entre équations aux g-différences sur les séries génératrices
et équations de récurrence sur leurs coefficients.
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1 Introduction

A partition of n is a non-increasing sequence of natural numbers whose sum is n. An overpartition of n
is a partition of n in which the first occurrence of a number may be overlined. For example, there are 14
overpartitions of 4: 4,4,3+1,3+ 1,3+ 1,34+ 1,242,2+2,2+14+ 1,241+ 1,24 1+1,2+1+1,
1+14+1+landT+14+1+1.

In 1926, Schur [Sch26] proved the following partition identity.

Theorem 1.1 (Schur) Let n be a positive integer. Let D1(n) denote the number of partitions of n into
distinct parts congruent to 1 or 2 modulo 3. Let F(n) denote the number of partitions of n of the form
n=MA+---+ s where \; — \jy1 > 3 with strict inequality if \;+1 =0 mod 3. Then D1 (n) = E1(n).

For example, for n = 9, the partitions counted by D;(9) are 8 + 1, 7+ 2 and 5 + 4 and the partitions
counted by F1(9) are 9,8+ 1 and 7 + 2. Thus D;(9) = E1(9) = 3.
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Several proofs of Schur’s theorem have been given using a variety of different techniques such as
bijective mappings [Bes91, Bre80||, the method of weighted words [AG93], and recurrences |And67,
And68bl IAnd71].

Schur’s theorem was subsequently generalised to overpartitions by Lovejoy [LovO05l], using the method
of weighted words. The case k = 0 corresponds to Schur’s theorem.

Theorem 1.2 (Lovejoy) Let D1(k,n) denote the number of overpartitions of n into parts congruent to 1
or 2 modulo 3 with k non-overlined parts. Let F1(k,n) denote the number of overpartitions of n with k
non-overlined parts, where parts differ by at least 3 if the smaller is overlined or both parts are divisible
by 3, and parts differ by at least 6 if the smaller is overlined and both parts are divisible by 3. Then
Dl(kv n) = El(ka n)

Theorem was then proved bijectively by Raghavendra and Padmavathamma [RP09], and using
g-difference equations and recurrences by the author [Doul4]].

Andrews extended the ideas of his proofs of Schur’s theorem to prove two much more general theorems
on partitions with difference conditions [And69, IAnd68a]]. But before stating these results in their full
generality we need to introduce some notation. Let A = {a(1),...,a(r)} be a set of r distinct integers
such that Zf:ll a(i) < a(k) forall 1 < k < r and the 2" — 1 possible sums of distinct elements of A are
all distinct. We denote this set of sums by A’ = {a(1),...,a(2" — 1)}, where (1) < --- < (2" — 1).
Let us notice that a(2¥) = a(k + 1) forall 0 < k < r — 1 and that any « between a(k) and a(k + 1) has
largest summand a(k). Let N be a positive integer with N > (2" — 1) = a(1) + - - - + a(r). We further
define «(2") = a(r + 1) = N + a(1). Let Ay denote the set of positive integers congruent to some
a(i) mod N, —A the set of positive integers congruent to some —a(i) mod N, A’ the set of positive
integers congruent to some a(i) mod N and —A’y the set of positive integers congruent to some —a(i)
mod N. Let By (m) be the least positive residue of m mod N. If o € A’, let w(«) be the number of
terms appearing in the defining sum of « and v(«) the smallest a (%) appearing in this sum.

To illustrate these notations in the remainder of this paper, it might be useful to consider the example
where a(k) = 2k=1 for1 < k < r and ak)=kforl <k<2"—1.

We are now able to state Andrews’ generalisations of Schur’s theorem.

Theorem 1.3 (Andrews) Let F(—An;n) denote the number of partitions of n into distinct parts taken
from —Ap. Let G(—Ay; n) denote the number of partitions of n into parts taken from — A’y of the form
n=MA +---+ A\, such that

Ai = Aig1 = Nw(Bn (=) +v(Br (=) — By (=),
and As > N(w(Bn(—As) — 1). Then F(—Apn;n) = G(—Aly;n).

Theorem 1.4 (Andrews) Let D(Apn;n) denote the number of partitions of n into distinct parts taken
from Ay. Let E(Aly;n) denote the number of partitions of n into parts taken from A’y of the form
n=>A +---+ A\, such that

Ai = Ait1 = Nw(By (Nit1)) +v(Bn (Ait1)) — By (Aig1).-

Then D(An;n) = E(Aly;n).
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Not only have Andrews’ identities led to a number of important developments in combinatorics [[A1197,
CLO6! [YeeOS8] but they also play a natural role in group representation theory [AO91] and quantum alge-
bra [[Oh15].

As Schur’s theorem generalises to overpartitions and the author was able to generalise the particular
case N = 7,r = 3,a(1) = 1,a(2) = 2,a(3) = 4 of Theorems|[1.3|and[1.4]in [Doul4], it was interesting
to see whether it was possible to extend Andrews’ theorems in their full generality to overpartitions. We
answer this question by proving the following.

Theorem 1.5 Let F'(—Ay; k,n) denote the number of overpartitions of n into parts taken from — Ay,
having k non-overlined parts. Let G(—A'y; k,n) denote the number of overpartitions of n into parts
taken from —Aly of the formn = X1 + - - - + A, having k non-overlined parts, such that

Ai = Xip1 = Nw (Bn (=) — 1+ x(Nis1)) +v(Br (=) — Bn(=Xi),

As = N(w(Bn(=As)) = 1),
where x(Ait1) = 1if Nit1 is overlined and 0 otherwise. Then F(—Apn; k,n) = G(—Aly; k, n).

Theorem 1.6 Let D(An; k, n) denote the number of overpartitions of n into parts taken from Ay, having
k non-overlined parts. Let E(A'y; k,n) denote the number of overpartitions of n into parts taken from
A of the formn = Ay + - -+ + X, having k non-overlined parts, such that

Xi = Xig1 > Nw (By (Aig1) = 1+ x(Nit1)) +0(Bn (Nit1)) = By (Niga).
Then D(An;k,n) = E(Ay; k,n).

Theorem [1.1] (resp. Theorem [1.2) corresponds to N = 3, r = 2, a(1) = 1, a(2) = 2 in Theorems[1.3]
and [[.4] (resp. Theorems [I.5]and [I.6). Again, the case k = 0 of Theorem [I.5] (resp. Theorem gives
Theorem [I.3](resp. Theorem|[I.4).

Let us illustrate Theorems and with examples where N = 7, r = 3, a(1) = 1, a(2) = 2,
a(3) = 4. For Theorem|1.5] the overpartitions of 8 counted by G(—A%; k, 8) are 8, 8, 5+ 3 and 5+ 3. The
overpartitions of 8 into parts congruent to 3, 5 or 6 modulo 7 (counted by F'(—Az; k,8)) are 5+ 3,5 + 3,
5+ 3 and 5 + 3. In both cases, we have 1 overpartition with 0 non-overlined parts, 2 overpartitions with
1 non-overlined part, and 1 overpartition with 2 non-overlined parts. For Theorem[I.6} the overpartitions
of 4 counted by E(A%; k,4) are4,4,3+1,3+1,2+2,2+2,24+1+4+1,2414+1,14+1+1+1and
1+ 1+ 1+ 1. The overpartitions of 4 into parts congruent to 1,2 or 4 modulo 7 (counted by D(A~; k, 4))
are4,4,2+2,2+2,24+1+1,2+1+1,241+1,24+1+1,1+14+1+1and1+1+1+1. Inboth
cases, we have 1 overpartition with 0 non-overlined parts, 3 overpartitions with 1 non-overlined part, 3
overpartitions with 2 non-overlined parts, 2 overpartitions with 3 non-overlined parts and 1 overpartition
with 4 non-overlined parts.

While the statements of Theorems @] and @] resemble those of Andrews’ theorems, the proofs are
considerably more intricate and involve a number of new ideas. The proof of Theorem [[.6]is presented
in its entirety in the paper [Doul3d], while the present paper is devoted to an outline of the proof of
Theorem [I.5] which is stated here for the first time. Full details will appear in a future publication. First,
we give the recurrence equation satisfied by the generating function for overpartitions enumerated by
G(—Ay; k,n) having their largest part < m, using some combinatorial reasoning on the largest part.
Then we prove by induction on r that the limit when m goes to infinity of a function satisfying this
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o (=gN TN
J=1 (dgN =gV )oo
counted by F(—Ay; k,n). Here we use the classical notation (a; q),, = H;.L:_Ol(l —ag’).

The proof of Theorem|I.6]is somewhat similar. First, we give the g-differential equation satisfied by the
generating function for overpartitions enumerated by E(A’y; k, n), using some combinatorial reasoning

on the smallest part of the overpartition. Then we prove by induction on 7 that a function satisfying this

: P o (=q*9igN) e
g-difference equation is equal to [ ;_, @@ )

counted by D(Ay; k,n). However, we will not enter into further details here.

recurrence equation is equal to ] , which is the generating function for overpartitions

, which is the generating function for overpartitions

2 The recurrence equation

In this section, we establish the recurrence equation satisfied by the generating function for overpartitions
enumerated by G(—A'y; k, n) having their largest part < m.

Let n,m € N*, k € N. Let m,,,(k,n) denote the number of overpartitions counted by G(—A'y; k,n)
such that the largest part is < m and overlined. Let ¢, (k, n) denote the number of overpartitions counted
by G(—A'y; k,n) such that the largest part is < m and non-overlined. Then ., (k,n) := m,(k,n) +
®m (k,n) is the number of overpartitions counted by G(—A’y; k, n) with largest part < m.

Lemma 2.1 We have

'l/)jN—oz(m) (ka Tl) - q/}jN—oz(m+1)(kv 7’L)
= YiN—w(a(m))N=v(a(m))(k;n — jN + a(m)) ey
+Yj N (w(a(m))—1)N—v(a(m)) (k — 1,n — jN + a(m)).

Proof: Let us first prove the following equation:

ﬂ-jN—a(m)(kan) = jN—a(m—i—l)(kvn)
+ 7T-jwa(oz(m))Nf'u(oz(rn))(kv n—jN+ a(m)) 2
+ (ij—(w(oz(m))—l)N—v(a(m))(k7 n-— jN + a(m))

We break the overpartitions counted by 75—« (mm) (K, n) into two sets : those with largest part < jN —
a(m) and those with largest part equal to j N — «(m). The first set is counted by 7; 5 _q (m+1)(k, 1), and
the second by

TN —w(a(m))N—v(a(m)) (B, = FN +a(m)) + ¢j N (w(a(m))-1)N—v(a(m)) (k;n — FN + a(m)).

To see this, let us consider an overparition n = A; + Aa + - -+ + A, counted by 7;n_a(m)(k,n) with
largest part equal to N — a(m). Now remove its largest part A\; = jN — a(m). The number partitioned
becomes n — jN + «(m). The largest part was overlined so the number of non-overlined parts is still k.
If Ay was overlined, then we have

A2 < A —w(a(m))N —v(a(m)) + a(m)
<JN = w(a(m))N —v(a(m)),
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and we obtain an overpartition counted by 7§ _w(a(m))N—v(a(m)) (k; 7 — jN 4+ a(m)). If Ao was not
overlined, then we have

A2 1N —v(a(m)) + a(m)

A1 — (w(a(m))
N — DN —v(a(m)),

JN — (w(a(m))

IAIA

and we obtain an overpartition counted by ¢, n— (w(a(m))—1)N—v(a(m)) (k7 — FN +a(m)).
In the same way we can prove the following

BiN—a(m)(k;n) = diN—a(ms1)(k,n)
+ 7TjN7w(o¢(rn))va(oz(m))(k -Ln—jN+ a(m)> 3)
+ d)jN—(w(a(m))—l)N—v(a(m))(k -Lin- JN + a(m))

Adding equations (2)) and (3) and noting that for all m, n, k, 7, (k — 1,n) = ¢, (k,n) (we can either
overline the largest part or not), we obtain equation (). O

We define, form > 1, |q| < 1, |d| < 1,

Im = gm(qa d) =1+ Z Zwm(ka n)Qndka

n=1 k=0

and forall 0 < k < r — 1, we set g_,,(q,d) = (—d)* for all kN < m < (k 4 1)N. This definition is
consistent with (I)) and the condition that A\ > N(w(8n(—Xs)) — 1).
Thus equation (T]) leads to the following recurrence for (g, ):

—af

giN—a(m) = ng—oz(7rz+1)+qjN m)ng—w(a(m))N—v(a(m))

. “4)
N—a(m
+dg?™ ™) gin (wa(m)) — 1N —v(a(m)-

Let 1 < k < r+ 1. Adding equations (@) together for 1 < m < 2*~! — 1, using the fact that a (2*71) =
a(k), and after some manipulations in the sums, we obtain the following recurrence
(1 - dqjN_a(k)) 9iN—a(k) = ngfa(kJrl)+qN_a(k)g(j71)N7a(1)

N—a(k) G-1)N ©®)
+q (1 —q’ ) 9(j—1)N—a(k)-

We want to find the recurrence equation satisfied by (g¢n—q(1))ecn. Before doing so, we must recall
some facts about g-binomial coefficients defined by

(1-q)(1-¢?)...(1—q")

{m] = Aza™)(i-g")..(1=a" ") if0<r<m,
q 0 otherwise.

r

They are g-analogues of the binomial coefficients and satisfy g-analogues of the Pascal triangle iden-
tity [Gas90].
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Proposition 2.2 For all integers 0 < r < m,

= ®
P r q r—1 q

m m—1 mer|m—1
I i o >
r q r q r q
As g — 1 these equations become Pascal’s identity.
Now by induction on k and using equation (3]) we can prove the following.

Lemma 2.3 For1l <k <r+ 1, we have

k-1
H (1 - dqm_a(j)) 9eN—a(1) = GeN—a(k)
j=1

J . .
m —a m— m— J+m_]‘ m emn |J T M
- Soam 3 o™ ((—1) gt ”N{ i } e N{ . } N)
q- q-

Jj=1 m=0 a<a(k)
w(a)=j+m

j—1
X H (1 - qw*h)N> 9(t—j)N—a(1)-
h=1
3)
Writing ug := gy _q(1) and setting k = 7+ 1 in Lemma we obtain the desired recurrence equation

r r—j . .
+ dm Z qZNfa (71)m71ql(m71)N |:j +m— 1:| + (71)mquN |:] + m:|
N m-lg-n

° m—1
j=1 | m=0 a<a(r+1)
w(a)=j+m
j—1
X (1 - q(éfh)N) Ug—j,
h=1

(reCN,r)
with the initial conditions u_; = (—d)* forall 0 < k <r — 1.

3 Evaluating zhm uy by induction
—00

In this section, we evaluate elim ug, which is the generating function for partitions counted by G(—A'y; k, n).
— 00

To do so, we prove the following theorem by induction on r. The idea of the proof is to start from a func-

tion satisfying (rec N,T) and to do some transformations to obtain a function satisfying (rec Nﬂ«_l) in order

to use the induction hypothesis.
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Theorem 3.1 Let r be a positive integer. Then for every N > «(2" — 1), for every sequence (Um,)men
satisfying (recy ) and the initial condition ug = 1, we have
r(_ N-a(k). N
. q 14" )oo
lim uy = | I
00 o (dgN =) gN) o

Proof: Let us start by the initial case » = 1. Let N > a(1) and (u,,) such that ug = 1 and

(1 — dq@N““”) w = (1 + q“v_“(l)) Up— 1. (recn,1)

Then
(=g"~"Wig"),
(dgN=aW; g,

Taking the limit as ¢ goes to infinity gives the desired result.

Now assume that Theorem[3.1]is true for some r — 1 > 1. We want to show that it is true for 7 too. Let
N > a(2" — 1), and (t,)men satisfy (recy ) and the initial condition uy = 1.

For all m, let

Uy =

1_dqjN a(r)
/Bm:—umH 1—qJN .

Then By = 1 and after some calculation we can show that (3,,,) satisfies

1+i &1 Z O+ & Z qg “ qﬂN Be
j=1

a<a(r) a<a(r)
w(a)=j-1 w(e)=j (recly )

r r min(j—1,h—1)

=Ber )] Z Chyibh—r,i (1) "N B,

j=1h=1

where
(k+1) j—1
Ck,j ‘= ( NE k2 H—ka(r) |:J k :| dka

q—N

and

_ _ _ j+m-—-1
by i = dm 1 @ m o ]
J D, atHdm ) g [ e 1 ] R
a<a(r+1) a<a(r+1) q
w(a)=j+m—1 w(a)=j+m

Now let us define for all |z| < 1,

oo
= Bna”
m=0



304 Jehanne Dousse

Then f(0) =1 and

T

(I=2)f@)=>_|d™" > ¢+d" Y q°

m=1 a<a(r) a<a(7

w(a)=m-1 w(a)= (eqn )

r min(j—1,m—1)

+y Z Cho bt @ N | (—1)"H f (g™ ).
j=1

After some calculation and using properties of g-binomial coefficients we can show that this can be rewrit-
ten as

r r—1 j+m—1
(ERFOES 30 Bl L TED SENFEET LD SRR | B

m=1 j=0 a<a(r) a<a(r)
w(a)=j+m—1 w(a)=j+m
X (—1)mHgdgimN H (1 +quNfa(r)> Flag™).
k=1

It is thus natural to consider the function
f(x)
Hltil (1 + quNfa(r))

g(x) =

We obtain that g(0) = 1 and

(1 - 1‘)9(56) = Z i arn—t Z g +d™ Z g [] ;‘1‘”7’11; 1:|
) N

m=1 j=0 a<a(r) a<a(r
w(a)=j+m—1 w(a)=j+m

% (_1)m+1quijg($qu).

Now let us turn back to recurrence equations again by writing g(z) =: >~ spx". Then so = 1 and

(1—¢™ H(l—dq“v o ))SzZSH

r—1 [ r—j—1
DI
j=1 m=0 a<a(r)
w(a)=j+m

We are now able to get back to (recy _1). Let us define

¢
Ly = H (1—qu s
k=1

m —« m— m— ]+m71 m fm ]+m
U e <( 1)mtg ”N{ i } D q" N{ - ] N) St—j.
q- q-
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Then o = 1 and (pe) satisfies

1:[ ( —dg"™N e ”) He = fhe—1

r—j—1

J .
m —« m— m— +m—1 m _fm +m
+ Z am Z N ,<( 1) 1@( 1)N|:j " } N+(_1) ¢ N|:.7m } N)
q- q-

m=0 a<a(r)
w(a)=j+m

j—1
<] (1 — q“_h)N) fio—;
h=1
(reCN,r—l)

We can now use the induction hypothesis. As 1o = 1 and (fi,,) satisfies (recy 1)), we know that

\]
|
—

<.
Il
_

r—1 —a
(—gN k) gV

= kl;[l (dgN=2®);gN)

Therefore by definition of (s,),

r—l N a(k).
. ;0N ) oo
im = T o

—
o )oo k=1

We have
i Bra™ = f(x) = ﬁ (1 + a?q’“N‘“(’“)) g(x) = ﬁ (1 + xq'“N‘“(”) i Smr™. (9)
m=0 k=1 k=1 m=0

We multiply both sides of (9) by (1 — z) and we apply Appell’s Comparison Theorem [Die57, p. 101].
We obtain

oo _ N—a(r). Ny 71 N—a(k). ,N
. _ kN—a(r) (—¢ 10" )oo 1T (=4 ;q")
P = kli[l <1 o ) L T (N ) kUl (dgN=alk); gN)
Thus by definition of (/3;), we have
) 0 1— giN _ Nfa(r); N - r—1. Nfa(k); N
Jm e = H —d ﬂv 2w A e = (qu—am. qN)) [1 ((qu—aw)- qN))
sl —dg q a0 oo 5 (dg 'q
Theorem [3.1]is proved. O
Thus elim ug, which is the generating function for partitions counted by G(—A'y; k,n), is equal to
— 00
I, kel % which is the generating function for partitions counted by F(—Axn;k,n). This

completes the proof of Theorem[I.3]
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4 |deas for future research

In [CLO6], Corteel and Lovejoy proved an even more general theorem of which both of Andrews’ theo-
rems are particular cases. It would be interesting to generalise it to overpartitions too, but new techniques
might be necessary.

It would also be interesting to see if Theorems [I.5]and[I.6]have connections with representation theory
and quantum algebra like Theorem[1.3]and
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