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P. A. MacMahon was the first to examine integer partitions in which consecutive integers were not allowed as parts. Such partitions may
be described as having sequences of length 1. Recently it was shown that partitions containing no sequences of consecutive integers of
length k are of interest in seemingly unrelated problems concerning threshold growth models. The object now is to develop the subject
intrinsically to both provide deeper understanding of the theory and application of partitions and reveal the surprising role of Ramanujan’s
mock theta functions.

1. Preliminaries
n MacMahon’s monumental work on combinatorial analysis (1), we find the first study of partitions without sequences. For example,
there are eight partitions of 7 without sequences: 7,6 + 1,5 +2,5+1+ 1,4+ 1+1+1,3+3+1,3+1+1+1+1,and
1+1+1+1+ 1+ 1+ 1. MacMahon was able to obtain the generating function for such partitions as a g series. He concluded
his chapter on the subject by showing that the number of partitions of » without sequences and without ones equals the number of
partitions of n into parts not congruent to 1 or 5 modulo 6.
Subsequently, in the 20th century, there were a few additional papers (2-4) devoted to furthering the study of such partitions.
Recently, however, Holroyd et al. (5) made an ingenious study of several definite integrals with widespread applications. The main
integral in question is

Yogflx) 7
- fo 761’)6 = %, [1.1]

where 0 < a < b and f = f,, is the unique decreasing function mapping the unit interval into itself and satisfying
FoF - [fx)P=x"—x", 0=x=1. [1.2]

This result has wide application. Holroyd et al. (5) prove an asymptotic theorem in probability.
Let 0 <s < 1, and let Cy, C», ... be independent events with probabilities

P(C,) =1-(1—9)"

under a probability measure P,. (We can think of C,, as the event that at least one occurs of a further set of n independent events,
each of probability s.) Let k be a positive integer, and let A; be the event

Ay = m (CGUCi U U i)

i=1
that there is no sequence of k consecutive C; values that do not occur.

Theorem 1 (5). For every positive integer k,

2 1

3k(k+1) s

—log Py(A,) ~ as s — 0.

Holroyd et al. apply this theorem directly to a central probability question regarding threshold growth models. They also consider
the application of Eq. 1.1 to partitions with short sequences and speculate that it might be possible to base many of
their discoveries on the combinatorial aspects of the theory of partitions.

Indeed, in ref. 5, the more general partition function p(n) is considered; px(n) is the number of partitions of » that do not contain
any sequence of consecutive integers of length k. Thus, from our previous calculation we see that p, (7) = 8. Holroyd et al. also
study the related generating function:
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Gilg) = 2, peln)q". [1.3]

n=0

Using the close connection of G(g) to the probability function Py(A4), they then prove that

2 2 1
IOgGk(q)"*%(l—m)m asqg 1 1. [1.4]

From this result they deduce the asymptotic behavior of log pi(n) as n — <.

In the final section of ref. 5, the authors show for the case k = 2 how to deduce their results from MacMahon’s theorem. Section
4 of ref. 5 concludes with the observation that if Eq. 1.4 could be partition-theoretically proved for general k, then it would allow
a reversal of their arguments and by analytic continuation provide an independent proof of Eq. 1.1.

We shall prove the following results:

Theorem 2. For |q| < 1,

Gilq) = : 2 (_l)sz(kil)(iiﬂk:)l(r;l), [1.5]
@@= = (@54a)(q g™,
where
;) = (1 —A)(1 —Ag)- (1 —Ag""), [1.6]
and
A; q) = lim(4; ). [1.7]

n—o

To make our second result clear, we introduce further notation:

(q(k}rl) ko, qk(k+1))m(q(k§1) v gkl

PO, k; q) := (qFk+D; ghtk+1y , 1.8
v,k q):= ) (q; 9)-(q"; ¢ (18]
(qurlfv; qk+1) A qk(k+1)j+kv
S0, ks q) = (g 4" M) 2, " e [1.9]
=0 q:49 )(k+1)j+v
Theorem 3. For |q| < 1,
k
EZFD
Gul@) = (@5 ¢ NP0, ks ) — 2, P, ks 9)(S(, ks q) — Stk + 1 — v, k; ). [1.10]
v=1

Now the results in Theorems I and 2 are true for all k. In light of the fact that P(v, k; q) is a quotient of three theta functions,
we can easily obtain asymptotic results on it of great accuracy asqg 1 1. On the other hand, we do not yet have enough information
about S(v, k; g) to handle its asymptotics asg 1 1 in general. However, we shall provide a full treatment when & = 2 with the hope
that it may point the way to understanding Gx(q) fully as g 1 1.

It is surprising that the key to the k = 2 case lies in one of Ramanujan’s mock theta functions (6, 7):

. -
X@ =1+ .
= I =g+ a?)

Theorem 4. For |q| < 1,

— 3. 43
e (]

From here we are led directly to the full asymptotics of Ps(4,). Namely:

Theorem 5. Py(4,) ~ V/2 s™12e=m/185s g5 5 | 0.

Note that this is a much stronger result than the & = 2 instance of theorem 2 of ref. 5.

We hope that these initial successes will lead to an effort to understand the many implications of Theorems 1 and 2. In particular,
it would be very appealing to obtain the asymptotics of Py(4x) not just for k = 2.

Numerical calculations of the series arising in Theorem 2 lead us to the following:
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Conjecture. For each k = 2, there is a positive constant Cy such that
.}
P (Ay) ~ Cis™ 2e “3kk+0s as s | 0.
2. Proof of Theorem 1

To accomplish our argument, we must refine Pi(n) to Pr(m, n), the number of partitions of n into m parts containing no sequences
of consecutive integers of length k or longer. We then define

Gilr,q) = 2, pilm, nx"q", [2.1]
m,n=0
and we note that
G (1, q) = Gilq)- [2.21

We begin by noting that Gx(0, g) = 1, and

K1 . (it1 )
742D Gyxg ", g)
Gilx, 9) = Gilaq, 9) + 2, s
= xq; q);

[2.3]

The proof of the functional Eq. 2.3 is quite straight forward. We split the partitions enumerated by G«(x) into k classes, where
the jth class contains those partitions in which 1 occurs in a maximal sequence of precisely j consecutive integers. If j = 0 (i.e., 1
is not a part), then the relevant partitions are clearly generated by Gi(xq, q). If 1 = j = k — 1, the relevant generating function
is easily seen to be

qu1+2+3+~ S
(1 —xq)(1 —xg%)- - (1 — xg)

Gk(xqj+1’ ‘I), [2'4]

and adding up the generating functions for these k exhaustive classes, we obtain Eq. 2.3.
To prove Eq. 1.5 and consequently Theorem 1, we shall prove more generally

kY+(k+1)rq(kzl)(r+,v)2+(k+l)(r;1)
(@~ ¢N(g" T ¢F ) = gilx, q). [2.5]

1
(xq; @)=

E(l)x

Gk(x9 Q)

Once Eq. 2.5 is proved, we may deduce Theorem 1 by setting x = 1 therein and applying Eq. 2.2.

To prove Eq. 2.5, we proceed by denoting the right side of Eq. 2.5 by g«(x, ¢); we need only show that g,(0, ¢) = 1 (which is obvious
by inspection) and that gx(x, ¢q) satisfies the functional Eq. 2.3, which together with g«(0, ¢) = 1 uniquely defines Gx(x, q).

Apart from the right side of Eq. 2.5, there are two other useful representations of gx(x, q). First,

AN ()51 (531 (r+sfl)2+(k+1)(£)(1 — glsHiern
(5 @)=(q" ¢,(g"* 5 ¢,

rs=0

P _1)x—1q(k§1)(r+s>z+(k+1)(’51) N xks+(k+1)r(_l)sq(k;rl>(r+s)2+(k+1)(r;1)
(z; )(q"; ¢")s(g*" 5 g ), (5 @)(q"; 45" "5 g ),

rs=0 r,s=0

{because 1 — gks+(k+1)r= (1 — q(k+1)r) + q(k+1)r(1 — gks)}

) AR 1)sg (K5 erseaern(75Y)
- = g,(x, q), 2.6
(x5 )= ("5 4" ¢, 8x, q) [2.6]

rs=0

by Eq. 2.5.
Second, we may start with the top line of Eq. 2.6, and noting 1 — ¢g&+ ¢+ = 1 — gk + gks(1 — g%+ 1), we see that also
ks Dr( 1)sq(k“)(r+s)2+(k+1)(§) kbR 1)s+]q( )(r+s)2+(k+1 <r+1>+ks
X, q) = + . [2.7]
&k @) 2 wadh a0 g, = (3 @)(q"; 45" 15 447,

We take the representation of gi(x, g) given by Eq. 2.6 and insert it in the right side of the required functional equation

(k+1)r (1+1)(ks+(k+l)r+( 5 )r+s)2+(k+1)(2) k—1

. i+1
RFTL gk Ty - E qu<]2 )
r =0

k*lqu(le)gk(xqj”rl E ; <j+1> E ( 1)5 ks+

(xq; q); N (xq; q) (4" 4)s(q

j=0 Jj=0 rs=0
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( _ 1)s ks+1+( k+1)rq

(xq; q)=(q"; q")s(¢" 5 q

G0k + 14+ 0+ (K3 ozt (75 v
3
+1)r

ks ( k+1)rq(,+1)<ks+<k+1)r)+(kgl) s+ 1)(5)

k .
KTy - 2 qu(JZ)
r j:1

(xq; 9)-(q"; 4")(q"" "5 q

i (E wg(2) 3 L

j=0 r,s=0

>

k+1 k+1)
r

(= 1) ka+(k+1)rqj(k,y+1+(k+1)r)+(k+1)(r+x)z+(k+1)(r;1)+kx
(xq; 9)=(q"; 4")(q

r,s=0
z ( _ 1)sxks+(k+1 rq(ks+(k+1)r)+(k+l)(r+s)2+(k+1)(£) E ( _ 1) xk(s+1)+(k+1
R (xq; 9)-(q"; ¢%)s(g" "' g7, o 6ca5 9)=(q" q)(q" " g,

% qk(ks+1+(k+1)r)+(§) (53 ersrraern (75 +ks)

{because all terms have cancelled except that j = 0 in the first sum and j = k in the second}

ks+(k+1)r ks+(k+1)r+ (r+s)2+(k+1)
E (=D
(xq; q)=(q"; q")s (qk“,qk“)r

rs=0

_ K _ o ks\,ks+(k+1)r
(= D' = g™ ks 1+ 1+ G+ 00+ (5) + (3D s D2+ (751 +kis—1)
(xq. q) (qk. qk) _(qk+1. qk+l) q

r,s=0
(where s has been shifted tos — 1 in the second sum)
1 (= 1)kt k+l)rq(k;rl)(r+s)2+(k+l)<r§1)
gz q)- 2 (g% 4@ g1,
= gk(x7 q)7

by Eq. 2.5, and thus we obtain the desired defining functional equation.
Hence,

gix, q) = Gilx, q),
and thus Theorem 1 follows.

3. Proof of Theorem 2

The object in this second result is to obtain a representation of G(g) that will yield the asymptotics promised in Theorem 3. To this
end, we require several results from the literature. First is Euler’s identity (see p. 490, corollary 10.2.2.b, in ref. 8),

E(

n=0

1)" q( )x

= (2 q)u: 1
@ . = (x; q) [3.1]

next is Jacobi’s triple product identity (see p. 497, theorem 1.4.1., in ref. 8; with ¢ — ¢**, x = ¢**"),

0(a, h; q) — 2 (- 1)s as2+hs — (q2a; an)w(qa+h; an)m(qafh; q2a)w' [3.2]

§=—00

We proceed with the proof of Theorem 2 starting from Eq. 1.5. Hence,

. E (- l)xq(szrl)(Hr)ZHkH)(r:l) i i _1)Sq(kJZrl)(s+r)2+(k+1)(“51)(qk(S+1); ")
G
{9 =1 e Ul R C AN = = (@5 )=(q"5 ") =g "5 "),
_ ~ i (—=1)~ 'q( )’“(k“)( )(qk(Y r), E i E( 1)x—r+jq(kﬁl)s2+(k+1>(”21)+(f§1)k+jk(s—r)
= = (g @)-(q"; ¢")-(g""": g7, N Y B B e A H U N o)

[3.3]
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(by Eq. 3.1)
B e ()03
B ;01:20 (@5 )=(q"5 ") =(g"""5 ¢*".(q" ¢");
(by Eq. 3.2)

+1 :
0(%,1’; q")(*l)fq"(l;l)

(a; 9)-(q"; 4-(q"; ¢");

=2

Jj=0

(qk+1—jk. qk+1)

©

by Eq. 3.1.
Now we note several things about this last expression. First, if j is a positive multiple of (k + 1), then the infinite product in
the summand vanishes. Next, we observe that 6(a, — h; q) = 6(a, h; q); also,

G(a,h 4 za’q) — E (_1)xqa(erl)ZJrh(erl)fafh — _qfafhe(a’ h, q), [3.4]

and thus,
0a,a;q) = — 6(a, — a;q) = — 6(a,a;q) =0.

This last identity means that if j = k + 1/2(mod k + 1), the sum in Eq. 3.4 also vanishes. Finally, we note that the j = 0 term in
Eq. 3.3 is in fact (¢*1; g*™1)=.P (0, k; q) by Egs. 1.8 and 3.2.
Hence, separating the terms of the sum in Eq. 3.2 according to the residue of j modulo £ + 1, we see that

%D - 0<1i1, (k + 1)] + v; qk>(—1)(1‘*1)1'*"(‘1"*1*«k+1)j+")k; qk+l)w
POk g+ DS 2
Glg) = (@ 54" )P0, k; q) +

v=1{j=0

qk<(k+1)/;rv+l)

(g5 9)=(q%; 4 (g5 @) gr1yjsv

k+1 . :
- 6(7’ (k + 1)] + k +1 - v; qk) (_1)(k+1)1+k+17v(qk+17((k+l)1+k+lfv)k; qk+1)oc

+
j=0

k((k+1)j+k2+1—v+1>
(45 9)=(q%; §)(q"; @) gerryjrnrr—v a ’

This last expression simplifies term by term into the formulation in Theorem 2; in the simplification one must invoke Eq. 3.2 and
the fact that

Ag N @)= (—1)Nq’(N§1)AN(q/A; @nA; q)e [3.5]

4. Proof of Theorem 3

It is surprising that half the proof of Theorem 3 relies on an identity of MacMahon (1), and half relies on an identity of Fine (7).
Thus, we shall refer to the result as the MacMahon-Fine identity. We begin with MacMahon, (ref. 1, p. 52) who proved

©

q"(q% q%)n-1

Gyg) =1+ , 4.1
@) E (1 = a"@% ¢9)n-1@% ¢V)n—1 .
which may be algebraically simplified term by term to
- a7 = d +g?)
Gyg) =1+ 4.2
24) % @ [4.2]
Next, in his study of Ramanujan’s mock theta functions, Fine (7) showed that

(q2q2) * qnn;;:(l - qj + 612j)

X@)=— 5 5| 1+2 [4.3]
n=1

S (4% 9 (q: 9),
Combining Eqs. 4.2 and 4.3, we obtain the assertion of Theorem 3.
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5. Proof of Theorem 4
Here we rely principally on one of Ramanujan’s mock theta function identifies (6), which we write as

1 3 (@)
Xa) = g+ LD

4(9)q% "2 511
where
w e
flg) =2 — . [5.2]
(04 )
In light of the fact that ¢/(1 + g)? is increasing for 0 = ¢ = 1, one may easily deduce that
- (1\" 4
flor = 2 (3) =5 as a1 L. [5.3]
n=0
Finally, we require (see theorem 1.12.8 in ref. 8)
1 1 1=
m ~ \/277TS266S as s | 0. [5.4]
Combining these results with Theorem 3, we see that ass | 0 and g = e~*,
(=4’ ¢ (q% q°)- (1 3 (g% ) ) [ E T U I
G = = — + — ~ —— %% 4+ —e% ~ —e%, 5.5
2(Q) (qz; qZ)Oc X(q) (qz; qZ)w(qS; q3)oc 4f(q) 4 (q)w(q6; qﬁ)OZC 67T 2 2 [ ]
Finally, then, from the identity of Holroyd et al. (5),
G 1= Lo 1=
PA,) = Gz((;)) ~ Eegs \/27113 205 ~ \/;;s 2185 as s | 0, [5.6]

which is the assertion in Theorem 4.

6. Conclusions

Several themes have been brought together in this article. First, the partition function, Gx(g), of Holroyd et al. (5) has been
represented in explicit g series. In Theorem 1, G(q) is represented as an infinite product times a double series, and Theorem 2, Gi(q)
is represented by less than k single-fold series multiplied by infinite products.

Empirical studies of the functions appearing on the right side in Theorem 2 suggest that (¢**'; ¢**1)..P(0, k; q) is the dominant
term. This observation is what led to Conjecture.

We hope that Theorem 3 provides a hint of further discoveries for Gx(q) in general. The fact that G»(g) is an infinite product (in
fact, a modular form) times the mock theta function, x(g), suggests that the analytic nature of Gx(gq) for k > 2 may be very interesting.
Indeed, additional discoveries may well lead to the extension of Theorem 4 to results such as those stated in Conjecture.

The striking applications of such results pioneered by Holroyd et al. (5) make clear the potential significance of additional
discoveries.
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