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Article history: The main result of this paper is the generalization and proof of a conjecture by
Rec?“’ed 25 November 2013 Gould and Quaintance on the asymptotic behavior of certain sequences related to
‘SAVzllajbledOEhne GSMZrCh 2(1)114 the Bell numbers. Thereafter we show some applications of the main theorem to
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1. Introduction
A partition 7 of a set S is a collection By, Bs,...,B; of non-empty disjoint subsets of S such that
k . .
Ui_, Bi = S (see for example [6]). The B;’s are called blocks, and the size |B| of a block B is the number of
elements in B. We assume that By, Bs, ..., By are listed in increasing order of their minimal elements, that
is, min B < minBy < --- < min Bg. This is known as the canonical representation. The collection of all

set partitions of S is denoted by P(S). We define [n] to be the set {1,2,...,n}. For example, the canonical
representations of the five partitions of [3] are

{172’3}3 {1,2}7 {3}3 {173}7 {2}; {1}’ {2a3} and {1}’ {2}a {3}
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Let A be a (totally ordered) alphabet of k letters. A word w of size n over the alphabet A is an element
of A™. In the case A = [k], an element of A™ is called k-ary word of size n. For example, the 2-ary words
of size 3 are 111, 112, 121, 122, 211, 212, 221, and 222. In the word form of the set partition canonical
representation, we indicate for each integer the block in which it occurs. Thus a partition into k blocks
would be represented by a word 7 = mmy -+ m,, where for 1 < j < n,m; € [k] and U, {m} = [K],
and 7; indicates that j € By,. For example, the above set partitions of [3] in canonical representation are
respectively 111, 112, 121, 122, and 123. We denote the set of all partitions of [n] by P([n]), and the number
of all set partitions of [n] by B, = |P([n])|, with By = 1 for the empty set. The B,, are known as the
Bell numbers. Their sequence starts with 1,1,2,5,15,52,203,877,... forn =0,1,2,... (see [7, Section 1.4],
A000110 in [8]).

It is a fact (see [6]) that the canonical representations of all set partitions of [n] are precisely the words
T = m7my -+, such that my = 1, and if ¢ < j then the first occurrence of the letter ¢ precedes the first
occurrence of j. Such words are known as restricted growth functions.

Set partitions (or restricted growth functions) have been extensively studied in the literature, see [6] and
references therein. The exponential generating function for set partitions is given by

e 1 _ Z Bn% ’
n=0
and the Bell numbers B,, satisfy the binomial recurrence
n
Boy1 = kzzo (Z) By

Let us define a sequence 4,, by the following exponential generating function, as in [4]:

x

o0 :L‘n o0 :L‘n ;
Y A=) jBn—/el—E dt.
n! n!
n=0 n=0 0
The sequence A,,, whose first terms are 0,1,1,3,9,31,121,523,..., occurs in various contexts (see entry

A040027 in [8]). In their paper [4], Gould and Quaintance conjectured that

A, [ e T
lim 2* :/ ¢ du:/eH da ~ 0.5963473623 . . ..
0 0

The main result of this paper is a generalisation of their conjecture, which can be formulated as follows.

Theorem 1. Let g be an entire function in the complex plane that satisfies the growth condition g(z) =
O(ee(l_mz‘) for some € > 0 as |z| — oo, and let

F(z)=e /efetg(t) dt
0

be the solution to the differential equation

Fl(z) = e"F(x) + g(x)
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with F(0) = 0. If F(z) = 3,00, %a” and g(z) = S.00, &a™ are the series expansions of F(z) and g(x)

n=0 n! n=0 n!
respectively, then the coefficients a,, satisfy the recursion

- n
Apt+1 = Z (k) ag + bn.

k=0
Moreover, we have
an = By (C + O~/ 18" 1))
where C = fooo el g(t) dt and k is a positive constant.
The paper is organised as follows. In the next section we present the proof of the conjecture of Gould
and Quaintance [4]. In Section 3, we provide some combinatorial applications of Theorem 1, in particular

we determine the asymptotic number of permutations and set partitions of [n] under varying conditions.

Remark 1. For the case g(x) = 1, the constant

/ ©  du= /eH‘” dr = —eFi(—1) ~ 0.5963473623 . . .
1+u
0 0

is known as the Euler—Gompertz constant [2, Section 6.2]; it will occur repeatedly in many of our other
examples as well. This corresponds to the basic problem of Gould and Quaintance. We will henceforth
denote this constant by G.

2. Proof of Theorem 1

The recursion for a,, follows directly by comparing coefficients in the differential equation. Now note that

x (o) o0
F(z)=e /e_etg( el /e1 e t)dt — e /e_etg(t) dt
0 0 T
(o)
> B’ﬂ n em _et
=C Z e e~ g(t) dt,
n=0

so we only have to show that the coefficients of
o0
n —et
— t)dt
=3 = [t
= x

satisfy h,, = O(Bpe™""/ log® n) By our assumptions on g, the function H (z) can be analytically continued
to an entire function in the complex plane, so we can apply Cauchy’s integral formula:

oo

h’n _ 1 —n—1 _e* —e”
T 9 / z e /e g(r)drdz. (2.1)

|z|=R z
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T—1

Here, R ~ logn (defined implicitly by Ref® = n + 1) is chosen as the saddle point of the function %
belonging to the generating function for the Bell numbers. A classical application of the saddle point method
[3, Example VIIL.6] yields the asymptotic formula

—n_eft—1
B _A¢ . (2.2)
n! 2TR(R + 1)ek

Our goal will be to prove a uniform bound for

on the entire circle |z| = R, from which our theorem will follow immediately. Note first that
o0

/e*e r| < /e*er|g(r)| dr = 0(/66““)’”5 dr) = 0(e ),
R R R
ol®l

and that e¢”| < el < et = <" for |z| = R, which means that

e /e_eTg(r) dr = O(ee(lﬂ)R).
R

So we consider

instead of extending the integral to co. Write z = Re?® with |§] < 7, and assume without loss of generality
that 8 > 0. We consider two different cases now:

e 0K arcsin 75 In this case, we note that for all r = Re®™ (0 < t < 0) on the arc between R and z, the
inequality

—e”

exp(—Re(e")) = exp(—e™ " cos(Rsint))
exp(—e " cos(Rsinf)) < exp(—e 5t /2)

holds. Moreover, since cost > cosf = /1 —sin?0 > /1 — 72/(9R2) > 1 — w2 /(9R?), we end up with

—e”

= O(eiCl&R)

le

for any positive constant ¢; < 1/2. This, the assumption that g(r) = O(eeufﬂw) and the trivial estimate
le€”| < e from before yield

e I e~ g(r)dr

z

AT ety

in this case.
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¢ > arcsin 3;: We now choose a different path of integration from R to z: the union of the line segments
from R to 0 and from 0 to z. Of course,

R
/eferg(r) dr
0

oo
< /e*eT’g(r)| dr < oo,
0

and since
|6ez| el = exp (/1050
e o o))
we have

— O(efczeR/R)

for any constant co < 72/18. Thus we focus on the remaining integral from 0 to z, for which we have
the estimate

z
/e_eng(r) dr| = O(Ree(kem max ’e_euz )
o<u<1
0
by our assumptions on g. Let us consider
e” —e"“?*| _ z\ . uz
|e |OI£3§1{6 { = exp(Re(e ) 02521 Re(e ))
= exp (eR s cos(Rsinf) — min e"#% cos(uR sin 9)) . (2.3)
o<u<l1

Let the minimum be attained at u = ug. If cos(ugRsin @) > 0 or cos(Rsinf) — cos(ugRsind) < 1, then
we have

6| max e | < exp(e"7) = Ofexp(e® — esc/))

as before. Also, if cos < 0, then the entire expression in (2.3) is clearly O(1). Thus we assume now
that cosf > 0 and

Uo—l

1
cos(Rsin ) — cos(ugRsinf) = 2Sin<%Rsin 9> Sin< Rsin 0> > 1.

It follows that

DN | =

—1
sin<uO2Rsin 9> ‘ >

and thus up < 1 — 7/(3Rsinf). Now (2.3) gives us

z

max |e_eu2| < eXp(eRcosa + eRcos@—Tr/?)cot 9).

e
0<u<l
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The maximum of Rcos® — /3 cot d (as a function of 0) is achieved when sinf = (7/(3R))"/3, and it is
R — (372R)/3/2 4 O(1). Hence we end up with

| s [ | = Ofesxp (e — exe/ 7))

once again.

Putting everything together, we find that

e [ e g(r)dr

z
el

_ O(efcgeR/R)

e

for some positive constant ¢z, uniformly for all z with |z| = R. Applying this estimate to the integral in (2.1),
we obtain

no_ O(R—neeR—c;;eR/R) )

Combining this with (2.2) and the definition of R as the unique positive solution to the equation Re? = n+1,
we find that

hn = O(Bn€764n/ 10g2 n)
for a positive constant ¢4, which finally proves our claim.
3. Applications

In the following subsections, we make use of our main theorem, Theorem 1, to establish asymptotics (as
n — oo) for the number of set partitions or classes of permutations of [n] under varying conditions.

3.1. Restricted permutations

We say that a permutation @ = mymse -7, avoids 1-23 if there are no 1 < i < j < n such that
m; < m; < mjq1 and we say that for m > 2, m begins with an m-long descent (or m-long rise, respectively) if
T > Ty >0 > Ty (Or T < T < -+ < T,y respectively) and n > m. We denote the number of permutations
of length n that avoid 1-23 and begin with an m-long descent by a,, ,,. The exponential generating function

n

for the sequence a,, ., is given by Zn>m Qn,m T = ﬁeem fow gm—lgt—e’ dt, see Proposition 4 in [5] (for

other examples see Proposition 26 in [5]). By Theorem 1 with g(z) = ﬁxm’le"” we obtain the following

corollary.
Corollary 1. We have
G = Ba(Con + O/ 15" 1)),

where C,, = ﬁ fooo tm=lel+t=¢' gt and K is a positive constant. For m = 2,...,5, we have that Cy =
G = 0.5963473623. .., C3 = 0.2659653850..., Cs = 0.09678032514 ... and Cs = 0.03009381392....

Let A, be the set of permutations of length n that avoid 1-23. Note that |A,| = By, see [1]. Thus, the
above corollary shows that approximately 59.63% of the permutations of A,, begin with a descent, but only
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approximately 26.60% of the permutations of A,, begin with a 3-long descent, when n — oo. In general,
lim,, o0 (Ilz—:ll = C,p, for all m > 2.

As another example, we denote the number of permutations of length n that avoid 1-23 and begin with
a 2-long rise by b,. It is known that the exponential generating function for the sequence b, is given by
D ons2 bnlr = [ e~ (¢! — 1) dt (see Proposition 24 in [5]). Thus, by Theorem 1 with g(t) = e* — 1, we
obtain the following result.

Corollary 2. We have
bn = Bn (C + O(eiﬁn/ 10g2 n))7
where C = [° el= (et —1)dt =1 — G = 0.4036526378.. .. and x is a positive constant.

The above corollary agrees with the previous one because each permutation of n > 2 begins with a 2-long
descent or a 2-long rise.

3.2. The last block in a set partition
In this section we are interested in the average size of the last block in the canonical representation of a

set partition. Equivalently, this is the number of maxima in the associated restricted growth function, which
can be decomposed as

16020® ... (k=) ko k=1),

where % denotes a possibly empty sequence and where o("™) denotes a word over the alphabet [m].
This yields the generating function

Fl mum El o
Ry (z,u) = H = —H (3.1)

1—jz %_Fll—jxl—(k—l)x—xu

j=1

where x marks the size of the set partition and v marks the number of elements equal to k which are the
maxima. This is equivalent to

k—1
x
(1= (k= 1)z — zu) Ry (z, u) :a:uj[[l —
Now
Iﬁ x . k1 _ki:l a;
j:11—jx_(1—x)(1—2x)-.-(1—(k—1)x)_jzol—jx’

where the coefficients in the partial fraction decomposition are given by

17+
=1/ —2/f) (0= G- D/~ G+ DDA G+ 0 - k=17

=t ()

a; =

So
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k—1
1
ERk(m,u)—kRk(x,u) (u—1) R (z,u fuz%
J

1—]36'

Now we translate this to exponential generating functions, in which each term of the form z™ is replaced
by 7. Specifically, if Ry(x,u) = Y0~ 7k (u)z™, we set Qp(x,u) = > 0" 7k n(w)z"™/nl. Then we get

9 k-1 ) (e:v _ l)kfl
5 Q{0 = BQulww) = (u = DQulaww) =u ) aye’” =ug 5
=

Multiplying by v* and summing over all k > 1 leads to a differential equation for Q(z,u,v) =

Zk>1 Qr(, u)v*

0 0 (e” —1)’C r (e —1)
%Q(x,u,v) — U%Q(z,u,v) — (v —1)Q(x, u,v) ;uv ' = uve

It is not hard to check that the solution of this partial differential equation (with initial condition

Q(0,u,v) =0) is

T

Q(z,u,v) = uv/e”(ez_et)“‘t dt.

0

To obtain the average size of the last block, we differentiate with respect to v and set w = v = 1, which
gives us the generating function

x €T x

/(t+ e~ Ftat = —(t+ 1) ¢ s +/eex‘et dt=e""'—z—14¢""! /el‘et dt,

0 0 0

also making use of integration by parts. This can be expanded as

RS SN 3 3 [ LT

n>=0 n! n>0 j=0

where ¢, are the m-th complementary Bell numbers (A000587 in [8]). So, for n > 2, we find that the sum
of the sizes of the last blocks in all set partition of [n] is

n—1
n
qn = B, + Z <].>Bjcn—1—ja

and Theorem 1 immediately yields
Corollary 3. The average number of elements in the last block of a set partition written in canonical form is
14 G+ O(e /18"y,

where 1 + G = 1.5963473623 ... and where k is a positive constant, when n — oco.
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Remark 2. Note that the generating function in (3.1) is also the generating function for the number of
elements in the first block that are greater than the first maximum (smallest element of the last block). It
follows immediately that the average number of elements in the first block that are greater than the minimal
element of the last block is G + O(e=""/ log? ™). The same can be said for any other fixed block (second,
third, ...).

3.8. Set partitions with m elements in the last block

The generating function method from the previous section could also be used to determine the asymptotic
number of set partitions whose last block has precisely m elements (for some fixed m). Let us however discuss
an alternative approach that gives a combinatorial interpretation for the recursive formula in Theorem 1
as well. We denote the number of set partitions with m elements in the last block by a,,(n). Now, consider
such a set partition of [n+ 1], and suppose there are k elements, in addition to the mandatory number 1, in
the first block. The n — k elements not in this block form a set partition with the same property, i.e., there
are a,,(n — k) possibilities for them. This leads to the recursion

am(n+1) = Z <Z>am(k) - an (Z)am(n — k),

k=0 k=0

with the initial conditions a,,(0) = (1) = -+ = ap(m — 1) = 0 and a,,(m) = 1 (where there is only one
block).

Now we can apply Theorem 1 with b,,—1 = 1 and b; = 0 for j # m — 1. From Theorem 1 the generating
function for such set partitions is

F(z) =€ /e_etg(t) dt,
0

m—1

where g(t) = ﬁ We obtain the following asymptotic result.
Corollary 4. The probability that a set partition, when written in canonical form, has exactly m elements in
the last block is

oo 1
¢t 2
l—e —kn/log®n
——dt+ 0
/e R +0(e ),
0

as n — oo. These probabilities are 0.596347, 0.265965, 0.0967803, 0.0300938, 0.0082299 for m =1,2,3,4,5.
We remark that it would be possible to prove analogous results for the second-last block, etc.
8.4. The first element in the last block of a set partition
Let us now study the first maximum in a restricted growth function (or equivalently, the minimal element
in the last block of the canonical representation of a set partition). It will be more convenient, however, to
consider the number of elements greater or equal to the minimal element in the last block (if this element

in a set partition of [n] is m, then this number is n — m + 1). For example the set partition {1,6}, {2,4, 8},
{3}, {5,7} of [Bl hasm =5 and n —m + 1 =4.
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From the decomposition
1oW25® .. ga®)

of restricted growth functions, we immediately get the generating function

k—1
T U
Ri(z,u) = (H 1 —jac) 1 — kxu

Jj=1

where = marks the size of the set partition and u marks the number of elements greater or equal to the
first maximum. We can follow exactly the same steps as in Section 3.2 to obtain a trivariate exponential
generating function, which is now

xr
Q(z,u,v) = uv/e”em(ezft*”*“t dt.
0

Differentiating with respect to v and setting u = v = 1 yields the generating function

T x x
/(t(e”” —et 1)+ 1)e T gt = e T e e /tet_et dt = xe® + et /tet_et dt
0 0 0
d x
= (e [tet= ar).
4 ( [
0

Since differentiating an exponential generating function merely corresponds to a coefficient shift, we can
apply Theorem 1 once again to obtain the following corollary:

Corollary 5. The average number of elements greater or equal to the minimal element in the last block of a
set partition of [n] is

GBn+l

3 + O(efnn/ log? n)

for a positive constant k. Here, the constant is G = 0.5963473623 ... again. Consequently, the mean value

of the minimal element in the last block is

GBn+1

n

n+1- + O e/ 1o ), (3.2)

Remark 3. Recall that Bg—:l — 1~ g7 Is exactly the average number of blocks in a set partition of [n].

Let us finally determine how many blocks on average contain an element that is greater than the smallest
element of the last block. For our example {1,6}, {2,4,8}, {3}, {5,7} the number of such blocks is 3. In
terms of restricted growth functions, this is the number of distinct letters that occur after the first maximum.
If k is the number of blocks (letters in the restricted growth function) and r the number of elements after
the first maximum, then there are k" — (k — 1)" possibilities for these elements that contain a certain letter.
Thus the generating function for the total number of distinct letters after the first maximum is

L o0 ) kol kx kx
Ry(z) = (H1_jm>Z/-c(kr—(k—ﬂ’”)a:r+ = <H 1_jx><1_m_1—(k—1)x>'

j=1 =0 j=1
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Passing on to the exponential generating function again, we end up with

x

Q(z,v) = v/(et —1)(v(e” — ') + 1)ev(e“—et) dt.

0
with v marking the number of blocks. Setting v = 1 and simplifying yields

x

P d @ t
Qz,1) = e T2 — (1 + %>ee /e_e dt,
0

which gives us the following corollary:

Corollary 6. The average number of blocks with an element greater than the smallest element of the last
block of a set partition of [n] is

(1 G)ETL-‘rl —kn/log?n
7n -G+ 0(6 / log )
for a pOSitiU@ constant k.

Combining the results of the last two corollaries, we can say that the average number of elements following
the last maximum is about 0.6 times the average number of blocks, while the average number of distinct
blocks these elements belong to is about 0.4 times the average total number of blocks.
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