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Asymptotics of Decomposable Combinatorial
Structures of Alg-Log Type With Positive Log
Exponent

Zhicheng Gao David Laferriere Daniel Panario

School of Mathematics and Statistics, Carleton University, 1125 Colonel By Drive, Ottawa ON

We consider the multiset construction of decomposable structures with component generating function C(z) of alg-
log type, i.e.,

Cz) = (1—2) (log : L Z)ﬂ.

We provide asymptotic results for the number of labeled objects of size 7 in the case when « is positive and 3 is
positive and in the case & = 0 and § > 2. The case 0 < —a < 1 and any 3 and the case o > 0 and 8 = 0 have been
treated in previous papers. Our results extend previous work of Wright.

Keywords: decomposable structures, generating functions, alg-log type, analytic combinatorics, saddle point method

1 Introduction

Certain combinatorial structures can be decomposed into smaller and simpler objects called components.
For example, permutations decompose into cycles, and forests can be decomposed into trees. If a structure
can be so decomposed, it is called a decomposable combinatorial structure. We focus on the multiset
construction [8]]. In the case of labeled objects, we are interested in the coefficients of the generating
F(z) = exp(C(z)), where C(z) is the generating function for components.

A component generating function C'(z) is of alg-log type if, near the singularity p, C'(z) behaves like

B
c+d(l—=z/p)™° <log 1—12’/p> (14 0o(1)).

The exponents « and /3 are called the algebraic exponent and the logarithmic exponent, respectively. This
type of component generating function belongs to the class of alg-log component generating functions,
which was introduced by Flajolet and Soria [[10]] in their study of the number of components in combina-
torial structures.

In the particular case & = 0 and 8 = 1, the components are said to be of logarithmic type, and the
combinatorial structures are said to be in the exp-log class. The exp-log class was also introduced by
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Flajolet and Soria [9] who studied the behaviour of the number of components for structures of this class.
There has also been much work done on this class with regard to both the rth largest component (Gourdon
[[L1]]) and the rth smallest component (Panario and Richmond [[14]]). Finally, Dong, Gao and Panario [3\ 4]
studied objects in the exp-log class with a restricted pattern combined with information on the smallest
components’ sizes.

For the exp-alglog class, Dong, Gao, Panario, and Richmond [5] considered the cases 0 < —a < 1
with any 3, and « > 0 and 8 = 0. Their asymptotic analysis used two different approaches: the first case
was done with singularity analysis, and the second was done using the saddle point method. They proved
results about the number of objects with restricted patterns in both the labeled and unlabeled cases and
results regarding their respective probability distributions.

Both the exp-alglog class and the exp-log class are extensions of the problem of finding the coefficients
of the power series expansion of exp(a/(1 — z)), which was initially considered by Wright [15]. Wright
also investigated generalizations of his initial problem [16], and those results provide further motivation
for our work.

In this paper we continue the study initiated in [5] and assume that the component generating function
C(#) is defined by

1—=2

Clz)=(1—2)° <log ! )ﬁ.

In Section[2] we use the saddle point method to find an asymptotic result for the number of labeled objects
of size n whose generating function is exp(C(z)) with @ > 0 and 3 > 0 (Theorem|I). In Section 3| we
prove the analogous result for the labeled case a = 0 and 3 > 2 (Theorem [2). This is the main result of
the paper. The study of the particular important case when o = 0, 5 = 2 was left as an open problem
in [7], p. 98. This case is also related to the study of partitions into parts of size powers of 2 [} [6].
Examples are given in Section[d We close in Section [5| with some further directions of study.

2 Alg-log components with negative algebraic exponent and pos-
itive logarithmic exponent

Let F be a set of labeled combinatorial structures whose components are enumerated by the component
generating function C(z) = (1 — 2)~*(log --)”, and let n! f,, be the number of structures of size n in

F. Then,
fn = [2"] exp ((1 —2)" (1og - i Z>ﬂ> :

In this paper we use the saddle point method (Hayman’s method [[12]) to find an asymptotic expression
for the Cauchy integral

fn_

T 2w

(D

ZnJrl

1 [en(Cl)
[ e

where C is a counterclockwise circle of radius less than one which is centred at the origin. While it may
be that exp(C'(z)) is Hayman-admissible (as defined in [12]]), we choose to evaluate the integral in (T)
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without using admissibility. We do so because it will allow us, in the future, to easily consider objects
with restricted patterns as Dong et al. do in [5]].
Let r = r(n) be defined by

rC'(r)=n,0<r <1, 2)

and let z = re®, where || < 7. Equation (Z) is called the saddle point equation. Then

: exp(C(z)) 1 [T exp(Cre?) " [T o
/|Z_,,dz / df = /ep(C(re) ind)do. (3)

" o Znt1 T on rneind 2

—T —Tr

2.1 Solution to the saddle point equation

We cannot solve (2) directly, so we use the bootstrap method [2]] to find an asymptotic expression for r.

From (2)), we have
B-1
r 1 1
=)o <log1_r> <alog1_r+6>—n. 4)

If welett = 1 — r, then (@) becomes

n_ 1=t 1N (-8
o gart (%87 alogt )’

which we rearrange below to find a recursive expression for ¢:

B
1 B
el =21 - (0g-) (1
n( )(Ogt) ( +alog1>

1 £ 1

a\ Tia 1 1\ T+a B ita
t=|— 1—¢)T= | log — 1 . 5
(n) ( ) <Ogt> ( +alog1) ©)

It is clear from (@) that as n — oo the value r approaches 1 from the left. Therefore, as n — oo, t — 0
from the right. From this fact and from (5) we deduce that

1 _B_ 1 =B
a\ TFa 1)\ tHe 1 n\ ira 1)\ e
t~|— log — ,and — ~ | — log — .
n t t a t

Therefore

8
1 1 n a\ THe 1 n\
log = ~ log 2, dtw(—) log % . 6
Ogt 1+« Oga an n (1+a0ga> ©)

We next combine (@) and (6) to determine an estimate for log 1 which includes an error term:

ozt = 1 [10g™ 11
Ogt_l—i—a Oga 8

1 1
— Bloglog — + log —
t 1 alog 1

1-¢

1 1 loglogn
= 1 O(logl = 1 140 ———) ). 7
1+ a ogn + O(loglogn) 1o ogn< + ( log 1 )) (7N
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Finally, we use (3)), (6], and (7)) to find an asymptotic estimate for ¢:

8 1 8
a\ T 1 TFa B 1 THa loglogn\\ ™=
t=(— —_— 1 Ita |1 1 —_—
(n) <1+a> (logn) ( +O(10gn)> < +O< logn )>
) 8
_ (aNTE= [ logn | THe loglogn
7(71) <1—|—a> (1+O< logn '

2.2 Angle of interest

In order to use the saddle point method we must first find an angle 6, such that

r202C" (r) — oo and 303C®) (r) = 0 (8)

as n — oo. If we can find such a g, then for || < 6 the behaviour of the Taylor series for the expression
C(re'®) — inf is dominated by the term C"(r)62. First we determine that

C"(r) = (02 + a)(1 — )2 <10g - i r)ﬁ (1 +0 <<log 1 i T)1>>
= (a? + )t (1°g Dﬂ (1 o (101gt>)

a+2 pat2
9 7\ at1 1+« atl 8 1
= (a +a)<a> (10gn> (logn) <1+O(logn)) ©)

o =B
> Kna+i (logn) ™= | and

B
1 1
B) (1) — (13 2 —a—3 z
C¥(r) = (o + 3a” + 2a)t <log t) (1+O <1ogt)>

=0 (n%ﬁ(logn)_%> ,

where K is some positive constant. Let §y = n*, and note that = O(1). Then in order to satisfy , we
may choose any constant k satisfying

2 3
o+ 2250 and 36+ 22 <0,
a+1 a+1
: 5a+12 - — s,
In particular, we may choose k = ~T3(at1) € Oy =n 2+,

2.3 Central approximation

For |0| < 6y, we have, from the Taylor series of C(z) and e?,

C(re'®) = C(r) +rC'(r) (" — 1) + gc”(r)(e“’ — 1)+ 0(r*C"(r)6%)

r02C’'(r) B r202C" (r)
2 2

=C(r)+i0rC'(r) — @92 +o(1), (10)

=C(r)+i0rC'(r) — +0(r3C" (r)6?)
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B(a+2)
at1

where b(r) = rC’(r) + r2C"(r). Let y = a‘ﬁ(l +a)tt . Then from (9) we have

at2

=8
b(r) ~ yno+1 (logn) e .
We next divide the integral from (3) into two parts:

6o .
I = / exp(C(re'?) — inf)dh
—6o

and

I, = / exp(C(re'?) — inf)de.
101200

From () and we have

L = /90 exp (C(r) - gb(r) + 0(1)) de.

—0o

Lett = 64/b(r). Then dt = /b(r)d#f, and

60(7‘) RV b(T‘)Q() t2
L =—— exp | —— +o(1) ) dt,
VO(r) J—\/o(r)6, -

« -8
which is asymptotic to a Gaussian integral, since /b(r)fy ~ /yn™= D (logn)>T+=) as n — oo.
Therefore

2.4 Tails pruning and completion

First we examine the function 1 —re®. As 6 ranges from — to 7, the function 1 — re? traces out a circle
of radius r centred at z = 1. This circle begins at the point 1 — r and proceeds clockwise. The function
|1 — re| is unimodal for —7 < 6 < 7 and achieves a unique minimum of 1 — r at @ = 0. Therefore
|1 — re®| = has a unique maximum at # = 0 and a unique minimum at 6 = 7. Furthermore, for |§| > 6,
we have

11— re?|= < |1 —re® |~ = |1 — 2rcos Oy + 2| ~*/2.
We next apply the Taylor series expansion for cos 6y to obtain

o
——r

1 —re?|" < (1 —r)"@ 5 (1—7r)" 7202 + O((1 —r)~7%63).

From our choice of 6,

8

—a—2
a (1— r)-o-2g2 — a (a)l%a logn | T -y loglogn sain
2" " 72 \n 1+a logn " ’
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which implies that

. B o _Bla+t2)
|1 — 7“616| *<(1—7r) %= Kn®etD (logn)~ (Fa) |

where K is some positive constant. It follows that, for 8y < |0] <,

I ! ’
8 1 —ret?

B
o (a+2) 1
< ((1 — 1) — Kn%@+D (log n)_ﬁlﬁj ) (log 1 )

—-Tr

|IC(re?)| < |1 —ref|@

< C(r) — K'ns@50 (logn)~ T
for some positive constant K. Thus
, a __8
|exp(C(re'?))| < exp (C’(r) — K'n5@+1 (logn) <1+a>) , (11)

uniformly as n — oo for 6y < |8| < 7, where K’ is a positive constant.
From (T1)) we immediately obtain

I O (exp (C(T) - (K’na/ﬁ log~? n)@))

11 V2mexp(C(r))/+/b(r)

1 _
=0 (exp (— <K/na/6 logfﬁ n) 1+u> nz&iﬁi) (log n)z(afl)) ,

which implies that

I
lim M =0.

Therefore,
Ll — o [22(C0)
o(r) )’

so the contribution of > to (3) is negligible compared to that of I;. We are now able to state the main
theorem of this section.

B
Theorem 1 Let « and 3 be positive numbers, and let C(z) = (1 — z)™¢ (log i) . Then as n — oo,

1 o B
2" exp(C(2)) ~ 0ty [ n 5 (log )

B(a+2) =

_1 T+a
where v = a_ﬁ(l + o) e T andr ~ 1 — ()T (llofg) "' Here r is defined by the saddle

point equation ().
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Unfortunately we are unable to find an asymptotic expression for either e“(") or »~™. This is because
the error terms for C(r) and r contribute infinitely to e€(") and r—™, respectively. A similar situation
arises in the case of the Bell numbers [13]]. However, we are able to determine an asymptotic expression
for log (e“™r—) = C(r) — nlogr.

First, recall that r = 1 — ¢, where

a\ = (logn T¥a loglogn
t= (7) 140 —1 ), and
n 1+« logn
1 logn loglogn
log — = 1+40(——) ).
®r T 1ta ( + ( logn

<l+a><Z>l(i°iZ) (o (t52))
3 Alg-log components withaa=0and g > 2

Let a = 0, i.e., consider the case where C(z) has only a logarithmic component. At first glance, it may
seem like this case is redundant in light of Section 2| However, the behavior of exp(C(z)) near z = 1
in the case « > 0 is so dominated by the algebraic term in C(z) that the case o = 0 requires a separate
analysis.

As in Section [2} let 7 be defined by C”(r) = n. Then the saddle point equation becomes

B—1
rf3 <log 1;)
1—r

—n. (12)
First we note that as n — oo, r — 1, and let = 1 — ¢. We rewrite (I2) using © = 8/n:

1\ 1\
t==x (log t) (1—-t)~2x (log t) ) (13)

1 1 1 1 1
log— =log— — (6 —1) loglog + log ~ log —. (14)
t z 1—¢ T

By substituting (T4) into the right hand side of (I3), we find that ¢ ~ z (log %)671
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In order to find an expression for ¢ in terms of n alone, we make the following calculations:

C = o) amn=a(md) (10 (o (we2) 7)),

1 1 1
- = - 1 — B)loglog — + log ——
logt Ing+( B)ogogt—i—ogl_t,
1 1 log log +
loglog— = loglog—+ O LO%Q” .
t T log

Thus

t = 2 (logn)? <1+O<10g10gn)>.
n logn
3.1 Angle of interest

In order to utilize the saddle point method, we must again find an angle 6 such that 7202C" (r) — oo and
r303C" (r) — 0 as n — oo. First, we have

B—1
sy L L) ey
(1 —1r)2 2 B(logn)
and
3 (1 1)\t B—1
r° | log _T) log 1)~ 3
TSI oY Bk M Py G5 I DY (R, §
(1—r7)3 t3 (logn)2(8—1)
In order to satisfy the required conditions, we choose 6y = (log n) such that
p-1 .~ _2(B-1)
5 <I<——g—

3.2 Central approximation
As in Section we have, for |0| < 6o,

C(re') = Cr) +rC'(r) (e — 1) + gC”(r)(ew — 124+ 0@*C"(r)6?)

r02C'(r) 3 r202C" (r)
2 2

=C(r) +i6rC'(r) — @92 +o(1), (15)

=C(r) +i0rC'(r) — +0(r3C" (r)6®)

where 1
b(r) = rC'(r) + r2C" (r) ~ EnQ (logn)" . (16)
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From (12) and (I5) we have
0o 2
L= / exp <C’(r) - %b(r) + 0(1)) de.

—0o
Lett = 6/b(r). Then dt = /b(r)df, and
eC(r) 4/ b(’l‘)eg
L =——
VO(r) J=\/oire0
2j-p41

which is asymptotic to a Gaussian integral, since /b(r)fp ~ \/%(log n)- z — ooasn — o0.

Therefore
21 e ()
I ~eC0) [ 22 27 B(1 B—1,
e €0 [~ S famllogn)

3.3 Tails pruning and completion

For convenience we write

exp (—t* + o(1)) dt,

1

1 —re?

i 1
= pe'®, where |¢| <, and p = T e’
—Tre

To show that the saddle point method works for all 5 > 2, we further divide the tail region into the
following two subregions 6y < || < 6y and 6; < |0| < 7, where

1
=~ (logn)?.
61 n(Ogn)

We also use I} and I} to denote the contributions to the Cauchy integral from these two subregions,
respectively.
Recall that for |#| <  the function |1 — re?| is unimodal with its minimum at § = 0. For || > 6;, we

have
1 B
R ( 81 re“’) -

where the last inequality is due to the unimodality of |1 — re?’|. Because 6, is a very small angle, we may

express cos(f ) in terms of its Taylor series, i.e., cos(f;) = 1 — %y O(671). Therefore cos(f;) < 1— %%,

2
which implies that

R 1 71 ’ < 11 L + ’
BT e = 2 %12 2 cos(fy) i

B
< 1lo L +
- s
= 211 21— 62/4)

B

B
1
log < (logp + 77)6 < <log e + 71') ,

1—rei

1 1
+ *IOg 0z +
2 1 o1
2(1—r)2

IN

1
Ogl—r
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. . .. 02
By our choice of #; and our expression of the value 7, it is clear that -+ — 0o as n — oo. Furthermore,

57
0, > ﬂeg(l — r) for sufficiently large n. Therefore

1 2(1 —r)?
— < %7 and
L+ 5=y "
1 1 1. 21-r)?2 1 2(1 —r)?
— log < —log——— < =log -9.
2 1+% 2 ro3 2 °2e18(1—1r)2
Therefore
B B B B-1
1 1 1 1
log —— < |1 — < (1 —5(1
§R<<Ogl—re“9>> - <Og1—7“ 9+7r> _(Ogl—r> 5<0g1—r>
1 B
< (1og ) — 4logn,
1—r

where the last inequality arises from the fact that 5 > 2. This implies that

B
14 O (exp ((log 1;) — 4logn)>
2 _ " _ O(n_B(IOgn)(l_B)/2)7
|11 = \/2nB(logn)f—1

e, I =o(ly).
For 6y < |0] < 61, we note log p — oo, and hence

o\ B
O<8‘t(1+ “b) <1

Therefore

" ((bg I —17"ei9>6>

R ((1ogp n iqb)ﬁ) — R ((logp)ﬁ (1 + 155;;)[3)

1 B
< log
< ()
B

— lo 1 _(r 0o + bo ‘
R R I R 1—r

B 2 B
_ 1 1 r by 4j—48+3
B (10g1—r) <1 loglir(21—r) —|—O((logn) )

B

1 1 2j—B+1

< (1 S I=AtL
< (lorgzs) - g toen)
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B
1 1 o
I3 < 6rexp ((log : r> -3 (log n)¥ 5+1>

1 8 L\ 1 2j—p+1
= (logn)” exp | | log =) "3 (log n)

= 0([1).

It follows that

Therefore we conclude with the main theorem of this section.

B
Theorem 2 Let 5 > 2, and let C(z) = (log L ) . Then as n — 00,

1—=

eC(r)T—n
" exp(C(2) ~ -t/ 2 (togn

)
n 2 ’

where

rwl—é(logn)ﬁ_l.
n

Here 1 is defined by the saddle point equation rC’ (1) = n.

As in Section 2} we are unable to find an asymptotic expansion for either exp(C(r)) or r~™, but we
again find an asymptotic expansion for log (exp(C(r))r~") = C(r) — nlog r. We begin by recalling that
r =1 —t, where

logn

1 log 1
log==logn{1+0 080871 )
t logn

log 1
t = 2 (logn)s—1 (1 Lo (gg)) . and
n

= (logn) ( logn
= (logn)? (1 +0 (loglogn))
logn

4 Examples

We now give a simple example. Let C be the class of ordered pairs of non-empty cycles that we call
bicycles. In the cases where n = 2 and n = 3, we have

n=2: € = {((1),(2),(2),1)}
n=3: € = {((12),(3)),((13),(2)), ((23), (1)), (1), (23)), ((2), (13)), ((3), (12)) }-
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2
Let C(z) be the exponential generating function of C. Then C'(z) = (log 1;) . Therefore, C(z) is
of alg-log type with & = 0 and § = 2. Let F be the class of bicycles (sets of ordered pairs of non-
empty cycles). Then the exponential generating function of F, which we denote by F'(z), is given by
F(z) = exp(C(z)) and Theorem [2| applies. This result generalizes to three or more ordered non-empty
cycles.
It is interesting to note that the bicycles are also connected to partitions such that the size of each part

is a power of 2 (see [1]] for the original results and [6] for generalizations).

5 Conclusions

So far we have covered the labeled case where C(z) = (1 — z) *(log 1-5)#, for & > 0, 8 > 0 and
for a = 0, 8 > 2. We plan to complete the range a = 0, 8 < 2; this may require other asymptotic

techniques. We are also extending the results to unlabelled structures. In this latter case, as usual, we

assume that the singularity p satisfies p < 1. For the case where C'(z) behaves like ¢ + d (ln 1%//}) B it
may be possible to relax the condition that 3 > 2 in the labeled case and determine analogous results for
the unlabeled case.

Furthermore, we plan to extend the work of Dong et al. [5] to find asymptotic results for combinatorial
objects with a restricted pattern. This should also include probability results for the expected size of the
smallest component in an object with a restricted pattern.

Another interesting possible line of research is the study of the moments of the number of components
2
in exp (u (log i) ), or for the generalized bicycles when the power of the combinatorial logarithm

is bigger than 2.
Finally, it will be interesting to derive similar results for constructions different than the multiset one,
i.e., cycle constructions and sequence constructions.

Acknowledgments. We thank the reviewers for their positive comments and suggestions. In particular,
we are very thankful to one of the reviewers who indicated that we have solved an open problem in [7],
linked our work to the one in [1]], and suggested several extensions of this work that have now been
included in the final section of this paper.
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