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Abstract

We derive explicit formulae for the number of k-Stirling permutations
containing a single occurrence of a single pattern of length three as well
as expressions for the corresponding generating functions. Furthermore,
asymptotic results for these numbers are given.

1 Introduction

Given an integer k € N, a k-Stirling permutation of order n is a permutation of the
multiset! {1%,2% ... n*} such that, for each i, 1 < i < n, the elements occurring be-
tween two occurrences of ¢ are at least ¢, or alternatively, that the elements occurring
between two consecutive occurrences of ¢ are larger than 7. As an example, the per-
mutations 112233, 331221 and 221331 are 2-Stirling permutations of order 3, whereas
the permutations 331212 and 321123 of the multiset {12%,22 3%} = {1,1,2,2, 3,3} are
not. Originally, Stirling permutations were introduced by Gessel and Stanley [8] for
the instance k = 2 in the context of finding combinatorial interpretations of the coef-
ficients of certain polynomials, where the Stirling numbers appear. Later, Park [19]

Here and throughout this work we use in this context j* as the shorthand notation for j
appearing k times consecutively: j,...,j, for k > 1.
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considered the general case k > 1. In this work we denote the combinatorial family of
k-Stirling permutations by Q,; note that k = 2 yields exactly Stirling permutations
as defined by Gessel and Stanley [8], whereas k = 1 gives just ordinary permutations.

Recently there has been an increasing interest in the study of properties of k-
Stirling permutations. A reason for that is that k-Stirling permutations often yield
a natural interpretation of generalizations of quantities for ordinary permutations.
See, e.g., the recent work [3, 14] dealing with generalizations of the classical Eule-
rian numbers and Eulerian polynomials, respectively, via interpretations of ascent
statistics in k-Stirling permutations. Another example is the generalization of the
classical correspondence between permutations and so-called binary increasing trees
(i.e., labelled binary trees, where the label of each child node is larger than the la-
bel of the parent node) to a correspondence between k-Stirling permutations and
(k + 1)-ary increasing trees, which naturally yields combinatorial interpretations of
generalizations of a variety of permutation statistics, see [10, 13].

The current work is devoted to pattern occurrence in k-Stirling permutations.
The interest in such studies also stems from the question of what happens if the
fruitful concept for ordinary permutations is lifted to permutations of multisets? Let
us first give the well-known notion of a subsequence pattern occurrence for ordinary

permutations. Let o = (ay,...,q,,) and 8 = (f,...,[,) denote two sequences of
numbers, then the sequence « is said to be contained in S as a pattern if there is
a subsequence 3;,,...,[3;,, of B, with 1 <143 < iy < -+ < 4y, < n, which is order-

isomorphic to «, i.e., it holds o, < « if and only if 8;, < 3; . If 3 does not contain
« one says that 8 avoids the pattern «, and if there are exactly r subsequences of
[ order-isomorphic to «, we say that « is contained in [ r times. There are quite
a few studies devoted to ordinary permutations containing a given pattern a given
number of times, see, e.g., [5, 16, 17, 18] and also the review [21]. There are a few
works dealing with such questions for permutations of a multiset [1, 9, 12], closely
related to k-Stirling permutations, and all those, in fact, deal with the avoidance of
patterns of length three. In contrast, there is a huge literature for pattern avoidance
on words: see for example [6, 22, 24], and the book [11] for many more pointers to
the literature.

In this work we treat enumerative questions concerning k-Stirling permutations
containing a pattern « € {123,132,213,231,312,321} once. As a consequence of
the 212-avoidance property, using above definition any permutation pattern « in a
k-Stirling permutation of order n > 1 occurs at least k-times. In what follows we
introduce a new notion of pattern containment, which seems to be more appropriate
when studying k-Stirling permutations and that is compatible with the case of k = 1
of ordinary permutations. Let S, = S,(0) denote the value-set of subsequences in

o € Qy order-isomorphic to a. It consists of all subsequences s = (s1,...,5)q) of
o order-isomorphic to «; in other words 1 < s; < n, for 1 < i < n, such that
there exist 1 < 43 < -+ < djq < n with 03, = 55, 1 < £ < n. Then, we say

that the pattern « is contained r times in o if the cardinality of the value-set S,
is equal to 7, |Sy| = r. Thus, two occurrences of a pattern a will only be consid-
ered different if the sets of values of the elements in the corresponding subsequences
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differ. From here on and throughout this work, pattern containment is always used
with respect to this definition and we denote by Qy(a;r) the family of k-Stirling
permutations containing the pattern « exactly rtimes. As an example we consider
the 3-Stirling permutation o = 555444113366631222 of order 6: the value-set of the
pattern 123 contains a single element due to the subsequence 136, S125 = {(1,3,6)},
thus o € Q3(123; 1); furthermore, the value-set of the pattern 312 is given by S315 =
{(3,1,2),(4,1,2),(4,1,3),(5,1,2),(5,1,3),(6,1,2)} and thus has size 6, i.e., o €
Q3(312;6); moreover, the value-set of the pattern 231 has size 8, thus o € Q3(231;8)
and it is given by Sa3; = {(3,6,1),(3,6,2), (4,6,1), (4,6,2), (4,6,3), (5,6,1), (5,6,2),
(5,6,3)}.

Throughout this work we use the abbreviations G := Gi(a) = Qr(a;1) and
F = Fr(a) = Qr(a; 0) for the families of k-Stirling permutations with a single occur-
rence and without occurrence of a specified pattern «, respectively. As main results
we obtain explicit formulae for the number G,, = G (a) = |{o € Gi(@): |o| = n}| of
elements of order n contained in Gi (), as well as expressions for the generating func-
tion G(2) = >, -, Gr2" in terms of the corresponding quantity F(z) = > ., Fn.2"
for the family Fy(a). Note that we often write G,, or G and drop the dependence
on k as well as « for the sake of simplicity. Table 1 summarizes our findings on G,
and compares it with the known results for £ = 1. For the readers convenience we
also collect for ordinary permutations, k = 1, and Stirling permutations, k = 2, the
corresponding sequences or their entry in the OEIS (if available).

Mezbers Enumeration formula G, = [{o € Gr(a): |o] =n}| els
in._class
312, 213 (") = o (R0) .y
gz | Do (7) PO -t -,
| L I oot e o Rl e e S
. N i _ n—j+2

SLGCy e - v et () -

n—j+1 i i (b o(n+1—i+2 ntl—j+1
123, 321 (n—§'+1)> + Zéiol ’ ( ni;(ﬁ—le)e)( 7(1+1—£j+2) - (71+1£j+1)):| %(nzfg)
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N )
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Table 1: k-Stirling permutations containing a single permutation pattern a of
length 3.

The derivation of the results in Sections 3-5 somehow reflects the increasing “com-
plexity” of the treatment of these patterns. For the pattern 312, a combinatorial de-
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o E=1 OEIS k=2 OEIS
312, 213 || 0,0,1,3,10,35,126,462 | A001700 0,0,3,23,155,1014,6580 | not contained
231, 132 || 0,0,1,3,10,35,126,462 | A001700 || 0,0,5,26,135,685,3453,17379 | not contained
123,321 | 0,0,1,6,27,110,429 | A003517 || 0,0,5,33,180,919,4560,22332 | not contained

Table 2: GY¥. OEIS entries and sequences for permutations £ = 1 and Stirling
permutations k = 2.

composition of k-Stirling permutations according to the k occurrences of the smallest
element 1 is successful. The same approach is feasible also for the pattern 231 but
requires considerably more care. Finally, for the pattern 123, we must inspect the
possible ways to insert the string (n + 1)* into a k-Stirling permutation of order n;
this analysis requires the so-called kernel method, which is detailed in [2, 20]. We
are also interested in the asymptotic growth behaviour of these quantities and in
describing the influence of the value k on the occurrence of a pattern «; thus, in
Section 6 we also give asymptotic results. We note that at least in principle the
approaches presented also work when studying families Qg (c;7), with » > 2, but
even for the case r = 2 the computations are rather involved. In particular, so far we
are not able to get results on the structure of the generating function for the number
of elements of order n in Qk(«;r), for general r, which have been found for ordinary
permutations and the pattern 231 (or 312) in [4, 15], and we have to leave this for
future research.

2 Preliminaries

We collect a few basic properties of the family Q. The number @),, := 1 of different
k-Stirling permutations of order n is given by the following enumeration formula:

QH:H(lJr(j—l)k):n!k”(n_1+%). (1)

. n
J=1

Note that it is sometimes convenient to allow also n = 0, i.e., the empty sequence,
with Qg = 1. This result can be shown by induction in a straightforward manner,
since, due to the 212-avoidance property, the k copies of n+1 have to form a substring
and thus each such k-Stirling permutation can be obtained uniquely by inserting the
string (n+ 1)* into a k-Stirling permutation of the multiset {1%,2% ... (n—1)k nk}
at one of the 14n-k possible positions, i.e., anywhere in the string, including the first
or last position. This does not only show the above enumeration formula, but also
gives a simple recursive algorithm to generate all k-Stirling permutations of a given
order. This algorithm, in a fittingly adapted form, will be used in Section 5 for the
pattern 123 to generate such pattern-restricted k-Stirling permutations of arbitrary
order, and further, to derive functional equations for suitably defined generating
functions.
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Another important basic property is the combinatorial decomposition of the fam-
ily Q. with respect to the k occurrences of the smallest label 1: namely, let 0 € Q. of
order n > 1, then it holds o = S115,1S5. .. 1Sk, 1, with (possibly empty) substrings
S1, ..., Sgr1. Moreover, it must hold that these substrings do not contain common
labels, i.e., S;NS; =0, for i # j (where we assume S;, S; as multisets), otherwise
the property of avoiding the pattern 212 would be violated. Thus, each substring S;,
1 <1< k+1,is, after an order-preserving relabelling, itself a member of Q. This
immediately yields the following formal description of the family Q := OQy:

Q= {e} + 2% Q"

where € denotes the empty string, the so-called atomic element Z corresponds to a
multiset j* of a label, + and * are the disjoint union and the partition product of
labelled object families, respectively. Furthermore, A”*B denotes the so-called boxed
product of families A and B meaning that the smallest label is constrained to lie in A,
see [7]. Thus, by a straightforward application of the symbolic method (see also [7]),
one immediately gets that the exponential generating function Q(z) := > ., QnZ;
satisfies the differential equation Q'(z) = Q(z)***, from which the enumeration result
(1) follows.

When considering pattern containment in the family O, it is a trivial fact that
the number of elements in Qy(c;r) of order n is equal to the number of elements in
Q(a/,r) of order n, where o/ denotes the reversal of the pattern a. Thus, we can
indeed restrict ourselves to consider the patterns 123, 312 and 231. We conclude this
section with two remarks on notation. It is convenient to write A; < Ay < --- < A,
for (possibly empty) strings A, ..., A,, if each label contained in A; is smaller than
every label contained in A;, for ¢ < j. When decomposing a k-Stirling permutation
o we use the capital letters Sy, S etc.; similarly, we use capital letters T when
decomposing 7.

3 Containing the pattern 312 only once

3.1 Avoiding the pattern 312

We consider the combinatorial family G := Gx(312) of k-Stirling permutations with
a single occurrence of the pattern 312 and treat the enumeration problem for it. Let
(G, denote the number of k-Stirling permutations of order n with a single occurrence
of the pattern 312 and G(2) := >, -, Gn2" its generating function. We will compute
formulze for G, and G(z) by a combinatorial decomposition of these objects with
respect to the smallest label and establishing relations to k-Stirling permutations
avoiding the pattern 312. Therefore, let us introduce the family F := F;(312)
of 312-avoiding k-Stirling permutations, the number F, of 312-avoiding k-Stirling
permutations of order n, and its generating function F(z) := > ., Fn.2". It has
been proven in [12] via relations to increasing trees that F), is enumerated by the
generalized Catalan numbers. However, in order to get a link between the families
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G and F we will first give a more direct proof of the results for F, which afterwards
will be extended.

Let o be a 312-avoiding k-Stirling permutation of order n > 1 and consider
its decomposition with respect to the k occurrences of the smallest label 1: ¢ =
S11851853 ... 1Sk, with (possibly empty) substrings Si, ..., Sky1, which are, after
order-preserving relabellings, themselves 312-avoiding k-Stirling permutations. Fur-
thermore, due to the property of avoiding the pattern 312 it must hold 1 < 57 <
Sy < +++ < Siiq. This immediately yields the following formal equation for the
family F:

F={el + Z x F,

where + and x denote the disjoint union and the Cartesian product of object families,
respectively. Thus, by a straightforward application of the symbolic method, we get
the functional equation

F(z) =1+ 2F(2)F! (2)

for the generating function F'(z). Extracting coefficients, F,, = [2"|F(z), can be done
easily by applying the Lagrange-Biirmann inversion theorem, see [23], and yields

F, = #ﬂ((kt})"), i.e., I}, is given by the generalized Catalan numbers.

3.2 Single occurrence of the pattern 312

Now let us consider a k-Stirling permutation 7 with a single occurrence of the pattern
312. Again we consider the decomposition of 7 with respect to the smallest label 1:
T =T1T51T5 ... 1T}y, with T}, ..., Tyy1 (possibly empty) substrings, which are (af-
ter order-preserving relabellings) themselves k-Stirling permutations. We distinguish
two cases according to the labels ¢mr forming the 312-pattern of :

e The 312-pattern ¢mr does not contain label 1, i.e., m # 1. Then the substrings
Ti, ..., T,y must satisfy the following properties:

— The subsequence ¢mr must be contained entirely in a substring 7}, 1 <
J < k+1, otherwise, if £ € T;, r € T}, with ¢ < j, then ¢1r would be
another occurrence of the pattern 312.

— The substrings must satisfy 1 < 77 < Ty < --- < Ty, since otherwise,
if there were ¢’ € T;, v’ € T}, with ¢ < j and ¢ > r’, then ¢'1r" would be
another occurrence of the pattern 312.

— After order-preserving relabellings, T is itself a k-Stirling permutation
with a single occurrence of the pattern 312, whereas T3, ..., 7,1, Tj41, . . .,
T.+1 are 312-avoiding k-Stirling permutations.

Thus, this object family G[%, where the occurrence of the 312-pattern does not
include the letter 1, can be described in the following formal way:

GO =(k+1)-GxZxF" (3)
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e The 312-pattern mr contains label 1, i.e., m = 1. Let us assume that ¢ € T;
and r € T}, with ¢« < j. Then the following properties must be satisfied:

i+1y -+, L1 = 0, otherwise there would exist ¢’ € T,, with i +1 < ¢ <
j—1, such that either ¢ > ¢, which causes due to ¢'1r a further occurrence
of the pattern 312, or ¢/ < ¢, which causes due to £1¢" a further occurrence
of the pattern 312.

— ¢ =r+1, otherwise if £ > r 4+ 1 then label » + 1 would be contained in a
substring T}, and then either ¢ < 4, which causes due to (r+1)1r a further
occurrence of the pattern 312, or ¢ > 7, which causes due to ¢1(r + 1) a
further occurrence of the pattern 312.

— Define T} := T; — {¢*}; then it must hold that T} < --- < T;_; < T/ <
Tiv1 < -++ < Tjkiq, since otherwise another 312-pattern would occur.

— T; = T/{*, otherwise there would be an element m’ < ¢ and consequently
m' < r = ¢ —1 to the right of ¢, which causes due to ¢m’r a further
occurrence of the pattern 312.

— After order-preserving relabellings, T3, ..., 7,1, T}, Tj+1, - . . , Th41 arve 312-
avoiding k-Stirling permutations and 7; # () is a non-empty 312-avoiding
k-Stirling permutation.

Let Gl denote the family, where the occurrence of the 312-pattern includes the
letter 1. According to our considerations it can be described in the following
formal way:

=N ZxZxFHH N (F (o). (4)

1<i<j<k+1

Here, the atoms Z correspond to label 1 and label ¢ of T; = T/¢*. Since all
parts 11, ..., T;—1, T}, as well as Tj11, ..., Ty41 are 312-avoiding k-Stirling per-
mutations, we get the corresponding term Fitkt2-0+1) = Fk+l-i+i \oreover,
since T; # () is a non-empty 312-avoiding k-Stirling permutation, we get the
additional combinatorial family F — {e}.

Combining the two cases (3) and (4) via G = G+ Gl one obtains after straight-
forward simplifications the following symbolic equation connecting the families G

and F:
k

G=(k+1)-Gx ZxXF'+ 2> x (F={e}) x Y _p-F". (5)
p=1
Thus, applying the symbolic method to (5) yields the following functional equation
relating the generating functions G(z) and F(z):

G(z) = (k+ 1)2G(2)F(2) + 22(F(2) = 1) > _pF(2)",

p=1
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or

2(F(2) = 1)y pF(2)P 2F(2)?

OO = T 0P () - D - kEE — 1)

—zF(z), (6)

where the last expression follows after simple manipulations using the functional
equation (2).

Extracting coefficients from (6) yields an explicit formula for G, = [z"]G(z).
For the first summand we introduce F'(z) := F(z) — 1, which thus satisfies the

functional equation F = 2(1+ F)**', and apply Cauchy’s integration formula [7].
Using € = (1;{? k);ﬁ, this gives
(7] 22F(2)? 1 7{ (1+F)? dz
z = — = =
F() - D WFE) —1) 200 ) B k)]
B 1 f* (1_|_F)2 (1_|_F)(k+1)(n71) 1—]{3F dF B 1 (1+F)k’n+n72k71dﬁ
2mi | F(1—kF) Frn—t (1+F)k+2 2mi En

= [ﬁmfl](l + ﬁa)kn+n72k,1 _ <k5n +n— 2k — 1).

n—1
Furthermore, the second summand of (6) simply yields

| (k+1)(n — 1))

2"2F(2) = Fy_y — —(

k(n—1)+1 n—1

Combining our findings leads to the following theorem.

Theorem 1 The generating function G(z) = 3, 5o Gnz" of the number G, := ely
of k-Stirling permutations of order n with a single occurrence of the pattern 312 is
given as follows:

22F(2)?
(F(2) = 1)(1 = k(F(2) = 1))

G(Z) = - ZF(Z>7

with F(z) = Y, 50 Fn2" the generating function of the generalized Catalan numbers
F, = J plu ﬁ((kt})"), 1.€., the number of 312-avoiding k-Stirling permutations
of order m, which satisfies the functional equation F =1 4 zF*+1,

4 Containing the pattern 231 only once

4.1 Avoiding the pattern 231

In this section we consider the combinatorial family G := G;(231) of k-Stirling per-
mutations with a single occurrence of the pattern 231. Let G,, denote the number of
k-Stirling permutations of order n with a single occurrence of the pattern 231 and
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G(2) := )50 Gn2™ its generating function. Again we will show relations to the fam-
ily F := F(231) of 231-avoiding k-Stirling permutations and, by using formulse for
the number F,, of 231-avoiding k-Stirling permutations and its generating function
F(z) =), Fnz", we are able to show enumeration results also for the family G.
Explicit results for F,, and F(z) (as pointed out before, they are different from the
corresponding formulee for 312-avoiding k-Stirling permutations) are obtained in [12]
by what is called there component block decomposition of k-Stirling permutations.
However, in order to show relations between the families F and G it seems preferable
to use the decomposition of these objects with respect to the smallest label 1. Thus,
first we will use this decomposition to reprove the results for F and afterwards we

extend the considerations to cover the family G.

Let o be a 231-avoiding k-Stirling permutation of order n > 1 and consider its
decomposition with respect to the k occurrences of the smallest label 1, which we
denote by

g = Sklsk_ll s SllS,

with (possibly empty) substrings Sy, ..., Sk and S, which are themselves (after order-
preserving relabellings) k-Stirling permutations. Due to the property of avoiding the
pattern 231 it must hold that the concatenated string A := Sp.Si_1....5; is forming
a non-increasing sequence. Thus, there are ¢q,...,q > 0, denoting the number of
different labels contained in S, ..., Sk, respectively, and labels 1 < a; < ay < -+ <
gy +qo-+-+q,» SUCh that
S; = a§1+,,,+qja’;l+,,_+qj_1 o a§1+,,,+qj_1+1, for 1 <j<k.

Furthermore, each element s’ > a; in the substring S must be to the right of each
element s” < a; in S, since otherwise a;s’s” would cause an occurrence of the pat-
tern 231. Thus, it holds that S can be decomposed itself: S = CoCi...Cy 440,
with substrings Cp, ..., Cy4..4q, satisfying 1 < Cp < a3 < C1 < ay < Oy <
oo < gy totqy < Cyitotqe- Moreover, the substrings Cy, ..., Cy 4..4q, must be (af-
ter order-preserving relabellings) themselves 231-avoiding k-Stirling permutations.
Thus, apart from 1 and Cy, o is decomposed into k sequences of pairs consisting
of an element a; and a 231-avoiding k-Stirling permutation C;, which immediately
yields the following formal equation for the family F:

F={}+Z x F x (Sea(Z x F))"

with SEQ denoting the sequence construction for a family of combinatorial objects.
An application of the symbolic method to this equation immediately gives that the
generating function F'(z) satisfies the following functional equation:

2F(2)

(7)

To extract coefficients one may set £ (z) := zF(z) and apply the Lagrange-Biirmann
inversion theorem, which gives after routine calculations the explicit formula for F,
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stated already in [12]:

ez ()0 ®

J=0

4.2 Single occurrence of the pattern 231

Now we treat the family G and consider a k-Stirling permutation 7 with a single
occurrence of the pattern 231, where we assume that this pattern is caused by the
subsequence fmr. The decomposition of 7 with respect to the smallest label 1 can
be written as

T = Tlek,11 s 'TllT,

by Ti,...,T, and T' (possibly empty) substrings which are (after order-preserving
relabellings) themselves k-Stirling permutations. We start our examinations with
the following two observations:

e / = r+ 1, since otherwise, i.e., if £ > r + 1, label (r + 1) would occur in a
further 231-pattern, namely, either (r + 1) is to the left of m, then (r + 1)mr
causes a 231-pattern, or (r 4+ 1) is to the right of m, then ¢m(r + 1) causes a
231-pattern.

e The subsequence ¢mr = (r+1)msr is not contained entirely in the concatenated
string A := TyTk_1...T}, since otherwise (r + 1)ml would cause a second
occurrence of the pattern 231.

Let us assume that the substrings 77, ...,T} contain ¢y, ...,q > 0 different labels,
respectively, and thus that the string A, when considered as a multiset, is given as
A={a}, a5, ... af ., }, with1 <a; <as--- < ag4..yq,. When we distinguish
according to the position of the labels (r + 1)mr forming the 231-pattern of 7, there

are three possible cases, which will be treated separately.

e The 231-pattern (r + 1)mr is contained in 7', i.e., (r + 1), m,r € T'. Then the
strings A and T' must satisfy the following properties:

— The elements in A form a non-increasing sequence, since otherwise, if
there were a’,a” € A, with ' > a” and a' left of a”, due to a’a”1 a further
231-pattern would occur. Thus the following must hold

T = al‘;1+"'+Qja](§1+"'+Qj_l e al¢;1+"'+Qj71+l’ for 1 <7<k

— It holds that each element ¢ > a; in the substring 7" must be to the
right of each element t” < a; in T, since otherwise a;t't” would cause a
further 231-pattern occurrence. Thus 7" can be decomposed itself: T =
CoCi...Cyp 4. tq,, where the substrings C; are themselves (after order-
preserving relabellings) k-Stirling permutations satisfying 1 < Cy < a3 <
Ci<ay <=0y <+ <agqoiq < Cpiiq-
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— After order-preserving relabellings, exactly one of these substrings, let us
assume Cj, is a k-Stirling permutation with a single occurrence of the
pattern 231, whereas all remaining substrings Co, ..., Cy—1, Cgy1, - -,
Coi4-4q, are 231-avoiding k-Stirling permutations.

From these properties a combinatorial description of the family of k-Stirling
permutations, where the single occurrence of the 231-pattern is contained in
T can be obtained. We denote this family in the following by GMY. Either
(r + 1)mr € Cy, which means that, apart from label 1 and Cj, the string 7 is
decomposed into k sequences of pairs consisting of a label a; and a 231-avoiding
k-Stirling permutation C;, which can be described via Z x G x (SEQ(Z X f))k;
or otherwise, if (r + 1)mr € Cy, with ¢ > 0, then q, is contained in a substring
T;, with 1 < j < k; then we may consider T} as T} = T}[L]a'ﬂ}m], with Tj[L] and
T]-[R} non-increasing sequences of labels. Thus, apart from the elements 1, Cp,
a, and Cy, the string 7 is decomposed into k +1 sequences of pairs consisting of
a label a; and a k-Stirling permutation C;. Taking into account that a, can be
contained in one of the k substrings 7T}, these objects can be described formally

viak - ZX ZxFXGX (SEQ(Z X f))kﬂ. Thus, for the family GV we get
the formal description

G =2 x G x (SEQ(Z x ]-"))k +k-Z°x FxGx (SEQ(Z x ]—"))kH. (9)

The 231-pattern (r 4+ 1)mr is contained in AT, but not in T, i.e., (r+1) € A
and r € T. This case implies that also m € T, since otherwise, if m would
be contained in A, (r + 1)m1l would cause a further occurrence of the 231-
pattern. In the following, let us assume that (r + 1) = a, € A, such that
r = (a,—1) € T. The structure of the strings A and 7" will be revealed via the
following properties, which have to be satisfied.

— The elements in A form a non-increasing sequence, since otherwise a fur-

ther 231-pattern would occur. Thus it must hold that
k k k .
T = Qgitig; Oqutgy—1 - - Qgrogy g 41, fOT 1< j < k.

— Let i # ¢, then it follows that each element ' > a; in the substring T’
must be to the right of each element " < a; in T, since otherwise a;t't”
would cause a further 231-pattern occurrence. Thus T" can be decomposed
itself: T = CyCy...Cq—2DCyi1Cyia ... Cyy..qq,, Where the substrings
C; and D are themselves (after order-preserving relabellings) k-Stirling
permutations satisfying 1 < Cp < a1 < Cy < as < -+ < Cyg < aq-1 <

D < ag1 <= Cpp1 < -+ < Agqetq, < Cgtetq,, Where D contains all
elements between a,_; and a,q; other than a,. In particular it holds
(a, —1) € D.

— m < ag41, since otherwise a,+1m(a, — 1) would give a further occurrence
of the pattern 231. Thus, it holds m € D.
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— Each element d € D with d < (a, — 1) must be left to m, since otherwise
a,md would give a further 231-pattern occurrence. As a consequence, each
such d < (a; —1) must be also left to all occurrences of (a, — 1), since due
to the 212-pattern avoidance property of k-Stirling permutations, d could
be either to the left or to the right of all occurrences of (a, — 1), but the
latter case would cause a further 231-pattern due to a,md.

— Each element d € D with d > (a, — 1) (and thus d > a,) must be to
the right of (a, — 1), since otherwise a,d(a, — 1) would give a further
231-pattern occurrence.

— Each element d’ € D with d’ > m must be to the right of each element
d" € D with d” < m, since otherwise md'd” would give a further 231-
pattern occurrence.

— At least one occurrence of (a, — 1) must be to the right of (necessarily
all occurrences of) m, since we assumed that these elements cause the
single occurrence of the 231-pattern. From the previous properties it
follows that D can itself be decomposed into D = Cq_lPC'(El]C(EQ], with
-1 < Cyq < (a;—1) < ay < C'C[,l] <m < C(EQ] < @441, where P could be
one of the following k strings:

P=m"a,—1)"or P = (a,—1)'m"(a, — )" with1 <t <k—1.

— All the substrings Cy,...,Cy_1, Cg], C’E], Cytt1y -+ Cpgotq, are (after
order-preserving relabellings) 231-avoiding k-Stirling permutations.

This decomposition can be used to give a combinatorial description of the
family of k-Stirling permutations G2, where the single occurrence of the 231-
pattern is contained in AT, but not in 7. Let us assume that a, is con-
tained in the substring 7Tj, with 1 < j < k. Then we may consider T} as
T; = TJ[L]a’;TJ[R], with TJ[L] and Tj[R] non-increasing sequences of labels. Thus,
the string 7 is decomposed into the special labels 1, a,, (a, — 1) and m and
into the special substrings of 231-avoiding k-Stirling permutations Cj, CE]
and C'qm, as well as into k£ + 1 sequences of pairs consisting of a; contained
inTy,..., T, Tj[L], Tj[R}, Tit1, ..., T, respectively, and the corresponding sub-
string C;. Taking into account the k possibilities for the string P and indepen-
dent from it the k possibilities for the substring 7} containing (r+ 1) = a,, we
get the following formal description of GP:

k+1

G = k- 2* x F* x (SEQ(Z x F)) (10)
The 231-pattern (r + 1)mr is contained in Al,ie,r=1,(r+1)=2=a; € A
and m > 2 € A. Then the strings A and T must satisfy the following properties:

— m = asg, since otherwise, if m = a;, with ¢ > 2, this would cause a further
occurrence of the 231-pattern, namely, either due to asml1 if as is left to
2, or due to 2as1 if as is to the right of 2.
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— The elements ag, ..., ag+..1q, are left to 2, since otherwise a further oc-
currence of the 231-pattern would appear due to 2a;1.

— The elements as, ..., aq ...4q, form a non-increasing sequence, since oth-
erwise a further 231-pattern would occur.

— At least one occurrence of 2 is left to (necessarily all occurrences of) as,
since it is assumed that 2as1 is forming the 231-pattern. Due to these
properties the string A has the following form: A = a§1+,,,+qka§1+_,,+ak_1

..aka5 P, with P one of the following k strings:
P =2 or P=24a52"" with1<t<k—1.

— In T each element ¢ > a; must be to the right of each element t” < a;,
since otherwise a;t't” would cause a further 231-pattern. Thus T can
be decomposed in the following way: T = C1Cy...Cy 4...4q,, With sub-
strings Cy,...,Cqq.uq, satisfying 1 <a; =2 <Cy <ay <Cy < --- <
Agy+ g = Cq1+~-+Qk'

— The substrings C1,...,Cy .44, are (after order-preserving relabellings)
themselves 231-avoiding k-Stirling permutations, since otherwise a further
231-pattern would occur.

Combining these properties a combinatorial description of the family of k-
Stirling permutations, where the single occurrence of the 231-pattern is con-
tained in A1, let us denote it by GPl, can be obtained. To do this we distin-
guish between two cases according to the substring P contained in A given in
above description. Namely, if P = 2¥a5 = afa% then we may think of get-
ting the substrlngs Tk, ..., T7 in the decomposition of 7 by starting with the
string A = aql 4. +qkaq1 b - .aka¥, partition it into k substrings and finally
switch af with af. This means that 7 is decomposed into 1 and k sequences of
pairs consisting of a; and the corresponding C;, but it must be guaranteed that
A consists of at least 2 different labels, otherwise we could not switch the two
smallest ones. Thus these two cases have to be excluded and we get the formal
description Z x (SEQ(Z x F))" — Z — k- Z x Z x F. On the other hand, if
P has the shape P = 2'a52F~! with 1 <t < k — 1, then 2 and ay must lie in
the same substring 7; and we have to modify the description. Namely, we may
think of getting the substrings Ty, ..., T1 in the decomposition of 7 by starting
with the string A = q1 fetag - ak, partition it into k substrings and finally
wrap 2F around as in of the k — 1 possible ways. Thus, 7 is decomposed into 1,
a1 = 2, C and into k sequences of pairs consisting of a; and the corresponding
C;, but it must be guaranteed that A # (otherwise 2* could not be inserted
in the way described above). Thus this case has to be excluded and we get the

formal description (k—1)- Z x £ x F x (SEQ(Z x F))* = (k—=1)- Zx Z x F.
Therefore, we end up with the following description of the family GPl:

GB = Zx (SEQ(ZXF)) +(k—1)-Zx F x (SEQ(Zx F)) = Z—(2k—1)-22x F.
(11)
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Combining the three cases (9), (10) and (11) by using G = G + GP + GBl we obtain
a formal description of the family G:
G=2xGx (SEQ(Z x F))" +k- 2> x Fx G x (SEQ(Z x F))""
+ k- 20 PP x (SEQ(Z x F)) 4 2 x (Seq(Z x F))"
+(k—1)- 22X Fx (SEQ(Zx F))' =2 -2k —1)- 2> x F.

Applying the symbolic method this formal description immediately yields an equation
connecting the generating functions G(z) and F(z):

2G(z) k22F(2)G(z k224 F(2)3 N z
(1—2F(2))k (1 =2F(2))F1 (1 —zF(2)k1 (1 —2F(2))*
(k —1)22F(2)
(1—2F(z))*

G(z) =
—z— (2k — 1)2*F(2).
Taking into account the defining functional equation for F(z), we obtain, after

straightforward computations, the following formula for G(z):

1
ey oy g

— (k= 1)22F(2)*(F(2) +1) — 2F(2)(k — 1 — (k = 2)F(2)) + F(2) — 1|,

P F(2)Y (R F(2) = (k= 1))

. o zF(z)
Wlth F(Z) =1 + W

To extract coefficients and thus to obtain an explicit formula for G, = [2"]G(2)
we introduce I := F(z) := 2F'(2) and apply Cauchy’s integration formula. First,
after simple computations one gets that G(z) can be expressed via F' as follows:

n E2F3 (k=D F 1 n
F ((1—F>k+l T T L R il 1)

G(z) N 1 kE?2 (12)
T =Rt
Moreover, using A
- F
F=:(1+ ) (13)
(1—F)*
1-—kE
and thus dz = ——0="=5dF, we obtain
(1+L”k)
(-F)
G :[Z”]G(z)zij[ ¢ 4o L ( +<1—ﬁ>k> -G 1P
n 2mi | zntl 271 o+l L4 - \2
(1-F)*

. n—1 ~o
Lj[G(l +idm) (1 <1k£>k+1>dﬁ

FnJrl
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_ [F"]G<1 n ﬁ)”*(l _ (L)

1—F 1 — F)ktl
Therefore,
G, = [F"7] szﬁg +(k_1A)F+ L — (2k—1)F—1 ~(1+ FA )n_l,
A—F)p1 ' (=B (-F) (1—F)

and by using the binomial series expansion one easily obtains an explicit result for
G,. We collect these findings in the following theorem.

Theorem 2 The generating function G(z) = ) ., Gn2" of the number G,, := el
of k-Stirling permutations of order n with a single occurrence of the pattern 231 is
given as follows:

1
T 1+ (k—1)2F(z) — k2F(2)?
— (k= 1)22F(2)*(F(2)+1) = 2F(2)(k —1— (k= 2)F(2)) + F(2) — 1|,

G(2) PF(2)* (K F(2) — (k- 1))

with F(2) = Y50 Fu2" the generating function of the number F, = Jald of 231-
avoiding k-Stirling permutations of order n, which satisfies the functional equation

_ zF
F—l—l-m.

5 Containing the pattern 123 only once

5.1 Avoiding the pattern 123

In this section we consider the combinatorial family G := Gy (123) of k-Stirling per-
mutations with a single occurrence of the pattern 123. Throughout this section we
denote by FE, the evaluation operator at z = 1, and with D, the differentiation op-
erator with respect to . The aim is to show results for the number G,, of k-Stirling
permutations of order n with a single occurrence of the pattern 123 as well as for
its generating function G(z) := Y ., Gn2". As in the previous sections for this we
require corresponding results for the family F := F,(123) of 123-avoiding k-Stirling
permutations. It has been shown already in [12] by an extension of the correspon-
dence of Simion and Schmidt that, for each order n, the number of 231-avoiding
k-Stirling permutations is equal to the number of 123-avoiding k-Stirling permuta-
tions; thus the numbers F,, and its generating function F'(2) := > ., F,2" are given
by the formulee (8) and (7), respectively, stated in Section 4. -

However, for the pattern 123 the situation is more involved and in order to get
results for G these formulee are not sufficient, but we require refinements of the
enumeration results for F. Namely, first we will derive the generating function of
the number of 123-avoiding k-Stirling permutations of order n, weighted according
to three parameters. Assume that o € F is of order n: the parameter ¢(o) denotes
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the number of possible insertion places for (n + 1)* in o before the first occurrence
of the patterns 12 and 21; moreover, the parameter d(o) denotes the number of
the remaining insertion places for (n + 1)F in o before the first occurrence of the
pattern 12. Furthermore, the parameter e(o) counts the number of positions, where
an insertion of (n + 1)¥ in o would create a single occurrence of the pattern 123.
Note that by defining these parameters we exclude an insertion at the beginning of
the k-Stirling permutation o, since this case will always be treated separately. These
insertion places can be naturally ordered from left to right.

Example 1 Given the 123-avoiding 2-Stirling permutation o = 1221, with ¢(o) = 1,
d(o) =0 and e(c) = 3. We can obtain either T = 331221 with parameters c(1) = 2,
d(t) = 1 and e(1) = 3 by inserting 3* at the beginning, or T = 133221 with parameters
c(r)=1,d(1) =0 and e(1) = 2.

Let F(z;u,v,w) denote the generating function of 123-avoiding k-Stirling permu-
tations weighted according to the parameters ¢(o), d(o) and e(o),

F(zu,v,w) := Z 2171 (@) gyyel) = Z F,q4(z; w)u‘v? (14)
oceF c,d

Of course, it holds F(z) = F(z;1,1,1) for the counting series of 123-avoiding k-

Stirling permutations, with F'(z) given by (7) as mentioned above. A key part in our

further analysis is the fact that F(z;u,v,w) satisfies a certain functional equation,

stated in the Proposition below.

Proposition 1 The generating function F(z;u,v,w) of the number of 123-avoiding
k-Stirling permutations of order n, weighted according to the insertion places before
12 and 21, remaining places before 12, and places where a single occurrence of 123
can be created, which is defined in (14), satisfies

zuwk

F(z;u,v,w) = 14 20" F(z;v,v,w) + (F(z, u,w, 1) — F(z;w,w, 1))

u—w (15)

Ay

1(F(z;u,v,1) — F(z;u,l,l)).

/l} —
In order to show this functional equation for F'(z;u, v, w) we use the following result.

Lemma 1 Let 0 = 01...0p, € F denote a 123-avoiding k-Stirling permutation of
order n > 1. The values of the parameters c(o), d(o) and e(o) of the k-Stirling
permutations T € F of order n+1, obtained by inserting (n+1)* into o in a suitable
way, are given by

((k,c(0) +d(0),e(0)),
by insertion at the beginning of o,

(77 07 C(U) -7 + d(O') + k)a
by insertion at position v of ¢(o), 1 <~ < ¢(o),

(c(a), 0, 0) ,

by insertion at position § of d(o), 1 < § < d(o).
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Proof of Lemma 1: In order to create new 123-avoiding k-Stirling permutations of
order n + 1 we can insert the k-tuple (n + 1)* either at the beginning, or at any of
the ¢(o) 4+ d(o) other possible insertion places.

e If we insert the k-tuple (n+1)* at the beginning of o, we obtain 7 = (n+1)*o €
F of order n + 1, with ¢(0) = k insertion places before the first occurrences of
12 and 21. Moreover, then we have d(7) = ¢(o) + d(o), since the insertion of
(n + 1)* creates an occurrence of 21.

e If we insert (n + 1)* at position v of ¢(c), we obtain 7 = a”(n + 1)ka®®) =g,
Hence, ¢(7) = v and there are no more insertion places before the first occur-
rence of 12, i.e., d(7) = 0. Note that we can create a single occurrence of 123
by inserting at any of the ¢(o) — 7 places, at any of the additional k places in
(n+ 1)*, or any of the former d(o) insertion places in the part o, in 7.

o If we insert (n + 1)* at position § of d(c), then for the resulting string 7 an
insertion of (n + 2)* after this position, i.e., at one of the former d(c) — &
remaining places, would create more than one occurrence of the pattern 123,
hence e(7) = 0 and furthermore d(7) = §; moreover, the ¢(¢) insertion positions

are not influenced.
O

Proof of Proposition 1: By Lemma 1 we obtain the following functional equation for
F(zu,v,w):

c d
F(zu,v,w) =14 20" F(z;0,v,w) + 2 - Z F.a(z;1) < Z W TR e Z 1)6>.

c,d y=1 6=1
Using
c u\¢ 1 c c
_ _ =) - u® —w
E :u‘ywc y+k+d _ wk+c+d 1, u - ('u;) — uward
= —1 u—w
'y:l w
d d_1 ...
and also u® > 5_ v° = u‘v “v_ll, it simplifies to the stated result. O

5.2 Single occurrence of the pattern 123

Now we turn to our studies of the family G and compute formula for G(z) and G,,.
To do this we introduce the refined generating function G(z;u) of the number of k-
Stirling permutations with a single occurrence of the pattern 123, weighted according
to ¢(o) + d(o), via

G(z;u) = Z 2171y eo)+d(o) — Z Go(2)uf, (16)
¢

c€eg

where the parameters ¢(o) and d(o) are defined as in Section 5.1 by the number of
insertion places before 12 and 21, and the number of the remaining insertion places
before 12, respectively. Of course, G(z) = G(z;1). The interest of G(z;u) lies in the
relationship to the generating function F'(z;u, v, w) studied in Section 5.1.
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Proposition 2 The generating function G(z;u) of the number of k-Stirling permu-
tations of order n with a single occurrence of the pattern 123, weighted according to
the insertion places before the first occurrence of the pattern 12, which is defined in
(16), satisfies the following functional equation:

G(z;u) = 2E,DyF(z;u,u,w) + 2ufG(z;u) + -

<G(z;u) — Gz 1)), (17)

u—1

with F(z;u,v,w) defined in (14).

Proof: Any k-Stirling permutation 7 of order n + 1 with a single occurrence of the
pattern 123 can be generated by inserting (n + 1)¥ into a k-Stirling permutation o
of order n in one of the following three ways:

e 0 € F is a 123-avoiding k-Stirling permutation and we insert (n + 1)* at one of
the e(o) possible positions that create a single 123-pattern.
e 0 € G and we insert (n + 1)* at the beginning of the string.

e 0 € G and we insert (n + 1)* at one of the c(c) + d(o) positions before the first
occurrence of the pattern 12.

Hence, the generating function G(z;u) satisfies

¢
G(z;u) = 2E,DyF(z;u,u, w) + 2u*G(z;u) + 2 Z Go(z) Z u,

L A=1

which readily leads to the stated result. O

Next we show how the generating function G(z) = G(z;1) can be expressed via
F(z;u,v,w).

Lemma 2 The generating function G(z) satisfies:
G(z) = F(2) - 2B, Dy F(2;U(2), U(2), w), (18)

where F(z;u,v,w) is defined in (14), F(z) is given by (7), and U(z) has the repre-
sentation Pl fm\ frect(ht)
U(z) = 1 _ 1+Z P 3me (D ()

1—2z2F(2) n

n>1

(19)

Proof: We show above representation by using the kernel method. First, we rewrite
(17) as

ZU ZU

(1—zu — )G(z;u) = 2By Dy F (2 u,u,w) — G(z;1). (20)

u—1 u—1

The kernel K(z;u) = 1 — zu" — 2% has a single power series solution u = U(z),

where it vanishes:

K(z;U(2) =1—2U%z) — —— =0. (21)
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Using the Lagrange-Blirmann inversion theorem, we readily obtain the expansion of
U(z) stated above when considering the shifted series U(z) = U(z) — 1 satisfying

A

U(z) = 2(U(2) + (1 + U(2)(0(2) + 1)F).
Consequently, we have

A Uz)
(U(2) + 1)1+ U(2)(U(2) + 1))

z =

and obtain for the n-th coefficient
n—1
. 1o~ . o 1 n+0(k—1)
MU (z) = —[0" 1+ 0)"(1 ==
[2"U(2) n[U J1+0)"(1+UU + nH()(n_l_g)

Substituting the series u = U(z) in (20) cancels the left hand side of the equation
and we directly get

2U(2)
U(z) -1

2U(z)

2E,Dy,F(z;U(2),U(z),w) = Uz -1

G(z;1) = G(z).

Furthermore, it holds that the function UZ(;%Z_)l is exactly the generating function F'(z)

given in (7); namely, by simple manipulations of (7) and (21) it follows

zF 1 1—%
ZF:Z(l—Fm) and 1—5:Z<1+ (l)k>’

U

and thus that zF'(z) = 1— ﬁ, since they satisfy the same functional equation. This

shows the stated relation (18). O

Remark 1 Another application of the Lagrange-Birmann inversion theorem similar
to the corresponding computations for U(z) in Lemma 2 yields the expansion

2 2 — 1+ (k—1)¢
Pe=y o2 (T (T, )
o T4 e
which can be used later for deriving G, = [2"]G(z).

Thus, according to Lemma 2 it remains to determine the generating function

2E,DyF(z;u,u,w). When we evaluate F(z;u,v,w) at v = wu in the functional
equation (15) we get

1 k
F(z;u,u,w) = 1+ e (F(z;u,w, 1) — F(z;w,w, 1))
1 — zuk u—w (23)
2u
- 1<F(z;u,u,1)—F(z;u,l,l))).
u_
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In the following we will determine step by step all the evaluations of F' appearing in
(23). First, we plug w = 1 into (23) and it follows that the occurrences of F'(z,u, 1, 1)
cancel out; we get

1 U ZU
F(z;u,u, 1) = T o (1+u_1F(z;u,u,1)— u_lF(z;l,l,l)),

and by taking into account F'(z;1,1,1) = F(z) we obtain after simple manipulations

1— zuF(z)

F(zu,u,1) = = z(uku—klil)‘ (24)

u

Next we turn to the function F'(z;u,v,1), which, by evaluation w = 1 in (15),
satisfies the functional equation

ZUu

(1- 25 ) Fesu 1) = 1+ 20 F(zs0,0,1) -

v —

v (25)

u v
— Flz:u, 1.1
+w(u_1 U_1>(Au,,%

with F(z;1,1,1) = F(z) and F(z;v,v,1) as given in (24). In order to solve (25) we
carry out another application of the kernel method. The kernel on the left hand side
cancels for v = V(z) = 1/(1 — z). Since 2V (z)/(V(z) — 1) = 1, we get

(1—2)*
F(zV(z2),V(2),1) = . (F(z) - 1),
and consequently
1 i i 2U
F(z;u,l,l)zl —(1+u"(1—2)"(F(z) - 1) — 1F(z) . (26)
— u JR—
u—1
Plugging (26) into (25) determines the required function:
1 - 2 F(2) zu
F(z: 1) = 1 k v—1 . F
(Z,U,U, ) 1_Uz_vl( +ZU1_Z(UIC_|_%) u—1 (Z)
U v 1 2
- b (1=2)8(F()~1) = == F(2)) ).
05 v—1)1—uZ_ul< =2 (F () -1) = g5 P >

Now we are ready to derive zFE, D, F(z;u,u,w). We get from (23)

22 wk
2E,Dy F(z;u,u,w) = E,D,—— (F(z, u,w, 1) — F(z;w,w, 1))
1 — zuk U—w
22u k(u—1)+1
= F(z;u,1,1) — F

+ E, Dy, (F(z, u,w, 1) — F(z;w,w, 1))),
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with F(z;w,w, 1), F(z;u,1,1) and F(z;u,w,1) as given in (24), (26) and (27). We
substitute u = U(z) given by (19) and obtain

22U (2) y
(1= 2U2))(U(2) = 1)

<k(U(§,(zi>—_1i+1 (F(zU(2),1,1)=F(2)) + Ey Dy <F(z; U(z),w,1)—F(z;w,w, 1)>> .

2E,DF(z;U(2),U(2),w) =

The calculation of E,,D,, <F(z, u,w, 1)—F(z;w,w, 1)) is preferably carried out using
a computer algebra system. Moreover, for the remaining simplifications the identities
U(z) = F T and U Fz) = i(bfgl are useful, where the latter follows directly from
(7). We finally obtain, by using also the series expansions of F(z) and F?(z) given
in (8) and (22), respectively, the following result.

Theorem 3 The generating function G(z) = 3, 5, Gnz" of the number G, := G
of k-Stirling permutations of order n with a single occurrence of the pattern 123 is
giwen as follows:

Gy = FOEE) =00 = 2 (k=) +1) 22— K) =) + 2 ()

z

with F(z) = ano E, 2" the generating function of the number F), := Jaly of 123-
avoiding k-Stirling permutations of order n, which satisfies the functional equation

F:1+ﬁ.

6 Asymptotic results

The explicit results for the numbers G,, and the corresponding generating functions
G(z), respectively, obtained in Section 3-5 can be treated by standard techniques
from analytic combinatorics to describe the asymptotic growth behaviour of G,
el ], for n — oo and k fixed. In particular, we are also interested in the asymptotlc
behaviour of the ratio G" between the number of k-Stirling permutations of order n
with a single occurrence and the corresponding ones avoiding a given pattern « of
length 3. We collect our findings in Table 3.

We give some quick remarks on the asymptotic computations. The asymptotic
results for the pattern 312 immediately follow from the explicit formula for G, given
in Section 3 after applying Stirling’s formula for the factorials. For the patterns 231
and 123 it is advantageous to apply basic singularity analysis [7] to the corresponding
generating functions G(z) given in Section 4-5. To do this one first considers the
function F(z) = 2F(z) satisfying the functional equation (13) and gets the following
local expansion in a complex neighbourhood of the unique dominant singularity

z=p:
ﬁ(z>:7—ﬁ.1/1—§+0(1—§),
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[+] [o]
Members G'[rf] _ |{O’ c gk(Oé)Z |0_| _ n}‘ ratio GT;I:] gT‘OU)th co@stant Ck
«Q n and behaviour for k — oo
i class
kmcfl E4+1)FFT\ ™ (o] C[oz] _ (k. 2k+1
213,312 ~ ﬁ(k+1)22k+% (( klz ) ﬁ ~e |k 12451) 1 1
" =e? (1-5= +0(5))
o] _ kr(l—7—Fk72)
931,132 | ~ (/DO 1roke? | ], “% T T1+G-Dr e
) 2kt (24+(k—1)T npn _ 1 nin
(2+(k—1)7) Vnp _1_H+O((1nk)2)
CLC“] _ (QT*P)(lJF(k;l)P)(l*P)k
k Jol 1 (o] P k) —ar
123, 321 ~ s G e ~ ¢ 4 p+( ik) )—4
Inln k)2
= 8(1Dk)2 ’ (1 + O(( lnk) ))

Table 3: Asymptotic results of G ], for n — oo. Here 7 = 7(k) denotes the smallest
positive solution of the equation k72 = (1 — 7)1 p = p(k) = —2=— and k =

1+(k—1)7
- 2(1—7)T(1+(k—1)7)
K(k) = \/ kRt (k—D1)

where 7, p and k are given as in Table 3. Plugging this local expansion into the for-
mula for G(z) stated in Theorem 2 and Theorem 3, respectively, immediately yields
local expansions of G(z) around the dominant singularity z = p and consequently the
asymptotic behaviour of the coefficients G,,. In order to get the asymptotic results

for the growth constant ¢, for £ — oo, we use the following asymptotic expansion
of 7 =7(k):

Ink 2lnlnk Inln k
TR T Tk O(k;-lnk;)’

which follows from the defining equation k72 = (1—7)**! after applying the so-called
bootstrapping technique (see [7] and references therein).
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