ANALYSIS OF STATISTICS FOR GENERALIZED STIRLING PERMUTATIONS
MARKUS KUBA AND ALOIS PANHOLZER

ABSTRACT. In this work we give a study of generalizations of Stirling permutations, a restricted class of permuta-
tions of multisets introduced by Gessel and Stanley [[15]]. First we give several bijections between such generalized
Stirling permutations and various families of increasing trees extending the known correspondences of [20 21].
Then we consider several permutation statistics of interest for generalized Stirling permutations as the number of
left-to-right minima, the number of left-to-right maxima, the number of blocks of specified sizes, the distance be-
tween occurrences of elements, and the number of inversions. For all these quantities we give a distributional study,
where the established connections to increasing trees turn out be very useful. To obtain the exact and limiting distri-
bution results we use several techniques ranging from generating functions, connections to urn models, martingales
and Stein’s method.

1. INTRODUCTION

Stirling permutations were defined by Gessel and Stanley [15]. A Stirling permutation is a permutation
of the multiset {1,1,2,2,...,n,n} such that, for each i, 1 < i < n, the elements occurring between the
two occurrences of ¢ are larger than i. E.g., 1122, 1221 and 2211 are Stirling permutations, whereas the
permutations 1212 and 2112 of {1, 1,2, 2} aren’t. The name of these combinatorial objects is due to relations
with the Stirling numbers, see [[LS]] for details.

A straightforward generalization of Stirling permutations is to consider permutations of a more general
multiset {15122 .. nk»} with k; € Nfor 1 < i < n (here and throughout this work we use in this
context 5! := j,...,7, for [ > 1). We call a permutation of the multiset {1¥*, 22 ... n*~} a generalized

N——

Stirling permutaticlm, if for each 7, 1 < ¢ < n, the elements occurring between two occurrences of ¢ are at
least 7. (Alternatively, one might say that the elements occurring between two consecutive occurrences of ¢
are larger than 7.) Such permutations have already been considered previously by Brenti [819]. Probably the
most natural generalizations of Stirling permutations are obtained when all labels of the multiset appear with
the same multiplicity; as in [21]] we thus define the class Q,, = Q,, (k) of k-Stirling permutations of order n
as generalized Stirling permutations of the multiset {1*, 2% ... n*}, with an integer k¥ > 1. Note that k = 2
yields exactly Stirling permutations as defined by Gessel and Stanley [15], whereas £ = 1 gives just ordinary
permutations. This class of k-Stirling permutations has been introduced already by Park [32} 33} 134] under the
name k-multipermutations.

In the recent papers [7, 20l 21]] several classes of generalized Stirling permutations have been considered,
where a main focus has been given to a study of the number of ascents, descents and plateaux. We call an
element o;, with 1 < ¢ < s, an ascent of the generalized Stirling permutation o = o102 - - - 05, if 0,1 < 0;
(we set here o := 0); analogous definitions can be given for descents and plateaux. During the studies [20} [21]]
close relations between classes of generalized Stirling permutations and families of so-called increasing trees
have been established. Increasing trees are rooted labelled trees, where the nodes are labelled in such a way,
that each child of a node has a label larger than its parent node. In the first part of this work we reconsider this
issue and give three general constructions, which relate generalized Stirling permutations with various kinds
of increasing trees. Such connections between classes of generalized Stirling permutations and increasing tree
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families turn out to be quite useful, since they also link specific quantities in generalized Stirling permutations
with quantities in increasing trees.

The second part of this work is devoted to a study of interesting quantities in k-Stirling permutations. There,
besides obtaining exact results, a main focus is given to a description of the limiting behaviour of the pa-
rameters. For our study we will throughout this paper always assume that all Q,, = Q. (k) := |Q.(k)| =
H;:ll (kiJrl) (see Section different k-Stirling permutations of order n, i.e., of the multiset {1%, 2% ... n*},
are occurring with the same probability; we will thus speak about random k-Stirling permutations of order n.
In particular, if we introduce a random variable X,, measuring a certain quantity in the class @Q,,(k) we use this
model of randomness; furthermore, for any particular o € Q,,(k), X,,(co) gives the value of the quantity for
the k-Stirling permutation o.

First we consider the number of left-to-right minima and the number of left-to-right maxima in k-Stirling
permutations. For a generalized Stirling permutation o = 0109 - - - 0 of the multiset {1%1, 2k2 . ‘n*»1 with
s = Z?:l k;, an element o;, with 1 < ¢ < s, is a left-to-right minimum if o;» > o, for all i’ < ¢; analogous o;
is a left-to-right maximum if o;; < o, for all ¢/ < 7. Thus we are introducing the random variables L,, and M,,,
which will count the number of left-to-right minima and the left-to-right maxima, respectively, in a random k-
Stirling permutation of order n. Of course, due to symmetry the number of right-to-left minima (maxima),
which can be defined analogously, are equidistributed with the number of left-to-right minima (maxima) and
they do not have to be studied separately. Furthermore, for £ = 1, due to the complementation j — n + 1 — j
the random variables L,, and M, are equidistributed, which is no more true for & > 2. The number of
left-to-right minima in k-Stirling permutations has already been considered in [32], where a formula for the
exponential generating function has been given. Here we add a simple explicit formula for the number of k-
Stirling permutations of order n with exactly m left-to-right minima (or alternatively, for the exact probability
P{L, = m}) and also establish a central limit theorem for L,,. The parameter M,, is more difficult to treat,
but we are able to give exact and asymptotic results for the expected number E(M,,) of left-to-right maxima in
a random k-Stirling permutation of order n. During the analysis we even show refined results, i.e., exact and
asymptotic results for the expected number of left-to-right maxima amongst the first ¢ elements oy04 - - - 0,
with ¢ < kn, of a k-Stirling permutation 0 = o1 - + - Oy,

Then we carry out a precise local study of the block structure of k-Stirling permutations. A block in a
generalized Stirling permutation ¢ = o5 - - - 0, is a substring o, - - - 03, With o, = 03, that is maximal, i.e.,
which is not contained in any larger such substring. There is obviously at most one block for every j €
{1,2,...,n}, extending from the first occurrence of j to the last one; we say that j forms a block if this
substring is indeed a block, i.e., when it is not contained in a string j' - - - j/, for some j° < j. It can be
shown easily by induction that any generalized Stirling permutation has a unique decomposition as a sequence
of its blocks. Janson et al. [21] studied several global parameters related to the block structure of k-Stirling
permutations; more precisely, they analyzed the (asymptotic) distribution of the total number of blocks as well
as the (joint) distribution of the sizes of the largest blocks. To obtain their results the authors used various
methods, in particular descriptions via so-called urn models (see [17, [19]); such relations to urn models are
also of interest here. In the present work we are interested in the number of blocks of a certain size, i.e., blocks
of size £, with 1 < ¢ < n, in a random k-Stirling permutation of order n, where we explicitly allow that 1
may also be a function of n such that / = £(n); we use here the convention that the size of a block o, - - - o3,
is given by b — a + 1, i.e., by the number of its elements. Since for k-Stirling permutations the size of a
block is always a multiple of k£ we introduce the random variable X, ¢ that counts the number of blocks of size
{ = k( in a random k-Stirling permutation of order n. In our studies we obtain for X, , the exact distribution,
the moments, and a full characterization of the limiting distributions appearing depending on the growth of
¢ = {(n). For the analysis the correspondence between k-Stirling permutations and increasing trees as well as
generating functions techniques are heavily used. Moreover, we briefly show how to extend our study to obtain
the joint distribution of the number of blocks of sizes k/1, ..., kl,., with 1 < ¢ < --- < {,. < n, for arbitrary
but fixed » € N. Furthermore, we show that our problem is also related to an urn model, which turns out to be
exactly solvable by using methods of Flajolet et al. [[13]].

Then we study the distribution of distances in k-Stirling permutations, a parameter which was considered
briefly by Janson [20] for the case k = 2. For the analysis Janson used the specific connection between
distances in 2-Stirling permutations and descendants in plane-oriented increasing trees, which only holds for
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k = 2, see Section [2|and also [20, 21]]. Let A,,.;, measure the distance between the p-th and the (p + 1)-th
occurrence of j in a random k-Stirling permutation of order n, with 1 < p < k—1and 1 < j < n. For a given
k-Stirling permutation o = 0105 - - - oy, of order n let 3, and 7,11 denote the indices of the p-th and (p+1)-th
occurrence of the number j in a k-Stirling permutation of order n (i.e., oi, = j,0i,,, = J,and there are exactly
p—lindices 1 <4y <y < --- <ip_1 < ip such that o, =73, 1<qg<p—-1); then the distance between the
p-th and (p + 1)-th occurrence of j is defined as i, — i, 1. Alternatively A,,; ,, counts one plus the number of
elements between the p-th and (p + 1)-th occurrence of j in a random k-Stirling permutation of order . In our
analysis we will determine the exact distribution of A,,.; ,, 1 < p < k — 1, and again we are able to give a full
characterization of the limiting distributions appearing depending on the growth of j = j(n). Moreover, using
relations between k-Stirling permutations and increasing trees, we also obtain distribution results of statistics
related to the number of descendants of nodes in (k+ 1)-ary increasing trees; more precisely, using the bijective
correspondence between (k + 1)-ary increasing trees and k-Stirling permutations described in Section [2| we
will show that A,,.; , counts one plus k times the number of descendants of node j contained in the (p + 1)-th
branch of node j (i.e., the number of nodes in the (p+ 1)-th branch of node j), with 1 < p < k—1, in arandom
(k + 1)-ary increasing tree of order n. Thus we also obtain a refinement of known results for the number of
descendants of the nodes in such random increasing trees, see [23} 28], 136].

The last section of this work is devoted to a distributional study of the number of inversions in k-Stirling
permutations. An inversion in a generalized Stirling permutation o0 = 0103 - - - 0 is defined as a pair of indices
(i,7"), 1 < i < i’ < s, such that o; > 0. An enumerative study of the number of inversions in k-Stirling
permutations has been carried out already by Park [32]. Here we are interested in the limiting behaviour of this
quantitiy and introduce the random variable I,,, which counts the number of inversions in a random k-Stirling
permutation of order n. By an application of Stein’s method (see, e.g., [2]) we show a central limit theorem for
I,.

We find a study of parameters in generalized Stirling permutations of interest at least for the following two
reasons. Firstly, generalized Stirling permutations are a natural restricted class of permutations (avoiding the
pattern 212, see, e.g., [6] for permutation patterns) of a multiset and the influence of this restriction to the
behaviour of “classical” permutation statistics (as the number of left-to-right maxima, minima and inversions)
arises as a natural question. Secondly, classes of generalized Stirling permutations can be considered as encod-
ings of important increasing tree families as recursive trees, plane-oriented recursive trees and d-ary increasing
trees, and a study of quantities in generalized Stirling permutations also leads to results for corresponding pa-
rameters in such tree families (as it is the case for the number of left-to-right maxima, minima, blocks or the
distance between occurrences of elements).

The following example shall illustrate the parameters studied in this work.

Example 1. We consider the 3-Stirling permutation o = 355777534443112888221666 of order 8. There
are two left-to-right minima, namely oy = 3 and 013 = 1, and four left-to-right maxima, namely o; = 3,
o9 = 5,04 = Tand 016 = 8, thus Lg(c) = 2 and Mg(o) = 4. Furthermore o can be decomposed into three
blocks leading to the block decomposition [355777534443][112888221][666], which consists of single blocks
of sizes 3, 9 and 12, respectively. Thus X5 1(c) = 1, Xg3(0) = 1 and Xg 4(0) = 1 (recall that X, , counts
the number of blocks of size k¢). Moreover, the distance between the first and second occurrence of 3 is 7,
whereas the distance between the second and third occurrence of 3 is 4; thus Ag.3 1(0) = 7 and Ag;3 2(0) = 4.
Finally we denote by g; the number of inversions obtained by elements with label j together with elements to
the right that are smaller than j and collect them in an “inversion table” (¢1,ga,. - .,gy). This leads for o to

,3,18,21,33,0,45, and thus to a total number of inversions Ig(c) = > ._, ¢; = .
0,3,18,21,33,0,45, 18) and th 1 number of inversions I S L qi=138

Throughout this work U(z) = (InT'(z))’ denotes the Psi-function, ¥’(x) its derivative, whereas ®(x)
denotes the distribution function of the standard normal distribution A/ (0, 1). Moreover, we use the abbreviation
[7] for the signless Stirling numbers of the first kind, {7} for the Stirling numbers of the second kind, and
H, = Z;;l % for the harmonic numbers. The floor and ceiling function returning the largest integer < x
and the smallest integer > z, respectively, are denoted by |z] and [z], respectively. We write 2 := z(z —
1)--- (x—m+1) for the falling factorials and J; ; for the Kronecker delta function. Sometimes it is convenient
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to use the notion of multifactorials n!(*), which are, for integers n > 0, recursively defined as follows:

(k) 1, for 0 <n <k,
nl\® =
n-((n—kI®),  for n>k.
For independent random variables X and Y we write X @& Y for the sum of X and Y. For not necessarily
mutually independent random variables X and Y we write X + Y. Furthermore, X @ Y denotes the equality

. .. . . d .
in distribution of the random variables X and Y, whereas X, (v)% X denotes the weak convergence, i.e., the
convergence in distribution, of the sequence of random variables X, to a random variable X; the almost sure

convergence is denoted by X, M) X.

2. STIRLING PERMUTATIONS AND INCREASING TREES

2.1. Generalized Stirling permutations. We consider the class of generalized Stirling permutations of the
multiset {151,252 ... nk=}. It is seen easily and already stated in [21] that there are exactly H?Zl (1 +
23;11 k:l) different generalized Stirling permutations of that kind. This can be shown by induction, since the
k., copies of n have to form a substring and thus each such generalized Stirling permutation can be obtained
uniquely by inserting the string n*» into a generalized Stirling permutation of the multiset {1%+, 2k2 ... (n —
1)*»-1} at one of the 1 + E;:ll k; possible positions (viz., anywhere, including first or last). Moreover, when
considering the insertion process, where we start with a string 1% and successively insert at step j > 1 the
string 7%/ randomly at one of the 1 + Zi;ll k; possible positions (or “gaps”) into the generated string, we
obtain after step n each of the H?=1 (1 + Zz;ll kz) generalized Stirling permutations of this multiset with the
same probability, i.e., we obtain a random generalized Stirling permutation of this multiset.

Example 2. In the following we list all 12 generalized Stirling permutations of the multiset {12,2, 33}: 112333,
113332, 133312, 333112, 121333, 123331, 133321, 333121, 211333, 213331, 233311, 333211.

When specializing to the class of k-Stirling permutations Q,, we obtain that the number @Q,, = Q. (k) :=
|9, (k)| of different k-Stirling permutations of order n is given by
n—1+4% _ L+ 1/k)

n N I'(1/k)

n—1

Qu(k) = [ (ki +1) = n!k”<

i=1

= (k(n—1)+ 1)1, (1)

For k = 2 this number is just @, (2) = (2n — 1)!l. Moreover, the insertion process, where one starts with
a string 1% and successively inserts at step j > 1 the string j* randomly at one of the k(j — 1) + 1 possible
positions into the generated string, yields after step n a random k-Stirling permutation of order n, i.e., each of
the ,, different k-Stirling permutations of order n is obtained with the same probability 1/Q,.

2.2. Relations to increasing trees. Increasing trees are rooted labelled trees, where the nodes of a tree with
n nodes (i.e., of order n) are labelled with distinct integers from a given label set L in such a way that each
child node has a larger label than its parent node. Alternatively one might say that the labels along any path
starting at the root node and ending at an arbitrary node v are forming an increasing sequence. Usually we use
as label set L = {1,2,...,n} to label the nodes of an increasing tree of order n; if we use another label set L
then we express this by saying “increasing trees of L”, e.g., sometimes the set L = {0,1,...,n — 1} is more
convenient. If we want to express that the left-to-right order of the children of the nodes is important we speak

about ordered trees, otherwise we use the term unordered trees. E.g., the increasing trees @@\@ and @@\(@
are considered as two different ordered trees, but as unordered trees they are considered as the same tree.

To formulate the first correspondence with generalized Stirling permutations we consider ordered increasing
tree families, where, depending on the labels, the nodes are of different node types. We say that node v is of
node type Ay, with d > 1, if there are exactly d positions, where a child might be attached or not. Thus there
are exactly (f) different possibilities that the sequence of 0 < r < d nodes vy, va, ..., v, is attached to v in
this left-to-right order.
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Theorem 1. There is a bijective correspondence between the class of generalized Stirling permutations of the
multiset {1%1 22 nkn} with k; > 1 for 1 < i < n, and the family of ordered increasing trees, where
node 1 is of node type Ay, 11, node 2 is of node type Ag,+1, ..., node n is of node type Ay, 1.

Proof. We introduce a mapping ¢ from the family of ordered increasing trees of the given node types to the
class of generalized Stirling permutations of the given multiset and show that ¢ is indeed a bijection. We start
with an ordered increasing tree 7. In order to describe the image of ¢ we use a depth-first walk of T": the
depth-first walk of a rooted (ordered) tree starts at the root, goes first to the leftmost child of the root, explores
that branch (recursively, using the same rules), returns to the root, and continues with the next child of the root,
until there are no more children left. To do this we think of the increasing tree 7', which consists of n nodes with
the given node types, as a tree, where all empty places (i.e., each position at a node, where no child is attached)
are represented by “external nodes”. Hence, any (internal) node of node type A4 always has d children, some
of which may be external nodes. Between these d edges going out from a node labelled v, we place d — 1
integers v. (External nodes have no children and no labels.) Now we perform the depth-first walk and encode
the increasing tree 71" by the sequence of the labels visited as we go around the tree (one may think of actually
going around the tree like drawing the contour). Thus, for each node labelled v of node type A4, we add label
v to the code the d — 1 first times we return to node v, but not the first time we arrive there or the last time we
return. Of course, the sequence of labels ¢ we obtain by this depth-first walk is a permutation of the multiset
{1k1 2k2 'pkn} Since the nodes in each branch of a node labelled v in the increasing tree 7" have labels
larger than v it is guaranteed that all labels between two occurrences of v are larger than v, which shows that
o is indeed a generalized Stirling permutation. It is apparent that different trees lead to different generalized
Stirling permutations, i.e., that ¢ is injective. To show that ¢ is also surjective we first describe the following
insertion procedure, which allows to generate all increasing trees with the given node types: start with the
root node 1, where k1 + 1 external nodes are attached. Then successively insert nodes with label j > 1 by
substituting in the tree generated so far one of the external nodes by node j and attaching &; + 1 external nodes
to j. It can be shown easily by induction that there are exactly 1 + Zz;ll k; external nodes before inserting
node j, which furthermore shows that there are exactly H?:l (1 + Zf;ll kz) different increasing trees with
the given node types. Moreover, when coupling the insertion procedures for increasing trees and generalized
Stirling permutations by the rule that inserting the string j*/ at the r;-th possible position (at the r;-th gap)
into the string generated so far corresponds to a substitution of the r;-th external node (in left-to-right order) by
node j, then we obtain after n steps exactly the tree, whose mapping ¢ leads to the desired generalized Stirling
permutation.

To describe the inverse mapping o~ ! we start with a generalized Stirling permutation o and recursively con-

struct a corresponding increasing tree 71" as follows. We consider the decomposition of ¢ into substrings accord-
ing to the occurrences of the smallest label, i.e., to the k; occurrences of 1: o = 71179173 ... 7, 17, +1. The
substrings 71, 7o, .. ., Tk, +1 can itself be considered as generalized Stirling permutations of certain multisets.
More precisely, the multiset S = {2*2,... n*»} (the original multiset, where all occurrences of the smallest
label have been removed) is partitioned into possibly empty multisets S1, Sa, ..., Sk, +1, with S; NSy = 0,
for i # ¢/, such that, for each ¢, 7, is a generalized Stirling permutation of the multiset S,. Now we can
recursively apply the (analogous) construction to each of the substrings 7, and obtain increasing trees 717, ...,
Ty, +1; if 7, is the empty string we set T;, as the empty tree (or as an external node, if we like). E.g., if
S1 = {jfj1 7j§j2 s ,jf“} we obtain an increasing tree 77 with labels ji, j2, . . ., ji, such that node j; is of
node type Ag; +1, ..., node j; is of node type Ag;, +1. Finally, the root nodes of each tree 11, ..., T}, 41 are
attached at positions 1, ..., k; + 1 to the node labelled by 1, which is of node type Ay, 41; if Ty is the empty
tree then at position ¢ nothing (or alternatively an external node) will be attached. The resulting tree 7" is indeed
an ordered increasing tree, where each node j is of node type Ay, y1. Theoremis illustrated in Figure |

For the instance of k-Stirling permutations, Theorem [1| has been stated already in [21] and [32]): then all
nodes of the corresponding increasing trees are of the same node type A1 and one gets thus so-called (k+1)-
ary increasing trees, members of well-known combinatorial tree families. The tree family 7 = T (k + 1) of
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122333 123332 133322 333122
1 1 1 1
272 212 212 3/3\3 2|2
3/3\3 3/3\3 3/3\3
221333 223331 233321 333221

1 1 1 1

2]2 3/3\3 2]2 212 2]2

3/3\3 3/3 3/3\3

FIGURE 1. All eight generalized Stirling permutations of the multiset {1, 22,33} and the
corresponding increasing trees, where the nodes 1, 2 and 3 are of node types Az, A3 and Ay,
respectively.

(k 4+ 1)-ary increasing trees can also be described by the following formal recursive equation:

T=Ox{GUT)«{FUT) s +{FUT) =D x {c0T)*", )

k—+1 times

where (1) denotes the node labelled by 1, € the empty tree, x the cartesian product, U the disjoint union, and *
the partition product for labelled objects (see, e.g., the books [[14} 38]]).

Moreover, we denote by 7, = T,(k + 1) the family of (k + 1)-ary increasing trees of order n and by
T, = Tn(k + 1) := |To(k + 1)| the number of different (k + 1)-ary increasing trees of order n. When
introducing the generating function 7'(z) = an1 Tn%, then a direct application of the symbolic method

(see, e.g., [14]]) yields from (2)) the following differential equation:
T'(2) = (1+T(2)**', T(0)=0,

with solution
1
T(z)= —— —1. 3)
(=) (1—k2)*® ¢
Extracting coefficients also shows that T,,(k + 1) = H?;ll (ki + 1), n > 1, which coincides with the number
Qr (k) of k-Stirling permutations of order n.

For the second correspondence we again consider ordered increasing tree families, where, depending on the
labels, the nodes are of different node types. We say that node v is of node type By, with d > 1, if there are d
positions, such that at each position a (possibly empty) sequence of children might be attached. Equivalently
one might think of node v having d — 1 separating walls, which can be regarded as a special type of edges and
which are separating the sequence of children attached to node v into d parts. Note that node type B; simply
means that a possibly empty sequence of nodes might be attached to v.

Theorem 2. There is a bijective correspondence between the class of generalized Stirling permutations of the
multiset {1k1,2k2, e ,nk" Y, with kv > 0 and k; > 2, for 2 < i < n, and the family of ordered increasing
trees, where node 1 is of node type By, 11, node 2 is of node type By, _1, node 3 is of node type By, _1, ...,
node n is of node type By, _1. E]

1We allow here k1 = 0, i.e., that there are no occurrences of element 1 in the multiset; on the other hand we have the restriction that
each element 2 < j < n appears at least twice in the multiset.
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122333 123332 133322 333122

221333 223331 233321 333221

FIGURE 2. All eight generalized Stirling permutations of the multiset {1, 22,33} and the
corresponding increasing trees, where the nodes 1, 2 and 3 are of node types Bs, By and B,
respectively.

Proof. Again we introduce a mapping ¢ from the family of increasing trees with the given node types to the
class of generalized Stirling permutations of the given multiset by using a depth-first walk. We start with an
ordered increasing tree 7" and label each auxiliary separation wall of a node labelled v by the label of the node
v. Moreover, we label any (proper) edge by the label of the child. Hence, node 1 of node type By, +1 has k1
separation walls labelled 1, whereas each node labelled v # 1 of node type By has d — 1 separation walls
labelled v and additionally an incoming edge labelled v. Now we perform the depth-first walk of 7" by going
around the tree and encode it by the sequence of the labels visited on the edges, under the additional rule that
a label on a separation wall only contributes once. Since every proper edge is traversed twice, and every label
except 1 occurs on exactly one proper edge, the sequence of labels o we obtain is a permutation of the multiset
{1k1 2k2 . pFn}. Note that for each j, 1 < j < n, the elements occurring between two occurrences of j
are larger than j, since 7' is an increasing tree and thus we can only visit nodes with higher labels. Hence o is
indeed a generalized Stirling permutation of the given multiset. Finally, in a way analogous to Theorem I one
shows that 1) is a bijection; we skip this (and also formulating explicitly the inverse mapping )~ !) here, but
rather illustrate Theorem [2)in Figure O

For the particular instance k1 = 0 and k; = 2, for 2 < j < n, Theorem [2| gives a bijection between
generalized Stirling permutations of the multiset {22, 32, ... n?} (which are of course isomorphic to 2-Stirling
permutations of order n — 1) and ordered increasing trees of order n, where all nodes are of node type B (i.e.,
ordered increasing trees, where at each node a sequence of children might be attached). But such increasing
trees are so-called plane-oriented recursive trees and Theorem [2] gives then exactly the bijection between 2-
Stirling permutations of order n and plane-oriented recursive trees of order n + 1 introduced by Janson [20].
The family P of plane-oriented recursive trees is one of the most important increasing tree families with many
applications, see, e.g., [4]. It can be described by the following formal recursive equation:

P=@Ox ({UPUP?UP U ---). 4)

Additionally the instances ky = k — 2 and k; = k, for 2 < ¢ < n, of Theorem [2| have been described for
arbitrary k£ > 2 in [21]].
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1 122 333122

56 o
|
e&—©
|

S

FIGURE 3. The construction of the generalized Stirling permutation 333122 of the multiset
{1,22,33} and the corresponding construction of an increasing tree with 4 internal and 7
external nodes.

For our last correspondence between generalized Stirling permutations and increasing trees we consider the
insertion process for generalized Stirling permutations together with a corresponding one that will generate
certain increasing trees. For each generalized Stirling permutation of the multiset {1"f1 2k ,nk"} we
obtain a specific increasing tree, which has n + 1 internal nodes labelled by distinct integers of {0,1,...,n};
moreover, it has 1 + Z?zl k; external nodes, where one external node is labelled by 0 and, for 1 < 57 < n,
k; are labelled by j. We note that the tree we obtain is an increasing tree by satisfying that the label of each
internal node is larger than the label of its parent node; however, this condition is not necessarily satisfied for
the external nodes.

Construction 1.
Generalized Stirling permutations:

e Step 0: we start with the empty word e
e Step j: we insert the string j ’f-? at the ¢-th possible position (starting from the left) in the string obtained
sofar,withl < ¢ <1+ 23;11 ki

Increasing trees:

e Step 0: we start with the root node labelled 0, which has exactly one external node labelled 0

e Step j: we insert the internal node labelled j together with k; external nodes labelled j into the tree
obtained so far by the following procedure: take the g-th external node x (in left-to-right order; it holds
that 1 < ¢ <1+ Zz;ll k;) in the tree and replace it by the internal node j, but attach the external
node x to j as the only child of j; furthermore attach a sequence of k; external nodes labelled j to the
parent of the internal node j as the immediate right brothers of it.

The construction is illustrated in Figure[3] Apparently it holds (by construction) that the corresponding gen-
eralized Stirling permutation can be retrieved from the generated increasing tree by collecting the labels of the
external nodes during a depth-first walk and removing the preceeding label 0. Furthermore, as a consequence
of the construction, it holds that an internal node j does not have internal nodes as child nodes (i.e., if we
remove all external nodes then j is a leaf node in the resulting tree) if and only if the first occurrence of j in the
corresponding generalized Stirling permutation is an ascent.

We consider now the problem of characterizing the class of increasing trees generated by Construction
We treat the important case of k-Stirling permutations separately. First we have a look on the instance & = 1,
i.e., ordinary permutations. If we start with a permutation o of the set {1,2,...,n} we obtain, by applying
Construction [1} an increasing tree 7' with n + 1 internal nodes labelled by {0, 1,...,n}; furthermore, T has
n + 1 external nodes labelled also by distinct integers of {0, 1,...,n} and it holds that the rightmost child of
each internal node is an external node. We remove now all external nodes of 7" and consider the resulting tree
as an unordered increasing tree 7", i.e., the left-to-right order of the children of a node is irrelevant, thus we can
always consider them in increasing order, which is exactly the way they are obtained by Construction [T (for
k = 1). It is now important to note that the increasing tree 7" and thus the labels of the external nodes and so
the permutation o can be retrieved from the unordered increasing tree 7’ simply by applying Construction
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now at each step j we know the parent node of j, but since during the procedure there is always exactly
one external node attached to each internal node and thus in particular to the parent node of j, we regain the
external node where j is inserted and can indeed apply Construction |1} It is now immediate to see that the
class of permutations of {1,2,...,n} corresponds bijectively with the family of unordered increasing trees of
{0,1,...,n}. The family of unordered increasing trees is maybe the most important increasing tree family
with applications in many branches and is usually called the family of recursive trees. This bijection between
recursive trees and permutations can also be described in an alternative way by using a depth-first walk of
the recursive tree (where we assume that the children of each node are arranged in increasing order of their
labels): when going around the tree each edge is traversed twice; we encode now the tree by the sequence of
labels obtained when encoding only the second traversal of an edge by the label of its incident child node. As
a consequence one obtains that node j is exactly a leaf node in the recursive tree if element j is an ascent in
the corresponding permutation. We remark that there are many well-known correspondences between recursive
trees and permutations; the present one is described, in a different way via the rotation correspondence between
binary trees and ordered trees, in [4]].

Now we stick to the more general case £ > 2. When starting with a k-Stirling permutation o we obtain via
Constmctionan increasing tree T with n + 1 internal nodes labelled by {0, 1, ..., n}, which additionally has
kn + 1 external nodes, one is labelled by 0 and, for each 1 < j < n, k ones are labelled by j. If we remove
all these external nodes from 7" and just consider the resulting unordered increasing tree, i.e., recursive tree,
T, then it is no more possible to reconstruct ¢ in a unique way. The point is that, although we know for each
node the parent node, we do not know which external node attached to the parent node has to be replaced when
inserting a particular node via Construction[I} Consider a node v with d children j; < jo < --- < jq: before
attaching node j; to v there was only one external node attached to v, before attaching node j, to v there were
k external nodes attached to v, before attaching node js to v there were 2k — 1 external nodes attached to v,
..., before attaching node j, to v there were (d — 1)(k — 1) 4 1 external nodes attached to v. Thus in order to
reconstruct the tree 7" and so to retrieve the k-Stirling permutation o, we have to store this information. We do
this by introducing the following edge-labelled recursive trees: each r-th child edge gets a label from the set
{1,2,...,(k—1)(r — 1) 4+ 1}; here an r-th child edge is an edge ¢ = (v, w), whose corresponding child node
w is the r-th (smallest) child amongst all children of the corresponding parent node v. If an edge e = (v, w)
has label ¢ then the meaning in Construction [I]is that the child node w is inserted at the g-th external node
attached to the parent node v. Thus the following theorem follows.

Theorem 3. There is a bijective correspondence between the class of k-Stirling permutations of order n and
the family of edge-labelled recursive trees of {0,1, ..., n}, where each r-th child edge gets a label from the set
{1,2,...,(k = 1)(r — 1) + 1}. Moreover, node j is a leaf node in the edge-labelled recursive tree if and only
if the first occurrence of j in the corresponding k-Stirling permutation is an ascent.

It holds, for each node v in a recursive tree of out-degree d, that there are exactly wy := Hf;ol (1 +(k— 1)2)
possibilities to label the out-going edges of v to obtain a proper edge-labelled recursive tree. Thus if we consider
the family R of weighted recursive trees (i.e., weighted unordered increasing trees), where each node of degree
d gets a weight wy and the weight of a tree is simply the product of the weights of the nodes in the tree, then R
can be described by the following formal equation (recall that we are considering unordered trees and that 0 is
contained in the label set of the nodes):

R=0 x (wo-{e}O%-RU

Y2 2y WB o p3y .

5 RUg R ). 5
Furthermore, it holds that the distribution of the number of leaves amongst the trees of order n + 1 of R is
equal to the distribution of the number of ascents in the class of k-Stirling permutations of order n. Thus the
bijection given here gives an answer to the question raised in [21] concerning a combinatorial meaning of (3).

It is easy to see that analogous considerations can be made also for arbitrary generalized Stirling permuta-
tions, where we again introduce edge-labelled recursive trees; but now the size of the set of allowed labels for
each r-th child edge e = (v, w) depends on the r — 1 brothers of w with a label smaller than w.

Theorem 4. There is a bijective correspondence between the class of generalized Stirling permutations of the
multiset {1%1 2%2 . nknY and the family of edge-labelled recursive trees of {0,1,...,n}, where each r-th
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FIGURE 4. All eight generalized Stirling permutations of the multiset {1,22,33} and the
corresponding edge-labelled recursive trees according to Theorem [4]

child edge e = (v,w), with v the parent node and w the child node, gets a label from the set {1,2,...,1 +
Z::_ll (k‘7 — 1)} where j1 < jo < -+ < jr—1 are the labels of the r — 1 brothers of w with a label smaller
than w. Moreover, node j is a leaf node in the edge-labelled recursive tree if and only if the first occurrence of
j in the corresponding generalized Stirling permutation is an ascent.

Theorem []is illustrated in Figure [

2.3. Relations between quantities in increasing trees and generalized Stirling permutations. The bijec-
tions stated in Subsection[2.2]often also give a connection between interesting quantities in generalized Stirling
permutations and parameters in incrasing trees. In the following we will give such connections, where we
restrict ourselves to correspondences between parameters in k-Stirling permutations Q,, (k) and (k + 1)-ary
increasing trees 7, (k 4+ 1) of order n as a consequence of Theorem [I| Sometimes it is here useful to think
about (k + 1)-ary trees as trees, where external nodes are added to the empty places of the internal nodes.

First we consider the random variable L, i.e., the number of left-to-right minima in a random k-Stirling
permutation of order n. We introduce now the random variable L,,, which counts the length of the path (i.e.,
the number of edges) from the root to the leftmost external node in a random (k + 1)-ary tree of order n. Due
to Theoremmit holds that L, (¢) = L, (T), for corresponding o € Q,, (k) and T € T,,(k + 1).

For M, i.e., the r.v. counting the number of left-to-right maxima in a random object of Q,,(k), there is not
such a direct correspondence to a quantity in 7, (k + 1). However, we give a description by using the so-called
inorder traversal code of a (k + 1)-ary tree. The inorder traversal code S(T") of a (k + 1)-ary tree T is a
sequence containing exactly the (internal) nodes of 7", which is obtained via the following recursive definition
(here [J denotes an external node and ¢ the empty sequence):

S(D) =€ and S(T) = S(Tl)TS(TQ)S(Tg) S(Tk+1),

if~ the tree 1" consists of a root node r with the sequence of subtrees 77, T5, . .., T;+1. We introduce now the r.v.
M,, counting the number of left-to-right maxima of the inorder traversal code of a random object of 7,,(k + 1).
Apparently it holds then M,,(c) = M, (T') for corresponding objects o and T'.
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We turn now to the random variable X,, ;, counting the number of blocks of size £/ in a random k-Stirling
permutation of order n. We say that an internal node v in a (k + 1)-ary tree is a left-right-node if the path from
the root node to v exclusively consists of the leftmost or rightmost possible edge at each node, i.e., contains
only edges to the first or the (k + 1)-th branch, but does not contain “inner” edges leading to the second, third,
..., k-th branch. It is easily seen that node j is forming a block in o € Q,,(k) iff j is a left-right-node in the
corresponding tree T € T, (k + 1). We further say that the internal node w is an inner-descendant of node v in
a (k + 1)-ary tree if w is contained either in the second, the third, ..., or the k-th branch of v. One can then
give the following refinement of the previous statement: element 5 is forming a block of size k/ iff node j is a
left-right-node that has exactly ¢ — 1 inner descendants. Thus, if we introduce the r.v. X n,¢» Which counts for
a random (k + 1)-ary tree of order n the number of left-right-nodes that have exactly ¢ inner-descendants, it

apparently holds X,, (o) = X, ¢—1(T") for corresponding objects o and T'.

Finally we consider the random variable A,,.; ,, which counts the distance between the p-th and the (p+1)-
th occurrence of j in a random k-Stirling permutation of order n. We introduce now the r.v. D,,.; ,, which
counts the number of descendants of node j contained in the p-th branch of node j in a random (k 4 1)-ary
increasing tree of order n. It holds then A,,.; ,(0) = 1 + kD,,.; +1(T) for corresponding objects o and T'.

Of course, this also implies the following distributional equations.

Theorem S. The random variables L,,, M,, X, ¢ and Ay; , for quantities in random k-Stirling permutations
of order n and the random variables L, My, X, ¢and Dy,.; , (with1 <0 <n,1<j<nandl <p<k-1)
Sor (k + 1)-ary increasing trees satisfy the following distributional equations:

Ln @ [N/nv Mn @ Mn, Xn,€ @ Xn,é—h An;j,p (i) 1+ an;j,p—i—lv
where the latter ones can be readily extended to joint distributions (withr € Nand 1 < 01 < by < --- < /(. <
n):

(Xn,élaXn,ézv o aXn,@,.) @ (Xn,élfla X’ILZQ*l? cee 7)271,@,'71)’

d
(Anijits Anijze s A1) L (14 kDpjos 1+ kD5, 1+ kDyij).

Theorem [5]is illustrated in Figure 5]

3. NUMBER OF LEFT-TO-RIGHT MINIMA

Here we consider the number of left-to-right minima L,, in a random k-Stirling permutation of order n. As
pointed out in Subsection , L,, is equidistributed with L, counting the distance between the root and the
leftmost external node in a random (k + 1)-ary increasing tree of order n. We use this correspondence and
introduce the bivariate generating function

Lizo) =Y Y Tu(k+ )P{L, = m}%vm,
n>1m>0

with T,,(k + 1) = Q, (k) and T'(z) given by (I) and (3), respectively. Using the symbolic method (see, e.g.,
[14]) the formal equation @) of the family 7 of (k + 1)-ary increasing trees, i.e., the decomposition of a tree
with respect to the root node, can be translated into a differential equation for L(z,v). One just has to take
into account that the length of the path from the root to the leftmost external node is one plus the length of the
corresponding path in the leftmost branch of the root node. This immediately gives the following differential
equation (note that the derivative of L(z,v) with respect to z on the left side of the equation reflects the fact
that the root node is labelled by 1):

0
a—L(z,v) =v(l1+ L(z,v)) - (1+ T(z))k =1 Uk (1+ L(z,v)), L(0,v)=0.
z —kz
Solving this differential equation leads to the following solution

1

L(z,v) = m

-1 (6
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366318822155994774

FIGURE 5. The 2-Stirling permutation o = 366318822155994774 and the corresponding
3-ary increasing tree T. Lg(c) = Lo(T) = 2, since 3 and 1 are the only left-to-right
minima of ¢ and the length of the path from the root to the leftmost external node is two.
Mq(c) = Mo(T) = 4, since 3,6,8,9 are left-to-right maxima of ¢ and they are also left-
to-right maxima in the inorder-traversal code 361825947 of T". The block decomposition
of o is given by [3663][188221][55][99][4774]. Thus the elements 3, 1,5,9, 4 are forming a
block of o, but they are also the left-right nodes of 7". There are two blocks of size 4 formed
by the elements 3 and 4, respectively, whereas each of the elements 3 and 4 has one inner-
descendant. Thus X9 o = Xg’l = 2. Finally the distance between the two occurrences of 1
is 5, whereas the number of descendants of 1 in the second branch is 2, thus Ag,y 1 =5 =
1+2Dg;1 1.

which has been given already in [32]. From (6) we can easily deduce the exact distribution of L,, as well as the

limiting distribution, for n — co. Using the well-known formula ﬁ = ano ZmZO m] Zﬂ—?vm for the

bivariate generating function of the signless Stirling numbers of first kind [Z] , see, e.g., [14], we immediately
obtain an exact formula for the number L, ,,, = @, (k)P{L,, = m} of k-Stirling permutations of order n with

exactly m left-to-right minima. It holds, forn > 1 and 0 < m < n:
v 1 n
— ' n,.m — ' n—m n _ m — n—m
Ly m = nl[z"v"|L(z,v) = nlk [(kz) (k) ]7(1 ) k [m}

with initial value Ly o = 1. To obtain a limiting distribution result for L,, we consider the moment generating
function E(efin) = > P{L, = m}e'™, for which we get by using Stirling’s formula for the Gamma
function: -

- (2 YE (1 o1y

the following asymptotic expansion, which holds uniformly in a neighbourhood of ¢ = 0:

! n+%—1 r 1 et—1 1
E(e) = 5[]z ) = ((+)) = F(())n = (1o
elo1 og n+lo L(%,)
:e( % )1g +lg(r<%>) ~<1+(’)(%)>. 8)

From expansion (8) a direct application of the so-called quasi power theorem of Hwang [16] shows a central

limit theorem for L,,. Additionally exact formule for the expectation E(L,,) and the variance V(L,,) of L,,

can be obtained easily by extracting coefficients from the first and second derivative of L(z,v) with respect to
_ [z" Fu(z0)] [2"] Fou (2,0)]

vevaluated at v = 1: E(L,) = “—igpy=> and V(L,) = “—preye=t + E(L,) — (IEI(Ln))2 We omit
these straightforward computations and collect the results in the following theorem.
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Theorem 6. The number of k-Stirling permutations Ly, ,, = Qn(k)P{L,, = m} of order n with exactly m
left-to-right minima is given by
j— ["]
m
Moreover, the number L,, of left-to-right minima in a random k-Stirling permutation of order n is, for n — oo,
asymptotically normal distributed, where the rate of convergence is of order (’)( L )

Viogn
p{IWE(L") < x} — ®(x)
V(L)

and the expectation B(L,,) and the variance V(L) satisfy

sup
z€R

:o(\/li@),

E(Lo) = 2 (W(n+ )~ 0(3)) = 7 logn + O(1),
1 1 1 1/, 1 1 1
VL) = (U4 ) =)+ 5 (Yt )~ V(5)) = logn + 0(1).

4. THE NUMBER OF LEFT-TO-RIGHT MAXIMA

A study of the number M,, of left-to-right maxima in a random k-Stirling permutation of order n is more
involved than the previous one for L,,. Now the correspondence to (k + 1)-ary increasing trees and the combi-
natorial decomposition of a (k + 1)-ary increasing tree with respect to the root node, i.e., equation (2), does not
simplify the problem. Thus we want to treat M, by considering the insertion process for the random generation
of k-Stirling permutations of order n described in Subsection In order to do that we have to introduce a
refinement of M,,: the random variable M, ;, for 0 < 7 < kn, counts the number of left-to-right maxima in
the substring o105 - - - 0; of a random k-Stirling permutation o = oy - - - o, of order n.

We consider now the quantities T}, ; ,, = Qn (k) - P{M,,; = m}, which give the number of k-Stirling
permutations of order n with exactly m left-to-right maxima amongst the first ¢ elements. By distinguishing
whether the first occurrence of element n (in the block n*) is amongst the first i elements of a k-Stirling
permutation ¢ = o - - - 0, (then the number of left-to-right maxima amongst the first ¢ elements of ¢ is one
plus the number of left-to-right maxima amongst the first £ elements of o', if o1 is the first occurrence of n in
o and where o’ denotes the k-Stirling permutation of order n — 1 obtained after removing the block n* from o)
or not (then the number of left-to-right maxima amongst the first ¢ elements in o is equal to the corresponding
number in ¢”), we obtain the following recurrence for T}, ; ,:

i—1
Trim = (k(n —=1) — i+ 1) Ty 5m + ZTR_Mm_l, forn>1and0<i<k(n—1)+1, (%)

£=0
kn—n
Toim= Y Tu-tem-1, forn>Tlandk(n—1)+1<i<kn, (9b)
=0

with initial values Tt o, = 0o m. Plugging ¢ = k(n — 1) + 1 into (9a) shows, by comparing with recurrence
©b), that T}, ; ., = n.k(n—1)41,m» for k(n — 1) +1 <4 < kn and n > 1; thus we can restrict ourselves to a
study of T, ; m, With 0 < ¢ < k(n — 1) + 1. In a probabilistic language this implies that M, ; = M, j(n—1)+1.
for k(n — 1) + 1 <4 < kn, and in particular that M,, = M,, g, = My, j(n—1)+1-

By a differencing argument (replacing 7 by 7 — 1 and subtracting the resulting equation from the original
one) we obtain from (9a)) the following recurrence (forn > 1and 1 <i < k(n — 1) 4 1):

Tn,i,m - Tn,i—l,m = (k”fl -k + 1—- Z) (Tn—l,i,m - n—l,i—l,m) + Tn—l,i—l,m—l - Tn—l,i—l,m- (10)

This recurrence seems difficult to treat (e.g., a generating functions approach leads to partial differential equa-
tions with unknown boundary values). We continue by introducing the numbers S, ; := Em>0 My, im =
Qn(k) - E(M,,;) for a study of the expectation E(M,, ;). We note that >, < Tnim = Qn(k) = (k(n —
1)+ 1)!(k), for 0 < ¢ < kn. Thus we obtain from the following recurrence for .Sy, ;, for n > 1 and
1<i<k(n—1)+1,with S, o =0:

Snyi = Snyic1 = (kn—k+1—=14)(Sn-1,; — Sp—1,i-1) + (k(n — 2) + 1)1, (11)
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This first order linear recurrence (ﬂ;l'[) for the difference S,, ; — S, ;—1 can be treated by standard methods and
gives the solution:
"ET e 2k 41— ke
Snyi-1 = (kn—k+1—i)® . 12
am = (kn =k +1-1) Zz (kn—k+1—i— KkO)l® (12)
Iterating (I2)) leads then to the following exact solution for the numbers S,, ;, for 0 < i < kn —k+1

(kn—k+1— g)I® (kn—2k+1—k£)
Spi = . 13

Sn,i -

Using elementary relations between the multifactorials and the ordinary factorials equation (T3] can be written
as follows:

i n—1-[42] (n—l-i—l;kq)
q=1 14

The inner sum can be evaluated, since the summand has a hypergeometric term antidifference, and we obtain

i _ _ _ iy (vl
1)+ (k(n—1)+1—k(n—[% D)(n,;l )
Spi = (kn — 2k + 11" bln 1)+ T P
) — q q( n—2++
q= n—fq;11
Simple manipulations lead then to the following expression for S,, ;, 0 < i < kn — k + 1:

(k[ -k D) (TR
Sn,i:(kn—k—l—l)!(k)HZ-—(kn—2k+1)!(k)z( - (n_2+)() )
q=1 q v

n—[ 4541

_1_a1
i n—1 &

(kn — k+ 11 Z("””)

11
q=1 q(nn_ (14%61)

= (kn—k+ 1) H; —

i nflfqi;l)

7("‘“*'61] . (15)
— (n—l-&-g )
= pagh

We will also give an asymptotic estimate of S, ;, which holds uniformly for 0 < 7 < kn — k 4 1 (with more

effort refined asymptotic expansions can be obtained, but we refrain from giving them here). Since the sum
only contains non-negative terms it obviously holds

. n—1-—2-1 n—1—9-1

i (n—l(%c}) <kn—k+1 (n,—l[‘%f])
Z(n_H;) < ) oy
q=1 1

n—1+%
et ) (S )
Furthermore we get

(")

n-[21) (k(n—l)—l—l—q)-(k(n—2)+1—q)-

(W +1-0)
n L —1
Q(n,fq%) q(k(n—=1)+1) - (k(n—=2)+1) - (K[] 4+ 1)
0, g=1 modk,
(k(n—1)4+1—g)!® (k([L2]-1)+1)1® .
q(qk(nf(l)Jrl)I!C(k) ) , otherwise.
Thus we can write

kn—k+1 (” =

n—1k—

(k(n—p—1)+7)® (k(p—1) + 1)1®
q=1 Q(n [qur{C] p=1r=1 (kp+1=r)(k(n —1) + 1)!*¥
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The trivial estimates (k(n—p—1)+7r)!*) < (k(n—p—1)+k—1)!"®) and kp+1—r > kp,for1 <r < k—1,
give thus
_ n—1—2-1t _ n— n—p—2L1
’“"Z‘“:“ (o racty) Z (k(n—p—1)+k— DI® (k(p— 1) + 1)® Zl ("P0F)
(" 1+k p(k(n —1) + 1)) = p("—1+%)'

nopaty) v

(16)
g=1

The sum occurring in (T6)) can be estimated easily by dissecting into three parts,p = 1,2 < p < |5 — %J and

5 - %j < p < n — 1 and using monotonicity considerations. We omit these straightforward computations

and just give the result:

kn—k+1 (7;—_1[—[1%(11%]) Y i . B
> i =0T +0om™), (17)

=4, ty)

Actually the O(n~1) term can be removed, since for k£ = 1 the whole sum is actually 0. Thus collecting
and we obtain via S, ; = Qn(k)E(M,, ;) the following theorem.

Theorem 7. The expected number E(M,, ;) of left-to-right maxima in the substring o102 - - - 0; of a random
k-Stirling permutation o = 01 - - - ok, of order n is given by the following expression, where the asymptotic
estimate holds for n — oo and uniformly for 0 < i < kn — k + 1.

n 1771)

E(Mp,i) = _Z nank —Hi—l—(’)(n*%).
q= 1Q(n = 1~|)

For the number M, of left-to-right maxima of a random k-Stirling permutation of order n holds M, =
My, kn = My gn—k+1, which implies

n— 1——1

kn—k-+1 ( Wt
E(Mn) = Hinki1 = ([lj =logn +logk +7+O(n"#) + O ™).
=1 4 n—[21]
k

For the asymptotic expansion of E(M,,) we additionally used the following well-known asymptotic expan-
sion of the harmonic numbers, where v = 0.57721 ... denotes the Euler-Masceroni constant:

H, =logn+~v+0(n"). (18)

Although we do not provide a distributional study of M,, we remark that it is possible to show a central limit
theorem for M,, by using the so-called “method of moments™ (applied later in Section [3) starting with the
distributional recurrence (9). Since the centered moments have to be studied the approach requires a lot of
computations, which we do not give here.

To end this section we give a result concerning the number of k-Stirling permutations possessing the maxi-
mum possible number of left-to-right maxima.

Theorem 8. The number T}, iy, », of k-Stirling permutations of order n with exactly n left-to-right maxima is
equal to the number of k-ary trees and thus given by the generalized Catalan numbers:

1 kn
Tn n,n — .
K kn—n—l—l(n)

Proof. We consider the representation of k-Stirling permutations as (k + 1)-ary increasing trees. We first note
that node j can only contribute as a left-to-right maximum, if the leftmost branch of j is empty. Thus, since
each node shall contribute as a left-to-right maximum, it must hold that the leftmost branch of each node in the
(k + 1)-ary increasing tree is empty. It is easily seen that for each such (k + 1)-ary tree of order n, where the

leftmost branch of each node is empty, there exists exactly one increasing labelling with {1,2,...,n}, such
that all nodes contribute as a left-to-right maximum. This labelling can be described recursively as follows: the
root gets the smallest label and all remaining labels are distributed amongst the branches 15, T5 ..., Tj41 of

the root, such that all labels of the branch 7). are smaller than all labels of the branch 7%, if » < s. Of course,
the trees obtained are isomorphic to (unlabelled) k-ary trees. (]
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5. THE NUMBER OF BLOCKS OF A CERTAIN SIZE

5.1. Results. We collect here the exact and limiting distribution results obtained for the random variable X, ;,

which counts the number of blocks of size k¢ in a random k-Stirling permutation of order n. Due to the

. d) = - . . .
relation X, ¢ @ Xn,e—1, where X, o counts the number of left-right-nodes with exactly £ inner descendants

in a random (k + 1)-ary increasing tree of order n, corresponding results also hold for X, o.

Theorem 9. The probability mass function of the random variable X, 4, which counts the number of blocks of
size k€ in a random k-Stirling permutation of order n, is, for 1 < £ < n and m > 0, given by the following
exact formula:

| B=pmt 0—1— 2\ PFT i hy e 1 (e h) e LR
1 h ( -1 ) ( h )( n—(m+h)¢ )
P{Xn7g = m} = m Z (—1) (k()h'f‘m
n h=0
The s-th factorial moments E(Xf;,z) =E(Xne(Xne—1)... (X — (s — 1)) are, for integers s > 0, given
by
sl 01— 1\ S (n7€s+%71)
R N L T
™ (kO)s\ ¢—1 (nTLrw)

Theorem 10. The limiting distribution of the random variable X,, ¢ is, depending on the growth of { = {(n)
as n — oo, characterized as follows, where we define X, ¢ via

1 (0—1—4%\ 1
AM.M< ‘1 >nk. (19)

e Range ({,n), such that X, y — 0o as n — co. The normalized random variable X,, ¢/, ¢ converges
in distribution to a random variable (, which is characterized by its sequence of integer moments:
Xos L1+ 3)
)\n’g F(l + %1) ’

Dy¢ with E(C) = (s + 1) 550,

Furthermore, ¢ has a density function f(x) that can be written as f(z) = T'($)z"*g(z™%), 2 > 0,
where g is the density function of a positive %—stable distribution with Laplace transform e_’\l/k; thus
f () is given by the series expansion

%ﬁ) i<_1)j_1r(% +31|) sin 47

j=1

xj, z > 0.

flz) =

e Range ({,n), such that \p,; — X\ € RT U {0} as n — oc. The random variable X,, ; converges in
distribution to a random variable U, which is characterized by its sequence of integer moments:

: r(1+%
q

l———F X1 5 >0.
q=0 F(l + %)

i

Furthermore, let 1¢(t) = E(e!%) and ¢y, (t) = E(e!”*) denote the moment generating functions of
the random variables ( and ¥y, then both random variables are related as follows:

pon () = v (A- (e = 1)).

Remark 1. Note that the random variable ( already appeared in the characterization of the limiting distribution
of the total number of blocks in random k-Stirling permutations, see [21]]. For the instance A = 1 the moments
of ¢ and ¥ = 1J; are related by a particularly appealing classical pair of combinatorial relations:

wmzzﬁﬁw»wmzimrfhwy

q=0 q=0 q
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Furthermore, we want to point out that a phase change similar to the one presented here occurred in the study
of certain “diminishing” urn models, see [24], where a corresponding relation connects a gamma distribution
with a geometric distribution.

5.2. Deriving the explicit formulas. We use the correspondence between k-Stirling permutations and (k+1)-
ary increasing trees and study the r.v. X, o by introducing the bivariate generating function

Tz0) = 3 S Tu(k+ 1)P{X,, = m}%vm.

n>1m>0

We consider the decomposition of a (k + 1)-ary increasing tree w.r.t. the root node as given by the formal
equation (2)) and derive from it a differential equation for 7 (z, v). To do this we take into account that, apart
from the root node, all left-right-nodes with ¢ inner descendants can be found in the leftmost and rightmost
branch of the root, which give the contribution (1 + T(z,v))%(1 + T(z))¥~1, where T'(2) is given by (3). But
if the root has exactly ¢ inner descendants then it also contributes to X. n,¢> Which gives the following correction
term: (v — 1)2°[2*](1 + T(2))*~L. Thus we obtain the following differential equation:

%n@w=u+nwwfm+T@ﬁ*—uﬂw%& T(0,v) =0,

with k¢ given by
¢—1
wo= T =1 ().
This differential equation can be solved by separation of variables, which leads to the exact solution

1

(1—k2)b + (1 — o)kt (,F) 50

Ty(z,v) = (20)

We use now the exact solution (20) to obtain our exact results for the probabilities and the factorial moments
of X, o. We use that, for n > 1, it holds:

P{X,¢=m}= 0 (k‘) [z" 0™ Tp—1(z,v)
n! (7] 1
= z"v .
Qn (k) : 1 py 2 ok ()=
_ % (—1(¢—1—%) 22 _ £—1
((1 kZ)k +k ( {—1 ) L )(1 é((l—kz)%-&-ke’l((;l:l%)%))
Consequently, we obtain
(=1 (-1 1
]P){Xn,l = m} = m L [Znime f—1—1 m—+1
£ Qn(k) (1= k)k + B (T50)F)
(1) (f—1— 1\ | n=m h(e—1) (€=1=2\" (mAhY n— (mh)e (n—1—(m+h) e+ mELER
_ nlk (¢ 1)( [1_1k) Li J(il)hk‘ ( 1)( Zflk) ( h )kl (meth) ( n—(m+h)l t )
ngn(k) — (h )

which leads, by using the explicit result (I)) for Q,,(k), to the formula stated in Theorem@

For the factorial moments we proceed as before, but use the relation
E(X2,) = 2 [Ty 4 (2,1 + w)
o) = =~ 2w T (2,1 + w).
£ Qn (k )
One obtains

[2"w’|T(z,1+w) =

k”_s(é_gl:f)‘ n—0ls+ = -1
A n —4Us ’

which leads to the result given in Theorem [9]
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5.3. Deriving the limiting distributions. To show the limiting distribution results given in Theorem [10| we
use the so-called method of moments, i.e., the Theorem of Fréchet and Shohat (see, e.g., [25]), which works as
follows. Let (X, ), be a sequence of random variables; if one can show that E(X ) — E(X#), for each integer

s > 0, where X has to be a random variable that is uniquely defined by its sequence of positive integer moments
. . . .. . d
(guaranteed if the moment sequence satisfies certain growth conditions), then it holds that X, Q X.
First assume that a sequence (¢, n) is given, such that \,, ;, — oo, with A,, ¢ given in (I9 (9. It is immediate

to see that this implies £ = o(n kil) We consider the explicit formula for the factorial moments E(X, ;) as
given in Theorem 0] and apply Stirling’s formula (7). We obtain, for « fixed, the asymptotic expansion

(") = (o)

which gives

e sl (I—1—L\" (n—ts)F (L) 1
Eln (kﬁ)‘“( -1 > Tt <1+O(n—£ ))
_ PA+3) |, ¢
( H)!F(Tﬁl) M<1+O(ﬁ)). 21)
Using the relation

s—1

BOXG) = BCr) + 3 {0 B 22)
q=0

between the factorial moments and the ordinary moments together with the asymptotic expansion (21) of the
factorial moments proves convergence of the (ordinary) moments of the scaled random variable 5™*. It can
be shown easily by elementary growth estimates that the arising moment sequence determines a dlstrlbutlon
uniquely; thus the theorem of Fréchet and Shohat is applicable. Moreover, random variables giving such a
sequence of integer moments have been studied previously by Janson [19] (see also Janson et al. [21]) and we
can use results obtained there to characterize the density function of the distribution.

Now assume that a sequence (¢, n) is given, such that A, , — A € RT U {0}, with \,, ¢ given in (T9). This
implies that £ ~ ¢ - N , with ¢ > 0. Proceeding exactly as before, we obtain the asymptotic expansion

r1+4) ., l L1+ 4)

X\ 1+O—)~ s+ 1) —— kX
I(1+ =) ’f( )~ )F(1+%)

Hence, by using the relation between the factorial moments and the ordinary moments (22), we obtain the
moment sequence stated in Theorem In order to show that the arising sequence of moments defines a
distribution uniquely, we compute the corresponding moment generating function y, (t) = E(e!”*) and show
that it is analytic around £ = 0 (which is a well-known sufficient criterion). We get

B e

s>0 $>0 g=0 q>0 s>q

S

E(X2,) = (s +1)!

Using the bivariate generating function identity of the Stirling numbers of the second kind:
u(ef—1) _ t_ 1\™ ﬂ

I R e

n>0m>0 m>0
we obtain further

— q
o, (t) = > E( gq Ml = 1)
q>0

Since the latter expression is the moment generating function ¢ (u) = E(e%¢) of the random variable ¢ evalu-
ated at u = (e’ — 1), we obtain that ¢(¢) is indeed analytic around ¢ = 0, which completes the proof.
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5.4. The joint distribution of the number of blocks of specified sizes. The generating function approach pre-
sented above can be extended to study even the joint distribution of the number of blocks of sizes k{1, .. ., k/,..
We find it of interest to note that such an extension is indeed possible and we will state the corresponding
results; however, we will only sketch the proof of the results, since the ideas and the actual computations are
straightforward extensions of the ones given in Subsections[5.2H5.3]

Here it is appropriate to use a vector notation. We denote with X = (X, ¢,, Xp ¢y, - - -, X1 ¢,.) the random
vector countmg the joint distribution of the number of blocks of sizes k1, with 1 = (¢1,...,¢,), and with
X; = (Xn.tys Xnitas - s Xn.s,) the random vector counting the joint distribution of the number of left-right
nodes that have exactly /1, ..., £, inner descendants, with 1 < {1 < --- < £, < n. Note that X, @ X, 1
Furthermore, we use v = (vq,...,v,) and s = (s1,...,8,).

We introduce now the multivariate generating function

=3 > T+ 1)P{X, = m}—v
n>1m>0
Using the tree decomposition (2)) with respect to the root node we obtain the following differential equation for
Ti(z,v):
0
STz v) = (14 Ti2,v)? (1 4+ T(:)" Zz s ( )(1—7)1))

with initial condition 77(0, v) = 0. Separation of variables gives the explicit solution
1
Sl
(1_]%)" +Zz 1(1_71)]‘/ ( 0 )é+1

We refrain from deriving the joint distribution of X and proceed directly to the computation of the mixed
factorial moments, where we use the identity

LA L sh)n!
X3) = E( I1 Xﬂ) - (HZil(k))[z”ws]Tl_l(z, 1+w).

Ti(z,v) =

It is not difficult to extract the coefficients
1
"W Ti—1 (2, 1+ w) = [z"wi' ... w)"] - T -1
1 1 (li—1—+\ 2%
(1 - kz)k - Z::l wik& 1( fi—lk)zfz‘

by using the identity

S1 Sr —
[wit .. wr] = p
1—wiag — -+ — wrQ, qul (sq!) o
We eventually obtain the following theorem, where the limiting distributions are again derived by using the
method of moments. The computations occurring are very similar to the univariate case and are therefore
omitted.

1 ZZ:lSq! s s
(5! ]

Theorem 11. The mixed factorial moments of the random vector Xy, which counts the joint distribution of the

number of blocks of sizes k1, with 1 = (61, e ,gr), in a random k-Stirling permutation of order n, are given
by
- - ¢ 1 ("= | bgsg 4 Eg=te )
L —l-x S n—y 0_14gs
E )(§ — | . q A A . .
( 1) (;Sq) ((}I(k}gq ( Kq—l )) > (n_il_i_%)

The limiting distribution of X is, depending on the growth of L4 = {4(n), with1 < q¢ < r, asn — oo,
characterized as follows, where we define A\, o, as before:

1 (¢,—1-1
A, i=— |1 k v
a keq( -1 )"k

|
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Assume that sequences ({y,n) are given such that A ¢, , ..., A\p g, — 00, with1 < h <1, and A\, 4, = \; €
R, withh +1 < i <, asn — co. The properly normalized random vector

> (Xny Xn,e
X, = (/\M1 SRS VY

is characterized by its sequence of mixed (factorial) moments s > 0:

. e TT s - C(; -
X 0= BTy IT o) = (St 114
j=1 Tk

i=h+1 h=1 i=h+1

s X lyyrs s Xn,gT) converges in distribution to a limiting random vector 9§, which

5.5. An alternative approach using a description via Pélya-Eggenberger urn models. In this section we
introduce a Pélya-Eggenberger urn model, which also describes the joint distribution of the random variables
Xn1,-..,Xn,e Foradetailed description of Pélya-Eggenberger urn models see, e.g., [[13} 19,22, 27]; we just
give the basic notions for an urn model with balls of  different colours. At step O there are a; o, for1 <¢ <,
balls of colour ¢ in the urn; we might call this the initial configuration of the urn. The urn evolves at discrete

Q1,1 ... Q1
Q21 ... Q2 p

time steps according to the ball addition matrix A = . .|+ at each step a ball is chosen at random
Q1 e

from all of the balls in the urn, the colour the ball inspected and afterwards it is thrown back into the urn. If the
ball has colour ¢ then balls are added to or removed from the urn as listed in the i-th row of the ball addition
matrix A, i.e., a; ; balls of colour j, for 1 < j < n, are added/removed. An urn is called balanced if all the row
sums of A are equal, i.e., if the total number of added/removed balls in each draw is constant, independently of
the colour observed; this implies that, after each draw, the total number of balls in the urn is deterministic.

For balanced urns in [13] a method is described, which, if applicable, leads to the exact distribution of the

number of balls of colour ¢, 1 < ¢ < r, contained in the urn after n draws. It is sufficient to study the numbers
ai,o ai
az o0 az

H, T which give the number of urn histories of length n (i.e., sequences of n draws), such that the
a;,o ar

urn contains exactly a;, for 1 < ¢ < 7, balls of colour ¢ when starting with a;, 1 < ¢ < 7, balls. These

numbers are encoded in the generating function

ai,o ai
az,0 az n

z
H(yla”'ay’r'az) = Z Hn . . -y‘lllyg’Z...ygrﬁ.

n,01,02,--50r aro

Crucial to the approach is a study of the associated ordinary system of differential equations
. iit1 ij
o gi=y; T v,

1<j<rj#i

where the functions y; = y;(¢) are assumed to be functions of an independent variable ¢. Let us assume that the
solution of the associated system of differential equations > with initial conditions y1 0, 2,0, - - -, Yr,0 1S given
as follows:

Y1,0 Y10

Y2,0 Y2,0

il t| - S A 7

yrU yr.,o

Then the generating function H (y1, . . ., Y., z) of the urn histories is given as follows:

Theorem 12 (Flajolet, Dumas and Puyhaubert [13]]).

Y1 Y1 Y1

Y2 ai,o Y2 az,0 U2 ar,0
H(y1,~~~7yr,2)=<y1 Z - ) (}/2 Z - > (Y;" Z ) .

Yy Y

r r [d

Of course, the exact joint distribution of the number of balls of colour 7, 1 < ¢ < r, can be obtained from
H(y,...,yr, z) by extracting coefficients.

Now we go back to the problem of describing the joint distribution of the number of blocks of specified
sizes by means of an urn model. To do this we introduce the following urn.
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Urn I. Consider a balanced urn with balls of ¢ + 2 colours and let (Z,, 0, ..., Zy ¢+1) count the number of
balls of each color at time n. At each time step draw one ball at random from the urn, observe its color, and
add balls according to the ball addition matrix

1 k-1 0 -0 0 0 0
0—(k—1) 2k—1 "= . 0 0
0 0 —(2k—1)3k—1 ". 0 0
A - . . . . .
: . . : 0
o . o0 —((e=1)k=1) k-1 0
o . ) 0 —(tk—1) (t+1)k—1
0 0 0 -0 0 0 k
The initial configuration of the urn (it is here convenient to start at time 1) is specified by (Z1 0, ..., Z1,6+1) =

(2,k—1,0,...,0).

Note that, at each time step, a total number of k balls will be added to the urn. We further remark that
we opted to introduce balls of colour 0,1, ...,¢ + 1; the reason for that will be obvious after the following
statement.

Theorem 13. The random variables Z,, ;, with 1 < i < ¢, described by urn model I are related to the random
variables X, ;, 1 < i < £, which count the number of blocks of size ki in a random k-Stirling permutation of
order n, as follows:

Zni=(ki—-1)X,,; 1<i<dCl

Proof. We give the following coupling between the growth process describing k-Stirling permutations and the
urn model. Consider a k-Stirling permutation ¢. Then the balls of colour 7, with 1 < ¢ < ¢, will represent the
gaps within blocks of size ki in . Moreover, balls of colour ¢ 4 1 will represent the gaps within blocks of sizes
> k({4 1) in o, whereas balls of colour 0 will represent the gaps between blocks including the gap before and
the gap after o (thus the number of balls of colour 0 is exactly one plus the number of blocks in o).

Obviously at step 1, i.e., for 0 = 1%, there are two balls of colour 0 and & — 1 balls of colour 1, which
matches the initial configuration. At step n a block of size ki, i > 1, in ¢ “attracts” the sequence n* with
probability (ki —1)/((n—1)k+1) and gives then a block of size k(i + 1). In the corresponding urn model this
is reflected by removing ki — 1 balls of colour ¢ and adding k(i 4+ 1) — 1 balls of colour i + 1, for 1 <14 < ¢;
furthermore, if 7 > ¢ 4 1, then one simply adds & balls of colour £ + 1. Moreover, at step n a new block (which
is of size k) is created in o with a probability proportional to one plus the number of blocks of ¢; in the urn
model this is reflected by adding one ball of colour 0 and k£ — 1 balls of colour 1. ]

Remark 2. As pointed out before the r.v. Z,, o gives one plus the total number of blocks, a quantity that has
been already studied in [21]]. The idea of introducing an additional random variable Z,, ,41, which is serving
as some kind of “superball’ collecting all contributions of larger sizes, has been applied in this context, e.g., by
Mahmoud and Smythe [28] or Janson [[18]].

The evolution of this balanced Urn I can be analyzed by using the approach of Flajolet et al. [[13]]. One has
to study the following associated system of differential equations X, where y; = y;():

do = yoyt ", 40(0) = Yo,0,
) —(ik— i+1)k— )
g =y DT DR for 1 < < 4:(0) = yio,
o1 =yt Ye+1(0) = yet1,0-
First, one easily obtains
1 1
Yyy1(t) = —————, Cop1= 5.
(—kt + Cpy1)* yéf+1,0

Then, by induction with respect to i, it is not difficult to prove the general formula

i ; i R —

ti—a 1 TFi-nk—1

Yoy1—i(t) = ( g Cry1-q— I | ((f-i- 1—p)k— 1) + —i ) , (23)
q=1 "(i—q)! p=q+1 (—kt+ Cry1) B
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for 0 < 7 < /¢, with

—(L4+1—i)k+1

41—i)k—1 41—i)k—1 41—i)k—1
Cr1-i+Cppy * = yé+1—i% ; andthus Cpyqy = yé+1 zl(g y§+1,0 R
Consequently, we easily obtain yo(t) = 1/(— [ y1 (¢ t)*=1dt + Cy) and furthermore
1
yo(t) = t+1—q )

— > Crrig o [T, yir ((0+1—p)k —1) + (—kt + Cpy1)*
with
(Co+ Cfﬂ)_1 =Y0,0, andthus Cjy= y&é - y[jrll_’o.
After simple manipulations we observe that the formula for y,1_;(¢) given in (23)) is also valid for s = £ + 1.

Applying Theorem [I2] we obtain the following result concerning the generating function of the urn histories
of Urn L.

Theorem 14. The (¢ + 2)-variable generating function H(y,z) = H(yo, Y1, - -, Ye+1,2) of urn histories of

Urn I, with general initial conditions (Z1, ..., Z1,0+1) = (a1,0,011,- - -, Q1,0+1), is given by
041 o,
i=0

where the functions Uy, z) are given by

% ; i

t+1—q)k—1 r1—q)k—1y 217
Ureimily2) = (S G i) o T (e 1=k )
q=1 UV g

(b4+1—i)k—1

F1—0k—1
e >  for0<i<i+1.
(1- kzyé_H)

Moreover, the generating function concerning the distribution of blocks of sizes k,2k ..., Lk in random k-
Stirling permutations is obtained by the initial conditions (Z1 0, ..., Z10+1) = (2,k —1,0,...,0) leading to

H(y’ Z) = Ug(yv Z)Ufil(yv Z)

Remark 3. We want to point out that an advantage of this approach is that one obtains a result valid for
arbitrary initial conditions (chosen in such a way that the urn model is still tenable, i.e., that the urn never gets
“stuck”), whereas the previous approach using the description via (k+1)-ary increasing trees is only applicable
for the particular initial values (Z1 0, ..., Z1,0+1) = (2,k —1,0,...,0). From Theorem|14]it is not difficult to
reprove our results for X, , obtained in Theorems E]—@

6. DISTANCES IN STIRLING PERMUTATIONS AND DESCENDANTS IN INCREASING TREES

In the following we use the notation A = (A, 1,..., Ay, x—1) for the random vector counting the joint
distribution of distances of element j, and D = (D, ji1s s Dnijiks Dnsjk1) for the random vector counting
the joint distribution of descendants of node j. Recall from Theorem [5|that the distances A,,.; , between the
p-th and the (p + 1)-th occurrence of element j in a random k-Stirling permutation of order n and the numbers
D,,.; » of descendants of node j in the p-th branch of a random (k + 1)-ary increasing tree of order n are related

by the equation A, ,, @ 1+k-Dpjp+1, 1 <p <k — 1. Thus it holds that the distribution of the random

vector A is fully characterized by the distribution of the more general random vector D. Hence, in this section
we will mainly formulate our results for the random vector D, i.e., give results for (k + 1)-ary increasing trees,
but note, that all the results can be translated immediately into corresponding ones for the random vector A,
i.e., for k-Stirling permutations.

In order to describe the evolution of D and A, respectively, we introduce a purely autistic hyper-Pélya urn
model (using the terminology of Flajolet et al. [[13]).
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UrnII Consider a balanced urn with balls of k+2 colors, and let (W, o, Wy, 1, . . ., W,, x4+1) count the number
of balls of each colour at time n. At each time step, draw one ball at random from the urn, observe its colour,
and add k balls of the observed colour to the urn, i.e., the urn evolves according to the ball addition matrix

kO 0 ..0
0k 0 -0
A= (kbijhi<ij<i2= |, o & " 0
TR
00 0 ... k
The initial configuration of the urn is specified by (W10, W1 1,..., Wi ky1) = ((j — 1)k, 1,1,1,...,1).
Then it holds the following theorem for Urn II.
Theorem 15. The distribution of the random vector (Wy, 1, ..., W, x41) is related to D and A by the equa-

tions
(Wn,l - 17 ceey Wn,k+1 - 1) = (k : Dn;j,17 ey k- Dn;j,k+1)a
(Wn,Q + 17 ceey Wn,k + 1) = (An;j,lv ceey An;j,k—l)-

Consequently, the distribution of D, (and of A) is exchangeable, invariant under any permutation of the k + 1
variables (or k — 1 variables when considering A).

Proof. We give the following coupling between the growth process describing (k + 1)-ary increasing trees and
the urn model. Due to the correspondence between (k + 1)-ary increasing trees and k-Stirling permutations this
also gives a coupling with the growth process of k-Stirling permutations. Consider a (k+ 1)-ary increasing tree
T. Then the balls of colour p, for 1 < p < k + 1, will represent the external nodes of 7', which are contained
in the p-th branch of node j. Moreover, balls of colour 0 will represent the external nodes of 7', which are not
contained in the subtree rooted at node j.

The initial configuration of the urn corresponds to a tree 7' of order j, i.e., directly after inserting node j,
which leads to exactly one ball of each colour p, with 1 < p < k + 1, whereas all remaining k(5 — 1) + 1 balls
are of colour 0. Furthermore, in a tree 1" of order n — 1, each branch of node j “attracts” the newly inserted
node n with a probability proportional to the number of external nodes contained in this branch. If node n is
inserted into a certain branch of node j then the number of external nodes contained in this branch increases by
k. Moreover, the probability that node n is not inserted in the subtree rooted at j is proportional to the number
of external nodes not contained in one of the branches of j; by inserting node n the number of such external
nodes increases by k in this case. But this is exactly what is reflected by the ball addition matrix A. The relation
between Wy, , and D,,.; ,, (and also A,,.; ,) follows then by taking into account that a branch containing exactly
m internal nodes is containing km + 1 external nodes. ]

We obtain then the following exact and asymptotic results for the random vector D.

Proposition 1. The distribution of the random vector D, which counts the number of descendants of node j

according to its branches 1, ...k + 1 in a random (k + 1)-ary increasing tree of order n, is given as follows:
(m1—1+%) N (mk+1—1+%) (nfzfzf;rll mk)
P{D =m} = — ™ gﬁb) J—2 , form>0and1<j<n.
—l+z
n—j

(For the instance j = 1 we obtain Zf;l my = n — 1, and use the convention (:}) =1.)

k+1 (Dn;j,PJV%JFSP

The mixed binomial moments [E (Hp:l A
P

)) are given by the formula

(n71+%+2’;:i sp

g (T] (Pronth o)) 2 L=t )’ﬁ s 14
Sp (j_1+%?‘_zk+1 .
>

s S
p=1 k41 p=1 p) p=1 p
p=1 5p

Theorem 16. The limiting distribution of the random vector D can be characterized according to the growth

of j =jn).
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e Range arbitrary but fixed j > 1. The normalized random vector (D,n — Zﬁii Dy,.jp) /1 converges
almost surely to a Dirichlet distributed random vector of length k—+2 with parameters (%, ceey %, %)
D (as) 1 1 7—1

— 2%, Dirg o (

- RERER T ).

e Range j — oo, such that j = o(n). The normalized random vector jD /n converges in distribution to

d
a random vector of i.i.d. gamma distributed random variables, ~; @ 7(%, 1), for1 <i<k+1:

D @

— ey .
n (1 ’Yk+1)

® Range j — oo, such that j = pn, with 0 < p < 1. The random vector D converges in distribution to

a random vector of i.i.d. negative binomial distributed random variables, NegBin, @ NegBin(%7 0),

forl1 <i<k+1:

D % (NegBin, ..., NegBiny, ;).

e Range j — oo, such that j = n — [ with | = o(n). The random vector D is asymptotically degenerate,

D %0,

Remark 4. The explicit result for the distribution of D is well known in the literature, but the asymptotic
results generalize some of earlier results obtained by the authors [23] concerning descendants in increasing
trees. Note that the particular instance j = 1 describes the asymptotics of the subtree sizes of the subtrees
attached to the root node in a (k + 1)-ary increasing tree, which has been studied in a more general context by
Broutin et al. [10]. Interestingly, the case 7 — oo corresponds to an urn model, where the initial conditions
depend on the discrete time, as the time tends to infinity.

Proof. We will give here only a brief outline of the proof of Proposition[I]and Theorem [I6] where we focus on
the main ideas leading to the results, but skip many of the (straightforward) computations.

The exact distribution of D given in Proposition[I|could be derived by using generating function techniques
based on the formal equation of (k 4 1)-ary increasing trees, or alternatively by studying the associated system
of differential equations of Urn II. However, one can even use a more direct approach, which is based on lattice
path counting arguments similar to the ones used by Prodinger [36]. Crucial to this approach is to observe
that the probability w = w(m) to obtain a certain configuration m = (mq,ma,...,mgy1) of descendants
(in the branches 1,2, ...,k + 1) of node j is independent of the different histories to reach the configuration
m. Hence, we simply have to determine w, and the number H = H (m) of different histories leading to the
configuration m using lattice path counting arguments given by [36]. It is not difficult to show the following
formulas, which directly leads to the exact distribution of D:

P{D=m}=w-H, with HZ( n_j. k+1 )»
m17~-~,mk+17”_3_2p:1mp
n—j—rtlm
(T T2 i + D) TS 7™ i 45— )
[T ik +1) '

i=j

w =

The exact moments of D could be obtained by using the explicit formula for P{D = m} and carrying out
the summations required. However, the most convenient way to get the simple expressions for the binomial
moments is to use martingales. First we only consider a single variable W, ;. Let F,, denote the o-field
generated by the first n — j draws of the urn model (i.e., after inserting node n in the corresponding growth
process of (k + 1)-ary increasing trees). Moreover denote by ©,, = W,, ; — W,,_1 1 € {0, k} the increment at
step n (i.e., due to inserting node n). We get

E(Wn,l | ]:nfl> = ]E(anlq,l + 971 | ]:nfl) = anl,l +E(®n | ]:nfl)~
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Since the probability that a ball of colour 1 is chosen at step n is proportional to the number of existing balls of
colour 1 (at step n — 1), we obtain further
kWn—l,l - kn +1

E(Wp1 | Faot) = Wi =
(Wo1 | Fo1) MR -D+1 kD11

Wn—17 n2j+1

Let Wy, = W1 ("7208) /("TF) = Wi (14 £)/(n + 1), then it holds

n—1
E(Wn ‘]:nfl):VNanla n=>j+1

Hence, W,, (and also W, /k) is a positive martingale.
The idea can be extended to study the random variables W,, s = H;Zi

due to the dynamics of the urn model:

k+1 . k1 Wo1p 14s
EWhs | Foo1) = Wa_ n—1, “F P
OWoe | Fat) =Wt St I (7,

(W"’p/ffprsp), where we obtain
P

k+1 k+1
si n—1+1+ Z
= n—1,s + Wn—l,s E = Wn—l s
N (TL — ].)k =+ 1 -1 -+ T
=1 k
Consequently, we observe that the random variables Wms = Wys ("21:%) / (" 1+2n§+f sit ) are forming

martingales with respect to the filtration F,,. The results for the binomial moments stated in Proposition [T]are
obtained easily by taking the expected value.

Next we outline the proof of the limiting distribution result given in Theorem |16] for the range j fixed as
n — oo. The martingale description given above shows immediately the almost sure convergence of W, s, for
j fixed, to limiting random variables, since Wms is a positive martingale. In particular, all the random variables

Wy = (WZ’P +1)(1+ £)/(n+ +) converge almost surely to limiting random variables. This also implies
that the random vector (%7 cey %) converges almost surely to a limiting random vector; moreover,
using Stirling’s formula for the Gamma function (7)), one can easily characterize the limiting distribution by its
mixed moments. Furthermore, it is not difficult to obtain even a local limit law using the explicit formula for
the probability mass function given in Proposition

The remaining cases of the limiting distribution results given in Theorem [I6|can be proven easily either by
the method of moments or directly by asymptotic considerations for the probability mass function; we skip
here these computations. O

7. THE NUMBER OF INVERSIONS

The number of inversions in ordinary permutations is a classical parameter of interest. It has been studied by
many authors, e.g., by Sachkov [37]], Bender [3]], Margolius [30], and Louchard and Prodinger [26]. Park [33]
has studied the random variable [,,, which counts the number of inversions in a random k-Stirling permutation
of order n, from a combinatorial point of view. Here we can add some probabilistic considerations. Park
already derived the probability generating function of the total number of inversions /,, using combinatorial
methods. Using simple probabilistic arguments we rederive his result, but furthermore we show a central limit
theorem for I,,. We first collect the results concerning I, in the following theorem.

Theorem 17. The random variable I,, can be decomposed into a sum of mutually independent random vari-
ables U;, where U; denotes the discrete uniform distribution on the set {mk | 0 < m < ik}:

1

. 2
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The centered and normalized random variable I converges in distribution to a standard normal distributed
random variable, where the speed of convergence is of order (’)(1 / \/ﬁ) with respect to the di-metric:
I, —E(I,) (d k(k)
I'=—"———" -5 N(0,1), di(L(I}),N(0,1)) < —=,
T PO, a(eu) M) <

where (k) is a constant, which depends only on k, but is independent of n.

Remark 5. It is well known that convergence with respect to the d;-metric of random variables implies the
weak convergence, i.e., the convergence in distribution, see [lL, 2]. The speed of convergence is given with
respect to the metric d;, see Barbour, Karonski and Rucinski [2]]: for two probability measures P and @ their
dy-distance is defined as d1 (P, Q) := sup <1 [E(A(X)) —E(h(Y))|, where ||h|| = K - (||h]|oo + [ 2| o), Tor
bounded functions i with bounded derivative and some constant K, with X and Y denoting random variables
with distribution P and @), respectively. We refer the reader to [[1]] and [2] for a precise definition.

Proof. First we derive the decomposition of the random variable I,, into a sum of independent random vari-
ables. To do this we use the description of random k-Stirling permutations via the simple insertion process: at
step n the sequence n* is inserted into a k-Stirling permutation of order n — 1 at one of the k(n — 1) + 1 places.
If n¥ is inserted at the m-th place, taken from right to left, this induces exactly km additional inversions. Since
the insertion is independent of the structure of the actual k-Stirling permutation, we obtain the stated result.

The expectation and the variance of I,, are obtained using the independence of the random variables U;;
e.g., the expectation is easily derived as follows:
ik

m ik? — 2/n
E(U) =) Z.,f+ = E(S) = Y BW) = Z@

m=0 =0

The central limit theorem for I,, can be established via various methods. E.g., one could use directly the
method of moments, which also proves the moment convergence, or one can check that Lyapunov’s condition in
the corresponding theorem for sums of independent random variables is satisfied, or one could use the approach
of [26] based on saddle point methods.

However, in order to obtain the stated result concerning the speed of convergence of the centered and nor-
malized r.v. I} to N(0,1) with respect to the d;-metric, we used Stein’s method [T} 2], which, in the present
case, can be applied easily due to the independence of the random variables involved. In the following we will
use the notations

Ui=U, —E(U,), V= _U
V(1)

Since U; takes values in {k¢ | 0 < ¢ < ki}, the random variable U; is uniformly distributed on the set
% — Kkt | 0 < ¢ < ki}. By definition the random variables V; are mutually independent and satisfy
E(V;) = 0 and V(@!'_)'V;) = 1; furthermore it holds EB:.:Ol Vi = I:. To proceed we use the following

consequence of [2]:

I
_

n

di(L(I3), N(0,1)) <2 p  (B(V?]) + E(VZDE(| Vi)

™

O

7

|
—

n

(E(T’]) + BT DE(T]).

<
~
3
N
N
ol
-
I
o

It is easy to show that

n—1 n—1

-3 A2 A , . . ;

> ETS) +E(US DEUD) =Y (r1(k)i® + o (k)i*ks(k)i) + O(n®) = ka(k)n* + O(n?),

i=0 i=0
where the x; = k;(k) appearing are constants depending only on %, which are not important to our purpose.
We get thus

k
a ()N o.) < 2,

n
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by using the asymptotic expansion of the variance of I,,. This proves the stated result. (]
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