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Abstract

Combinatorics of oriented trees and tree-like structures

Isaac Owino Okoth
Department of Mathematical Sciences,

University of Stellenbosch,
Private Bag X1, Matieland 7602, South Africa.

Dissertation: PhD (Mathematics)
March 2015

In this thesis, a number of combinatorial objects are enumerated. Du and
Yin as well as Shin and Zeng (by a different approach) proved an elegant
formula for the number of labelled trees with respect to a given indegree
sequence, where each edge is oriented from a vertex of lower label towards
a vertex of higher label. We refine their result to also take the number of
sources (vertices of indegree 0) or sinks (vertices of outdegree 0) into ac-
count. We find formulas for the mean and variance of the number of sinks
or sources in these trees. We also obtain a differential equation and a func-
tional equation satisfied by the generating function for these trees. Anal-
ogous results for labelled trees with two marked vertices, related to func-
tional digraphs, are also established.

We extend the work to count reachable vertices, sinks and leaf sinks in
these trees. Among other results, we obtain a counting formula for the num-
ber of labelled trees on n vertices in which exactly k vertices are reachable
from a given vertex v and also the average number of vertices that are reach-
able from a specified vertex in labelled trees of order .

In this dissertation, we also enumerate certain families of set partitions
and related tree-like structures. We provide a proof for a formula that counts
connected cycle-free families of k set partitions of {1, ..., n} satisfying a cer-
tain coherence condition and then establish a bijection between these fami-

ii



Stellenbosch University https://scholar.sun.ac.za

iii Abstract

lies and the set of labelled free k-ary cacti with a given vertex-degree distri-
bution. We then show that the formula also counts colou-red Husimi graphs
in which there are no blocks of the same colour that are incident to one an-
other. We extend the work to count coloured oriented cacti and coloured
cacti.

Noncrossing trees and related tree-like structures are also considered in
this thesis. Specifically, we establish formulas for locally oriented noncross-
ing trees with a given number of sources and sinks, and also with given
indegree and outdegree sequences. The work is extended to obtain the av-
erage number of reachable vertices in these trees. We then generalise the
concept of noncrossing trees to find formulas for the number of noncross-
ing Husimi graphs, cacti and oriented cacti. The study is further extended
to find formulas for the number of bicoloured noncrossing Husimi graphs
and the number of noncrossing connected cycle-free pairs of set partitions.
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Opsomming

Kombinatorika van georiénteerde bome en boom-vormige

strukture
(“Combinatorics of oriented trees and tree-like structures”)

Isaac Owino Okoth

Departement Wiskundige Wetenskappe,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.

Proefskrif: PhD (Wiskunde)
Maart 2015

In hierdie tesis word 'n aantal kombinatoriese objekte geenumereer. Du
en Yin asook Shin en Zeng (deur middel van 'n ander benadering) het 'n
elegante formule vir die aantal geétiketteerde bome met betrekking tot 'n
gegewe ingangsgraadry, waar elke lyn van die nodus met die kleiner etiket
na die nodus met die groter etiket toe georiénteer word. Ons verfyn hul
resultaat deur ook die aantal bronne (nodusse met ingangsgraad 0) en putte
(nodusse met uitgangsgraad 0) in ag te neem. Ons vind formules vir die ge-
middelde en variansie van die aantal putte of bronne in hierdie bome. Ons
bepaal verder 'n differensiaalvergelyking en 'n funksionaalvergelyking wat
deur die voortbringende funksie van hierdie bome bevredig word. Analoé
resultate vir geétiketteerde bome met twee gemerkte nodusse (wat verwant
is aan funksionele digrafieke), is ook gevind.

Ons gaan verder voort deur ook bereikbare nodusse, bronne en putte in
hierdie bome at te tel. Onder andere verkry ons 'n formule vir die aantal ge-
étiketteerde bome met n nodusse waarin presies k nodusse vanaf 'n gegewe
nodus v bereikbaar is asook die gemiddelde aantal nodusse wat bereikbaar
is vanaf 'n gegewe nodus.

iv
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Ons enumereer in hierdie tesis verder sekere families van versamelings-
verdelings en soortgelyke boom-vormige strukture. Ons gee 'n bewys vir 'n
formule wat die aantal van samehangende siklus-vrye families van k versa-
melingsverdelings op {1,...,n} wat 'n sekere koherensie-vereiste bevred-
ig, en ons beskryf 'n bijeksie tussen hierdie familie en die versameling van
geétiketteerde vrye k-ére kaktusse met 'n gegewe nodus-graad-verdeling.
Ons toon ook dat hierdie formule ook gekleurde Husimi-grafieke tel waar
blokke van dieselfde kleur nie insident met mekaar mag wees nie. Ons tel
verder ook gekleurde georiénteerde kaktusse en gekleurde kaktusse.

Nie-kruisende bome en soortgelyke boom-vormige strukture word in
hierdie tesis ook beskou. On bepaal spesifiek formules vir lokaal georién-
teerde nie-kruisende bome wat 'n gegewe aantal bronne en putte het as-
ook nie-kruisende bome met gegewe ingangs- en uitgangsgraadrye. Ons
gaan voort deur die gemiddelde aantal bereikbare nodusse in hierdie bome
te bepaal. Ons veralgemeen dan die konsep van nie-kruisende bome en
vind formules vir die aantal nie-kruisende Husimi-grafieke, kaktusse en
georiénteerde kaktusse. Laastens vind ons 'n formule vir die aantaal twee-
gekleurde nie-kruisende Husimi-grafieke en die aantal nie-kruisende same-
hangende siklus-vrye pare van versamelingsverdelings.
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Chapter 1

Introduction

Enumerative combinatorics is a branch of combinatorics which concentrates
on establishing the number of certain combinatorial objects with a given
set of parameters. It is considered by many as the most classical area of
combinatorics. In this dissertation, quite a number of combinatorial objects
are studied. These include labelled trees, noncrossing trees, cacti, Husimi
graphs and set partitions. We utilise the concepts of generating functions,
recurrence equations and functional equations to derive explicit formulas
for the number of these objects, and in many instances we provide bijective
proofs.

The class of labelled trees in which the edges are oriented from a ver-
tex of lower label towards a vertex of higher label (called a local orientation
[17]) is considered in Chapter 3. We prove a formula for the number of la-
belled trees on n vertices with a given local indegree sequence or number of
sources such that a given vertex r is a sink of degree d. We find a formula
for the average number of sinks in these trees as a corollary of our main
theorem and after deriving a differential equation, recurrence equation and
functional equation satisfied by the generating function for these trees in
Section 3.3, we rediscover the formula for the mean number of sinks as well
as the variance. Analogous results for labelled trees with two marked ver-
tices are also given in Section 3.4.

Next, we introduce the idea of reachability of vertices in these trees. A
vertex v is said to be reachable from a vertex u if there is an oriented path from
vertex u to vertex v. In Chapter 4, among many other interesting counting
formulas, we obtain the average number of vertices that can be reached
from a given vertex u and the number of trees on n vertices such that exactly
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k vertices are reachable from vertex u.

The main objects of study in Chapter 5 are cycle-free set partition fam-
ilies, a concept that is motivated by spanning tree enumeration as well as
cycle factorisations of permutations. Here, we provide a new proof for a
formula that counts the number of connected cycle-free families of k set
partitions of [n] := {1,2,...,n} satisfying a certain coherence condition and
then establish a bijection between these families and the set of labelled free
k-ary cacti with a given vertex-degree distribution. We also show that the
formula counts coloured Husimi graphs in which there are no blocks (com-
plete graphs) of the same colour that are incident to one another. We extend
the work to coloured oriented cacti and coloured cacti.

Noncrossing trees, noncrossing graphs with a given number of vertices
and edges, noncrossing forests, noncrossing unicyclic graphs etc. have been
extensively studied in literature, see [15, 18, 22, 41, 42, 43] among many
other papers. Husimi graphs were introduced by Japanese physicist Kodi
Husimi in 1950. These are connected graphs whose blocks are complete
graphs. Surprisingly, the number of noncrossing Husimi graphs had not
been considered. In Chapter 6, we find formulas for the number of non-
crossing Husimi graphs, cacti and oriented cacti. We obtain a formula for
the number of bicoloured noncrossing Husimi graphs and also the number
of noncrossing connected cycle-free pairs of set partitions.

Flajolet and Noy [22] enumerated noncrossing trees with a given out-
degree sequence where all edges are oriented away from the root, i.e. the
edges are globally oriented. In Chapter 7, we find a formula for the number of
locally oriented noncrossing trees with given number of sources and sinks.
As a corollary, we obtain the mean and variance of the number of sinks in
these trees. We then extend the study to find a formula for the number of
these trees, where both indegree and outdegree sequences are simultane-
ously given.

In Chapter 8, we extend the concept of reachability of vertices in labelled
trees, introduced and studied extensively in Chapter 4, to locally oriented
noncrossing trees. A formula for the number of locally oriented noncross-
ing trees of order n in which exactly k vertices are reachable from vertex 1
deserves to be mentioned in particular. This formula generalises a result
for the number of noncrossing increasing trees on n vertices, counted by the
well-known Catalan numbers.
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Chapter 2
Terminologies and basic notions

In this chapter, we introduce terminologies and preliminary results that we
require in the next chapters. We do this for the sake of completeness, even
though the definitions and concepts presented here are standard in texts on
graph theory and enumerative combinatorics.

2.1 Graph theoretic concepts

A graph G is a pair (V(G), E(G)) where V(G) is a set of vertices and E(G) is
a set of edges of G. The cardinalities |V (G)| and |E(G)| are respectively, the
order and size of the graph. All graphs considered in this thesis are simple,
i.e. there are no loops and multiple edges between any two given vertices.
A graph H is said to be a subgraph of G if V(H) C V(G) and E(H) C E(G).

We say that two vertices are adjacent if they are connected by an edge
and two edges are incident if they share a vertex. The number of vertices
in G that are adjacent to a vertex v is the degree of v, denoted by deg(v).
A graph, K, of order n in which each vertex has degree (n — 1) is called a
complete graph.

If we assign labels to the vertices of the graph, the resulting graph is
called a labelled graph. A graph in which every vertex is reachable from
every other vertex is said to be connected. A treeis a connected graph without
cycles. In a tree, a vertex which has degree 1 is called a leaf. A labelled graph
which is also a tree is called a labelled tree. Figure 2.1 shows a labelled tree
of order 6, where vertices 1,4 and 6 are all leaves. A rooted tree is a tree in
which a fixed vertex has been chosen. This fixed vertex is often referred to
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as the root.

Figure 2.1: Labelled tree

A forest is a collection of graphs in which each component is a tree whereas
a rooted forest is a graph whose components are rooted trees. An example of
a forest is given in Figure 2.2.

K Yt

Figure 2.2: Forest

Labelled trees have been extensively studied. In 1889, Cayley [6] showed
that the number of distinct spanning trees of a complete graph with vertex
set {1,...,n} is given by n"~2 (see [39] for more details). This elegant for-
mula is credited to Arthur Cayley though it was originally obtained by Bor-
chardt [5] in 1860 and Sylvester [59] in 1857. Several proofs of this beautiful
formula exist in the literature. Remarkable ones include Kirchhoff’s ma-
trix tree theorem [1], Joyal’s bijective proof [32], Pitman’s double counting
argument [44] and Priifer sequences [49] that yield a bijective proof.

Our work is motivated by the study of labelled trees of complete graphs
in which edges have certain orientations. A directed graph (digraph for short)
is a graph in which the edges have orientations. The number of edges that
are oriented towards a vertex is the indegree of such a vertex. The number
of edges that are oriented away from the vertex is its outdegree. The indegree
(resp. outdegree) sequence of a tree is the ordered sequence of indegrees (resp.
outdegrees) of the vertices of the tree. We write the indegree sequence (or
outdegree sequence) of a graph in abbreviated form as <a§)1 agz -+ -), where b;
is the number of vertices of indegree (outdegree) a; and vertices of indegree
(outdegree) 0 are ignored. Figure 2.3 shows a labelled tree with an indegree
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sequence (1321), since there are three vertices (1, 3 and 5) with indegree 1
and a single vertex (6) with indegree 2. It has outdegree sequence (123!),
since there are two vertices (4 and 6) with outdegree 1 and one vertex (2)
with outdegree 3.

5 AN

Figure 2.3: Labelled tree with oriented edges

For other definitions and notations that are not given here, we refer the
reader to [16]. Further relevant definitions are also presented throughout
the thesis.

2.2 Number partitions and set partitions

A partition of n € N is a way of representing 7 as an unordered sum of
positive integers. So 1 + 2 and 2 4 1 count as the same representation. We
shall always sort the summands in increasing order. The partitions of 5 are

1+14+14+1+1, 1+1+1+2, 14242, 1+1+3, 2+3, 1+4, 5.

Let P(n) be the set of number partitions of n € N, and let my(p) be the
number of occurrences of k € N in a partition p € P(n), so that

n=1Y k-mp)

keN

and my(p) = 0 for k > n. Further, we define

pl =) m(p).
keN
Now, set Pi(n) = {p € P(n) : |p| = i} fori € N. If a number partition p of
nhas ki, ky, ..., k; as its distinct parts, then we write
p— kal(P)kak2(P) - .k@ki(P).

1
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So the number partition 1+ 1+ 1 + 2 can also be written as 132! in short-
hand.

Let S be a finite set. We say that P is a set partition of S if P is a family
of non-empty and disjoint subsets of S such that the union of these subsets
gives S. The elements of S are called blocks or parts or cells. The block sizes
of P define a number partition p of |S|, and the set partition P is said to be
of type p.

As an example, consider the partition

P={{1,7,8},{2,6},{3},{4,5,9},{10} }

of {1,2,...,10}. The number partition associated with this set partition is
given by 14142 4 3 4 3 since in P there are two subsets of cardinality 1,
one subset of size 2 and two subsets of cardinality 3. This implies that the
partition is of type 122132,

2.3 Generating functions

Generating functions are one of the most powerful and versatile tools used
in enumerative combinatorics. In this thesis we make use of two kinds of
generating functions.

Definition 2.3.1. Let (g0, g1, - - .) be a sequence of integers. The ordinary gen-
erating function of this sequence is

Zgixi

i>0

and its exponential generating function is

s
8izy
S

Ordinary generating functions are usually used to count unlabelled struc-
tures. On the other hand, exponential generating functions are used when
one deals with labelled structures. Consider for example, the sequence
(1,1,...). Its ordinary generating function is

- 1
1 __
Zx C1—x

i>0
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while the corresponding exponential generating function is

i
g)f—' = exp(x).
It is common combinatorial practice to denote the coefficient of x" in a
generating function g(x) by [x"]g(x).
Let f(x) be a generating function that satisfies the functional equation
f(x) = x¢(f(x)). We will often use the following theorem to extract the
coefficient of x" in the generating function.

Theorem 2.3.2 (Lagrange Inversion Formula [58, Theorem 5.4.2]). Let f(x)
be a generating function that satisfies the functional equation f(x) = x¢(f(x)),
where ¢(0) # 0. We have

IF() = S K

For more background on generating functions, the reader is referred to
Wilf’s Generatingfunctionology [63].
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Chapter 3

Trees with a local orientation

3.1 Introduction

In any digraph, a vertex with indegree (outdegree) zero is called a source
(sink) respectively. Labelled trees whose edges have orientations have been
studied in particular in two versions; in a global orientation [58], all edges
in a rooted labelled tree are directed towards the root as opposed to a local
orientation [17], where each edge is oriented towards the vertex with higher

label.

1

(a) (b)

Figure 3.1: (a) Labelled tree with local orientation, (b) Labelled tree with global

orientation

Trees treated in this chapter have locally oriented edges, unless stated
otherwise. Recently, Du and Yin [17], Shin and Zeng [53], and Wagner [62]
considered the enumeration of labelled trees, with a local orientation, with
respect to their indegree sequences. Consider a labelled tree with a vertex
set [n] and indegree sequence A = (142°...), where ¢; is the number of
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vertices with indegree j satisfying the conditions

Y ei=mnand ) ie;=n—1. (3.1.1)

i>0 i>1
The said authors showed that the number of such trees is given by

(n—1)12

b= (n—k)leg!(1)erex!(21)e2 - - .’

(3.1.2)

where k is the number of parts of the partition A. This result was initially
conjectured by Cotterill [12] in his study of secant planes of curves in projec-
tive spaces. This expression also counts the number of labelled trees with a
tixed root and global indegree sequence A, which is a classical refinement of
Cayley’s formula for the number of labelled trees (see [58, Corollary 5.3.5]).
We note here that Equation (3.1.2) (for the global orientation) can also be
obtained by considering functional digraphs, (see [58, Section 5.3]).

In this section, we will exploit a result of Wagner [62] in which he gave
a direct proof of a curious algebraic identity (pointed out by Shin and Zeng
in [53]) relating a generalised form of Equation (3.1.2) and the generating
function for the number of labelled trees with a given indegree sequence.
To restate this result, we first define the type of a monomial, which is a
partition induced by its exponents.

Example 3.1.1. Let us consider the polynomial

6Y2y/3Y4 + 2v2y3 + 4y3y3 + 3Y3ya + V3

The monomial y,y3yy is of type (13) since all the variables have exponent 1.
Monomials y2y2, yay; and y3y4 are all of type (1'21) while y7 is of type (3!).

Theorem 3.1.2 ([62, Theorem 1]). Let A = (1°12°2 - - . ) be a partition of n —m +
land ey =n —e; — ey — - - -. The following identity holds:

n | — |
b —_ B nl(n—m-+1)!
typg’—/x[y ]51(1% Tt ) = eo! (01)%0ey ! (1) 1ex!(20) 2 - - -
(3.1.3)
b

bryba. .. yf,”] is the coefficient of the monomial yllylz72 x -yi’l" in the

where [y°] = [y;'y,
polynomial TTI_, (iy; + Yiz1 + -+ + Yn)-

d
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3.2 Enumeration by sources, sinks and indegree

sequences

In this section, we prove a theorem which gives the number of trees with
a given indegree sequence such that a specific vertex r is a sink of degree
d. This refines Equation (3.1.2). Among other corollaries, we obtain a for-
mula for the total number of sinks in labelled trees with a given indegree
sequence. We also prove an analogous result given the number of sources.

Let Tree(K},) be the set of all labelled trees with labels 1,2, ...,n. We de-
note the indegree / outdegree of vertex i in a labelled tree T € Tree(K}) by
indeg (i) / outdeg(7) respectively.

Theorem 3.2.1. Let N%(n, A;r) be the number of trees of order n with indegree
sequence A = (1€12°2 .. . ) such that vertex r is a sink of degree d. Then we have

(r—1)1(n—2)!(n—d—1)!de,
(r—d —1)leo! (01)%0ey [(11)e1ep! (21)e2 - - -

N4 (n,A;r) = (3.2.1)

whereeg =n—e; —ey — -+ .

Proof. The generating function for the number of trees with a given indegree
and outdegree sequence is given by

Z ﬁ yindegT (i) x?utdegr (i)

TeTree(Ky) i=1
n—1

=xiyn [ [ (4 +x)yi + (i + -+ ya)) -
i—2
(3.2.2)

(See [36, Theorem 4] and also [51, Equation (8)] for details.) Setting x, = 0
and x; = 1 for all i # r, we obtain

> ﬁy%ndegT(i)

T: risasinki=1

r—1 n—1
= (r =Dy [ [Gyi+- - +yn) - TT ((G=Dyi+--+yn),
i=2 i=r+1

which is the generating function for the number of trees on n vertices such
that vertex r is a sink. Since y, only occurs as a term in the first product, we
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can rewrite the generating function as:

1 indeg (i) r—1 |A|+1
Z Hyz ! - n—1 2 }/r
T: risasinki=1 AC{23,..r—1}

r—1

< [T+ yisa -+ yrm1 + Y+ + )
i

n

x [T (G=Dyi+yiza+ -+ ya). (3.2.3)

i=r+1

Setting y; = z;if i < r and y;;1 = z; if i > r, Equation (3.2.3) becomes

y ﬁyindegT(i)

T: ris asink i=1

r—1 Alr1 =
T a—1 Z y|r + 'H(Zzi+zi+1+'”+zn—l)
=1 4cp23,.—1} =
1

n—1
x [ TGz +ziga + -+ 24-1)

i=r

r—1 A1
AC{23,..r—1} '

i
Now, we are going to mimic the construction of Wagner [62], in which he
proved the theorem for the case r = n.

We interpret the product on the right hand side of Equation (3.2.4) in
terms of functions from the set [2..n — 1] = {2,...,n — 1} to itself, with the
additional requirement that f(i) > iforalliandi ¢ A C {2,...,r —1}. As
noted in [62], the product can be written out as

n—1 n—1 o
H(iz,- +zigg+tzh1) = Z H Zl(¢8) (@)
llgi g2.n—1\A—[n—1] i=2

where ¢g(i) = max(g(i),i). Let S = (51,52,...,5n) be any set partition
of [2.n — 1] whose type is A. We therefore have m = ey +ep + -+ = n —
1—ep. So ey = n—m — 1. Let the largest element in S; be denoted by s;.
We assume that n —1 = s; > s, > --- > sy,. Suppose that ¢g induces
the fixed set partition S (i.e., the different nonempty preimages of ¢g are
precisely S1,S2,...,Sm). Now, the only possible value for ¢g(S1) is n — 1.
Hence g(j) = n —1 for all the elements j € S;\ {n — 1}, but there are
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n — 1 different choices for ¢(n — 1) = g(s1). There are n — s, — 1 choices for
$g(S2), but also if ¢g(Sy) = s, then there are s, choices for g(s). In total
there are n — 2 possibilities. Similarly, there are n — s3 — 2 possible values
for ¢pg(Ss3), but if $g(S3) = s3, then there are s3 choices for g(s3) so that we
have n — 3 choices altogether, etc.
Therefore, the number of possible functions g so that ¢g induces a fixed

partition S is

(n—1)! (n—1)!
(n—m—1)! T el

(mn=1)(n—-2)---(n—m) =
There are (;"3) choices for A and

n—d-—1 1 _ (m—=d—=1)ldle,
e1,e,...,eq0—1,e4.1,...) dllea=1) . T] j1 T e!(1haey!(2!)e2 - -
21

jd

choices for S. 0
Since there are (n—1)!

. choices for g then the required equation is
0-

P L r=1 (n=1)(r-2 (n—d—1)ldley
N(Vl,/\,i’)—n_l' eo! d-1 el!(ll)elez!(zl)ez""

This completes the proof. O

Corollary 3.2.2. Let N(n,A) be the number of trees of order n with indegree se-
quence A = (1412°2 - - . ). We have

(n—1)r
eo!(01)0eq ! (1!)1ex!(21)2

Proof. By substituting r = n in Equation (3.2.1), we obtain

i ) — (n—l)!(n—Z)!ded
NE Ain) = O e (1) regt (20)2 -

N(n,\) =

Since vertex n is always a sink, all possible trees with indegree sequence A
are covered by this.
We now sum over 4 to obtain

N(n,A) = (= 1)!(n — Zded

(0!)3031 (1')61(32 2' €.

By Condition (3.1.1) we obtain the desired result. This result is also given in
Equation (3.1.2). [
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Corollary 3.2.3. Let N(n,A) be the number of trees of order n with an indegree
sequence A = (1°12°2 - ..}, The total number of sinks in these trees is given by

(n—2)!n! eq
eo! (01)%eq ! (11)e1e!(21)e2 -+ - (” _d;od+ 1) '

Proof. We sum over r in Equation (3.2.1) to obtain the total number of sinks

of degree d as:

(n—2)1(n—d—1)ldey i (r—1)!
eo!(0)0eq (1) et (2)2 -+ & (r—d —1)!

=d+1
 (n=2)!(n—d—1)!dey n -1\,
el (0N)oer!(1!)e1ep!(21)e2 - - - r;rl ( i ) d!
_di(n— )(”—d—l'de n—1
g 1(0!)eoeq I(11)eren!(21)e2 - : Z ( )
(n—2)tn! de,

~ el (0N)%e (1Nl (20)e2 - - d+ 1 (3:2.5)

The last equality follows by hockey stick identity, i.e.

n=1 (-
)y (;) - (J_Zl) . (3.2.6)
i=j

Summing over d in Equation (3.2.5), we obtain the number of sinks as

“L

L)

(n—2)!n!
eo!(01)e0ey 1(11)eren ! (21)e2 - - - (Z( d+1

a>1

By Condition (3.1.1) we arrive at

(n—2)!n!
eo!(0!)%eq!(11)e1e,!(21)e2 . (n - _dg:l d+ 1)

which is the required formula. O

From Corollaries 3.2.2 and 3.2.3, we obtain a formula for the mean num-
ber of sinks in labelled trees of order n > 2 with an indegree sequence
<]_61262 ce > as

P[:
n—l( dgadel)
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whereeg=n—e1 —ey — -+ - .

In Theorem 3.2.4 below, we give a formula for the number of trees with a
given number of sources such that a specific vertex is a sink of degree d. Its
consequence, Corollary 3.2.5, generalizes a result proved by William Chen
[9]: the total number of trees on 1 vertices having a given number of sources
(see Corollary 3.2.7 below).

Theorem 3.2.4. Let T%(n,k;r) be the number of trees of order n with k sources
such that vertex r is a sink of degree d. Then,

T(n, ko) = (r—1)!(n—2)! {n—d—l} (527

(r—d—1D!Id—1)k | n—k—1

where {Z} denotes Stirling numbers of the second kind.

Proof. We obtain the formula by summing over all possibilities of ey, e, . ..
in Theorem 3.2.1. O

If we sum over all k in Equation (3.2.7), and use the identity

« d p . ®
p _i; <1> (p—l)!{p_i}, (3.2.8)

we obtain a formula for the total number of trees in which vertex r is a sink
of degree d, i.e.

Y T, k;r) = (r—1)- (; - i) (n—1)"4-2. (3.2.9)
k

Corollary 3.2.5. Let T(n,k;r) be the number of trees of order n with k sources
such that vertex r is a sink. Then,

L (n—Z)!r_2<r—2>{n—i—2}
T(nkr)=(@r—1)- . . 3.2.10
R o L Y BCE2D

Proof. We obtain the result by summing over all 4 in Equation (3.2.7). O

In the following corollary, we obtain a formula for the total number of
spanning trees of a complete digraph on n vertices such that vertex r is a

sink.
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Corollary 3.2.6.
Y T(nkr)=(r—1)-n"?*(n—1)"""1 (3.2.11)
k

Proof. This result can be proved by summing over all 4 in Equation (3.2.9):

=l fy_2 e
;T(n,k;r):(r—l)Z(d_1> (n—1)r—4-2

=(r—1) 3 (7 B 2) (n—1)"73
i=0 \ !
— (- 1)(n—1) 20 <r . 2) (n—1)=2.

We proceed by binomial theorem to obtain the required formula. O

This formula can also be obtained directly from the generating function
(3.2.2) by setting x, = 0 and x; = 1 for i # r as well as y; = 1 for all i. Since
vertex n is always a sink in these trees then we recover Cayley’s formula for
the total number of labelled trees on n vertices by substituting for » = n in
Equation (3.2.11), i.e.

Y T(nk;n) =n""2 (3.2.12)
k

Corollary 3.2.7. Let T(n, k) be the number of trees of order n with k sources. Then,

we have
(=1 n-1
T(n, k) = iz {n B k} . (3.2.13)

Proof. Putting r = n in Equation (3.2.10) and using the vertical recurrence

RS [

where m and p are non-negative integers (see [28, Equation (6.15)]), we ob-

relation:

tain the desired formula. O

In the following corollary, we obtain a formula for the total number of
sinks in labelled trees on 7 vertices with k sources.
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Corollary 3.2.8. Let T(n,k, £) be the number of trees of order n with k sources and
¢ sinks. Then the total number of sinks in these trees is given by

ZﬂT@&@z&?ﬁ%{nk} (3.2.15)
¢ o

Proof. We sum over all r in Equation (3.2.10). It suffices to prove that

(n—2)1 L= “2\ [n—i-2] -2 n
k! E;r—l ( i ){n—k—l}_(k—l)! {n—k}

or equivalently

£ o () - Een( ) {0
e T o
{::]:1} Ji< ){ni;il}

Il
™
o

=
VR

xS
—. | .

—_

—_— —— ~———
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By Equation (3.2.14), we have
o2 r—=2\|n—i-2 n n+1 n
r;;}(i’—l)( i ){n—k—l}:n{n—k}_{n—k}+{n—k—1}
n n n n
:n{n—k}_(n_k){n—k}_{n—k—1}+{n—k—l}
_k n
U\ n—k["

This completes the proof. O

From Equation (3.2.13), it follows that the mean number of sinks in trees
of order n with k sources is given by

We will obtain the same formula from a generating function approach in
Corollary 3.3.2.

In Corollary 3.2.9 below, we obtain a formula for the total number of
sinks in all trees on n vertices.

Corollary 3.2.9.
Y ¢-T(nk €)= (n-1)""" (3.2.16)
k¢

Proof. By summing over all k in Equation (3.2.15) we obtain, making use of
(3.2.8),

k.t k=1
1 "fn-1 n
= —k)!
n—1k21<n—k>(n ){n—k}
1 n
=7 (n—1)
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This result can also be obtained from Equation (3.2.11) by summing over all
r.

Zf . T(n,k,f) = Z(r — 1)Tlr_2(n _ 1)n—r—1

k¢ r=1
= (1) 12“_” (nfl)r
S e ()

Letr — 1 =i, then

n—1 i
Y 0-T(nk 0) = % -(n—1)"2 E)i ( " ) : (3.2.17)

k.t

By the identity
x —nx" 4+ (n —1)x"H1

n—=1
ixt =
L -

and some algebra we obtain
oo\
;Oz (n_1> =n(n—1). (3.2.18)
From Equations (3.2.17) and (3.2.18) we obtain the desired result. [

Corollary 3.2.10. The probability that a randomly chosen vertex of a random tree

n—1
(1 — 1) . (3.2.19)

n

on n vertices is a sink is given by

Proof. Since each tree has 1 vertices then there are a total of n”"~! vertices in
the n"~2 spanning trees. As seen in the preceding corollary, the total number
of sinks in these trees is (1 — 1)"~1. The result is thus immediate. O

Letting n — oo in Equation (3.2.19), we obtain that there are approxi-

mately 7 sinks in a tree.

Corollary 3.2.11. The number of spanning trees of a complete digraph with a local
orientation on n vertices having k sources and vertex r as a leaf sink is given by

(r—1).(”;!2>! {ni;:} (3.2.20)
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Proof. Consider a complete digraph on n — 1 vertices with labels from the set
m=2)!] n—-2

k! n—k—
for this digraph with k sources. Vertex r can only be attached at a vertex

[n] \ {r}. By Corollary 3.2.7, there are spanning trees

with label t where 1 < t < r so that it becomes a leaf sink. So for each tree
on n — 1 vertices, we obtain r — 1 trees on n vertices. Thus we obtain the
required formula. O

Corollary 3.2.11 can also be obtained by setting d = 1 in Equation (3.2.7).
By summing over all k in Equation (3.2.20), we obtain the following result.

Corollary 3.2.12. The number of trees on n vertices having vertex r as a leaf sink
is given by: (r —1)(n —1)" 3.

The following corollary gives the total number of leaf sinks in trees on n

vertices.

Corollary 3.2.13. The number of leaf sinks in trees on n vertices is given by the
formula:

n(n—1)"2

5 (3.2.21)

Proof. The proof follows from Corollary 3.2.12 by summing over allr.  [J

Corollary 3.2.14. The probability that a randomly chosen vertex of a random tree
on n vertices is a leaf sink is given by

n—2
% . (1 _ %) , (3.2.22)

Proof. Since each tree has 1 vertices, there are a total of n"~! vertices in the
n"~2 trees. By Equation (3.2.21), the total number of leaf sinks in these trees
is 2n(n — 1)"~2. The result thus follows. O

Letting n — oo in Equation (3.2.22), we obtain that there are approxi-
mately 7 leaf sinks in a tree.
As in the proof of Lemma 3.2.11, there are

(n—r)-(n_z)!{ "2 } (3.2.23)

k! n—k—1
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trees of order n with k sources such that vertex r is a leaf source. By sum-
ming over all » and k in Equation (3.2.23), we obtain Equation (3.2.21) as the
total number of leaf sources in these trees. In total the number of leaves in
all trees of order 7 is given by

n(n—1)""2 (3.2.24)

Equation (3.2.24) appears in Neil Sloane’s OFEIS [55] as A055541: total num-
ber of leaves in all labelled trees with n nodes.

In [39, Theorem 3.5], we find that the total number of labelled trees of
order n with s leaves is given by

n' |n—-2
=l {n B S}. (3.2.25)

Of course, by summing over all s in Equation (3.2.25) and using the identity
(3.2.8), we recover Cayley’s formula, "2, for the number of labelled trees

on 1 vertices.

Proposition 3.2.15. The total number of leaf sinks in labelled trees on n vertices

n! n—2
z@—1ﬁ{n—s}' (3:2.26)

Proof. Since there are s leaves in each of the trees enumerated by Equation

(3.2.25), there is a total of
n!{n—Z}
S Pyp—
sl |n—s

leaves in these trees. Now, by symmetry we obtain Equation (3.2.26) as the

with s leaves is given by

number of leaf sinks in these trees. O]

Summing over all s in Equation (3.2.26), we recover Equation (3.2.21) for
the total number of leaf sinks in trees of order n.

In the following proposition, we obtain a formula for the number of
trees on n vertices such that the number of sources and sinks add up to
n. This formula was obtained by Alexander Postnikov [47] in his study of
intransitive trees. These trees also appear in a paper by Chauve, Dulucq
and Rochnitzer [8] as alternating trees. An intransitive or alternating tree is a
tree in which each vertex is either a source or a sink.


http://oeis.org/A055541
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Proposition 3.2.16. Let T (n,k, {) be the number of trees of order n with k sources
and ! sinks. We have

Y. T(nkt) = 2“2()

k+f=n

3.3 Generating function approach

In this section, we obtain a differential equation satisfied by the generating
function for the number of trees with a given number of sources and sinks.
This leads us to a recurrence equation for these trees. We also obtain a func-
tional equation for the generating function. The mean number of sinks and
its variance follow as corollaries.

Let T(t) be the generating function for the number of unrooted labelled
trees. Then it follows (by Cayley’s formula) that

¢IN| nat"

Z|N| L n!’

n>1

The generating function for the number of rooted trees is

8

By Polya’s component principle [45, 46], T; satisties the functional equation
Tt = exp(tT;). See also [25] for detalils.

Let x, y and z mark sources, sinks, and other vertices which are neither
sources nor sinks respectively. We define the generating function

¢IN|

ki th tices(N
x Y,z, t iji sources( ﬁsm s(N )ijo er vertices( )|N|'

The generating functions for the collection of rooted trees in which the root
is a source, sink and other vertex are given by xTy, yT, and zT, respectively
(subscripts indicating partial derivatives).

Note that if we draw an oriented edge from a source to vertex 1, then
the source remains a source. However, a sink becomes other vertex while
other vertex remains other vertex. Since vertex 1 is always a sink we obtain
the following equation for the generating function:

Ti = yexp(zT, +zT, + xTy).
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Here, vertex 1 counts as a sink if it is the only vertex but not as a source. By
symmetry we have

xexp(zTy +zT, +yTy) = Ty +x — y.

Taking logarithms on both sides and differentiating with respect to ¢, we

obtain
Tt

Ti+x—y
By setting U(x,y,z,t) = T; + x — y, the last equation becomes

U(zU; + zUyx +yUy +y — z) = U;. (3.3.1)
On the other hand, we also have
tTy = xTx + y Ty + 2T
Replacing T; with U — x + y and differentiating with respect to t we get
U—x+y+tU = xTot +yTyr + 2Tt

Therefore,

By combining Equations (3.3.1) and (3.3.2) we obtain a quasi-linear partial
differential equation, namely

U((z—x)Uy +tUy+ U4y —2z) = Uy

By setting z = 1, we obtain the differential equation satisfied by the gener-
ating function for the number of trees on n vertices with a given number of
sources and sinks, i.e.

U((1—x)Uy + tU; + U +y —1) = U (3.3.3)

Since T; is the generating function for the number of rooted labelled trees,
we have

tn—l
U=Ti+x-y=Y T(nkO)x'y——+x—y.
n,k,l n—1
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Now, by Equation (3.3.3), we have

Jren

Y T(n+ 1,k 0)x'y*
nk,

T(n—ik—j,0—h)x‘yr

I
]

.
I
]
1~

)ﬂ

N
\x

~

n

g
Q
~
I
o
~.
|
o
i
o
/ N /\

k¢
+Y (e+1))Y Y ) n)Tz], T(n—ik—j,0+1—h)x'y*
nk,l i=0j=0h=0
+ ) T(nk -1 XY+ Y 0 T(n, k, 0)x"yF — Z(€+1)T(n,k,£+1)x£yk.
n,k,l n,k,l nk,l

This implies that the coefficients T(n, k, £) satisfy the recurrence equation:
kL (n—1
Tk t)=mn—-0-1))_ Y ) | TG, k) - T(n—i—1,k—j,—h)

+(€+1). if n_,1>T(z],h) Tn—i—1,k—jl+1—h)

+Tn—1,k{—1)+¢-T(n—1,k,¢)— ({+1)T(n—1,k, ¢ +1).
(33.4)

Table 3.1 below gives the number of trees of order 2 < n < 6 with k sources
and £ sinks.

We remain to find a functional equation satisfied by the generating func-
tion. We use the method of characteristics (see [21, Theorem 3.1]) to solve
the PDE (3.3.3). We have the characteristic equations:

dx dt_dy _ du
x—DHUu 1-ut 0 UU+y—1)

This implies that dy = 0. Hence y = C;, where C; is a constant. We solve
the differential equation

dx B du
(x—1HU  UU+y-1)

by the method of separation of variables to obtain
Inx—1)4+c=mnU+y-1).
Taking the exponential on both sides we get

C(x—1)=U+y—1,
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n=2 n=3 n=4
Rk 12 w1 2 3
1|1 1 1 111 4 1
2 11 2 |4 5
3|1
1’1=5 n:6
1 o2 3 4 12 3 405
1 (1 11 11 1 1|1 26 66 26 1
2 |11 44 17 2 |26 237 288 49
3 |11 17 3 |66 288 146
4 |1 4 126 49
511

Table 3.1: Table showing the number of trees on n vertices with k sources and ¢
sinks.

where C; = e is a constant. We rewrite the differential equation

dt du
1-Uut UU+y-—1)

as

AN S —
du  U+y—-1 UU+y-1)

This is a linear ODE which we solve using an integrating factor,

1

Therefore,

u -1

where Cj is a constant.
A solution of the PDE (3.3.3) is of the form
U+y-1

P(C]_/ CZ/ C3) =F (]/, 1

AU +y—1) —1nu> =0, (335)

where F is an arbitrary function. Since U = x when t = 0, we must have

y _ _ _
F(y,1+x_1, lnx> 0,
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for all x and y. Thus we take

21

F(z1,2p,23) =20 — 1 — prrsuE L (3.3.6)
From Equations (3.3.5) and (3.3.6), we obtain
Uty-1_,_ y 0.
x—1 exp(InU—-t(U+y—1))—1
Weset V = U — x to get
V+x+y—1_1: y .
x—1 (V + x)e tV+xty-1) _1
Thus, we obtain the functional equation
(V4 x)(V+y) = (V4 xy)etVHety=1), (3.3.7)

By replacing V by X, we obtain,
(R+ tx)(R+ ty) = (R + txy) - teRTB+ty—t,

This functional equation is symmetric in x and y. It would be interesting to
obtain further combinatorial interpretations of this functional equation.
We summarise the discussion above with the following theorem:

Theorem 3.3.1. Let T(n,k, ) be the number of trees on n vertices with k sinks
and { sources. The generating function

n

R= L Tk Oy Gy

n>2
k>1

satisfies the functional equation
(R + tx)(R + ty) = (R + txy) - teRTxTy=t,
Setting x = 1 in Equation (3.3.7) and differentiating implicitly with re-
spect to y we obtain

HV+1)
V, = ———, 3.3.8
]/}x:l 1—t(V+1) ( )
Differentiating Equation (3.3.8) with respect to y, we obtain

Whe=l (1 -V +1))%
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By Equation (3.3.8), we have

2(V+1)

Vy}/}le - 1—t(V+1)3 (3.3.9)

By setting x = 1 in Equation (3.3.7) and differentiating implicitly with re-
spect to t we obtain

V1)V +y)

V =
e HV +1)

(3.3.10)

We set x = 1 in Equation (3.3.7) and differentiate with respect to x to get

y(V+1)

Viyd—tv+1) -

Vx|x:1 =

By differentiating with respect to t and plugging in Equation (3.3.10) we get

y(V+1)

= . 3.11
Vil = T qv s (3:3.11)
Now, by Equations (3.3.9) and (3.3.11), we have
02 02
P = y—V (3.3.12)
Jxot x=1 yayz x=1
We proceed in the same manner to obtain
ot o4 93
4_Y = 12—V —t(y? — 2y)— 3.1
t FI RV V‘x_l y 3y V—ty ) 3 1% . (3.3.13)

Corollary 3.3.2. The mean number of sinks in trees of order n having k sources is

(3.3.14)

Proof. We derive the formula from Equation (3.3.12). We have an exponen-
tial generating function

V=) T(n,k, 0)x"y*

T (n—1)V
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for the number of labelled trees on n vertices having ¢ sources and k sinks.
Thus, x and y are marking sources and sinks respectively. We have,

2 Py, 1) Z£ T(n,k,¢) yktn (3.3.15)
- — n— n —_— WO,
and
62 yk 1tn 1
vl =Y k(k—1)T(n k) — (3.3.16)
AN nzklg (n—1)!

Since Equations (3.3.15) and (3.3.16) are equal (by Equation (3.3.12)), we can

compare the coefficients of y/¥t"

_ (n=2)! n
;€~T(n,k,£) = k1) {n—k}'

(n—1)!|n-1
k! n—k

trees on n vertices with k sources by Equation (3.2.13), it follows that the

and use Equation (3.2.13) to arrive at

Since there are

mean number of sinks in these trees is given by

((nl)!{n—l})l.(nZ)!{ n }
K k! n—k (k=1)! | n—k

]

Corollary 3.3.3. The variance of the number of sinks in trees of order n having k
sources is given by

1 (n—3)! (n=3)! "
0_2_Z (k(n —k) — 1)(k D1 { k}-l-(k-l—l)m{n_k_l}]
1 [((n=2)!
A2 (k— Pln—k
where

_(n=1!n-1
A= k! {n—k}'
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Proof. Consider the generating function

t?l*l
V=Y T(nk0)x"y"
Eé (k%Y 1y,
where x is marking sources and y is marking sinks in labelled trees of order
n. We have
. a4 yktn+1
t*—=——>V —1)( 0(0—1) k, ¢ , (3.3.17
e |~ 2;% ( Tk 05—y @317
and
o4 03
2 2
5.3 Hy™ —2y)z 5V
/ ay4 x=1 ay?) x=1
k—2¢n—1 k—1n
Yyt k! Yyt
= n,k,0)"——— — k, ¢
n;é k — 4 )(n—l)! n§£(k—3) T(n, )( —1)!
k! ykutn
+2 nk, 0 . (3.3.18)
ngf k—3)! I( )(n—l)!
By Equation (3.3.13), we know that Equations (3.3.17) and (3.3.18) are equal.
We can thus compare the coefficients of y*#"*1 and use Equation (3.2.13) to
obtain
ZE —1)T(n,k,?)

_ (n=3)! |n+1 (n—=3)!] n (n—3)! n
_(k—zﬂ{n—k}_(k—a!{n—k}+2w—1ﬂ{n—k—1}
B (n=3)! ] n (n—3)! n
_(n_k_lhk—zﬂ{n—k}+wk+1%k—1ﬂ{n—k—l}'

We get the second moment:

Y T(nk,0) ZE —1)T(n,k, ) +Y_€-T(n,k )
l L
_ (n=3)! | n (n—23)! n
_(”_k_lhk—zﬁ{n—k}+”k+1kk—1ﬂ{n—k—1}
(n—2)! n
+ (k—1)! {n—k}

B T
(3.3.19)
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Now, since the variance equals
2 LelT(nk ) (Yol T(nk0))
o EZ T(i’l,k,g) Zé T(Tl,k,f) ’
by Equations (3.2.13), (3.3.14) and (3.3.19), we obtain the required formula.
O

3.4 Trees with two marked vertices

In this section, we extend the results in Section 3.2 to trees with two marked
vertices. Let us first state Joyal’s bijection as motivation.

Joyal’s bijection (see [1, 32] for details): There is a bijection between the
set of labelled trees on n vertices with two marked vertices and the set of
functions from the set [n] to itself. Since there are n" such functions, it fol-
lows that there are n” labelled trees on n vertices such that two (not neces-
sarily distinct) vertices are marked. This marking is done such that there
is an arrow leaving from a vertex u to nowhere, and there is also another
arrow coming into a vertex v from nowhere. Vertices u and v are not neces-
sarily distinct. The indegree and outdegree of vertices in the labelled trees
are preserved after this marking. The bijection is between trees and func-
tional digraphs. So all results in this section imply analogous statements for
functional digraphs.

Since there are n choices for vertex u and also n choices for vertex v, a
generating function for such trees, in terms of indegrees and outdegrees of
their vertices is given by

L indeg (i) _outdegy(i)
Z H Yi X
TeTree(Ky) i=1
T has 2 marked vertices

= (o)) Y [Tyl gan

i i
T€Tree(Ky) i=1

The terms (x1 + - - - +x5) and (y; + - - - +y») represent one arrow to nowhere
and from nowhere respectively. The term
Z ﬁ yindegT (i) x?utdegT (@)
T€Tree(Ky,) i=1
is the generating function for the number of labelled trees with given inde-
gree and outdegree sequence, given by Equation (3.2.2).
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Theorem 3.4.1. Let N§(n, A; 1) be the number of trees of order n with an indegree
sequence A = (1°12°2 - - .} such that vertex r is a sink of degree d and there are two
marked vertices. The number of such trees is

i = (r—=1)(r—1D!(n—1)(n—d)de,
N An) = D gioee mnaei@)n - 4P

Proof. In Equation (3.4.1), if we set x, = 0 and x; = 1 for all i # r, then we

obtain
L indegy (i) r—1 .
Y, Ilw = (n=1)(r = Dyryn - [ T(yi + - + )
Tp: risasink, i=1 i=1
2 vertices marked
X H i—1)yi+-+yn) (3.4.3)

i=r+1

which is the generating function for the number of trees on 1 vertices hav-
ing two marked vertices such that vertex r is a sink. In the generating func-
tion (3.4.3), v, does not occur as a term in the last product and thus we can

rewrite it as:

1 indeg (i) r— |B|+1
T\t) _
Y [1v; —(”—1)'n_1 Y, W
Tp: risasink, i=1 BC{1.2,..r-1}
2 vertices marked

r—1
[Ty +yisr+- -+ v+ v+ +yn)
i2h
n
X (= 1)yi +Yis1+ -+ Yn)- (3.4.4)
i=r+1

Setting y; = z;if i < r and y;;1 = z; if i > r, Equation (3.4.4) becomes

1 indeg (i)
Y Iy
Tp: risasink, i=1
2 vertices marked
r—1

B|+1 .
BC{1,2,..,r—1} i=1
i¢B
n—1
x [ [Gizi+ ziga + - - + 20-1)
i=r
n—1
B|+1 .
=(r—1) Z y‘r + 'H(lzi+zi+1+"'+2n—1)-

BC{12,..,r-1 i=1
c(12:r-1) -1
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With a similar construction as in the proof of Theorem 3.2.1, we have
(r—=1)(r—1!(n—1)(n—d)de,
(r — d)leg! (0N 20ey [(11)e1e,! (21)e2 - - -

Né(n,A;r) =
[l

A number of corollaries follow from this theorem. The following corol-
lary follows by substituting for r = n in Equation (3.4.2), and summing over

all d making use of the fact that ) de; = n in these trees.
a>1

Corollary 3.4.2. Let Ny(n, A; n) be the number of trees of order n with an indegree
sequence A = (1€12°2 ...} such that there are two marked vertices and vertex n is
a sink. There are

(n—1)(n—1)n!

No(n,A;n) = e (0)0e; [(11)erey! (20 - -

such trees.

Corollary 3.4.3. The total number of sinks of degree d in trees of order n with an
indegree sequence A = (1¢12°2 - - - ) such that two vertices are marked is given by
(n—1)nley nd —1

eo!(0N)eeq!(1)erept(21)e2 - d+1°

Proof. We sum over r in Equation (3.4.2) to obtain the total number of sinks

(3.4.5)

(n—1)!(n—d)!de i (r—1)!
eO!(O!)@Oel!(ll)eleZ!(Z!)iZ - ;“ D=

__ (n=1)(n—d)'de i r—1 |
B eol(0!)6061!(1!)6162!(2!)i2 e Z%(r -1 (d B 1) (d—1)!

(n—1)!(n—d)ldle, ”—11,( i )
d

~ el (0 1(11)erey! (21)e2 - - - 2

(=D —d)dle; 1= i nl /g

~ ep!(0!)%e!(11)erep!(20)e2 - - - _g(l+1) (d—l) N l._Zé <d—1>]
(= D(n—d)dle; |t iv1)

el (01)%ver [(1)e!(20)2 - -+ _di;) ( d ) i ;o <d—1)]
 (n=D)(n—d)dley 'd n+1\  (n

~ ep!(0!)%e!(11)erep!(20)e2 - - - - \d+1 d

B (n—1)nley [(n+1)d 1]
~ep!(0)%e!(1)erep! (202 -+ | d+1 '
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This completes the proof. O

By summing over all d in Equation (3.4.5), we obtain a formula for the
total number of sinks in trees where two vertices are marked.

Corollary 3.4.4. Let N(n, ¢, A) be the number of trees of order n with ¢ sinks and
indegree sequence A = (1°12°2- - .) such that two vertices are marked. The total
number of sinks in these trees is given by:

2 —eg+1)—(n—1)n+1) Yy -4
n“(n—ey+1)—(n )(n+)d§1d+1

;f . Nz(i’l,f,/\) = 60!(0!)6031!(1!)6162!(2!)82 .. ._

Proof. We have
(n—1)!n! (nd —1)ey
60!(O!)eoell(l!)elezl(z!)ez . d+1

Zg . Nz(n,é,/\) =
/ a>1
- (n—1)tn! B - e
= col(0neoe, (Aneregiane - | " %+1>(”+”2;d+1'

]

Lemma 3.4.5. Let Nj(n,A) be the number of trees of order n with an indegree
sequence A = (14122 - - - ) such that vertex n is not a sink and there are two marked
vertices. The number of such trees is given by

(n—1)n!
eo!(0N)eq!(11)erep!(21)e2 - -

Proof. The generating function of such trees is obtained by setting x,, = 1

Nj(n,A) =

and x; = 0 for all i # n in the term (x; + - - - + x,) and also setting x; = 1
for all i in the term
Z ﬁ yindegT (1) x?utdegT (7)
TeTree(K,) i=1

n—1

= x1yn [ [ (1 + -+ x)yi + % (Yiea + - +yn))
i—2

of Equation (3.4.1). The generating function is therefore

z indeg (i) ! n-l .
Y, Ilv =yn ) vi [ [Gyi+- - +yn)
T,: n is not a sink, i=1 i=1 =2

2 vertices marked
n

1
=~ [Gyi+-- +yn)
gl
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Now using the same arguments as in the proof of Theorem 3.4.1 with r = n,

we obtain
(1’[ — 1)!2d€d

e!(01)eoe; !(11)erey!(21)e2 - - -

trees on n vertices such that vertex n is a non-sink vertex of degree d. Sum-

ming over d we obtain the required equation. O

Corollary 3.4.6. Let Ny(n, A) be the number of trees of order n with an indegree
sequence A = (1¢12°2 - - - ) such that there are two marked vertices. The number of
such trees is given as

nt?

Na(m, A) = eo! (0!)%ey!(11)eren!(20) 2 - - -

Proof. This number is the sum of the number of trees in which the vertex
labelled 7 is a sink and those in which vertex # is not a sink, i.e.

Ny(n,A) = Np(n,A;n) + Nb(n, A),

so the formula follows from Corollary 3.4.2 and Lemma 3.4.5. This result
was also proved by Wagner [62], (setting m = 1 in Equation (3.1.3)). O

We now consider the enumeration of trees with two marked vertices by
number of sources and sinks.

Theorem 3.4.7. Let T¢ (n, k; ) be the number of trees of order n with two marked
vertices and k sources such that vertex r is a sink of degree d. Then

A

Proof. The proof follows a similar construction as in the proof of Theorem
3.4.1 by considering the number of sources rather than indegree sequences.
O

By summing over k in Equation (3.4.6), we obtain the formula
d r—1 n—d
Y Ty(nkr)=(r—1) (n—1) (3.4.7)
A d—1

for the total number of trees on n vertices having vertex r as a sink of degree
d such that two vertices are marked.
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Corollary 3.4.8. Let Ty(n, k; r) be the number of trees of order n with two marked
vertices and k sources such that vertex r is a sink. Then,

oyl [ i
Lnkr) = (r—1)- k!l)! y (r , 1) {Z_;{_ll} (3.4.8)

i=0 l

Proof. We obtain this formula by summing over all 4 in Equation (3.4.6). [

Summing over all k in Equation (3.4.8) (or over all 4 in Equation (3.4.7)),
we obtain a formula for the number of labelled trees on n vertices having
two marked vertices such that vertex r is a sink:

Y Dnkr)=(r—-1) -0 n-1)"" (3.4.9)
k
From Equations (3.2.11) and (3.4.9) we see that, for any r
Y To(nk;r) =n(n—1)) T(nkr).
k k

By substituting r = n in Equation (3.4.8) and using the vertical recurrence
relation of the Stirling numbers of the second kind we obtain a formula,
namely

L(nkn) = (n—1) " ;!1)! {nik}, (3.4.10)

for the number of trees on n vertices having k sinks such that there are two
marked vertices and vertex 7 is a sink.

The following corollary gives the total number of sinks in all trees on n
vertices with k sources such that there are two marked vertices.

Corollary 3.4.9. Let T(n,k, ¢) be the number of trees of order n with k sources
and ¢ sinks such that there are two marked vertices. The total number of sinks in
trees with k sources is given by

;g.Tz(n,k,g) _(n ;!1)! {n_z_l} N ((Zj)): {Z:lc} (3.4.11)

Proof. We use Corollary 3.4.8, and we shall show that

(n—1)! &' r—1\ [n—i—1
k! r_Zli_Zo(r—l)< i ){n—k—l}

_ (n=1) n (m—1)!|n+1
K {n—k—1}+(k—1)!{n—k}'
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It suffices to show that

n ol r—1\ |n—-i—1 n n+1

sxeo () S S e (V) o
EEA)SEE )G

e £ ()00 Jooio)

By Equation (3.2.6), we get

fren ()

— n+1l\ |n—i-1 n—i—1
ZOZH <i+2> {n— —1} L <1+1) {n—k—l}
n-1 n n—i—1

= L+l <i+1> {n— —1} :

()]
B {50

Rl RPN B o G Lty
£
(N ela i)
(e e ],
(R PRl % R

M_ OM'

| I
S -
L
=
_I_
—_

—.
Il
=)

|
o

]
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Now, by identity (3.2.14), we obtain
ol r—1 n—i—1
LR (V)00
_ n+1 B n B n+2
_(n+1){n—k} (n+1){n—k—1} {n—k}
n n+1 n+1 n
+(n+1){n—k—l}+{n—k—l}_{n—k}+{n—k—l}
_ n—+1 o n—+1 _ n+1 n+1
_n{n—k} (n k){n—k} {n—k—1}+{n—k—1}
n n
n—k—1
_ n+1 n
_k{n—k}—l_{n—k—l}'

This completes the proof. O

By Equations (3.4.10) and (3.4.11), we see that the average number of
sinks in labelled trees of order n with two marked vertices and k sources is

() o))

From Equation (3.4.11), we have

gy‘ﬁﬁbk@:*”—kfiziiﬁ{nik}+”k+1%£%ix{n_z_1}‘

Now, from Equation (3.2.15), we obtain the following equation that relates

ordinary labelled trees and those with two marked vertices:

Y 0-To(n,k, €)= (n—1) [(n—k)Zﬁ'T(n,k,E) +(k+1))_¢-T(nk+1,0)
4 L L

If we sum over k in Equation (3.4.11) we obtain a formula for the total num-
ber of sinks in these trees, i.e.

Y 0-To(nk, ) =n-(n—1)" (3.4.12)
k¢
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This formula is also obtained by summing over all r in Equation (3.4.9).
By Equations (3.2.16) and (3.4.12), we obtain a relation between the total
number of sinks in labelled trees and the total number of sinks in labelled
trees but with two marked vertices:

Y 0-To(nk l) =n(n—1)Y €-T(nk,0).
% ol

We obtain labelled trees on n vertices with k sources and ¢ sinks such that
two vertices are marked from ordinary labelled trees by performing any of
the four procedures described below:

1. Allow an arrow to leave a non-sink vertex v to nowhere and another
arrow to enter a non-source vertex u from nowhere in a labelled tree
of order n with k sources and ¢ sinks. By this procedure, we obtain a
total of

(n—k)(n—20)T(n,k,0)

marked trees on 7 vertices with k sources and ¢ sinks.

2. Create an arrow from a non-sink vertex v to nowhere and another ar-
row to a source u from nowhere in a labelled tree on n vertices with
k + 1 sources and ¢ sinks. We obtain

(mn—0)(k+1)T(n,k+1,¢)
marked trees of order n with k sources and ¢ sinks.

3. Create an arrow from a sink v to nowhere and another arrow to a
non-source vertex u from nowhere in a labelled tree of order n with
k sources and ¢ + 1 sinks. Here, we obtain a total of

(n—k)({+1)T(n,k £+1)
possible marked trees on n vertices with k sources and ¢ sinks.

4. Lastly, create an arrow from a sink v to nowhere and allow another
arrow to enter source u from nowhere in a labelled tree of order n
with k + 1 sources and ¢ + 1 sinks. In this case, there are

(k+1)(£+1)T(nk+1,0+1)

possible marked trees on n vertices with k sources and ¢ sinks.
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Therefore many of the results also follow from the relation

To(n,k €) = (n —k)(n— O)T(n,k ) + (k+1)(n — O)T(n,k+1,0)
+(n—k)+V)T(nk+1)+ (k+1)(+1)T(nk+1,0+1).

Lemma 3.4.10. Let T;(n,k) be the number of trees of order n with two marked
vertices and k sources such that vertex n is not a sink. Then,

k) = = DL {n " k} . (3.4.13)

Proof. The proof is similar to that of Lemma 3.4.5 if we consider enumera-
tion by number of sources and not by indegree sequences. O

Now we have,
To(n,k) = To(n, k;n) + T (n, k).

By Equations (3.4.10) and (3.4.13) we obtain

Tz(ﬂ,k) = Z—: {nik} .

Summing over all k we recover the formula for the total number of trees on
n vertices with two marked vertices:

Y To(n k) =n",
k

and thus by Equation (3.2.12) we have,

Y To(n, k) = n? Y T(n,k).
k

k
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Chapter 4

Reachability in trees with a local
orientation

41 Introduction

In this chapter, we investigate the average number of vertices that can be
reached from a given vertex i following oriented edges in trees with a local
orientation [17]. We also obtain a formula for the number of trees on n
vertices such that exactly k vertices are reachable from vertex i.

Definition 4.1.1. A vertex j is said to be reachable from a vertex i if there is an
oriented path from vertex i to vertex j, and we say that a path p has length
¢ if there are ¢ edges on the path.

4.2 Enumeration of trees by path lengths

The main aim of this section is to find the average number of vertices, sinks
and leaf sinks in labelled trees of order n that are reachable from a given

vertex i.

Proposition 4.2.1. Let R(n,1i,j,{) be the number of labelled trees on [n] such that
vertex j is reachable from vertex i by a path of length {. We have

R(n,i,j,0) = (j 21__1 1) (0 +1)n"*2, (4.2.1)

Proof. Let us consider a path of length ¢ starting at vertex i and ending at
vertex j. There are (/ 7__11) possible paths. Now, the number of forests on n

39
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labelled vertices rooted at the ¢ 4- 1 vertices on the path is given by
(6 + 1)nn7€—2,
(see [39, Theorem 3.3, p. 17]). Therefore, there are

(J o 1) (04 1)t

trees in which vertex j can be reached from vertex i in ¢ steps. O

Corollary 4.2.2. The total number of labelled trees on n vertices such that vertex j
is reachable from vertex i # j is given by

2n+j—i+D)n" T2 (41772, (4.2.2)
Proof. We sum over all / in Equation (4.2.1).

=i
ER(uij,0) = & (5w

(=1

& fj—i-1
— Z( / >(£+2)n”—‘f—3. (4.2.3)
(=0

By the binomial theorem we have
j—i-1 . .
y (] o 1) = (14 xy 7L
=0
Multiplying through by x? and differentiating with respect to x we get
j—i—1 i—io1 o -
) ( ¢ ) (42)x"+1 = ¥2(j i = 1)(1 +x) 2 4+ 2x(1 4 x)/ L.
=0
We therefore have

& i1
nn—z Z ( / )(E—I—Z)XE—H

=n"2(P(j—i =11+ 272 21+ x) T,

1

Substituting x = n~", we obtain

il .
5 (] Z 1>(£+2)n”_£_3
(=0 ¢
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By Equations (4.2.3) and (4.2.4), it follows that

ZR(VL, i,j,0)=2n+j—i+1)n" T 2(n+1)772,
{

This completes the proof. O

Corollary 4.2.3. Let R(n,i,{) be the total number of vertices that can be reached
from vertex i in ¢ steps in labelled trees on n vertices. Then we have

n—i

R(n,i,é):( ) )(£+1)nn—f—2. (4.2.5)

Proof. Let us consider trees on n vertices such that there is a path of length
¢ starting at vertex i and ending at vertex j. By Proposition 4.2.1, there are

(] o 1) (€+1)nn=t-2

such trees. Since the range of jis i+ ¢ < j < n, the number of vertices
reachable in ¢ steps from vertex i is thus

i (j 21__1 1) (C+1)n" "2 = nil (E f 1) (¢ +1)n" 2,

j=itt k=(—1
By the identity
nw s
y (]> - (” + D (4.2.6)
j=p \P Pt
we obtain

v (e ! 1) (b4 2 = (n ¢ i) (e

k=(-1
which completes the proof. O

By substituting for / = 1 and i = 1 in (4.2.5), we obtain:

Corollary 4.2.4. There are a total of 2(n — 1)n"=3 children of vertex 1 in all la-
belled trees of order n.

The sequence 1,4,24,200, ... in Corollary 4.2.4 appears in the OEIS [55]
as A089946.


http://oeis.org/A089946
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Corollary 4.2.5. Let R(n,i) be the total number of vertices that can be reached
from vertex i in labelled trees on n vertices. Then we have

R(n,i) =n"2(n+1)"""12n—i+1). (4.2.7)

Proof. We sum over all / in Equation (4.2.5) to obtain

n—i n—1

R(n,i)=Y_ ( )(£+ 1)n" =2, (4.2.8)
=0 ¢
By the binomial theorem we have
n—i o )
=0 ¢
Multiplying through by x and differentiating with respect to x we get
n—i n—i ] )
Y. < ’ ) C4+Dxl =x(n—i)(1+x)"" 14+ (1 +x)"
=0

We therefore have

n-2 nz—z (n 2 i) (C+1D)x" =n"2(x(n—i)(1+x)""T 1 +x)").
(=0

Substituting x = n~1, we obtain
n—i o 1 1 n—i—1 1 n—i
Y (n l) C+D)n" 2 =02 | = (n—) (1+—) + (1+—) :
=\ ¢ n n n

(4.2.9)
From Equations (4.2.8) and (4.2.9) we obtain the required equation. O

Corollary 4.2.6. For any fixed i, the average number of vertices that can be reached
from vertex i in labelled trees of order n tends to 2e as n tends to infinity.

Proof. By dividing Equation (4.2.7) by n"~2, the number of Cayley trees on
n vertices, we obtain

n T n+ 1) 2 — i+ 1) (4.2.10)

as the average number of vertices that can be reached from vertex i in la-
belled trees of order n.
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Now,

lim (ni_”(n +1) i on — i+ 1)) = lim

n—oo n—00

n—i—1 .
() i)
n n n
n —i1—1 .
TNEONE
n n n n

= lim
n—00

= 2e.
O]

Corollary 4.2.7. Let R(n,i,{) be the total number of vertices that can be reached
from vertex i in € steps in labelled trees on n vertices. Then we have

Y R(n,i,€) = (" , 1) nt=t-1, 4.2.11)

Proof. We sum over all i in Equation (4.2.5),

n

Y (” . i) (L+Dn" 2 = (L4 1)n" 2 ; (n ¢ i)'

i=1

By identity (4.2.6) we have

i (n ’ i) (04 D2 — (04 D=2 (zL) _ et <n p 1>‘

i=1

]

Since Equation (4.2.11) is the number of labelled trees on n + 1 nodes
with a fixed node of degree ¢ + 1 where 0 < ¢ < n, (see [11, Theorem F]
for details), Corollary 4.2.7 will also be proved by constructing a bijection
between the set of labelled trees on n + 1 vertices where a given vertex, say
v, has degree ¢ + 1 and the set of oriented paths of length ¢ in labelled trees

on n vertices. We now give this bijection:

Proposition 4.2.8. There is a bijection between the set of labelled trees on n + 1
nodes with a fixed node of degree £ 4+ 1 where 0 < ¢ < n, and the set of oriented
paths of length ¢ in labelled trees on n vertices.

Proof. Consider a labelled tree on n vertices with a path of length /. Create
edges between all vertices on the path and a new vertex n + 1. We then
delete all the edges that were on the path. The degree of vertex n + 1 is
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therefore ¢ + 1. The reverse procedure is as follows: Delete vertex n + 1 and
all the edges incident to it. Now, create a path from the vertex with the
smallest label that was initially attached to vertex n 4 1 to the other vertex
with highest label such that the labels decrease along the path. Since vertex
n + 1 had degree ¢ + 1, the path created has length /. O

Corollary 4.2.9. There are a total of (n + 1)"~1 oriented paths in trees on [n].
Proof. The result follows by summing over all £ in Equation (4.2.11). O

Proposition 4.2.10. The number of trees of order n in which vertex j is a sink
reachable from label i in ¢ steps is

<] 21_—1 1) (n— 1)1~ 4 j— €~ 1). (4.2.12)

Proof. Let us consider trees on n vertices such that there is a path of length ¢
starting at vertex i and ending at vertex j. Let the number of neighbours of j
(different from i), all of label less than j be r. There are ( ) possible paths
and (/~ f 1Y choices for the r neighbours of j. The number of forestsonn — 1
vertices rooted at the £ vertices of the path (with the exception of j) and the
r neighbours of j is

(0 +7)(n—1)n—tr2,

Therefore, there are
i—1\[/j—¢-1 2
A= ( > < ) (+r)(n—1)"7
)y )

trees in which sink j can be reached from vertex i in ¢ steps.

Now,
NG
— f(n —1)"2 (f 21_—1 1) ]:él (J' —l;— 1) (n—1)~"

e Y E (e

r=0
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which is the same as

Azf(n_l)n—ﬁ—z(]zl_—ll)]il(j_i_l)(n—l)_r

r=0

- e-ne-ve2 (7 jrél () m-n

— t(n 1)nez(fgz_ll)frél(j—e;—l)(n_l)_r
(j—€—1)( 1)”‘3(]2i_11)j7é)2 (]_f 2)(n—1)f

By the binomial theorem we have
R s U
+(G—t—=1)(n—-1)""1 (J T 1)nj_é_2
/-1
_ (J o 1) (11— 1) 4 — £ 1).

]

Corollary 4.2.11. The total number of labelled trees on n vertices such that a sink
j is reachable from vertex i # j is given by

(M +2in—in—2n+i—1)n" 2(n—1)""T"Yn+1)"2

Proof. We sum over all / in Equation (4.2.12).

B=(n- n1n132( l_1>n(€1)
FG- 1) "“nf‘“‘z(_“l) e
= T (1 e

=1
+ (Tl . 1)n—jnj—3 Ji ] —i—-1 n—(é—l)
= (-1

j—i . .
. qyi—j-1,j-3 J—i=1\
RURRICEE i oY P Eal
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Thus
2 g
B=(ji—i— _ 1\t ii—3 J—1 0
Gj—i—1)(n—1)""Tn ZZO < ’
n]j3j7i71 j_l_l 4
+(n—-1 n— -
o ()

By the binomial theorem we get
B=(G—i—-1)(n—=1)""Tn"Y(n4+1)""24 (n—1)""Tn'2(n4+ 1)1
+( =D =1)" A+ 1)
= 02 (n — 1) 4+ 1) 72 [nz 2 —in—2n+i— 1] .
This completes the proof. O

The following result follows by summing over all j in Equation (4.2.12).

Corollary 4.2.12. The total number of sinks that are reachable from vertex i in £
steps in labelled trees on n vertices is given by

y (] 7_‘1 1) (n— 1) I~ 2 (o 4 j— £ —1).

j=i+t

Corollary 4.2.13. The total number of sinks in labelled trees having vertex i as a
sink is given by

(i—1)n"2(n—-1)""2 (4.2.13)

Proof. The formula follows by setting £ = 0 and j = i in Equation (4.2.12).
O]

Corollary 4.2.14. There are a total of (n — 1)~ sinks in trees of order n.
Proof. The formula follows by summing over all i in Equation (4.2.13). [

Lemma 4.2.15. The total number of trees of order n in which vertex j is a leaf sink
reachable from vertex i in ¢ steps is

E(] 7__1 1) (n—1)"-2, (4.2.14)
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Proof. The choices for the paths of length ¢ starting at i and ending in j is
(j 21__11) Ignoring the edges on the path, a forest on n — 1 labelled vertices
rooted at the ¢ vertices of the path (with the exception of vertex j) remains.
The number of such forests is £(n — 1)"~‘~2. Therefore, the total number of

oriented paths starting from vertex i such that the end vertex is a leaf sink
e
E( 01 ) (n—1) :

The following result follows immediately by summing over all j in Equa-
tion (4.2.14).

is:

]

Corollary 4.2.16. There are a total of

E(" , Z) (n—1)"2 (4.2.15)
leaf sinks reachable from vertex i in { steps in labelled trees of order n.

Corollary 4.2.17. Let L(n, i) be the total number of leaf sinks that can be reached
from vertex i in labelled trees on n vertices. We have

L(n,i) = (n—i)n""Yn—-1)"2 (4.2.16)
Proof. We sum over all i in Equation (4.2.15) to obtain

L(n,i) = nie(” , i) (n—1)"2

=0
By the binomial theorem we have
n—i _ )
) TN = (1)
14
=0
Differentiating with respect to x we get
n—i 3 .
2 E(Tl Z) ngl — (n o l) (1 + x)l’l*l*l.
=0 ¢

We therefore have

_1n—3n_i€ n—1i\ -1 _ 13— (1 n—i—1
- (" ) =
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Substituting x = (1 — 1) !, we obtain

ol ("7 Yo = S (14 L)n_i_l . (42.17)

=0 n—1
We simplify Equation (4.2.17) to obtain the required equation. O

Corollary 4.2.18. For any fixed i, the average number of leaf sinks that can be
reached from vertex i in labelled trees of order n tends to 1 as n tends to infinity.

Proof. By dividing Equation (4.2.16) by n"~2, the number of Cayley trees on
n vertices, we obtain

(n—i)n'~(n—1)"2 (4.2.18)

as the average number of leaf sinks that can be reached from vertex i in
labelled trees of order n. Now,

p (=000 =072) =g [ (1= 1) (1-3) 7 =

4.3 Trees with a given number of reachable

vertices

Theorem 4.3.1. The total number of rooted labelled trees of order n such that ex-
actly k vertices are reachable from the root is given by

k-1 k—1
Z(—l)]( _ >(n—j—1)”—1. (4.3.1)
j=0 J

A subtree of an r-rooted tree T is said to be decreasing (increasing) if the
labels in the subtree are decreasing (increasing) as one moves away from the
root. A maximal decreasing (increasing) subtree [7], is a decreasing (increas-
ing) subtree rooted at vertex r with the highest number of vertices. Seo and
Shin [52] showed that Equation (4.3.1) gives the number of rooted Cayley
trees on n vertices whose maximal decreasing subtree has exactly k vertices.
By symmetry, it is clear that Equation (4.3.1) also gives the number of rooted
Cayley trees on n vertices whose maximal increasing subtree has k vertices.
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If we orient the edges from vertices of lower label towards vertices of higher
label in the rooted Cayley trees, a maximal increasing subtree of order k has
exactly k reachable vertices. This proves Theorem 4.3.1.

Milan Janji¢ [31, Theorem 2.1] showed that Equation (4.3.1) is the num-
ber of functions from an (n — 1)-set to another (n — 1)-set whose images
contain k — 1 fixed elements. In [33, Theorem 1.3], J. S. Kim constructed a
bijection between the set of these functions and the set of rooted labelled
trees of order n having maximal decreasing subtrees of order k. He thus
also proved Equation (4.3.1).

Corollary 4.3.2. The number of labelled trees of order n having exactly k vertices
reachable from vertex 1 is given by

k=2 (k-2
Z(—l)f( , ) (k—1)(n—j—2)"2 (4.3.2)
=0 J

Proof. By Theorem 4.3.1, there are

f(—l)f SRR

]

rooted labelled trees on [2..1n] such that exactly k — 1 vertices are reachable
from the root. We follow the following steps to obtain trees in which k ver-
tices are reachable from vertex 1:

Step 1: Consider a vq-rooted tree T with a maximal increasing subtree Ty
whose vertex-set is {v1,v2,...,0¢_1}, where v; < v;, 1 for alli. In T, delete
all the edges belonging to T so as to obtain non-single-vertex subtrees:
T, To,...,T;.

A AL T
/7T4 11 /714011 6 l5

9(L5 08 6 9 8 O{ 10
T To Ty 1>

Figure 4.1: Diagram showing Step 1 in the proof of Corollary 4.3.2

Step 2: Relabel the root in Ty as 1, vertex v, as v, vertex v3 as v, and so
on. Now, attach vertex v;_; to any of the k — 1 vertices in the new maximal
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increasing subtree rooted at vertex 1. For each maximal increasing subtree
initially rooted at vertex v; we obtain kK — 1 new such subtrees rooted at
vertex 1 with k reachable vertices.

o 11 o7

2 0 10
To T Tz
Figure 4.2: Diagram showing Step 2 in the proof of Corollary 4.3.2

Step 3: Identify vertex v; in the subtrees Ty, I», ..., T, with vertex v; in the
new maximal increasing subtree, foralli € {1,...,k — 1} for which v; occurs
in one of the T;.

/1\

4 3 ©9
8 11 7

6 05

Figure 4.3: Diagram showing Step 3 in the proof of Corollary 4.3.2

Therefore, the total number of trees with exactly k vertices reachable
from vertex 1 is

k-2 _
k=) L (-2

j=0 J
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Proposition 4.3.3. Let E(n,i) be the total number of labelled trees on n vertices
with exactly n — i + 1 vertices reachable from vertex i. We have

E(n,i)=(n—i+1)n'"2

Proof. Since there are n — (n —i+ 1) = (i — 1) vertices which are not reach-
able from vertex i, these vertices must have labels 1, . ..,i — 1. The reachable
vertices therefore have labels i,...,n forming (n — i)! recursive trees [38,
Section 7]. The total number of forests on n vertices rooted at the n — i + 1
vertices is (n — i + 1)n"~(*=i+1)=1 Thus,

E(n,i)=(n—i+1)n'"2. (n—i)l.
[

Theorem 4.3.4. The number of labelled trees of order n having exactly k vertices
reachable from vertex jy is given by

( nn k+2 n—k+3 n k n_p+1 jp' k jm_m
Y Lo ) [H(n— )L e

p=itlj=p+1  ji=jk-1+1 Lp=1

Proof. There are (k — 1)! recursive trees with vertex set V. = {j; < j» <

- < jk - Let i,y be the number of neighbours of vertex j,, whose labels are
less than j,; and do not belong to the set V.

We have (] - ) choices for the i} neighbours of j;. Excluding vertex j; and

its nelghbours, we have (2711 i ~2) choices for the neighbours of j,. In general,

Jm—i1— -~y —m
im

choices for neighbours of j,;,. There are thus

=W\ (2=t =2\ (jk—t——ha—k
iy I I

possibilities for the choice of neighbours of elements of A. The number of

there are

forests on nn — k vertices (excluding the k elements in A), rooted at the neigh-
bours of elements in A is given by

(i1 + -+ i) (n — k) mi ik
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Hence the number of trees with exactly k reachable vertices from vertex j;

is given by
n—k+2 n—k+3 n fi—1ljo—i1—2  jp—ig——ig_1—k
Z Z .. Z 2 Z Z A;  (4.3.3)
=i+l jz=ja+1  jx=jk1+1i1=0 i= ix=0
where

=1\ (j2o—i1—2 k=i — =i — kY, :
Ai:(h, )(]2 h )_”(]k n ST e )(11+12+‘__+1k)
I 2 Lk

% (Tl o k)n—k—(il-f-"'-i-ik)—l.

B_<f1—1><j2—i1—2) (jt_il_"'_it—l_t>
t — . . . 7
1 2 1t
where1 <t <k.

Consider the following calculation:

Z kalﬁ- - Z B 1x11+ i 1(1_|_x)]k ip——ig_1—k

11,...,1k lk 1

] x R
1 k= B
= (1+x) Z k-1 (1+x)

crlk—1
) x Je—1—(k=1) X 4
= 1+x]k_k<1—i— ) Bi_ < ) .
(1) 1+x ill.;m 2 1+ 2x
We continue with the iteration to obtain
Z A Iﬁ X jkfp_(k_p)
Bpx't T = (1 + ) . (4.3.4)
il,...,ik pZO ]' + p‘x

Differentiating Equation (4.3.4) with respect to x we arrive at

Y (i14 - 4 ig) Bxt T

i1y

)jk—p(kp) k-1 feem — (k —m) .
o (T+mx)(1+4 (m+1)x)

(4.3.5)

+ px

k-1
= H (1 + X
p=0 1
Multiplying Equation (4.3.5) by x and setting x = (n — k) "1, we obtain
Yo G+ +ix)Be(n— k)"

k=1 Jk—p—(k=p) k= i
o n—k+p+1\kr Jkem — (k—m)
= k);:[()( n—k+p ) Z (n—k+m)(n—k+m+1)
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Multiplying through by (1 — k)" %=1 we get

Y (i1 4 +ig)Be(n — k)il

il,...,lk
poo\ n—k+p = m—k+m)(n—k+m+1)
(4.3.6)

Since the left hand side of Equation (4.3.6) is precisely

i=ljp—ir—=2  jy—ir——ig1—k

Z Z Z A;

il =0 i=0 1k:0

in Equation (4.3.3), we find that the number of trees in which exactly k ver-
tices are reachable from vertex j; is

n—k+2 n—k+3

m—k)" -1 Y Y - f A

Jo=jh1+1j3=ja+1  jr=jx-1+1
where

e ’ﬁ (n—k+p+1)fk—v—<"—” k= jeem — (k—m)
_p:0 n—k+p = (n—k+m)(n—k+m+1)

This completes the proof.
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Set partitions and tree-like
structures

The relationship between labelled trees on n vertices and the symmetric
group S, of order n was discovered by Dénes [13] and subsequent work
on the same has since been done by Moszkowski [40], Eden and Schiitzen-
berger [20], and Goulden and Pepper [27] among many other authors. In
this chapter, we prove a formula for the number of cycle-free connected
families of k set partitions of [n]. We show that the formula also counts
free cacti with a given vertex-degree distribution as well as the number of
coloured Husimi graphs with a given block-colour distribution.

5.1 Connected cycle-free families of set

partitions

The following definition of cycle-free and connected families of set parti-
tions is adapted from the previous work of Teufl and Wagner [60]. Let I
be an index set. For i € I, let 5; be a non-empty subset of a finite set
S. The union of all S; gives S. Now, let P; be a set partition of S; and let
P = {P; : i € I} denote the family of such partitions. We define a multi-
graph Gp as having vertex set

{(P,p):PeP,peP}
and two distinct vertices (P;, p1) and (P,, p2) are joined by |p1 N p2| edges

in the edge set. This ensures that Gp has no loops. The family P of set parti-

54



Stellenbosch University https://scholar.sun.ac.za

55 5.1. Connected cycle-free families of set partitions

tions is said to be connected if Gp is connected and cycle-free if the multigraph
is cycle-free.

Theorem 5.1.1. The number of connected, cycle-free families of k set partitions of
[n] is given by
k=2 1T (4 — 1)!
T, [Ti>1(j — 1)iay!
where {; is the number of blocks in the i-th partition and a;j is the number of blocks
of size j in the i-th partition such that YX_ £; = (k — 1)n + 1.

(5.1.1)

Proof. The case k = 2 was recently proved by Teufl and Wagner in [60].
Let us first consider the case in which all the k partitions are of the shape
ml1"~Mi for i = 1,...,k respectively. Since the partitions are cycle-free and
connected, i.e. two blocks from distinct partitions have at most one point in
common, the k set partitions form a ‘tree’ if we ignore the singletons. Such a
tree will be called a generalised tree. Let y; mark the number of blocks of size
i in the generalised tree. Let T(x) be the exponential generating function
for the number of rooted labelled generalised trees. Now, the vertices in
the block other than the root are given the structure of a ‘forest’ of rooted
generalised trees. By the composition principle, the exponential generating
function enumerating the forests is equal to

= T(x)
exp () Yiri—y— |-
i=1 :

By the product principle, we find that the exponential generating function

for the number of rooted generalised trees satisfies

0 T(x)!
}/i+1()>-
-1

. i!

1

T(x) = xexp (

By the Lagrange Inversion Formula [58, Theorem 5.4.2], we have
n 1 n—1 = ti
KT = (" exp (n )iy
i=1 :
_l[n—l] nj i t_ij
- n = Yit1 !

m
j>0/°

I o W ot 2 3 J
_E[ ] Yaqy TYsg TYagp 0 )

=0 /!
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It follows that

T = ety (y%)"l<y3;)h...

i 11
501 jrajpre= N2E

' i
B _[tn ' Z Z i y21y32-'-. pi+2jp+-
j20j1+jp =) Jiljol- - (AN (202 - -
=) ). i y]ly]z B
- : ; . - 2
S0 apres JHADRRN2Y)E - 3
j1+2ja+--=n—1

The generating function for unrooted generalised trees on n vertices is there-
fore given by,

(ee]

! 3/1+1 nLii—2
Fall 1]1 1' Ji

We multiply by n! since we are dealing with an exponential generating func-
tion. Since ) j; = k, we obtain that the number of families of k partitions of
the shape m!1" i fori = 1,...,k is given by
nnk=2
TTiq (m; — 1)

From the k = 2 case (see [60] for details), we know that, given partitions

Py, Py, ..., P_1 and the type of Pk, the number of possibilities for P, to com-
plete a connected cycle-free partition is of the form

a(Py, Py, ..., Pr_q) - Bltype(Px)),

where B is known and only depends on the type of P, (not Py, P, ..., Pr_1).
p(M)
B(Ax)

The number of families of two connected cycle-free set partitions of types
Ao = m%l”_mo and Ay = 1712%12.. . . gsuch that Zj ayj = ¢y is given by

Thus changing the type Ak to a type A; only produces a factor

nl(¢; —1)!
(im0 = 1)/ L= (G — D) iyl

,Y()LO/ )\l) —

(See [60, Theorem 5.1].)
Similarly, if A, = m%l”*m1 then,

n!

70 A) = Gy Tty 1)1
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We therefore have

’)’()\0,)\1) _ ‘3(/\1) _ (m1 —1)!(51 — 1)!
Y(Ao,A2)  B(A2)  TTis1((G— 1)) ay!t

The number of connected cycle free families of k set partitions such that the

first partition is A; = 17112712 . . . and the subsequent k — 1 set partitions are
of the shape m!1"~™i for i = 2,...,k is therefore given by

nink=2 ' (m1 —1)!(f —1)!
[Ty (mi — 1)1 TTiza (G = 1)) ay!”

where / is the number of parts in A1, and 4 is the number of parts of size
jin Ap. Iterating this idea we obtain the required equation. O

5.2 Enumeration of labelled free k-ary cacti

A k-cactus is a connected (simple) graph in which every edge lies on exactly
one k-cycle. Such a cycle will be called a k-gon. A k-cactus is said to be planar
if it is embedded in the plane such that every edge is part of the unbounded
region. A planar k-cactus is edge-rooted if one of the edges is distinguished
as a root and it is of size n if there are n k-gons. We colour the vertices of a k-
cactus with k colours such that in a k-gon, colour i is used at most once. We
say that (¢4, ..., ¢) is a vertex-colour distribution of the k-cactus if there are /¢
vertices of colour i foralli = 1,. .., k. The number of k-gons that are incident
to a vertex is the degree of such a vertex. We also say that (ﬂij)lgigk,jzo isa
vertex-degree distribution of the k-cactus if (¢1,...,0), where {; = Y ;~qaj;
for all i, is its vertex-colour distribution and 4;; is the number of vertices of
colour i and degree j. The following two lemmas are proved in [4].

Lemma 5.2.1. There exits a k-ary cactus on N vertices and n k-gons if and only if
N=(k—1)n+1.

Lemma 5.2.2. Let A = (ﬂz‘j)lgigk,jzo be a k x co matrix of non-negative integers,
and set N = ) ;; a;;. There exists a k-ary cactus having N wvertices and n k-gons
and whose vertex-degree distribution is given by the matrix A if and only if

1. n=(N—1)/(k—1) is an integer,

2. Y.jjaij = mn, forall i,
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3. n>1=aj=0,foralli.

Let A = 1%12%2 ... be a partition of n > 1. We denote the length of the
partition by I(A) = ky + ko + - - - . The following theorem is due to Goulden
and Jackson [26]. The case k = 2 was proved by Bédard and Goupil [3]

using an induction argument.

Theorem 5.2.3 ([26, Theorem 3.1]). Let A4, ..., Ak be partitions of n such that
(A1) +- -+ 1(Ax) = (k—1)n+ 1. Then there is a bijection between planar edge-
rooted k-cacti on n k-gons with colour i vertex-degree distribution A;,i =1,...,k,
and k-tuples (a1, ...,ax) of permutations in the symmetric group S, with cycle
distributions Ay, ..., Ay respectively, such that aq - - - a = (1,2,...,n).

Using Theorem 5.2.3, the aforementioned authors enumerated the num-
ber of connection coefficients for the symmetric group of order n by proving
that there are

nk TR (6 —1)!
T[T TTj>1 43!
plane edge-rooted k-cacti with n unlabelled vertices having a vertex-degree
distribution (a;;)1 <<k j>0, Where 25‘21 l; = Zé‘zl Yi>04ij = (k—1)n+1. For
k = 2, they obtained an equivalent result for the number of plane edge-

rooted trees.

Boéna, Bousquet, Labelle and Leroux [4] defined a free k-ary cactus in-
formally as a k-ary cactus without the plane embedding. They obtained a
formula [4, Proposition 27] for the number of labelled free k-ary cacti on n
k-gons having vertex-color distribution (¢4, ..., ¢) as
k(6 — 1)t

kZH

i=1 n_ )

Yk 0= (k—1n+1.
We now give a different proof of these results based on Theorem 5.1.1:

Proposition 5.2.4. The number of labelled free k-ary cacti on n k-gons having
vertex-degree distribution (a;j)1<i<x,j>o is given by

nink 2 T (4 —1)!
T, [Ti>1(G — 1)"ay;!

where Zé‘zl Y0 i = Z§:1 b= (k—1)n+1.

(5.2.1)
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Proof. To prove this proposition, we need to show that there is a bijection
between the set of labelled free k-cacti on n k-gons having a vertex-degree
distribution (a;;)1<i<k >0 such that Zé‘:l Yi>04ij = (k—1)n+1and the set
of families of k connected cycle-free set partitions of [n].

Consider a labelled free k-cactus on n k-gons with labels from the set
[n] and having vertex-degree distribution (a;;) fori = 1,...,kand j > 0.
The degree distribution of vertices of colour i can therefore be written as
Aj = 1%12%2... Let s; be a set of labels of k-gons that are incident to a
vertex s of colour i. Let

S; = {s; : sis a vertex of colour i}.

We shall show that S; is a set partition of [n]. By Lemma 5.2.2, }; ja;; = n
and a;p = 0. This ensures that there is no empty set in S;. The sets s; are
disjoint since the labels in [n] are used only once in the labelled free cactus.
Therefore A; is a partition of the set [n]. By Lemma 5.2.1, the cacti satisfy the
condition }; ;a;; = (k—1)n + 1. It follows that the partitions also satisfy
this coherence condition. Since the n k-gons are connected and cycle-free
then the partitions are also cycle-free and connected.

Next, we describe the reverse procedure of getting free k-cacti on n k-
gons from a family of k set partitions of [n] that are connected and cycle-
free. Consider set partitions Aq, ..., A of [n] that are connected and cycle-
free such that ¥ | £(A;) = (k — 1)n + 1. There is a bijection between these
set partitions and cacti-like tree such that the k set partitions correspond to
k vertices per block in the cacti-like tree, blocks correspond to vertices and
block sizes to degrees in the cacti-like tree. Now, each block in the cacti-like
tree corresponds to a k-gon in a free cactus. O

The bijection in Proposition 5.2.4 is shown by Figure 5.1, where the three
partitions are shown by normal curves, dotted curves and dashed curves.
From the cacti-like tree in Figure 5.1, we obtain a labelled free ternary cactus
in Figure 5.2.
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Figure 5.1: Bijection: Connected cycle-free family of 3 set partitions of [5] and cacti-
like tree with 5 blocks, each having 3 vertices.

Figure 5.2: Labelled free 3-ary cactus

5.3 Coloured Husimi graphs, cacti and oriented

cacti

Definition 5.3.1 ([35]). A cutpoint of a connected graph G is a vertex whose
removal will disconnect G. A graph which has no cutpoint is said to be 2-
connected. A block in a simple graph is a maximal 2-connected subgraph.

Husimi graphs were introduced by Japanese physicist Kodi Husimi in
[30]. A Husimi graph is a connected graph whose blocks are complete graphs.
If the blocks of a connected graph are polygons then the graph is called a
cactus. Cacti were introduced by Harary and Uhlenbeck in [29] where they
appeared as ‘Husimi trees’. In 1996, Collin Springer [56] introduced and
studied oriented cacti. These are connected graphs whose blocks are oriented

cycles.

Lemma 5.3.2 ([35, Proposition 3.1]). The number of Husimi graphs on [n] where
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n > 1is given by
—1

y {” } k1 (5.3.1)

k>0 k
where k is the number of blocks.
Lemma 5.3.3 (Husimi [30], Mayer [37]). Let (np,n3,...) be a sequence of non-
negative integers satisfying the condition that n = Y ;~,(j — 1)n; + 1. The number
HG,(n2,n3, - - - ) of Husimi graphs on [n] having n; blocks of size j is given by
(=1t

[Tj=2(G — 1)Y)"in;t’

HG,,(n2,n3,--+) (5.3.2)

where k =} i>o 1.

Formula (5.3.2) was proved by Husimi in [30] by first establishing a re-
currence equation satisfied by the graphs. Later on, Mayer [37] provided a
direct proof and Leroux [35] proved the formula from a generating function
approach.

Lemma 5.3.4 (Ford and Uhlenbeck [23]). Let (1,13, . ..) be a sequence of non-
negative integers satisfying the condition that n = Y_;~,(j — 1)n; + 1. The number
of cacti on [n] having n; polygons of size j is given by

1 — 1!
(n )nk—l

, 5.3.3
2kiz3 i [ing 1! (533

wherek =} j>o 1.

Equation (5.3.2) was given in [29] as the formula for counting the number
of cacti in the statement of Lemma 5.3.4. This incorrect solution was pointed
out in [23] and corrected therein.

Lemma 5.3.5 ([35, Proposition 3.6]). The number of labelled cacti on [n], where
n > 2, is given by

Z Z (1’1 — 1)!1’lk71
k>0  nytnzt--—=k 2Liz3Mi [T, 1y
np+2n3+---=n—1

(5.3.4)
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Lemma 5.3.6 (Springer [56]). Let (13,13, . . .) be a sequence of non-negative inte-
gersand n = Y ;~>(j — 1)n; + 1. The number OC,(n2,n3, - - - ), of oriented cacti
on [n] having n; oriented cycles of size j is given by

n—1) .
OCy(ng,ns3,-+-) = (H'>2 n)"nk 1, (5.3.5)
i>2 M-

where k =} j>o 1.

Comparing Equations (5.3.2) and (5.3.5), we remark that

OCy(na,n3,---) = [ [((1 = 1)) - HGy(nz,n3, - - - ). (5.3.6)
i>2

Lemma 5.3.7 ([35, Proposition 3.3]). The number of oriented cacti on [n], where

PO

k>1

n > 2, 1is given by

where k is the number of cycles.

Definition 5.3.8. A coloured Husimi graph is a Husimi graph whose blocks are
coloured such that no blocks of the same colour are incident to one another.
In the same manner, a coloured cactus (coloured oriented cactus) is a cactus
(oriented cactus) whose polygons (oriented cycles) of the same colour are
not incident to one another.

For the remainder of this section, we find formulas for the number of
these coloured structures. Let a;; denote the number of blocks of size j and
colour i.

Proposition 5.3.9. Let (ny, n3, .. .) be a sequence of non-negative integers satisfy-
ing the condition: n =Y >, (j — 1)n; + 1. The number of coloured Husimi graphs
on [n] having n; blocks of size j and block-colour distribution (a;;)1 << j>2 is given
by
ntnk 21T, (¢ —1)!
T, [Tj>1G — )!"ay!

where aj; = n — 2]'22 aij and £; = 2]21 aij.

(5.3.7)
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Proof. We shall show that there is a bijection between the set of these graphs
and the set of families of connected cycle-free k set partitions of [n] such
that there are a;; blocks of size j in the i-th partition satisfying the coherence
condition Ei-‘zl Yis1aij=(k—1)n+1.

Given the coloured Husimi graph, the number of blocks of colour i is
given by Yj>2 dij- Sinceaj; =n — Y.j>2 dij, We have that Y.j>1aij = n. Let B
be the set of vertices in the j-th block of colour i. Since the blocks of the same
colour are not incident to one another, the B;;’s are disjoint. The vertices
which are not part of any block are taken as singletons. Thus the family of
sets comprising the singletons and the blocks do not comprise of empty sets.
Hence (a;;);>1 is a partition of [n]. We have k such partitions since 1 <i < k.
The set partitions satisfy the condition Zile Yi>14ij = (k—1)n+1.

Let us state the reverse procedure. Consider families of k cycle-free con-
nected set partitions of [n] in which there are ¢; blocks in the i-th partition
and a;; blocks of size j in the i-th partition such that Zi'{:1 li=(k—1)n+1.
Allow edges between two distinct vertices in the block and remove all sin-
gletons. If v is a block in the i-th partition then colour the resultant complete
graph with colour i. We thus obtain a coloured Husimi graph satisfying the
condition n = Y ;>,(j — 1)n; + 1 where n; = Zﬁ-‘zl ajj. ]

Using (5.3.6), we obtain that

Corollary 5.3.10. Let (13,13, ...) be a sequence of non-negative integers satisfy-
ing the condition: n = Y ;~,(j — 1)n; + 1. The number of coloured oriented cacti
on [n] having n; cycles of size j and block-colour distribution (a;;)1 << j>2 is given
by
nn* 2 T (4 —1)!
[T s et

And for the non-oriented case,

Corollary 5.3.11. Let (np,n3,...) be a sequence of non-negative integers satisfy-
ing the condition: n = Y ;>,(j — 1)nj + 1. The number of coloured cacti on [n]
having n; polygons of size j and block-colour distribution (a;;)1<i< j>2 is given by

nnk 2 T (4 —1)!
223 [T TTj1 4!
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5.4 Families with given degree sequence

Let the degree of vertex i in the Husimi graph be the number of blocks inci-
dent to it. Let (112,113, . . .) be a sequence of non negative integers and also let
n = Yi>»(j —1)n;+ 1. We are now going to adapt the Priifer correspondence
obtained by Springer [56] for labelled oriented cacti to Husimi graphs.

A leaf-block | of a Husimi graph £ is a block of /i containing exactly one
cutpoint, denoted by c;. Set

L = {x : x is a vertex in the leaf-block ! in the Husimi graph h}.

Let I(h) be the leaf-block of & for which the set L(h) \ {¢,)} contains the
smallest element among all sets of the forms L\ {c;}.

Now to each Husimi graph / on [n] having k blocks we assign a pair
(s,A), where s is a sequence (cq, ..., cx_1) of elements of [n] of length k — 1,
and A is a partition of the set [1] \ {c,_1} into k parts. The Priifer correspon-
dence proceeds recursively as follows:

I. Add the cutpoint ¢, to the sequence s.
II. Add theset L(h) \ {c;)} to the partition A.
III. Remove the block /(h), but not the cutpoint ¢;(y), from h.
IV. Repeat steps I, Il and III with the new Husimi graph.

The procedure stops after the (k — 1)™ iteration. At the (k — 1) iteration,
the vertices in the leaf block minus the cutpoint are added to the partition
A. The process is shown in Figure 5.3. We note that if /1 has block-size distri-
bution 223" . . . then A has type 122" . . .. The procedure can be reversed
and the bijection proves Equations (5.3.1) and (5.3.2).

We observe that vertices of the leaf-blocks other than the cutpoints do
not appear in the sequence s. The resultant sequence has k — 1 entries
with a cutpoint of degree d; appearing d; — 1 times. Therefore, the num-
ber of Husimi graphs on [1] having 7; blocks of size j and degree sequence
(dy,...,dn) is given by

(n-1! (k-1
[Ti=2(G — DMnt T (d; = 1Y

where k =} >, nj.
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In Figure 5.3, we have that k — 1 = 4 and Z}El(di -1)=4.

4
3 10
> s
[10 [10 4i l
5 2 s, 6
(3,5,2); {{1,8},{3,7,9},{4,6}} (3,5); 1{1,8},{3,7,9}}
105 (3,5.2,5); {{1,8},{3,7,9}, {4,6}, {2}, {10}}

(3,5,2,5); {{1,8},{3,7,9},14,6}{2}}

Figure 5.3: Priifer correspondence for Husimi graphs

We pose the following two problems.

Problem 5.4.1. What is the formula for the number of coloured Husimi graphs
with a given degree sequence?

Problem 5.4.2. What is the total number of connected, cycle-free families of k set
partitions of [n] with a given degree sequence?

A solution to Problem 5.4.1 will settle Problem 5.4.2 if we define the de-
gree of vertex v in a connected cycle-free family of k set partitions of [n] as
the degree of vertex v in the corresponding coloured Husimi graph.
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Noncrossing tree-like structures

6.1 Introduction

A noncrossing set partition of [n] is a partition such thatifa < b < ¢ < d and
both a and c are in one block then both b and 4 are not in the same block. The
systematic study of these partitions started with the paper [34] by Germain
Kreweras. He obtained that the number of noncrossing set partitions on [n]
of type 1"12™2 ... " is given by

nn—1)---(n—~0+2)
mqlmy! - - - my,!

where / =mq +my +---+my > 2.
Noncrossing set partitions is one of the more than 200 structures counted
by the famous Catalan numbers [57]. There are

1 2n
n+1\n

noncrossing set partitions of [n]. Rodica Simion’s survey paper [54] gives a

general overview of results involving noncrossing partitions. H. Prodinger
[48] obtained a bijection between the set of ordered trees on n vertices with
k leaves and the set of noncrossing set partitions of [1] having k parts. Der-
showitz and Zaks [14] had shown that the number of these ordered trees is

(0 ()

the Narayana or Runyon numbers, a formula also obtained by Edelman [19]

given by

to count noncrossing partitions of [n] with k parts.

66
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6.2 Noncrossing Husimi graphs

Marc Noy [41] showed that the number of noncrossing trees on n labelled

1 3n—3
2n—1\n—-1)"

This result was later generalised to connected graphs by Flajolet and Noy

vertices is given by

[22]. In this section, we extend their results to noncrossing Husimi graphs.
But first off, let us review the notion of butterfly decomposition of noncrossing
trees introduced in [22].

A butterfly is an ordered pair of trees that share a root. If a vertex v in a
tree has degree d, then the tree can be decomposed into d butterflies hanging

from v.

Figure 6.1: Noncrossing tree

In Figure 6.1, there are 4 butterflies rooted at w, x,y and z. The said au-
thors showed that if T(x) is the generating function for trees and B(x) is the
generating function for butterflies then we have the following equations:

=137 and B(x) = 7;

Theorem 6.2.1. Let (ny,n3, .. .) be a sequence of non-negative integers satisfying

the condition that n = Y ;5,(j — 1)nj + 1. The number NHGy(ng,n3,- - ) of

noncrossing Husimi graphs on [n] having n; blocks of size j is given by
(2n+k—2)!

2n — ! ]j>o nj!

T(x)

NHGn(nz,Tl3,...) = ( (6.2.1)

where k =} j>o 1.
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Proof. Let F(x) be the generating function for noncrossing Husimi graphs.
Let y; mark the number of vertices in each block. Adopting the butterfly
decomposition of noncrossing trees to noncrossing Husimi graphs, we have
that

X
F(x) = .
() 1—=Yi>1Yi1B
and
FZ
B(X) = 7

where B(x) is the generating function for butterflies.
Therefore the generating function F(x) satisfies

X

F(x) =

= NG
1- Zyi—H (7)

i>1

Thus for G = \% we have

_ &
G(x) - 1_ Z]/i+1G2i.

i>1

By the Lagrange Inversion Formula, we obtain

) 1 . —(2n-1)
TF() = 4G () = 5t [P (1 - zythZl)

i>1
k
1 _ —(2n—-1) 2
_ —[tZrz 2] ( ) _ y'+1t 1
2n —1 ké%) k ; !
k
1 _ 2n+k—2 o
— L () (D
2n—1 ké%) k 1; !
_ 1 3 2n+k—2 v klyy2ys® - - - (622)
2n—1 k>0 k Ny +ns+o=k nylng!- - o
B ny+2nz+---=n—1
Therefore,
1 2n+k—2 k!
NHGn(le,nE},...)—m( k )m
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Corollary 6.2.2. The number of noncrossing Husimi graphs on n > 2 vertices is

1 "=+ k—2\/n-1
S (Y

k=1

given by

Proof. We need to show that the number of noncrossing Husimi graphs on
n vertices with k blocks is given by the generalised Narayana number,

1 2n+k—-2\ /n—1
(ko) 62

Let [[n, k]] denote the set of all types of partitions of [1] of length k. Since

k! n—2
e ()
Pe[[n—1k]] 112!713! cos k—1

the result follows from Equation (6.2.2). O

The formula (6.2.3) appears in [50] and [61] as the number of dissections
of a convex polygon on 2n vertices with k — 1 noncrossing diagonals such
that the number of edges enclosing each interior region is even. We now
construct a bijection between the set of these dissections and the noncross-
ing Husimi graphs.

Lemma 6.2.3. There is a bijection between the set of dissections of a convex polygon
on 2n vertices with k — 1 noncrossing diagonals such that the number of edges
enclosing each interior region is divisible by two and the set of noncrossing Husimi
graphs on n vertices with k blocks.

Proof. Consider a convex polygon on 2n vertices such that the vertices are
labelled in clockwise direction as 1,1/,2,2,...,n,1n’. Let the number of non-
crossing diagonal edges be k — 1 and the number of edges of each interior
region be divisible by 2. There are k such regions. Create an edge between
any two vertices of label 1, .. ., n that are in the same region. A vertex which
is incident to more than one region is considered to belong to all the in-
cident regions. The resultant graph is a noncrossing Husimi graph on n
vertices with k blocks. See Figure 6.2 for an example. The process can easily
be reversed. O
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1 1
6 1 6/ 1
6 2 6 2
5/ 2/ ‘— 5/ 2/
5 3 5 3
4/ !/ 4/ !/
4 3 4 3
1

Figure 6.2: Diagram showing the bijection in the proof of Lemma 6.2.3.

We obtain further corollaries of Theorem 6.2.1.

Corollary 6.2.4. Let (np,n3,...) be a sequence of non-negative integers satisfy-
ing the condition that n = Y >, (j — 1)n; + 1. The number NCy(n2,ns,...) of
noncrossing cacti on [n] having n; blocks of size j is given by

(2n+k —2)!

(Zn — 1)! Hj22 Tl]'!’ (6.2.4)

NCn(le,ng,, .. ) =

where k =} j>o 1.

Proof. In the noncrossing setting, there is only one way to turn a complete
graph into a cycle thus the required equation follows from Equation (6.2.1)

ie.,
NCn(le,ng,, .. ) = NHGn(nz, ns,.. )

Corollary 6.2.5. The number of noncrossing cacti on [n], where n > 2, is

1 "o+ k—2\/n-1
S (Y

k=1




Stellenbosch University https://scholar.sun.ac.za

71 6.3. Bicoloured noncrossing Husimi graphs

Proof. We obtain the formula by summing over all possibilities of 1y, n3, . ..
and k as in the proof of Corollary 6.2.2. O

Corollary 6.2.6. Let (ny,n3, . ..) be a sequence of non-negative integers satisfying
the condition that n = Y ;~5(j — 1)nj + 1. The number NOCy(na,n3, - - - ) of
noncrossing oriented cacti on [n] having n; blocks of size j is given by

(2n + k — 2)12k—m
(2n = D! Tjson!t”

NOCn(nz, nz,--- ) =

where k =} i>o 1.

Proof. Since any polygon of size > 3 has 2 orientations, we have
NOC,(ny,n3,...) = ok=nz NC,(ny,ns,...).

The formula thus follows from Equation (6.2.4). [

Corollary 6.2.7. The number of noncrossing oriented cacti on [n], where n > 2, is

3 3 (2n + k — 2)12k—m

—1)! . i
k>0 np+nz+---=k (27[ 1)'H]22 n]'
np+2n3+--=n—1

6.3 Bicoloured noncrossing Husimi graphs

In the next proposition, we obtain a formula for the number of noncrossing
Husimi graphs on n labelled vertices such that the degrees of the vertices
are less than or equal to 2. This will make 2-colouring possible. Recall that
the degree of a vertex v in a Husimi graph is the number of blocks that are
incident to it.

Proposition 6.3.1. Let NHG,, »(ny, ns, . ..) be the number of noncrossing Husimi
graphs on [n] having n; blocks of size i such that Y ;~,(i — 1)n; +1 = n and all
the vertices have degree less than or equal to 2. Then

nl2k=1
n—k+1)!ison;!

NHGnlz(nz,i’lg,,...) = ( (631)

where k =} i>o ).
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Proof. Let F(x) be the generating function for 2-colourable noncrossing Husimi
graphs with root degree 1 (or 0). Let y; mark blocks of size i. Since each ver-
tex in the block is to have degree less than or equal to two, the generating
function satisties

F(x) = x(14 Y yir1(2F — x)"). (6.3.2)
i>1
The butterflies of these graphs must be rooted at vertices of degree 1 (or con-
sists of a single vertex). We subtract x to cater for cases in which a butterfly
consists of a single vertex.
Setting G = 2F — x in Equation (6.3.2) we obtain

G=x(1+2Y y;1G).
i>1

G is the generating function for 2-coloured Husimi graphs with root de-
gree 1 (in the case of a single vertex, there are no blocks, thus nothing to be
coloured; otherwise there are precisely two colourings). When v, = y3 =
-+ =1, then we obtain the generating function for the large Schroder num-
bers.

Now, for arbitrary root degree, root degree 2 Husimi graphs are obtained
by merging two root degree 1 Husimi graphs. We subtract F for double
counting root degree 1 Husimi graphs. The generating function is thus

F? G* «x
H(x)=— —F=— _2%
(x) x 4x 4
This implies that
n 1 n+1y~2
[x"|H = Z[x |G-

By the Lagrange Inversion Formula, we have

n+1
1 n+1y1~2 __ ; n—1 ) i
k
1 n—1 (1’1 +1> i
1 n+1 klyn2ys® - -
= 2"( ) BYa Ys -
2(1’1 + 1) kg() k n2+n3z—|—-~-_k nplng! - - -

np+2nz+---=n—1
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Therefore,
21 1 k!
NHG JN3,...) = C— 6.3.3
O

Corollary 6.3.2. There are n - 2" 3 noncrossing trees on n > 2 vertices such that
all the vertices have degree less than or equal to 2.

Proof. The result follows from Equation (6.3.3) by taking (np,n3,...) = (n —
1,0,...)so thatk =n — 1.

Observe that these trees are also noncrossing paths. The corollary thus
follows by a simple counting argument as well: first choose a root (in n
ways), then 2 choices for each step. O

Corollary 6.3.3. Let NHG,, » be the number of noncrossing Husimi graphs on [n]
in which all the vertices have degree at most 2. Then

1 = n n—1
NHG,, = — k;z (k N 1) < N ) (6.3.4)

Proof. To prove Formula (6.3.4), we need to show that the number of non-
crossing Husimi graphs on n vertices with k blocks in which each vertex has

S0

Z —_— Y = ( )’
peffno) M2l k—1

the result follows from Equation (6.3.3). O

degree < 2 is given by

Since

Lemma 6.3.4. The number of bicoloured noncrossing Husimi graphs on [n] having
n; blocks of size i such that } ;~,(i — 1)n; +1 = n is equal to

n12k
(n—k+ 1) Tz 1!

where k =} i>o 1.



Stellenbosch University https://scholar.sun.ac.za

Chapter 6. Noncrossing tree-like structures 74

Proof. Consider a noncrossing Husimi graph on [#] having n; blocks of size i
such that }_;~, (i — 1)n; + 1 = n and with vertices having degree less than or
equal to 2. Let b be a block in the graph. There are two choices for colouring
block b and one choice for the remaining blocks. The result thus follows
from Equation (6.3.1). [

Corollary 6.3.5. The number of bicoloured noncrossing Husimi graphs on n ver-

nilnzlzk<ki1> (n;l). (6.3.5)

k=1

tices is given by

We obtain the following special case by setting k = n — 1 in Equation
(6.3.5).

Corollary 6.3.6. There are n - 2"~2 bicoloured noncrossing trees on n > 2 labelled
vertices.

Corollary 6.3.7. The number of bicoloured noncrossing cacti on [n] having n;
cycles of size i such that } ;~,(i — 1)n; +1 = n is equal to

n12k
(n—k+ D!z n

where k =} i>o 1.

Corollary 6.3.8. The number of bicoloured noncrossing cacti on [n], where n > 2,

1 =/ on n—1
st ) ()

Corollary 6.3.9. The number of bicoloured noncrossing oriented cacti on [n] hav-

is

ing n; cycles of size i such that Y ;~,(i — 1)n; +1 = n is equal to
n12%=n
(n —k+ 1)'1—[]221’1]"

where k =} j>o 1.

Corollary 6.3.10. The number of bicoloured noncrossing oriented cacti on [n], for
n>2,is
Z Z n!sz—ﬂz
(n—k+ D!z nt

k>0 n2+n3+-~-:k
np+2n3+---=n—1
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6.4 Noncrossing connected cycle-free set

partitions

Proposition 6.4.1. There is a bijection between the set of noncrossing coloured
Husimi graphs on {1,2, ..., n} having n; blocks of size j and block-colour distribu-
tion (a;j)1<i<k,j=2 such that n = Yy Yiso(j— 1)ajj + Land ajg = n — ¥jsy ayj,
and the set of noncrossing connected cycle-free families of k set partitions of [n]
such that there are a;; blocks of size j in the i-th partition satisfying the coherence
condition Zé‘:l Yis1 i = (k—1)n+1.

Proof. Given a noncrossing coloured Husimi graph, the number of blocks of
colour i is given by Y.j>2 aij. Since aj; = n — ) j>5 djj, we have that Yj>14ij =
n. Let Bjj be the set of vertices in the j-th block of colour i. Since the blocks
of the same colour are not incident to one another, the B;;’s are disjoint. The
vertices which are not part of any block are taken as singletons. Thus the
family of sets comprising the singletons and the blocks do not have empty
sets. Hence (a;;);>1 is a partition of [n]. Since the blocks are noncrossing, we
obtain a noncrossing set partition. We have k such partitions since 1 <i < k.
The set partitions satisfy the condition Y5_, Yis1aij=(k—=1)n+1

We obtain the reverse. Consider families of cycle-free connected non-
crossing k set partitions of [n] in which there are a;; blocks of size j in the
i-th partition satisfying the condition: Y%, Yi>14ij = (k—1)n+1. Allow
edges between two distinct vertices in the block and remove all singletons.
If v is a block in the i-th partition then colour the resultant complete graph
with colour i. We thus obtain a noncrossing coloured Husimi graph satisfy-
ing the condition n = Y ;>,(j — 1)n; + 1 where n; = Yk, ajj. O

Theorem 6.4.2. Let A, = 112% - - and A, = 1%12%2 ... be partitions of n > 1,
witha=a1+ay+---andb=>by+by+---.Ifa+b = n+1 then the number
of noncrossing connected, cycle-free pairs of partitions of types A, and Ay is given
by

(a—1)i(b—1)!

—a;—b
n2t M=o, )
aylay! - bylby! - -

Proof. Let A(z) be the generating function for 2-colourable noncrossing Hus-
imi graphs with root degree 1 (or 0) such that the root block is of colour 1.
Let B(z) be the corresponding generating function in which the root block
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is of colour 2. Let x; and y; mark blocks of sizes j and i of colours 1 and
2 respectively. Since each vertex has degree less than or equal to two, the
generating functions satisfy (in a similar way as in the previous section)

A(z) =z(1+ Y xj11(2B —z)))
j=1
and
B(z) =z(1+)_yi1(2A — z)h).
i>1
Set2B —z =V and 2A — z = U so that
U=z(1+2) xjqV)
j=1
and
V=z(1+2) yinl).
i>1

We obtain a 2-colourable noncrossing Husimi graphs by identifying roots of
block colour 1 and 2, or the noncrossing Husimi graph has root degree 1 of
colour 1 or 2. We thus need

HAZB=D) .=V 2
z 2z 2

We apply the multivariate Lagrange Inversion Formula [25, Theorem 1.29]

to the system:

U=z1(1+2) x1V)),

j=1
V=z1+2) yU).
i>1
We have
t+1 s+1
uv =Yy 25tz asph) (1 +2) x]+1¢x]> : <1 +2 Zyi+1ﬁi> A,
5,60 i>1 i>1

where A is the determinant given by
(42 Xjp10l) - (142 21 Vi1 B) — 4175010 - Lim i1 B
(1 +2Y 51 xj+10‘j) (1+2 1 ¥i418)
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We thus have
t+1 s+1
uv =Yz ap (1 +2) x]~+1tx]) (1 +2 Zyiﬂﬁl)
5,20 i>1 i>1

t s
—4 Y | B (1—{—22x]+11x7> (1—|—2Z]/i+1ﬁi> Y jxjrae!

5,1>0 =1 i>1 ji>1
~ i
x Y iyipB -
i>1

Let us extract the coefficient of a°.

t41 t—|—1 k
) <1+2 zxjﬂaf) -1 (' )( mew)

j=>1 k>0 i>1
Yo (t - 1) 3 klx32xg? - - 3
k>0 k ay+az+---=k axlaz! - - -
ar+2az+---=s
Similarly,
s+1 41 ¢
. S .
'] (1 +2 Z%‘H,Bl) =B ( ), ) (2 ):yiﬂﬁl)
i1 (>0 i>1
by b
-2 L S
(>0 ) o=y D2'b3!-
by+2b3 4=t

Sincck =a—ay,{ =b—b;,s =n—aandt = n— b in our notation, we

have
n—b+1
(a7 (1 +2)° x]-+1oc]>
j>1
_Zza al b+1) x2x§3”'
“arm )l L= alal
ay+2a3+---=n—a
and
n—a+1
()
i>1
by b
_Zzb by —a+1)! Yo'y
n—a—b+b1—|—1) bz'bg---'

bi+by+---=b
by+2b3+---=n—b
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P g
By the coherence condition, a + b = n + 1, we obtain
n—b+1 L2
" (142 Z xj+1zx] = Z2a_a1a! Z —2' 3'
j=1 a a1 +agt--=a 9142
ay+2az+---=n—a
and
; noatd ybzyb3 e
B (1 +2 Zymﬁ’) _yahyy W
i>1 by by+byt-=b U1 2!
by+2b3+---=n—>b
We also have
t
%] (1 +2) xj+1¢x]> Y jxjaal
=1 ji>1
s t
- el (142 D) W) L
w=0 j>1 j>1
S k
= Z w] Z ( ) <2ij+1“l> (5 —w)Xs_w41
w=0 k>0 i>1
S k|xa2
Z Z Zk( ) Z % 5 (S — W) Xs—w+1
w=0k>0 aytas+o-=k aplaz! -
g2—|—2a3+...:
5 klxaz RN
Z sz( ) 2 % 3 . (S_w)ﬂs—w—l—l
w=0k>0 a2+ﬂ3+”“:k+4, aplaz! -
ary+2az+---
t kuﬁz S
k 2 3
~r#(y) L SRR Y ownw
k=0 aytaz+--=k+1 243 w=0
a2—|—2a3+...:
a
:sz t Z k'x223---_s.
S0 \k —pp1 @2lasl-
> Mr+az+-=k+1
ay+2az+---=s
Likewise,
t.

’ by b
Lovinf | Livinf = ‘ bolbs!
by+b3+---=0+1

i1 i>1 >0

ay+2a3+---=s
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Again using coherence conditionsk =a—a; —1,{=b—-b; —1,5s =n —a,
t=n—banda+b =n-+1,we obtain

n—>b
[a™ "] (1 +2) xj+1“j> Y jxjaed

j=1 j>1
X249 .
=Y 2imm1(g — 1)1 2T o)
; a1+g§...:a arlap!- - -
ar)+2az+---=n—a
and
n—a
8" (1 +2) yi+1ﬁl> Y iyip1p
i>1 i>1
by bs
—hy— y y SN
=y 2oy Y P21
by by+by+---=b 1-V2-
by+2b3+---=n—>b
Hence
[ a ﬂ3... bz b3]uv
Xy X3 Y2'Y3
= gt —brlpatbm b, alb!

ailayl - bylbyl -

_ n—a+l_n—b+1, ~a+b—a;—by—2/_ _ _ (a_l)!(b_l)!
2R 42 (=D =) o bt

(a—1)1(b—1)!

611!612! ce bl'bz' s

— Z;lfa+1zgfb+l (a +bh— 1) . 2n+17a17b1

_ n—atln=bil, ontl-a—by (a—1)!1(b—1)!
" 2 lgn! - - - bilpo! - ..
al.a2. « o . 1‘ 2. PR

Now, by setting z; = z, = z, we have

—1)!(b—-1)!
[xgzx?"'}/gz!/gg“']g:z”n-z”“1bl (a—DHb—1)

z arlay! - -bylby! - -

Therefore
]_V:n_zn—al—bl (a_l)'(b_l)' .
2z aplap! - - - bylby! - - -
By Proposition 6.4.1, we obtain that there are
(a—1)(b—1)!
111!112! cee b1!b2! s

n.,.42 .43 by, b3
[Z x2x3 ...y2y3 P

n- analfbl

noncrossing connected, cycle-free pairs of partitions of 1] of types 171272 - - -
and 101202 . .. O
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Locally oriented noncrossing trees

7.1 Introduction

Recall that a noncrossing tree [15] is a tree drawn in the plane with its vertices
on the boundary of a circle such that the edges are straight line segments
that do not cross. The number of these trees on n labelled vertices is known
to be given by

1 3n—3
n—1(n—2>' (7.1.1)

See [15, 41] for details. In this chapter, we study labelled noncrossing trees
having a local orientation as in Section 3.2, i.e., all edges are oriented to-
wards the larger label. We shall call these trees locally oriented noncrossing
trees (Inc-trees for short).

7.2 Enumeration by sources and sinks

Theorem 7.2.1. The number of Inc-trees of order n with k sources and ¢ sinks is

1 n—1\/n—-1 n—1
m<k_1) (6—1) (k+€—1)' @21

Proof. Let A(x,y,z) be the generating function for the number of noncross-

equal to

ing trees rooted at vertex 1, where x, y and z mark sinks, sources and total
number of vertices respectively. Let B(x,y,z) be the corresponding gener-
ating function for noncrossing trees rooted at vertex n. The root does not
count as a source or sink in these generating functions.

80
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The trees rooted at vertex 1 can be represented as shown in Figure 7.1,

Figure 7.1: Noncrossing tree rooted at vertex 1.

where Ry, Ry, ..., R, are noncrossing subtrees. These subtrees are either
rooted at a sink (in which case the root has the highest label in the subtree)
or at a vertex which is neither a source nor a sink (in which case the subtree
consists of two parts consisting of the vertices with labels higher than the
root’s label and lower than the root’s label respectively). Thus we have,

Z
A:l_(@Jr(x_l)B). (7.2.2)

z

Similarly,

Z
B= T =T A) (7.2.3)

4

Solving Equations (7.2.2) and (7.2.3) simultaneously we obtain
(A—2)(zx — (y— 1A% —z(y —1)(x —1)A) = A(A +z(x —1))%. (7.2.4)

Setting A = z + xzT in Equation (7.2.4) and solving for z we obtain

T

T A+ DA+ DA+ yT)

Thus
T=z1+T)(1+xT)(1+yT).
By the Lagrange Inversion Formula [58, Theorem 5.4.2], one has

214 = x[2" 7T = = [ 2)((1+ (1 + x)(1+y8)"
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Now, we extract the coefficient of x! to obtain

1

2" A = — [ 2 (14" (L4 xt)" ()"
1 n—1 n— n— n—140—
:n_1<€_1)[t 2114 8)" (1 4 yt) 1L

Similarly, we extract the coefficient of yk_l (since the root, whose label is 1,
is not counted as a source) to get

1 -1
[anﬁykfl]A — — (Z - 1) [tanykfl](l + t)n—l(l + yt)nfltf—l

1 =1\ (n=T1N n—1gk+0—2
—n_1(€_1)<k_1)[t (14 12,

1 n—1\/n—1 n—1
n. bl k—1 _
"%y ]A_n—1(£—1>(k—1)(n—k—£)'

This completes the proof. O

Therefore,

Let T be a ternary tree which consists of a root ¢ and 3 disjoint ternary
subtrees, T3, Tp, T1 in this order. See Figure 7.2.

e

T3 1 Ty

Figure 7.2: Rooted ternary tree showing left-, middle- and right-edges.

We shall call an edge from the root to T7, T> and T3 right-edge, middle-edge
and left-edge respectively. J. Cigler [10, Theorem 1] showed that the number
of ternary trees on n — 1 vertices having precisely (¢ — 1), (n —k — ¢), and
(k — 1) right-edges, middle-edges and left-edges respectively is given by
Equation (7.2.1).

Lemma 7.2.2. There is a bijection between the set of ternary trees on [n — 1] such
that there are k — 1 and ¢ — 1 left-edges and right-edges respectively, and the set of
Inc-trees on [n)| with k sources and ¢ sinks.
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Proof. Our bijection is a modification of the bijection between ternary trees
on n — 1 vertices and noncrossing trees on n vertices obtained indepen-
dently by R. Simion and A. Postnikov as mentioned by R. Stanley in [58,
Solution 5.46]. Other bijective proofs can be found in the literature, for ex-
ample, Dulucq and Penaud [18], and Panholzer and Prodinger [43].

Given an Inc-tree T on n vertices having k sources and / sinks, we obtain
the corresponding ternary tree S(T) on n — 1 vertices (n — 1 edges of T as
vertices of B(T)) with k — 1 left-edges and ¢ — 1 right-edges by the following
steps:

I. Let s be the vertex with the smallest label in T (1 for this case), and let
j be the vertex with the largest label attached to s. We label the edge sj
as e. Three subtrees of T are defined as follows.

II. Tj is the connected component containing 1 in the graph T — e.
III. T is the graph obtained from T by removing the vertices 1,2,...,j — 1.

IV. T3 is the connected component containing vertex j in the graph ob-
tained from T by removing the edge e and verticesj +1,j+2,...,n.

V. Define e as the root of B(T) and recursively define B(T;) to be the i-th
subtree of the root, with the subtrees read from right to left. Label left-
edges, middle-edges and right-edges as I/, m and r respectively in the
ternary tree rooted at e. Each label r corresponds to the vertex with
the largest label in subtree T; (i.e., this vertex was initially a sink in
the Inc-tree T). Label m corresponds to the vertex with the smallest
label in T (this vertex was neither a source nor a sink in T), and label /
corresponds to the vertex with the smallest label in T3 (i.e., this vertex
was initially a source in T). See Figure 7.3 for an example. The process
is reversible.

The resultant ternary tree has k — 1 left-edges (vertex 1, which is a source,
does not correspond to any left-edge in the ternary tree since it always oc-
curs in the subtree T7) and ¢ — 1 right-edges (vertex n, which is a sink, does
not correspond to any right-edge in the ternary tree since it always occurs
in the subtree T5). H

We obtain several corollaries of Theorem 7.2.1.
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Figure 7.3: Diagram showing the bijection in the proof of Lemma 7.2.2.

Corollary 7.2.3. There are

1 (n-1 2n —2
n—l(k—l) (n—k—l) (7.2.5)
Inc-trees of order n with k sources.

Proof. The formula follows by summing over all ¢ in Equation (7.2.1) and
using Vandermonde’s Convolution Formula

() ()= ()

where m and p are integers (See [28, Equation (5.22)]). O

Corollary 7.2.4. The number of Inc-trees of order n with k sources and ¢ sinks
such that k 4+ £ = r is given by

1 n—1\/2n—2
n—1<r—1><r—2)' (7:2.6)

Proof. We set k 4+ ¢ = r and ¢ = r — k in Equation (7.2.1) and sum over all
k. O
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In the following corollary, we obtain a formula for the number of non-
crossing trees on n vertices such that each vertex is either a source or a sink.
These trees are called noncrossing alternating trees. They were first studied
by Gelfand, Graev and Postnikov in [24].

Corollary 7.2.5. The number of noncrossing alternating trees of order n is given
by the (n — 1)™ Catalan number,

1 2n — 2
n—1\n—-2)

Proof. Set r = n in Equation (7.2.6). O

Corollary 7.2.6. The total number of sinks in Inc-trees on n labelled vertices with

n—k+1/n-1 2n —2
2n—2 (k—l) (n—k—l)' 7.2.7)
Proof. From Equation (7.2.1) we have that the total number of sinks is
1 (n-1 n—1 n—1
il ) 206
1 (n-1 n—1 n—1 n—1 n—1
) e ) )
1 (n-1 2n—3 2n—2
_n—1<k—1) {(”_1)<n— —2)+(n—k—1)] (7.2:8)
2

k
_n—k+1 n—1 2n —
o 2n—2 \k—1 — k-1

Corollary 7.2.7. The mean number of sinks in Inc-trees on n labelled vertices with

k sources is

]

k sources is
_n— k+1
=

Proof. The result follows from Equations (7.2.5) and (7.2.7). O

(7.2.9)

Corollary 7.2.8. The variance of the number of sinks in Inc-trees on n vertices with
k sources is given by

2 n* —k>—2n+1
N 8n — 12
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Proof. We have

A )(k.’izil)

=x-26-0(3 ) (1ol e (i) (o)
+z(””) (o h)
—w-00-2E (3 73) () e vE () ()

2E)G)

Now by Vandermonde’s Convolution Formula,

2235 00) (e hels)

— (n—1)(n—2) (nz_”k_f?) +3(n—1)(n2f1:_32) + (nz_nk—_21)
1) [(n—Z)(n—k)z-l—?a(n—l)(n—k)—1< 2n—3 )1
2n—-3)(n—k—1) n—k—2

B (n—2)(n—k)2+3(n—1)(n—k)—1( 2n —2 )
B 2(2n —3) n—k—1)

= (n—

Therefore

Mo = nil(Z—l) ZfZ( 1) (k:l—;il)

1 (n—l)( n—2)(n—k)? +3(n—1)(n—k)—1< 2n—2)

n—1\k—1 2(2n —3) n—k—1/)
(7.2.10)
Since the variance is given by
M
2 _ M2 2
o T ,

where T is the number of Inc-trees on n vertices with k sources, the result fol-
lows from Equations (7.2.5), (7.2.9) and (7.2.10) after some straightforward
calculations. m

Corollary 7.2.9. There are a total of

n+1 /3n—3
3n_3(n_2) (7.2.11)

sinks in all Inc-trees of order n.
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Proof. We sum over all k in Equation (7.2.7).
in—k—i—l n—1 2n —2
= 2n—=2 \k—-1/\n—k-1
_i n—1 2n—3 n 1 (n—-1 2n—2
e \k-1)\n—k-2) n-1\k-1)\n—-k-1
_ (3n—4 n 1 (3n-3
- \n-3 n—1\n-2

_n+1 3n—3
C3n—-3\n-=-2)°

Corollary 7.2.10. In an average noncrossing tree on n vertices, approximately one

]

third of the vertices are sinks for large n.

Proof. The total number of vertices in noncrossing trees of order n is equal

n 3n—3
n—1\n—-2)’

and from Equation (7.2.11), we know that there are
n+1 (3n—-3
3n—3\n—-2

sinks. Therefore the probability that a given vertex is a sink is

1 1
—(14+—-).
3< +n)

The result follows by letting n tend to infinity. O

to

From Equations (7.1.1) and (7.2.11), it follows that

Corollary 7.2.11. The average number of sinks in Inc-trees on n vertices is equal
to

n+1
Uy = 7 (7.2.12)

Corollary 7.2.12. The variance of the number of sinks in Inc-trees on n vertices is
given by

,  4n?—10n+4
Ui’ —
27n — 36
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Proof. By summing over all k in Equation (7.2.10) we obtain the second mo-

ment:

B n3 +2n? — 5n (311—3)

(B3n—4)(B3n—3)\ n—2 (7.2.13)

Since the variance equals

M
2 M5
0y = T, Hts
where T; is the number of Inc-trees on n vertices, the result follows from
Equations (7.1.1), (7.2.12) and (7.2.13). [

Corollary 7.2.13. The covariance of the number of sources and sinks in Inc-trees
of order n is equal to

—2n?2 +5n—2

ok ) = — 3¢

Proof. By Equation (7.2.8), we have
1 n—1 n—1 n—1
T (Y DL (A [
_k (n-1 (n—1) 2n—3 N 2n—2
Tn—1\k—1 n—k—2 n—k—1
—(n—1) n—2 2n -3 n n—1 2n -3
B k—2)\n—k-2 k—1)\n—k-2
n—2 2n —2 1 n—1 2n —2
+(k—2)(n—k—1>+n—1<k—1)(n—k—1)' (72.14)
By summing over all k in Equation (7.2.14), we obtain

nd—2 3n—3
(3n—4)(3n —3) ( n_>o ) =C. (7.2.15)

By symmetry, the mean number of sinks and sources is given by Equation
(7.2.12). Since the covariance equals

ok, 0) = ; — (k) (0),

where T; is the number of Inc-trees on n vertices, y¢(k) is the mean number
of sources and y;(¢) is the mean number of sinks, the result follows from
Equations (7.1.1), (7.2.12) and (7.2.15). [
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7.3 Noncrossing trees with given in- and

out-degree sequences

In [22], Flajolet and Noy obtained a formula for the number of noncrossing
trees on [n] with a given outdegree sequence if all the edges in the tree are
globally oriented, i.e., all edges are oriented away from the root. They showed
that the number of noncrossing trees on [n] with an outdegree sequence
(11222 . . . ) satisfying the conditions that

Zei = n and Z iej=n—1 (7.3.1)
i>0 i>1
is given by
1 n i
[ — 160261 e 1 em .
n(n—1) <eo,el,...,em) (m+1) ;i—i—lel'

whereey =n—ey —ey — - - -.
In this section, we seek a formula for the number of these trees if the
edges are locally oriented as in Section 3.2.

Theorem 7.3.1. The number of Inc-trees of order n with indegree sequence (1122 - - -
and outdegree sequence (1™2™2 ... (both satisfying (7.3.1)) is equal to

(n_l)'(n—eo—l)!(n—mo—l)!( n-1 ) (7.3.2)

etlep! - - -mqlmy! - - ep +mg—1

whereeg =n—e; —ey —---andmg=n—my — My — - - .

Proof. Let A be the generating function for noncrossing trees rooted at ver-
tex 1 such that the root has degree 1. Let B be the corresponding generating
function for these trees rooted at vertex n of degree 1. In each case, the root
does not count towards the generating function. Let T be the generating
function for all noncrossing trees. Let x;,y; and z mark vertices with inde-
gree i, vertices with outdegree i and number of vertices (excluding the root
in the case of A and B) respectively, fori =0,...,n — 1.

If we consider vertex 1 as a root then we have the decomposition shown
in Figure 7.4, where Ry, Ry, .. ., R, are noncrossing subtrees.
Therefore,

T = zyo Z xkAk. (7.3.3)
k>1
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Figure 7.4: Decomposition of noncrossing tree rooted at vertex 1.

Similarly, if we consider vertex n as a root, then we have

T = zxg 2 kak. (7.3.4)
k>1
Moreover,
A=zY xA"Y y4B" (7.3.5)
k>0 (>0

This follows from the following decomposition of noncrossing trees of type
A (trees of type B can be decomposed analogously).

1

k Inc-trees of type A ¢ Inc-trees of type B

labels > v labels < v

Figure 7.5: Noncrossing tree rooted at vertex 1 with degree 1.

From Equations (7.3.3), (7.3.4) and (7.3.5), we get

AIZ(X()-FL)( T )
ZYo zxoB

xoY0zAB = T (T + zxoyo) - (7.3.6)

Thus,

Setting T = xpyozW in Equation (7.3.6), we obtain

AB = zxoyoW (1 + W). (7.3.7)
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From Equations (7.3.3) and (7.3.4), we have

oW =Y x A (7.3.8)
k>1
and
yoW = Y yiB-. (7.3.9)
k>1

Equation (7.3.8) implies that A = ¢(xoW), where ¢ is implicitly given by

t=Y xo(t)k. (7.3.10)

k>1
Likewise, Equation (7.3.9) implies that B = (yoW), where ¢ is implicitly
given by

u=Y yp(u)*.

k>1

So, from Equation (7.3.7) we have
P(xoW)p(xoW) = zxoyoW (1 + W).

Hence,

. W W
W= W) GheW) o)

By the Lagrange Inversion Formula [58, Theorem 5.4.2], one has

[an(e)oygm] T — [Zn—lx(e)o—lygio—l]w

1 n—2 e0—1 mo—1 Lo _YoP -
= 7"y ]<(1+w) ¢(xow) ll)(yow))

= (” o ’ mo) N (ﬁ) " ey (Ju))“ .

(7.3.11)

Applying the Lagrange Inversion Formula again, we obtain

= n_—l[ n—l] <¢<—1) (t))

n—eo

n—ep
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Now by Equation (7.3.10), we get

eo—1 L (. _h- n— 1 k e
) (5m) = nal (,kat>

— — |
— n—1 [tn—l] Z (n 60)'x€1x€2 . tel—l-Zez—i----
n—e eiler! - .. 172
0 n>eq ey ey t--=n—ey “1°°2°
n—1 n—ep)!
n—eo e1tert=n—ep €1:.6.

€1+2€2+--~:1’l*1
Similarly,
_ u \"' n-1 (n —mp)!
v () = y, oy

— |
n—mo My +ma+ - =n—mp mq:niyp.
my+2my+---=n—1

(7.3.13)
Plugging Equations (7.3.12) and (7.3.13) into (7.3.11), we obtain
[y gy g ] T
=(n=1) (n —neo_—l mo) (ne;eezﬂl _ 1)' (nm_l'Zz'_l)'
This completes the proof. O

Corollary 7.3.2. The number of Inc-trees of order n with an indegree sequence
A = (142% ...} is equal to

(2n —2)!

7.3.14
(n+eo—1)lerley! - (7.3.14)

whereeg =n—e; —ey — - -

Proof. Let [[n,k]] denote the set of all types of partitions of [n] of length k.

(n—mp)! _( n—2 )
Pe[[n_%_mo]] mqlmy! - - - n—my—1)"

it follows from Equation (7.3.2) that there are
n—1 (n—ey—1)! n—2 n—1
n— my eilep! - - - n—my—1/)\eg+myg—1

—en— 1) _ _
_ (m—e—1N!/n-1 n—1 (73.15)
eilep! - -- n—my) \ey+mg—1

Since
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noncrossing trees on n vertices with mg sinks and having an indegree se-
quence (1422 - . ). Now, summing over all mg in Equation (7.3.15) we ob-
tain the required equation. O

Corollary 7.3.3. The mean number of sinks in Inc-trees on n labelled vertices and
with an indegree sequence (1¢12°2 - - - ) is given by

— 1
= %, (7.3.16)
2
whereeg =n—e1 —ey — - - - .

Proof. From Equation (7.3.15) we find that the total number of sinks in trees
with an indegree sequence (1°122 - - - ) is equal to

—eg—1)! -1 -1
T:(n €o )Zmo n n
eplep! - - - = mo — 1 eg+mg—1

:% [Z(mo Y (7:0_—11) (eo J: ”_101_ 1>

<n—1)( n—1 )
_|_
"o mo — 1 eo+mp—1
!
n—1 n—1
_|_
%(mo—l)(eoero—l)]

o Lm0 )+ (7 )
 (n—ep+1)(2n—2)!

2(n+eg—1)legley! -+

Thus the mean number of sinks is

 (n—ep+1)(2n—2)! y (n4ey—1)lejley! -+ n—ep+1
B 2t tep—1)leyley! - - (2n —2)! -T2

O
Corollary 7.3.4. The variance of the number of sinks in Inc-trees on n vertices and
with an indegree sequence (1€12°2 - - -} is given by

az_nz—e%—Zn—{—l
N 8n—12 7

whereeg =n—e1 —ey — -+ - .
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Proof. We compute the second moment:
S:(n_eo_l)!Zm% n—1 n—1
eplep! - - g my—1 eg+mp—1

:% [Z(mo —1)mo—2) (nilo_—ll) (eo J-Zﬂ_iol— 1)

mo

[ A 5o [ e
:% [(ﬂ —1)(n—-2) Z (;0133) (eo J—Zﬂ_iol— 1)

mo

3 =1) ;0 (T:zo_—zz) (60 J-Z";ol— 1) i % (7:110__11) (60 J‘Z";Ol_ 1)]
_(n—e—1! {(n—l)(n—2)< 2n—43) +3(n_1)< 2n—3 >

eplep! - -- n—ey— n—ey—2

:(”220)21)(} )( )> +3(n —1)( ) ( >
:n—eo—ll_ n—2)n—ey) +3n—1)(n—ey)—1/ 2n—-2 .

erlep! - - 2(2n — 3) n—ey—1
(7.3.17)

Since the variance equals

S
2 _°2 .2
ot =g
where T is the total number of Inc-trees on n vertices with an indegree se-
quence (1°12%2 .. .) by Equations (7.3.14) and (7.3.17) and a little algebra we
obtain the required equation. O
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Chapter 8

Reachability in noncrossing trees

Recall from Chapter 4 that a vertex v is reachable from vertex u if there is an
oriented path from vertex u to vertex v and a path p has length / if there are
¢ edges on the path. In this chapter, we investigate the average number of
reachable vertices in locally oriented noncrossing trees (Inc-trees).

8.1 Enumeration by path lengths

Proposition 8.1.1. Let N(n, £) be the total number of vertices that can be reached
from vertex 1 in € steps in Inc-trees of order n. Then we have

30+1( 3n—2
N(n,¢) = 3n_2(n . 1). (8.1.1)

Proof. The generating function for the number of Inc-trees satisfies

1

N = TN

where x is marking the number of non-root vertices in these trees. Consider
an Inc-tree in which there is a directed path of length / starting at vertex 1.
Let the final vertex of this path be i. The Inc-tree can be decomposed into a
path from 1 to i and several Inc-trees attached to it, see Figure 8.1. We obtain
the generating function

(xN(x))z(xN(x)?’)g*l _ x€+1N(x)3€+l.

Set F(x) = y/x - N(x) so that
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Figure 8.1: Decomposition of Inc-tree with a path of length /.

By the Lagrange Inversion Formula, we have

[xn]x€+1N(x)3€+1 _ [xn—ﬁ—l]N(x)%—&-l _ [xz"*zf’l]F(x)3€+1

30+1 [t2n—2£—2](1 . t2)—(2n+€—1)

T2t l-1
304+1 | on202 —(@2n+0-1) 2\k
=Y (=t7)
2n+40—1 = k
3£+1 2n—20—2 27’l+£—2+k 2k
= ——[t7" ] t
2n+4¢ -1 kgo k
_3+1 3n—3
24l —-1\n—(-1)
This completes the proof. O

Bijective proof of Proposition 8.1.1. In [15, Lemma 1], we find that the number
of lattice paths from (i, j) to (1n,2n) that do not cross the line y = 2x is given
by
2i—j+1 (Bn—i—j+1
TR —— ( 0 ) -

These paths are called good paths. Since Equation (8.1.1) counts the number
of good paths from (0, —3¢) to (n — ¢ —1,2n — 2¢ — 2), Proposition 8.1.1 will
be proved by showing that there is a bijection between these paths and the
set of vertices that are reachable in ¢ steps from vertex 1 in Inc-trees on n
vertices.

We obtain a complete ternary tree on 3n — 2 vertices from the ternary
tree obtained using the procedure described in the proof of Lemma 7.2.2 by
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attaching leaves so that the initial n — 1 vertices become internal vertices,
each of outdegree three.

We now describe the well-known bijection between complete ternary
trees with n — 1 internal nodes and good paths from (0,0) to (n —1,2n —
2) where each step is of the form (1,0) or (0,1). Traversing a complete
ternary tree with n — 1 internal vertices in preorder (i.e visit vertex, right-
child, middle-child, left-child in this order) and drawing a (1,0) step for
each internal vertex and a (0, 1) step for each leaf (except the last one), we
obtain a good path ending at (n — 1,2n — 2). Thus given an Inc-tree, one
obtains a good path via the associated ternary tree.

Let ky,ky, ..., k; be a sequence of edges on the path from vertex 1 to v so
that v is reachable from 1 in ¢ steps. Mark each of these ¢ edges by an asterisk
(*). There are n — £ — 1 edges that are not marked. When obtaining a ternary
tree on n — 1 vertices mark all the vertices that are associated with marked
edges in the Inc-tree. We traverse the resultant complete ternary tree in
preorder to obtain a lattice path from (0, —3¢) to (n — ¢ —1,2n — 20 — 2),
drawing a (1,0) step for each unmarked internal vertex and a (0, 1) step for
each marked internal vertex and each leaf (except the last one).

Consider a complete ternary tree in which the first marked vertex is at
distance k > 0 from the root and all the marked vertices are on a path con-
sisting only of middle-edges such that all the children of these marked ver-
tices are leaves. All the children of the unmarked internal vertices from the
root to the first marked vertex are leaves as well, except the left-child of the
root which may be a leaf or not. Such a tree is the worst possible case in
that the vertical steps of the path occur at the earliest possible time. The
lattice path associated with this ternary tree has a vertical path of length 3¢
starting at (k, —3¢ 4 2k). The remaining part of the tree to be traversed has
n — { — k — 1 internal vertices. The paths associated with this part are the
good paths from (k,2k) to (n — ¢ —1,2n — 2¢ — 2). Thus the paths do not
cross the line y = 2x.

We remark the following;:

Remark 8.1.2. In the ternary tree:
1. Either the root or a vertex u, with the property that the edge connect-

ing u to its parent is a right edge and the path from the root to u con-
sists only of right-edges, is marked.
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2. All other markings are on the subtree rooted at u,, where (u, ) is the
middle-edge coming out of u or out of the root, and the path from a
marked vertex s to u,, consists only of middle-edges and right-edges.

3. If v is marked and (v, u) is a right edge, where u is either a child or
parent of v, then u is not marked.

4. If there is a path consisting only of middle-edges from a marked vertex
u to another marked vertex w, where u is the root or a vertex connected
to its parent by a right-edge, then all the other vertices on this path are
marked as well.

We now describe the reverse procedure: Consider a lattice path from
(0,—3¢) to (n — ¢ —1,2n — 2¢ — 2) such that the path does not cross the line
y = 2x. We obtain a complete ternary tree on 3n — 2 vertices such that out
of the n — 1 internal vertices, £ are marked. The steps are outlined below:

1. We start with a vertex, which will be the root. If there is a vertical
step coming out of (0, —3¢), then mark the root with an asterisk and
all other (¢ — 1) marked vertices will be on the subtree rooted at the
middle-child of the root. Otherwise, create a right-edge to a new ver-
tex. Continue until you find a vertical step. Mark the vertex that cor-
responds to this vertical step.

2. In preorder, draw an internal vertex for any horizontal step and a leaf
for any vertical step until you get to the marked vertex.

3. If the next step is vertical, then draw a middle-edge coming out of the
marked vertex to a new vertex. Mark this new vertex as well. Other-
wise, do as in step 2. There is no marked vertex on the path consist-
ing only of middle-edges and starting at the marked vertex. The next
marked vertex is connected to its parent by a right-edge.

4. Repeat step 3 until you obtain a complete ternary tree with ¢ marked
internal vertices.

]

As an example, consider the Inc-tree on [6] shown in Figure 8.2. To ob-
tain the good path that corresponds to vertex 4, reachable from vertex 1 in
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two steps, we mark each edge on the path from 1 to 4 with an asterisk (x).
The associated ternary tree has 5 vertices and its corresponding complete
ternary tree has 16 vertices as shown in Figure 8.3.

Figure 8.2: Lnc-tree on 6 vertices.

Goo o6
Figure 8.3: Ternary tree on 5 vertices with two marked vertices and its associated
complete ternary tree with two marked vertices.

By the process described above, we obtain a lattice path that starts at
(0,—6) and ends at (3,6) and does not cross the line y = 2x. This path is
shown in Figure 8.4.

By setting / = 1 in Equation (8.1.1) we obtain:

Corollary 8.1.3. There are a total of

2 (3” - 3) (8.1.2)

n\n-—2

children of vertex 1 in all Inc-trees on [n].
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y A
y=2x
(3,6)
X
el

Figure 8.4: Good path

1 3n—13
n—1\n-2

Inc-trees of order n, by Equation (8.1.2) the average number of children of

()

By taking n — oo, it follows that in an average Inc-tree there are approxi-

Since there are

vertex 1 is given by

mately two children of vertex 1.

Corollary 8.1.4. The number of vertices that are reachable from vertex 1 in Inc-
trees of order n is equal to

2(3:__1> 2(3”_ ) (8.1.3)

Proof. The result follows by summing over all £ in Equation (8.1.1). O

Corollary 8.1.5. The average number of vertices that are reachable from vertex 1
in Inc-trees of order n is

2n 1) [2—@__13)_ £ (" >]
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Proof. We obtain the desired formula by dividing Equation (8.1.3) by the
total number of Inc-trees of order n, which is

1 3n—3
2n—1\n—-1)"

]

Proposition 8.1.6. The number of Inc-trees on n vertices such that vertex j is
reachable in j — i steps from vertex i is given by

j—i+1 <3n—2j+2i—3)

— 8.1.4
2n—j+i—1\ n—j+i—1 ( )

Proof. The generating function for the number of noncrossing trees satisfies

1

N = TN

where x is marking the number of non-root vertices in the tree.

Consider an Inc-tree in which there is an oriented path of length ¢ start-
ing at i and ending at j such that / = j —i. We have a decomposition of
the noncrossing tree into noncrossing trees rooted at the £ + 1 vertices of the
path. See Figure 8.5 below.

¢ 4+ 1 Inc-trees

Figure 8.5: Decomposition of Inc-tree.

Therefore the generating function for the number of these trees is

xé—i—l

(1 _ xN(x)2)£+l ’

(xN(x)) 1 =

Set F(x) = y/x - N(x) so that
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Now, by the Lagrange Inversion Formula [58, Theorem 5.4.2], the number
of trees on n vertices such that vertex j is reachable from vertexiin { = j —i
steps is therefore given as

[xn]x€+1N(x)€+1 _ [xn—é—l]N(x)f—&-l _ [xn—g—%]F(x)g+1

{+1 e e
2n_£_1[t2 —20— 2]( ) (2n—£-1)

(+1
zn_€_1t2 20— 2}2( )(_t2)k

k>0

g‘i‘]. Zn 20—2 2n — é 2+k 2k
2n—€—1t ]k/;;) !

{+1 3n—2¢0—-3
2n—€—1 n—4~—1

We obtain the required formula by setting £ = j — i. O

Corollary 8.1.7. The number of Inc-trees of order n in which there is an oriented
path of length n — i from i to n is given by

n—i+1/mn+2i—3
n+i—1 i—1 '

Proof. The result follows from Equation (8.1.4) by setting j = n. O

The sequence in Corollary 8.1.7 appears as A069269 in the OEIS [55].

8.2 Trees with exact number of reachable vertices

The number of Inc-trees on 7 vertices in which all the vertices are reachable
from vertex 1 is given by the (n — 1) Catalan number,

1/2n-2
n\n—-1)"
These trees are called noncrossing increasing trees [2].

Corollary 8.2.1. The number of noncrossing increasing trees on n vertices with an
outdegree sequence (1™2"2 ... ) is given by

(n—1)!
mo!mqlmy! - - -

where mg =n —my —my — - - -.


http://oeis.org/A069269
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Proof. Since the indegree sequence in all noncrossing increasing trees on n
vertices is (1" 1) (and all trees with this indegree sequence are increasing),
the result follows immediately from Equation (7.3.2). O

In the next theorem, we prove a result that generalizes the formula for
the number of noncrossing increasing trees.

Theorem 8.2.2. The number of Inc-trees on n vertices such that exactly k > 2
vertices are reachable from vertex 1 is given by

1 3n —2k—2\ [2k -2
2n—k—1 n—k k '

Proof. We delete vertex 1 and all the edges that are on a path from vertex 1
to a vertex which is reachable from vertex 1. We obtain a forest of Inc-trees
rooted at the k — 1 vertices (other than vertex 1) that were reachable from
vertex 1. We relabel the vertices such that the vertex with the smallest label
takes label 1, second smallest label takes label 2, and so on. By setting i = 1
in Proposition 8.1.6, we obtain that the number of these forests (on n — 1

k—1 3n —2k—2
2n —k—1 n—k '

Since the number of noncrossing increasing trees on k vertices is

1/2k—2\ 1 (2k-2
k\k—1) k—1\ k )

the total number of Inc-trees on n vertices such that exactly k vertices are

vertices) is given by

reachable from vertex 1 is

k—1 3n—2k—2 . 1 2k —2
2n—k—1 n—k k—1 k

where k > 2. O
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