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Preface

This thesis, entitled ”An Enumerative and Probabilistic Study of Various Phylogenetic Network
Classes”, is dedicated to advancing the mathematical understanding of phylogenetic networks. Phy-
logenetic networks are graphical models used in biology to represent complex evolutionary relation-
ships among species or genes. Unlike traditional phylogenetic trees, networks are able to capture
events such as hybridization, horizontal gene transfer, genome fusion, and recombination, making
them useful in studying organisms like viruses, bacteria, and plants where such processes occur. This
work abstracts these types of problems into the realm of graph theory.

The study primarily focuses on four main classes of phylogenetic networks: Tree-child (TC)
networks, Galled (GN) networks, Reticulation-visible (RV) networks, and Galled Tree-child (GTC)
networks, along with a generalization of tree-child networks to the d-combining case.

The methodologies employed rely on fundamental concepts from Graph Theory, the crucial graph-
theoretic tool for enumeration, the Component Graph Method (CGM), and several Asymptotic Meth-
ods, including Generating Functions, Singularity Analysis, the Laplace Method, and the Lagrange
Inversion Formula.

The research provides in-depth analyses across several key topics: determining sharp bounds for
the maximal number of reticulations, deriving closed-form expressions for networks with a small
number of reticulations k, counting maximally reticulated networks, conducting asymptotic counting
for fixed k and for the total number of networks, and investigating probabilistic properties of these
structures, such as the limit distribution of the number of reticulation nodes and the analysis of the
Sackin Index. These results enhance the enumerative and probabilistic understanding of phylogenetic

network classes.
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Chapter 1

Introduction

1.1 Graph Theory

This section establishes the foundational concepts and structural tools needed for the combina-
torial analysis carried out in later chapters. We begin in Section 1.1.1 with the formal definition of
the main object of study, phylogenetic networks, together with their basic components such as nodes,
edges, and paths, and the related properties that will be used throughout the thesis. In Section 1.1.2,
we introduce the particular classes of networks that form the focus of this work. We also review
several related network families and describe the inclusion relationships among them, providing a
structural map that situates our objects within the broader landscape of phylogenetic network models.
Next, in Section 1.1.3, we present the central graph-theoretic tool used in the enumeration aspects
of this thesis: the component-graph method. We explain its general principles and then discuss in
detail how this method applies specifically to the network classes considered here. Finally, we turn
to dup-trees, which are combinatorially equivalent to one-component galled networks and they arise
naturally in many counting problems. Although their definition is simple, the corresponding counting
question is significantly more complicated. Further refinements of dup-trees, such as trip-trees, are

discussed in the Appendix A.

1.1.1 Basic Knowledge

Phylogenetic networks are graphical models used in biology to represent complex evolutionary re-
lationships among species or genes. Unlike traditional phylogenetic trees, which depict only branch-
ing evolutionary paths, phylogenetic networks can capture events such as hybridization, horizontal
gene transfer, genome fusion, and recombination. Thus, networks provide a more accurate represen-

tation of evolutionary history by allowing for reticulate patterns of inheritance. They are especially
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useful in studying organisms where such complex evolutionary processes occur, such as viruses, bac-
teria, and plants.
Abstracting these types of problems into mathematics falls within the realm of graph theory. Be-

low, we define a phylogenetic network.

Definition 1.1.1. A (binary) phylogenetic network N with n leaves is a rooted, simple, directed

acyclic graph (DAG) which is composed of 4 types of nodes:

Number of Number of
Type
in-coming edges | out-going edges
root 0 1
leaves 1 0
tree nodes 1 2
reticulation nodes 2 1
where N contains one unique root and n leaves which are bijectively by {1,2,...,n}.

f LY A

Figure 1.1: From left to right: root, leaf, reticulation node, and tree node.

Remark 1 (Potential ambiguities).

1. A phylogenetic network is planted if the out-degree of the root is one. In some articles, the
root has out-degree two. In this thesis, we assume by default that phylogenetic networks
are planted. Nevertheless, as there exists a (trivial) bijection between the two types of

graphs, they can be interchanged freely.

2. A single labeled node can be regarded as an exceptional but valid network depending on

the context.

Networks without any reticulation nodes are called phylogenetic trees.

Definition 1.1.2. A phylogenetic tree is a phylogenetic network without reticulation nodes.

A simple relationship between numbers of nodes is proved by counting the total in-degrees and

out-degrees.
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Proposition 1 (Fundamental equality). For a phylogenetic network with n leaves, £ reticula-

tions, and ¢ tree nodes, the relation between n, k£ and ¢ is
n+k=t+1. (1.1)
Thus, the total number of nodes is

n+k+t+1=2n+k)=2(t+1).

For convenience of discussion, we provide the definitions of commonly used objects.

We start with two basic concepts:

Definition 1.1.3 (Edge and Path). Let e = (u, v) be a pair of nodes and P = vyvs...v, be a
sequence of nodes in a DAG G = (V, E). We say ...
1. eis an edge if (u,v) belongs to E.
2. Pisa(directed) path if the (v;,v;41)’s are edges in E.
Next, we gives definitions of special types of nodes, edges, and paths, and other objects/relations./
Definition 1.1.4 (Nodes). Let u and v be two nodes in a DAG G. We say/denote . ..
1. vis unary if v has exactly one in-coming edge and one out-going edge.
2. v is external if v has no out-going edges.
3. v is internal if v has at least one out-going edge.
4. v is visible if there’s a leaf ¢ such that every path from p to ¢ contains v.
5. v is stable if v is visible.
6. v is an inner reticulation if it is a reticulation and is not followed by a leaf.
7. v is an outer reticulation if it is a reticulation and is followed by a leaf.
8. v and u are siblings if they have a common parent.
9. vis free if it is a tree node and both its children are not reticulations.
10. w can reach v, u <¢g v, if there is a path in G from u to v and u # v.
11. v Sy v ifu=voru-<ywv.
12. deg;,(v) counts the number of in-coming edges of v.
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13. deg,,(v) counts the number of out-going edges of v.

14. deg(v) counts the number of edges incident to v.

Definition 1.1.5 (Edges). Let e = (u,v) be an edge in a network N. We say ...
1. eis a tree-edge if v is a tree node.

2. e s a reticulation-edge if v is a reticulation node.

3. eis aleaf-edge if v 1s of a leaf.

4. eis a shortcut if there is another path from wu to v.

5. eis free if it is an out-going edge of a free tree node.

6. eisa bridge if the deletion of e disconnect V.

7. A reticulation-edge e is valid if the sub-network N’ obtained by deleting e from N

and then appling the following 3 operations until none is applicable,

* delete an unlabeled vertex of out-degree zero;
* suppress an unary node;

* replace a pair of parallel edges by a single edge.

results in a network with exactly two nodes and three edges fewer than /V.

Definition 1.1.6 (Paths). Let p = vyvs ... v, and ¢ = ujus . . . u,, be two paths.

1. pis atree-path if each edge v;v;; 1s a tree-edge or leaf-edge.

2. p and q are internally disjoint ifv,#ujforl <i<nandl <j<m.

3. v has a tree-path to a leaf  if there’s a tree-path p with v; = v and v, is a leaf.

4. A tree cycle is a pair of internally disjoint paths p and ¢ from a common tree

node to a common reticulation with all remaining nodes being tree nodes.

Definition 1.1.7 (Others). Let v be a node, and p = vyv, ... v, be a path in a network N =
(V, E).

1. A cherry is the induced subgraph of /V on two leaves and their common parent.

2. A twin-cherry is acherry but the two leaves have repeated labels.
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3. A reticulated-cherry is aninduced subgraph of /V on two leaves and their parents p;, po

such that p; is a parent of py and p- is a reticulation in V.
4. A dup-tree is a multi-labeled phylogenetic tree with each label used at most twice.
5. A trip-tree is a multi-labeled phy. trees with each label used once or three times.

6. A phylogenetic tree is twin-cherry-free if is contains no twin-cherry.

7. A bridgeless component is a maximal induced subgraph of N without bridges.
8. A cluster cy(v) of v is the vertex set {/ is aleafin N : v <¢ /}.
9. A leaf numbering function f is a bijection from the leaves set to [n].

10. A characteristic vector C'¢[v] for v under f is a bit vector of length n where the

i-th bit equals 1 if and only if the cluster cx(v) contains f~(4).
11. An interval is a maximal consecutive sequence of ones in a bit vector.

12. The spread Iy of f is defined as max,cy I;(v), where I(v) denotes the num-

ber of intervals in C'¢[v].

13. The minimum spread of N is the minimum value of /; over all leaf numbering func-

tions f.

Remark 2 (Potential ambiguities).

1. The root node is generally considered an internal node, unless it is the only node in the

graph.

2. In many articles, the definition of tree-edge includes leaf-edge. In this thesis, they are

different. We speak of non-reticulation-edge instead.

Many subsequent results simplify when using the notation of double factorials.

Definition 1.1.8.

ln/2]—-1
=[] (n—2k), (1.2)
k=0
That is,
2n)!l=2n)-2n—2)-(2n—4)---2=2"nl,
and
B _(@n+1)!  (2n+2)!
Cn+Dl=2n+1)-2n—-1)-2n—-3)---1= ol T (1)

10
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1.1.2 Classes of Networks

We introduce the four classes of phylogenetic networks that we mainly consider in this thesis
and show the inclusion relation between them. From a biological perspective, reticulation events are
often uncommon in evolutionary history. Consequently, many definitions of classes of phylogenetic

networks are formulated with the aim of reducing the number of reticulation vertices.

Definition 1.1.9. A phylogenetic network is ...
1. tree-child if each internal vertex has at least one non-reticulation child.
2. galled if each reticulation vertex is in a tree cycle.

3. galled tree-child  1if it is both galled and tree-child.

4. reticulation-visible if each reticulation vertex is visible.

For short, we call them main classes of phylogenetic networks. The four small networks shown

in Figure 1.2 provide a representative overview of the defining features of each class.

]

2 1 1 1 1 2

€GN\ TC € TC\ GN € gTC e RV\ (TC U GN)

Figure 1.2: Left 1: A galled network which is not tree-child; Left 2: A tree-child network which is
not galled; Right 2: A galled tree-child network; Right 1: A reticulation-visible network which is

neither galled nor tree-child.

We directly observe the subset relationships between them.

Proposition 2. We have,

GTC CTC,GN and TC,GN C RV.

Proof. The first two relations are trivial by definition.
Let N be a tree-child network of size n. Let r be a reticulation in /N. By the tree-child property,

we recursively obtain a tree-path P to a leaf /, say P = rtit,...t,,(, where the t;’s are tree nodes.

11
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If there is no intermediate tree node in P, then r is directly followed by the leaf ¢, thus r is visible.
Assume P contains at least one tree node. Now suppose there is a path P’ from the root to the leaf ¢
without containing r. Then P’ must go to ¢ via a vertex ¢; in P which leads to a contradiction since
t; is a tree node. Hence, 7C C RV.

Next, we prove GN' C RV. Let r be a reticulation node in a galled network N. Denote by S the
set of all nodes reachable from r. Because N is acyclic, this set .S must contain at least one leaf /.
Next, suppose, for a contradiction, that there exists a path P from the root to ¢ that does not go through
r. Then P must enter S through a reticulation r* € S without passing through . However, this means
that 7’ has no tree-cycle since one of the path back in direction of the root must pass through r and

this violates the galled property. Thus, r is visible. N
See the Venn diagram in Figure 1.3 for a visualization of the set inclusions from Proposition 2.

RV

Figure 1.3: The simple Venn diagram for the four main classes

Abbreviations. The symbols, notations, and abbreviations used throughout the thesis are defined as
follows. The calligraphic capitals X" denote families of objects; &, (resp. &, ;) denotes those with n
leaves (resp. n leaves and k reticulations). The upright roman letters X denote the cardinality of such
objects if it is finite. Table 1.1 shows the class names, abbreviations (mostly two capital letters), set
notations, and cardinality notations. For a class of networks &, the total number of networks denoted

by X,, satisfies
X =Y Xpp
k

An important type of network for the next sections is a one-component network which has all

reticulations at the fringe, making the network more tree-like.

P

Definition 1.1.10 (One-component network). A phylogenetic network is called a

one-component network if every reticulation node has a leaf as its child.

For a class of networks X, we use OX for its one-component version and OX,,, OX,, ; for the

cardinalities of OX,,, OX,, 1, respectively.

12
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Abbr. Class Name Set Card.
PN Phylogenetic network PN, PN,k PN, x
TC Tree-child TC,TC,, TCp TC,, TC,
GN Galled GN,GN ., GN & GN,,, GN,,

RV | Reticulation-visible | RV,RV,,RVni | RVnRVos
GTC Galled Tree-child | G7C,GT7C,,GTC,x | GTC,,GTC,,

Table 1.1: The symbols, notations, and abbreviations for the main classes.

Figure 1.4: Left: A 3-combining phylogenetic network which is not a tree-child network (because
both children of the tree node x are reticulation nodes and the only child of the reticulation node y
is also a reticulation node); Middle: a 3-combining tree-child network; Right: a 3-combining one-

component tree-child network.

Next, we introduce some generalizations of phylogenetic networks.

Definition 1.1.11 (d-combining and g¢-furcating). A d-combining phylogenetic network is a
network with reticulation nodes redefined as having in-degree d. Note that each reticulation has
exactly d in-coming edges, not at most d ones.

Similarly, a g-furcating phylogenetic network is a network with tree nodes redefined as hav-
ing out-degree q.

A d-combining phylogenetic network is tree-child if each internal vertex has at least one

non-reticulation vertex in its set of children.

See Figure 1.4 for examples with d = 3.

Remark 3 (Possible differences of equivalent definitions in d-combining networks). For a class
of networks, it may have different but equivalent definitions in the binary case. They may not
hold if extending to d-combining or ¢-furcating networks, necessitating careful examination of

possible discrepancies.

13
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Other classes of networks. To make the content of the thesis self-contained, we list the definitions

of other classes of networks which will be used below.

Definition 1.1.12 (Other classes of networks). Let £ be a natural number. A phylogenetic

network NV is ...

10.

11.

12.

13.

14.

15.

. normal if it is tree-child and has no shortcut edge.

. tree-sibling if each reticulation has at least a tree node or a leaf as sibling.
. Stack-free if each reticulation has a non-reticulation node as its child.

. nearly stable if for each node v, either it or its parents is visible.

. stable-child if each node has a visible child.

. nearly tree-child  if each reticulation has at least one parent having a tree-path to a leaf.

. genetically stable if each reticulation is visible and has at least one visible parent.

. level-k if each bridgeless component of N contains at most £ reticulations,
. galled-tree if it is level-1.
regular if (1) en(u) # en(v) foru # v, Q) u Xy v < cny(u) C en(v),

and (3) it has no shortcuts.

orchard or cherry-picking if there is a sequence of cherry reductions that reduces it into

a single node, where a cherry reduction includes two kinds of operations on a network:

(1) Given a cherry, delete one of its leaves and suppress the resulting unary node;

(2) Given a reticulated cherry, delete the reti.-edge and suppress unary nodes.
valid if all reticulation-edges are valid.

FU-stable if it is (1) stack-free and (2) has the property that any two distinct

tree vertices have distinct sets of children.

spread-k if its minimum spread is at most .

k-reticulated if for any tree node or the root v, there are at most £ reticulations

that can be reached from v by at least two internally disjoint paths from v.

14
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16. tree-based if there is a phylogenetic tree 7 of size n such that /N can be obtained

from 7 via the following steps:

(1) Subdivide the edges of T, i.e., attach any number of unary nodes on any edges;

(2) Add edges between pairs of unary nodes by keeping it a DAG;

(3) Suppress the remaining unary nodes.

For grammatical reasons, a hyphen is used to join two or more words into a compound adjec;
tive that modifies a noun (i.e. network). Also we give the abbreviations for these classes in Ta-
ble 1.2. These abbreviations are not necessarily widely used, however, they can provide a reference
for comparison or selection in future research. Note that Level-1 and galled-tree are equivalent. In
addition, we prefer using cherry-picking instead of “O”rchard for avoiding the ambiguity with “O”ne-

component networks.

Abbr. Class Name

Abbr. | Class Name
NN Normal

GT Galled-tree
TS Tree-sibling

RN Regular
SF Stack-free

CP Cherry-picking
NS Nearly stable

VN Valid
SC Stable-child

FU FU-stable
NTC | Nearly tree-child

Sk Spread-k
GS Genetically stable

kR k-reticulated
L1 Level-1

TB Tree-based
Lk Level-k

Table 1.2: The abbreviations for other classes.

We next give equivalent definitions for tree-child networks.

Proposition 3 (Equivalent definitions for tree-child networks). Let N be a phylogenetic net-

work. The following statements are equivalent:
1. N is tree-child (i.e. each internal node has at least one non-reticulation child);
2. Every node has a tree-path to a leaf;
3. N is stack-free and no reticulations share a common parent;

4. Each node is visible.

15
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Proof. (1. — 2.) We construct the required tree-path for any node step-by-step by choosing a child
which is a tree node or leave due to the hypothesis.

(2. — 3.) The existence of the tree-paths from the reticulations lead to the stack-free property and
the existence of the tree-paths from the tree nodes give the second property.

(3. — 1.) Let v be an internal node in a stack-free network with no reticulations sharing a common
parent. If v is a reticulation node, then by the stack-free property, its child must be a tree node or leaf;
if v is a tree node, then it has at least one tree node or leaf as child, otherwise, the second property is
violated; finally, it is clear that the child of the root cannot be a reticulation.

(1. — 4.) According to the Proposition 2, it suffices to show that every tree node is visible. Let
t; be a tree node in a tree-child network and P = t1t5t3...%,_1¢ be a corresponding tree-path to a
leaf ¢ where the ¢,’s are tree nodes. Suppose, by contradiction, there’s a path P’ (from the root) to ¢
without passing through ¢;. Then P’ meets P at some node ¢;. This leads to a contradiction since ¢
is a tree node and its in-coming edge cannot belongs to P and P’ at the same time. Hence, every path
to ¢ contains t.

(4. — 3.) Let N be a network satisfying the condition 4. Suppose, by contradiction, that there is
a reticulation 7, followed by another reticulation r5. By the hypothesis, there is a leaf ¢ = ¢(r1) such
that every path P to ¢ contains 1. P must pass 7 through the reticulation-edge ;7. Choose a path
() to ro passing through the other reticulation-edge of r». Then () does not contains 7, otherwise, the
network is cyclic. Now, we attach the sub-path of P from 7 to ¢ directly below (). The resulting path
is a path to ¢ that does not contain 1, which leads to a contradiction. Therefore, V is stack-free.

On the other hand, suppose, by contradiction, that there is a tree node ¢ followed by two retic-
ulations r; and ry. Let £ = £(t) be a leaf, by the hypothesis, such that every path to ¢ contains ¢. Let
P be a path to ¢ containing ¢. P passes through either ¢r; or tr, and we assume it passes ¢r;. Choose
a path () to r; passing through the other reticulation-edge of ;. If () does not pass through ¢rs, then
the path composed of () and the sub-path of P from r; to ¢ leads to a contradiction; if () does pass
through ¢r5, then choose a path R to r, passing though the other reticulation-edge of 5. Concatenate
R, the sub-path of () from 75 to r1, and the sub-path of P from r; to ¢. The resulting path also leads

to a contradiction. Consequently, the second property holds. W

We also call the second statement in Proposition 3 the tree-path property.

Subset-relation graph. Figure 1.5 in [33] shows the subset-relationship between all the above
classes of phylogenetic networks. Consider the classes as points and the subset-relation as partial

order, we may read the graph as the Hasse diagram of a poset (partially ordered set). The smallest

16



Chapter 1. Introduction

element is the set of phylogenetic trees at the bottom and the largest element is the set of general

phylogenetic networks at the top.

Phylogenetic
Networks

Orchard
(Cherry-picking)

Stable-child

Tree-based

Stack-free

Reticulation-
visible

[ FU-stable

[ alid ]
Nearly Stable

Phylogenetic
Trees

Figure 1.5: The subset-relationship among classes of phylogenetic networks.

Venn diagram for some classes. Apart from
the simple Venn diagram for the main classes in
Figure 1.3, Steel provided a Venn diagram for
describing the relationships between more net-

works in 2016; see Figure 1.6 and [39].

Tree-sibling

Tree-child Galled

;

17

Spread-k

k-reticulated

Genetically

Stable
Nearly Level-k
Tree-child

Level-1

Galled Tree-child (Galled-Tree)

Figure 1.6: A Venn diagram for some classes

/

\
Tree- ch11d \

e

/ Reticulation- v1s1ble;i /
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1.1.3 The Component Graph Method (CGM)

The component graph method (CGM) was introduced by Zhang in 2017. It was used by him
and his co-authors to solve algorithmic problems for phylogenetic networks; see [28, 30, 9, 29]. For
example, it was used to solve the algorithmic counting problem for tree-child networks in [12], galled
networks in [24, 11], and reticulation-visible networks in [11].

The component graph method consists of the two following processes. First, the compression
process is a de-information process, it maps the phylogenetic networks into simpler or smaller objects

by loosing some information. The resulting graphs are called component graphs. And second, the

de-compression process is a re-information process, it generates a bunch of phylogenetic networks

from a component graph by plugging so-called components into its vertices and also requiring some
appropriate combinatorial adjustments. Eventually, the component graph method gives not only an

exact counting formulae, but also the construction process.

Definition 1.1.13 (A formal component method). Let X" collect the phylogenetic networks we
intend to count and N be a phylogenetic network in X'. Let r; be a reticulation node in [V,
ro be the root p and C be a function defined on X. Define the components of N and the

component graph of N as follows.

1. A component {c;} of N is a maximal connected subgraph of N, rooted at r;, after doing
a series of combinatorial steps, such as removing nodes, deleting/cutting edges, doing

bijection or else. They are normally disjoint;
2. The component graph C(N) of N is a DAG (V, E') where

V = {c;}

is the set of components of N and F collects edges retaining sufficient information to

reconstruct V.

We say a function C' defined on X is a component method on X if:

1. The image graphs C'(X') are constructable;
2. The collection C~!(C'(X)) is a partition of X’;

3. Foreach Y € C(X), the cardinality of C~!(Y") is determined.

Consequently, a component method gives the formulae,

X= > |y

YeC(x)
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Chapter 1. Introduction

The method still varies due to the flexibility of defining the components and the component graph,
which involves various minor adjustments depending on the different classes of phylogenetic net-
works.

We illustrate the differences in the component method by applying it to galled networks and tree-

child networks. Here are some operations in graph theory we use in this paragraph.

* Delete a vertex: remove it and its adjacent edges;

* Suppress an unary node u: say the adjacent edges are v — u — w. Delete u and add a new

edge v — w;

* De-stem a reticulation node r;: say the reticulation edges are u;; — r; and u;2 — r;. Remove
(not delete) them, add two leaves n;; and n ;o temporarily labeled by r; and two edges uj; —

151 and Ujo — Nj2.

We call the original labels essential labels, as opposed to the temporary ones. Accordingly, leaves

with essential and temporary labels are referred to as essential and temporary leaves, respectively.

1.1.3.1 d-combining tree-child networks

We define the component graph method on d-combining phylogenetic networks by extending the
definition for bi-combing phylogenetic networks. The idea comes from Zhang’s work in [9] on (bi-
combing) tree-child networks. Fortunately, we can directly apply the component graph method of

bi-combining case without any adjustments to d-combining tree-child networks.

Example 1.1.1 (Component graph method for d-combining tree-child networks). For a tree-

child network NV, the component graph C(NN) of N is obtained by the following steps:

1. Delete all reticulation edges and suppress all unary nodes.

The resulting graph is a forest consisting of £ + 1 (directed) trees (called tree-
components) which are either rooted at the network root or at a reticulation node; see

Figure 1.8, left and middle for d = 2 and Figure 1.7, left for d = 3;

2. Create vertices c; labeled by j for the tree-component which contains the j-th smallest

leaf-label. This defines the vertex set {c;} of C(N);

The set of leaf-labels of each tree-component partitions {1, ..., n}. The blocks of this

partition can be indexed by the rank of the smallest element of the block; these indices

are then given as label to the corresponding nodes of the component graph
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Section 1.1. Graph Theory

3. Add m edges from c; to ¢; if there are m reticulation edges of r; originating from ¢; in IV

form =1,2,...,d. This defines the edge set of C(N).

Figure 1.7: Left: The 3-combining network (with two reticulation nodes) from Figure 1.4, (a). The
three tree-components when incoming edges of the reticulation nodes are removed are encircled in

red, blue, and yellow. Right: The corresponding component graph.

4 128 7

(O m—

Figure 1.8: Left: A tree-child network with 13 leaves and 5 reticulation vertices having the compo-
nents highlighted. Middle: The tree-components of the network. Right: The component graph of the

network.

After performing the above combination steps on all d-combining tree-child networks, we obtain
all component graphs. We can then describe the graphical structure of the component graph more

generally.
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Chapter 1. Introduction

Definition 1.1.14 (Component graphs for d-combining tree-child networks). A component
graph for a d-combining tree-child network is a vertex-labeled DAG such that the following

properties hold:
1. Every non-root node has in-degree d;

2. The root has 0 in-degree;

3. Multi-edges between two nodes are allowed.

We denote by K'Y the set of component graphs with m nodes and by leff?S the set of component

graphs with m nodes of which s are leaves. Set K\ = |IC,(ff)| and K\, = |IC,(§f?5|. Then,

since the number of leaves of a component graph is at least 1 and at most m — 1. (For the star-
component graph; see Figure 2.10).
This, together with the following recursive formula for Kﬁg?s, makes it possible to compute KD,

(See [9, Theorem 15] for the bi-combining case.)

Theorem 1 (Counting the component graphs of d-combining tree-child networks). For m > 2,
m—s—1 -
K= 2. ( )ﬁ<d><m, s DKL, (1<s<m-—1),
t=1
with initial K{* = 1 and

SO 5.1) — i(_w (2) <(m —s —g) +d— 1)8.

n=0

Proof. The recurrence can be obtained by the following way of constructing all component graphs in

Kﬁ,ﬁl,)s from those in K£'% _,:

m—s,t*

(i) Choose t with 1 <t <m — s — 1 and a graph GG in K9

m—s,t?

(ii)) Add s new nodes, labelled by {1’,---  s'}, to G such that (a) these nodes become the new
leaves and (b) all old leaves have at least one out-going edge (i.e., all of them become internal
nodes). By the inclusion—exclusion principle, there are

@ _ ot m—s—n—l—d—l)s
s = 3 () ("
ways of choosing the d incoming edges for the new leaves; here, the counting is done such that

n of the old leaves are not used as parents of the new leaves;
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Section 1.1. Graph Theory

(iii) Choose s leaves from the set of labels {1, ..., m} and use them to re-label the new leaves; use

the remaining labels to re-label the remaining nodes in an order-consistent way. W

For d = 2, the result is the same as [9, Theorem 15].

On the other hand, the components of d-combining tree-child networks can be defined as well.

Definition 1.1.15 (Components for d-combining tree-child networks). A component for a d-

combining tree-child network is a tree-component, which is simply a phylogenetic tree.

J

The following exact formulae for d-combining cases was first derived by Cardona and Zhang in

2020, who discussed bi-combining case, with some ambiguities fixed.

Theorem 2 ([9]). Let [ | be the set of partitions of [n] into & + 1 blocks { B;}:"" such that

n,k—+1

(min B;), is increasing. Then

k+1

@ 1 (265 g — 2))
O ==Y > H - ,ﬁm (1.3)
J

L
{B }f+1 Gnn k+1 GEK(d) '7 s z 1 ]

where b; = |B;| for 1 < j < k + 1, g;, is the number of edges in G which are directed from

node j tonode ¢, and g; = ), g; ¢ is the out-degree of node j for 1 < j < k+ 1.

Proof. By the description preceding the theorem, the formula is explained as follows:
(i) G is the chosen graph in le 11 and {B; }k:+ is the chosen partitionin [, , . ;.

(i) The number of possible phylogenetic trees assigned to the nodes of G is:

k+1 k+1
(2b; — 2)!
(2b; — 3! = —_— (1.4)
L =om =115

where we assume that b; is the size of the block belonging to node j in G.

(iii)) The number of ways of adding nodes to the phylogenetic tree of node j is:

(iv) Connecting the nodes which have been added to the phylogenetic tree of node j to the root of
the phylogenetic tree of node ¢ gives every tree-child networks (g;,)! times. Thus, the number
of tree-child networks arising from a fixed choice of G, { B; }kfl and a set of phylogenetic trees

(whose number of leaves equals to b; for 1 < j < k + 1) is:

(1.5)

k+1

(26, — 1)+ (2b; — 1+g; — 1)
1:[ = 1(93()
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Chapter 1. Introduction

(v) Finally, multiplying (1.4) and (1.5) gives

k+1 k+1

(2~ (2~ 1) (@b, —14g—1) 1 (20, + g; — 2)!
555, ) =y U G
1 k+1

H (2b; + g; — 2)!

= on—k— k
2t 1j:1 (b — )‘H£+11(g]€)

which is the claimed factor (in front of and inside) of the double sum in (1.3). W

1.1.3.2 Galled networks

In this subsection, we discuss the component graph method for galled networks. The components

and the component graph are very different from the ones of d-combining tree-child networks.

Example 1.1.2. For a galled network N, the component graph C'(IV) of N is obtained by the

following steps:
1. De-stem each reticulation node which gives the components c; of N;

2. For each component c; with essential leaves ¢, create a node v;, map c; into v;, duplicate

¢;, and connect them to v;;
3. Add a black-arrowed edge from v; to v; if both reticulation edges of c¢; come from ¢; in
N; see the middle graph in Figure 1.9;

An edge without attaching a black arrow from v; to v; means that there is only one of
the reticulation edges of c¢; coming from ¢;. Due to the galled property, the reticulation

edges of ¢; cannot originate from different ¢;’s, hence such a situation will not happen.

4. Suppress unary nodes v; by retaining the black arrow and the leaf label.

Denote by C'(N) the component graph of C'(N) with all arrows on edges removed. We observe

that C‘(N ) is a (not necessarily binary) phylogenetic tree.

Theorem 3 ([30]). Let N be a phylogenetic network. Then if N is galled then C(N) is a
(not necessarily binary) phylogenetic tree. Conversely, all trees occur as C' (N) for some galled

network V.

See Figure 1.9 for a galled network and its component graph. Note that in the transitionary graph,
an unary node happens only when a reticulation is directly followed by a leaf. This explains why Step
4 in Example 1.1.2 is necessary and why the component graph is a general phylogenetic tree.

The following definitions directly illustrate the component graphs and components.
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Section 1.1. Graph Theory

38

Figure 1.9: Left: A galled network with 12 leaves and 9 reticulation vertices having the components
highlighted with red background. Middle: The transitionary graph having the specific substructures
highlighted with blue background. Right: The component graph of the network. Note that it is a (not

necessarily binary) phylogenetic tree with some black arrows on its edges.

Definition 1.1.16 (Component graphs for galled networks). A component graph for a galled

network is a phylogenetic tree such that the following properties hold:
1. Each non-leaf-edge must have a black arrow on it;

2. Each leaf-edge may or may not have a black arrow on it.

We denote the set of such phylogenetic trees by 7 and 7,, for ones of size n.

Definition 1.1.17 (Components for galled networks). Let /V be a galled network. A component

c of N is an one-component galled network.

J

One may notice that the components in Example 1.1.2 and one-component galled networks are

not equal mathematical objects, but they are bijectively equivalent.

Remark 4. The components in Example 1.1.2 are bijectively equivalent to one-component

galled networks.

Proof. Let c be a component in Example 1.1.2 with n essential leaves and £ pairs of temporary leaves

(n + 2k leaves in total). For each pair of temporary leaves ¢, and ¢, with label x, delete them, connect
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Chapter 1. Introduction

their parents to a new node which is followed by a new leaf labeled by x. We have a one-component

galled network with n 4 k leaves and k reticulations. W

One-component galled networks were counted in [29]. Denote by OGN,, ;, the number of one-
component galled networks with n leaves and k reticulation vertices, by M,, , the number of one-
component galled networks whose leaves below the reticulation vertices are labeled by {1,. ..k},
and by M,, ;. the set which collects such networks with n leaves and k reticulations. Then, the

following result was proved in [29]. (Note that part (i) is trivial.)

Proposition 4 ([29]).
1. We have,

OGN, , = (Z) M, .

2. For2 <k <n,

Mpp = (n4k —2)Mpp 1+ (k= 1) My p s
1 k—1
v 9 Z < d )<2d — DN (Mp—gpr—1-a — Mny1-dx-1-a), (1.6)

1<d<k—1

initial values M, o = (2n — 3)!land M,,; = (n — 1)(2n — 3)!l.

The proof of 2. will be shown later in Section 1.1.4.
By performing the above combinatorial steps in reverse in Example 1.1.2, we get an exact formula

for counting galled networks with n leaves.

Theorem 4 ([29]). We have,

degys(v)

d
o= IT 2 () Mt atos

where

1. The first sum runs over all (not necessarily binary) phylogenetic trees 7 of size n (see

Definition 1.1.16);
2. The product runs over all internal nodes of 7T
3. degy(v) is the number of children of v which are leaves;

4. M, , denotes the number of one-component galled networks of size n with k reticulation

vertices, where the leaves below the reticulation vertices are labeled with labels from the

set {1,...,k}.
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Section 1.1. Graph Theory

In order to better understand the decompression steps, we provide a step-by-step example in Fig-
ure 1.10. Therefore, fix the component graph of a galled network. In order to decompress it, first pick
a one-component galled network N for the root r of the component graph (the network over the first
arrow in the example), where the number of leaves, say /,., of N is the out-degree of r and the number
of reticulation vertices, say k., is the number of arrows on the outgoing edges of r. (¢, = k,, = 3 inthe
example.) Moreover, let the leaves below the reticulation vertices in N° have labels {1, ..., k, }. Next,
remove 7 from the component graph which gives a forest of 7, trees. (The subtrees rooted at B, C,
and D in the example.) The trees which have been attached by edges with arrows to r (all trees in
the example) go to the leaves below reticulation vertices in N° and the remaining trees (which consist
of just one labeled vertex) are used the relabel the remaining leaves of N° in an order consistent way
(i.e., the smallest goes to k, + 1, the second smallest to k, + 2, etc.). Moreover, for the trees which go
to the leaves below reticulation vertices, the order in which they are attached is the increasing order
of their smallest leaf label (i.e., the one with the smallest leaf label - the subtree rooted at B in the
example as the smallest label of this subtree is 1 - goes to 1, the one with the second smallest leaf
label - the subtree rooted at C'in the example as the smallest label of this subtree is 3 - goes to 2, etc.).
Then, continue with the non-leave vertices of the trees in a recursive way. This gives, by picking all
possible one-component networks in each step, all possible galled networks whose component graph

is the given component graph.
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Chapter 1. Introduction
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38 38 38 38
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5

2 512 2 512

Figure 1.10: Step-by-step decompression of the component graph from Figure 1.9; the nodes are
processed in the order indicated and the one-component networks replacing nodes are above the

arrows. Note that except for the first of these networks, the root edge has to be removed in all others.
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Section 1.1. Graph Theory

1.1.3.3 Reticulation-visible networks

We use the same combinatorial process which was used for galled networks also for reticulation-

visible networks; see Figures 1.11 for a reticulation-visible network and its component graph.

Theorem S ([30]). Let IV be a phylogenetic network. If N is reticulation-visible then C (N)
is a (not necessarily binary) tree-child network with all vertices of in-degree at most 2 and no
reticulation vertex is just followed by one tree vertex. Conversely, all such tree-child networks

occur as C (N) of a reticulation-visible network N

Figure 1.11: Left: A reticulation-visible network with 8 leaves and 8 reticulation vertices (with the
components highlighted); Right: The component graph of the network. Note that it is tree-child
network.

We next again define the component graphs and components.

Definition 1.1.18 (Component graphs for reticulation-visible networks). A component graph

of a reticulation-visible network is a general tree-child network such that:

1. Every non-root internal node has either in-degree 2 or in-degree 1 with a black arrow on

its in-coming edge(s);

2. No internal node has only one child.

Let 7£C collect all such tree-child networks.
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Chapter 1. Introduction

Definition 1.1.19 (Components for reticulation-visible networks). A component of a

reticulation-visible network is one-component reticulation-visible network.

Note that every reticulation in a one-component network must be visible by the leaf it is followed
by, hence they are one-component reticulation-visible networks. Thus, the set of one-component
networks and the set of one-component reticulation-visible networks coincides. Likewise, the set
of one-component reticulation visible networks and the set of one-component galled networks also

coincide.

Lemma 6. The set of one-component reticulation-visible networks is the same as the set of

one-component galled networks.

The following proof shows that more classes of phylogenetic networks have the property that their

sets of one-component networks equal to one-component galled networks.

Proof. Let N be an one-component phylogenetic network. Since every reticulation is directed fol-
lowed by a leaf, it is clearly contained in a tree cycle. That means /V is also galled which shows that
OPN C OGN.

On the other hand, there is a subset relation chain in Figure 1.5 from galled networks to phylo-

genetic networks:

GN CRVCSFCTBCPN

and thus the same chain also holds for the corresponding classes of one-component networks. Con-

sequently, we can concludes that
OGN =ORYV =0SF=0TB=0PN. 1

As a consequent, after doing decompression on the components graph of reticulation-visible net-

works, we have the exact counting formula.

Theorem 7. We have,

degy(v

d
pIDS (o) —

where
1. the first sum runs over all (not necessarily binary) tree-child networks TC,
2. the product runs over all internal nodes of the tree-child network, and

3. ¢1(v) is the number of children of v which are note leaves and have in-degree 1.
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We again explain the decompression process. Therefore, consider the component graph of a
reticulation-visible network (which by the above result is a particular tree-child network; also, assume
that there are arrows on the edges); see Figure 1.12 for an example. The decompressing works as for
a galled networks, with the only difference of how the children of a node are attached to the leaves
of the one-component network which replaces the node. More precisely, in which order should this
be done? (Again, the children attached with edges having arrows go to the leaves below reticulation
vertices, the others not.) Here, the tree-child property comes into play. It implies that that for every
vertex, there exists a set of leaves which can be only reached from this vertex. All children of a node
have such a set and we can order these sets (and consequently the children) according to their smallest
elements. This is then used to attach the children of a node to the leaves of the one-component network

which replaces the node.
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2 2
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( >\ 3 >\ 3 f
1 o 1
8 / \6 4 38 C\s 4/\8
! )

Figure 1.12: Step-by-step decompression of the component graph from Figure 1.11; again the nodes

are processed in the indicated order and the one-component networks are above the arrows. Here,
the root edges of the latter networks have to be removed if and only if the replaced nodes in the

component graph have indegree 1 (and thus the incoming edge has an arrow on it).
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1.1.3.4 Galled tree-child networks

For galled tree-child networks, it is now clear that the same formula holds as in Theorem 4 with the
only difference that )M, ;, has to be replaced by the corresponding number of one-component galled
tree-child networks. However, this number is the same as the number of one-component tree-child
networks.
| Definition 1.1.20 (Component graphs for galled tree-child). A component graph of a galled

tree-child network is a general phylogenetic tree such that:
1. Each non-leaf-edge must have a black arrow on it;

2. Each leaf-edge may or may not have a black arrow on it;

3. Each internal node has at least one out-going edge without a black arrow.

Note that to avoid that all component graphs appear as C'(N) of galled tree-child networks N, we
have additionally added the third statement compared to the Definition 1.1.16 for galled networks;

however, this property is not needed below; see Remark 5.

Lemma 8. Every one-component tree-child network is a one-component galled tree-child net-
work.
Proof. Let v be a reticulation vertex and consider a pair of edge-disjoint paths from a common tree
vertex to v. (Note that such a pair trivially exists.) Then, no internal vertex can be a reticulation vertex
because such a reticulation vertex would not be followed by a leaf. Thus, v is in a tree cycle which

shows that the network is indeed galled. W

Definition 1.1.21 (Components for galled tree-child networks). A component of a galled tree-

child network is one-component tree-child network.

Denote by L,, ;. the set of one-component tree-child networks of size n and k reticulation vertices,
where the labels of the leaves below the reticulation vertices are {1,...,k}, and L,, , the cardinality

of £n,k-

Theorem 9. The number of one-component tree-child networks of size n and k reticulation

vertices, where the labels of the leaves below the reticulation vertices are {1,...,k} for 0 <
k < n —1is given by
2n — 2)!
v p—k—1)!

In later chapters, we will extend L,, ;, to d-combining ones.

Then, we have the following analogous result to Theorem 4.
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Theorem 10. We have,

GTC, =)
=

where notation is as in Theorem 4 and L,, ;, was defined above.

& e ()
HZ( j )Lcw»cw)-qf@m, (1.7)
=0 \ J

v

Remark 5. The third statement in Definition 1.1.20 can be ignored because for an internal node

v with all out-going edges having arrows, there is no corresponding one-component tree-child

networks since Lyeg,, v deg,, v =

Remark 6. Using the above result, one can obtain the following table for small values of n:

n GTC,,

1 1

2 3

3 48

4 1,611

5 87,660

6 6,891,615

7 734,112,540

8 101,717,195,895
9 17,813,516,259,420
10 | 3,857,230,509,496,875

Table 1.3: The values of GTC,, for 1 <n < 10.
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1.1.4 Dup-trees

In this subsection, we discuss the counting of one-component galled networks. An important and
related counting problem introduced in [29] is to count twin-cherry-free dup-trees with multi-labels
[n] W [i] for 1 < ¢ < n, where twin-cherry-free means that the dup-tree has no cherry whose leaves
have identical labels. According to Remark 4, counting one-component galled networks is equivalent
to counting the components of galled networks, which are exactly the twin-cherry-free dup-trees.

The counting of dup-trees will be done by unrooting them and then exploring a multi-to-multi rela-
tion. The method can be generalized to count trip-trees which directly correspond to one-component
3-combining networks; see Appendix A.

The following proposition is to count the number of un-rooted dup-trees labeled by [n] W [i + 1];

the corresponding result for rooted dup-trees will follow from it; see part (ii) of Proposition 4.

Proposition 5 ([29]).

UDn,i—H = (’I’L -+ 17— 2) UD»,M + 1 UDn i—1+

= Z ( ) (2d — 1)!! (UDy—q—a — UDp_gp1,iq), (1.8)
l<d<z

for 0 < i < n with initials UD,, g = (2n — 5)!L.

Counting dup-trees. We need the following sets:
T. UT,) collects the (un-rooted) phylogenetic trees with n leaves;
2. D,.; UD,,;) collects the (un-rooted) dup-trees with labels [n] & [¢] which are twin-cherry-free;
3. Z/ID( collects the un-rooted dup-trees with labels [n] W [i] with exactly one twin-cherry,

for 0 < ¢ < n where W is the disjoint union. When ¢ = 0, there are no duplicated labels. Thus,
Dn,o=T, and UD,,=UT,.
Moreover, by rooting at a leaf labeled by n + 1, we obtain
T,=UT,;1=02n—-3)!! and D,; = UD,1,.

Our main idea is to construct the set UD,, ;4 by attaching a leaf labeled by ¢ + 1 to the edges
of an un-rooted dup-tree in UD,, ;, for 0 < ¢ < n — 1. More precisely, we will perform the following

steps:
1. Compress the dup-trees in UD,, ;1. (Define b-edge and red dot.)
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2. Classify them into a partition {O,, ; }.

3. Remove a red dot from O,, ; (call Py(nk’ )j) and then add a red dot.
4. Establish the formula between UD,, ; and UD,, ;1.

5. Compute the remaining terms.

First, compress the dup-trees in UD,, ;11 as follows. Let T" be a dup-tree in UD,, ;;. Condense
the leaves ¢ labeled by 7 + 1 into single points by deleting ¢, coloring its parents p red and p’s incident
edges blue; see Figure 1.13. For short, we call blue edges, which carry one or two red dots that

represent leaves labeled by ¢ + 1, a b-edge. The result tree will still be called 7'.

b1

Uy 14

Figure 1.13: Left: a b-edge containing two red dots. Right: a b-edge containing one red dot.

Second, classify 7" as follows:
1. The number j of b-edges where j = 1, 2.

2. The number n( of the symmetric structures involving b-edges where nyp = 0,1,...,7. Draw
a cherry followed by two triangles to represent a symmetric structure; a circle represents the

remaining part.

3. The distribution of the j b-edges among one circle and 2ny triangles such that each cherry
contains at least one b-edge and the emptiness of the circle is allowed. (Note that the b-edges are
identical if they contains the same number of red dots. And every pair of triangles is considered

unordered.)

4. In one cherry, if both triangles contain one b-edge, then there are two cases, depending on
whether the two b-edges are located at the same positions in each triangle or not. It yes, draw
a curved double arrow between the two blue edges; if no, the b-edges are not plotted exactly at

the same position in the triangle.
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Overall, this gives 8 different sets O, ; to which T belongs. {O,, ;} forms a partition of UD,, ;1 and

thus,

UDn,i+1 = Z Om,j-
m,j

Representative graphs for each O,, ; are shown in Figure 1.14.
Third, remove a red dot from O,, ; and then find its multiplicity number m by adding back a red
dot. More precisely, for a representative graph of O,), ;, choose a red dot (there are two choices) and

remove it. The resulting graphs Pr(f )

; may or may not be identical; see Figure 1.14. (They are identical

for Oy and Oy 1, respectively.) Next, for each Pf,]f’ )j, count the number of edges in P,Sf)J which yield

O,,; by attaching a red dot on it. We call the number of such edges the multiplicity of 737(: )j which is

shown right next to 73,(:)] in Figure 1.14. The index m of O,,, ; is the sum of the multiplicities of 737(:)]

Fourth, establish the formula between UD,,; and UD,, ;1. Let T' be a dup-tree in UD,, ;4.
Removing one of the leaves labeled by 7 + 1 in 7" might or might not create a twin-cherry, that is, the

resulting tree falls into UD,, ; or Z/{Dgz For a dup-tree in UD,, ;, there are 2(n + i) — 4 edges that do
1)

n,:’

not create a twin-cherry by attaching a leaf labeled by ¢ + 1; for a dup-tree in D, ;, there are exactly
two edges which eliminate the twin-cherry. This gives the formula and with the previous equation,

we have

(2n+2i —4) UD,; +2UD) = > m O,
m,j

=23 Opj+ > (m=2)O0p;
m,j m,j
=2UDy 41— O1,1 + 031 +204;.

Note that we choose 2 as the coefficient for UD,, ;,; because, in addition to reducing the number of

O,; to consider, it almost completes the counting.
1)

Finally, it suffices to count UD,, ;, O1,1,03; and Oy4;. One thing we need to consider is how to

generate the labels [n] W [i].

1. UDY) =i UD,; 1.

Proof. Without loss of generality, we assume that the twin-cherry uses label 7; replacing it by

a leaf labeled 7 gives a dup-tree inUD,,;,_;. N

2. 011= Y (;) (2d — 1)1 UD,y_gi-a.
1<d<s
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1 1 2
021 = P2(1) X2 Os4 = 732(,42 x1 + Pé,i x1

@@

// /7
Oy = P 1 4 P
023 _ P2 o P23 . /%\ /%
@ ©» @ [

= 7331 x2 + 7331 x1
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1 2
P4E1) X2 Pz&f X2
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Figure 1.14: Left of “="": the representative graph of O,,, ;; Right of “="": the representative graph

I
m
o
X
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of P,Eﬁ i with its multiplicity numbers.

Proof. First, recall that there are (2n — 3)!! rooted phylogenetic trees with n leaves and 2n — 1
edges. We directly construct the graphs in O, ;. Therefore, choose a phylogenetic tree with d
leaves and attach a leaf labeled by 7+ 1 to one of its edges. Next, duplicate the resulting tree and
join their roots which represents the chocolate cherry. Next, choose a dup-tree in UD,,_q;_q4
labeled by {d+ 1,...,n} W{d+1,...,7}. Join the node labeled by i + 1 to the root of the
cherry part. Finally, relabel the original d leaves of the phylogenetic tree. W

3. 0371 + 2 04,1 = Z <;> (2d — 1)” UDn—d+1,i—d-

1<d<s

Proof. Similarly, consider the graphs O3, and O, ;. Except the common chocolate cherry

with one b-edge, the situations described by the two sets show that the other b-edge can occur
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anywhere. Choose a phylogenetic tree with d leaves. Duplicate it, join their roots and attach
a leaf labeled by 7 4+ 1 to one chosen edge from the first tree. Second, choose a dup-tree in
UD,,—g+1,i—q labeled by {d+1,...,n+ 1} W {d + 1,4}. Join the node labeled by n + 1 to the
root of the cherry part. Note that the label 7 + 1 is already used, so there is no need to attach one
more red dot. Finally, we do the same relabeling process as in the previous case. This shows

the claimed formula. W

Overall, we obtain the result

UDn,i—H = (n +17— 2) UDn,z + Z.UDr,w‘_l—l—

1 i
92 Z (d) <2d - 1)” (UDn—d,i—d - UDn—d+1,i—d) . (1.9

1<d<i

for 0 < i < n with initials UD,, o = (2n — 5)!l. N
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1.2 Asymptotic Methods

In this section, we review several analytic tools that will be used throughout the paper. We begin
with the framework of generating functions, which provides a bridge between combinatorial struc-
tures and analytic methods. We then present the principles of singularity analysis, enabling us to
extract precise asymptotic estimates of coefficients from the local behavior of generating functions
near their dominant singularities. Following this, we briefly recall the Laplace method, a classical
technique for approximating integrals that arise in asymptotic enumeration. Finally, we summarize
the Lagrange inversion formula, which offers an explicit way to determine coefficients of implic-
itly defined generating functions. These tools together form the analytic foundation for the results

developed in the subsequent sections.

1.2.1 Generating Functions

Generating functions are a powerful tool in combinatorics and discrete mathematics that encode
sequences as algebraic expressions, typically formal power series. Their main uses include: encoding
sequences, finding closed-form expressions, and solving recurrence relations and counting problems.
Most importantly, they build a bridge between combinatorics and analysis, allowing us to use analyt-

ical tools to understand and manipulate them.

Given a sequence, we define the most useful types of generating functions.

Definition 1.2.1 (Generating functions). Let (a,), -, be a sequence of numbers.

The ordinary generating function (OGF) of a,, | The exponential generating function (EGF) of
is defined as a,, 1s defined as
ZTZ
A(z) =) an2" (1.10) A(z) = Zanm. (1.11)
n>0 n>0

Some basic operators on sequences or generating functions will directly affect the other. We list

the fundamental ones below.

Proposition 6 (Basic operations). Let (a,),,~, and (b,),~, be two sequences.
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the sequence, where

Let A(z) and B(z) be the OGFs of a,, and b,,,

respectively. Then the function is the OGF of

Let o(2) and §(z) be the EGFs of a,, and b,

respectively. Then the function is the EGF of

the sequence, where

function sequence function sequence
A(z) + B(z) @, - B a(z) + 5(z) a, + by,
zA(z) U1 za(z) Nay,_1
Az | (4 Dags o(2)
n n n
A(z)B(z A by a(z)B(z an by
OBE) | Db @8 | 3 (b

Notice that a,, = b,, = 0 for n < 0 if it is used.
Depending on how the sequence is defined, not all corresponding generating functions can have a
simple or closed form. Here we give several examples of generating functions.

Example 1.2.1 (From sequences to generating functions).

1. (Fibonacci numbers) Let f,, be the n-th Fibonacci number which is defined by f,, =
fa—1+ fa_s for n > 2 with initials fo = 0 and f; = 1. Then the OGF F'(z) is

2z
F(z):—l_z_ZQ.

2. (Unlabeled rooted binary plane trees) Let c,, count the number of unlabeled rooted binary
plane trees with n internal nodes (the size). (A tree is plane if the subtrees of any node are
ordered,; it is binary if every node has either outdegree 0 or 2.) By definition, a unlabeled
rooted binary plane tree is either a single node or a root with its left and right subtrees

unlabeled rooted binary plane trees of total size n — 1. Thus, forn > 1,

n—1
Cn = g CkCn—1)—k-
k=0

With the recurrence, we obtain the functional equation for its OGF C'(z):

1T &

C(z) = 1+ zC(z)? >

The term c,, is called Catalan numbers.

3. (Derangements) Let d,, be the number of permutations of size n that have no fixed points,

which can be counted by the inclusion-exclusion principle

d, =n!— Z(—l)i+1 (n> (n —i)! forn > 1 with dy = 1.

- 7
=1
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Then, using the rules from Proposition 6 the EGF D(z) is

4. (Merge sort) Let a, be the cost of the merge sort of size n which is defined by a, =
Afn/2] + G|nj2) +n — 1 forn > 2 with a; = 0. Then its OGF A(z) is

A =5 EZ) AR+ T A

320

Conversely, given a function A(z), we define a notation for its n-coefficient.

Definition 1.2.2 (Coefficients). Let A(z) be an analytic function around z = 0.

Let a, be the n-th coefficient of the formal | If A(z) is an EGF, then its n-th coefficient is

power series of A(z), which is denoted by denoted by

a, = [2"] A(z2). (1.12) a, = n! [2"] A(2). (1.13)

There are various methods to extract the n-th coefficient depending on the given generating func-
tion. Below, we extract the coefficients directly; the resulting sequence may or may not admit a closed
form.

Example 1.2.2 (From generating functions to sequences). Direct method.

1. (Fibonacci numbers) Let F/(z) = z/(1 — z — 2%) be the OGF of the Fibonacci numbers,
¢1 = (1 + v/5)/2 be the golden ratio, and ¢y := (1 — 1/5)/2. Then
: o MY5 UV g
(1= ¢12)(1 — ¢22) 1—¢1z 1—¢oz V5
2. (Catalan numbers) Let C(2) = (1 — /1 — 42)/(2z) be the OGF of the Catalan numbers.
Then

[Z”]ﬂ:__l[zn-&-l} 1_422_71(_4)n+1(1/2): 1 (2”)

n+1 n+1\n

[2"] F(2) = ["]

3. (Merge sort) Let A(z) be the OGF of the cost of the merge sort. Then

FlG —zz>2 >0 =[] 7= llogyn 2" = n |logy n] +n — 28+ 41,
Jj=>0 n>1

4. (Bernoulli numbers) Let B(z) = z/(e* — 1) be the EGF of the Bernoulli numbers. Then

the n-th Bernoulli number is given by the double sum,
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Section 1.2. Asymptotic Methods

In general, the coefficients can be computed by using power series expansion or Cauchy’s Coeffi-

cient Formula.

Remark 7. We retain only its symbolic form:

AM(0) or a — L A(2) B
" omi ) A ’

(1.14)

where v is an oriented counterclockwise, simple, and closed contour enclosing the origin.
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1.2.2 Singularity Analysis

Singular analysis studies how the singularities (i.e., non-analytic points such as poles or branch
points) of a generating function influence the asymptotic behavior of its coefficients. The method
starts with a A-domain, which is a specially shaped region in the complex plane. The idea is that
when a function has a singularity on the boundary of its disk of convergence, one needs to understand

how the function behaves near that singularity in order to extract asymptotics of its coefficients.

Definition 1.2.3 (A-domain and A-analytic). Define the open domain A(¢, R) by
A(p,R) ={z:|z| < R,z # 1l and |arg(z — 1)| > ¢}
for0 < ¢ <7m/2and R > 1. Let ( # 0 be a complex number. We say ...
1. A domainisa A-domainat1 ifitis A(¢, R) for some ¢ and R;

2. A domain is a A-domain at ifitis ( - Ay for a A-domain A (see Figure 1.15);

3. A function is A-analytic if it is analytic in some A-domain.
)
/// R /\>
] 9
| 0 é\ T

Figure 1.15: A A-domain at (.

This means it is the disk of radius R centered at the origin, but with small angular sectors (of

width 2¢) around ¢ removed.

Theorem 11 (Closure property). Let o ¢ Z<o and § € R. We have,

1. Entire functions are A-analytic, so are

o = (e ()

and products of these functions.
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Section 1.2. Asymptotic Methods

2. (Closure properties) Let f(z) and g(z) be two A-analytic functions, so are

f(2) +9(2), f(2) = g(2), f(2)g(2), f(9(2)), f'(z) and /Zf(2)~

Standard function scale. Consider A-analytic functions whose expansion at a singularity ¢ in-

B
1 1 1
f“’“w(%“gﬁ) |

The following theorem gives a corresponding asymptotic results for the right-hand side of this asymp-

volves the form

totic equivalence with singularity at = 1.

Theorem 12 (Standard function scale and variations). Let

o= ()

Then,

1. If o ¢ Z<o and B ¢ Z>o, then

a—1 )
27 £(2) ~ 2 (log ) 30— (1.15)

J ds’

2. fa ¢ Z<yand § € Z>g, then

27 f(2) ~ o3 Ballogn) (1.16)

where O = (ﬂ)rm)d—j.r(s)-l

S=x

where the F; are polynomials of degree 3.

3. fa € Z<y and 8 ¢ Z>, then

D.
2" f(z) ~n® (logn)’ ™ s 1.17
[2"] (=) (logn) g(logny (1.17)
g\ & _
where D; = <], @I‘(s) ! _
4. If « € ZSO and /B S ZZO’ then
F;(1

2" f(z) ~ et 3 £2lo8n) (1.18)

where Fj(z) is a polynomial of degree  — 1.
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We only prove the case with @ € Z<, and § = 0, the four statements in Theorem 12 can be

derived similarly; for the full proof see [ 7, Section VI.2].

Proof of Theorem 12 for o & Zi<o and f = 0. Consider f(z) = (1 — z)~® with one singularity at

¢ = 1. Start with the Cauchy’s coefficient formula,

fo=[2"] v 1 Mdz, (1.19)

(I—z) 2m J, 2nfl

where v is an counterclockwise oriented, simple, and closed contour enclosing the origin.
Let R > 1 be a positive real number. We choose v = v, where the contour v, is positively

oriented and consists of the four parts:
L s T
I mi=<gz=1+—-¢e%:|¢p—7 < -7,
n 2
2. vljgz{z:x—i—i:lgxand || SR},
n
, , 1
3. ms={z= Re': —m < ¢ < T3\ {z = Re'?: |p| < gand 1S(2)] < —},
n

4. 71,4={z::v—1:1§$and |z|§R},
n

Next, since the integrand along v, 4 decreases as O (R™™), we can let R tend to infinity and choose

v = H(n) which is a Hankel contour consisting of,

n n

H_(n):{x—izxZI}, H°(n) =11, and H—(n):{x+i:xz1}.

Now, a change of variable,

t
z=1+4—
n
in (1.19) gives the form
nafl t —n—1
fn= : / (=)@ (1 + —) dt, (1.20)
2me Jy n

where H is the Hankel contour winding around 0, being at distance 1 from the positive real axis. For

fixed ¢, consider the asymptotic expansion,

—n—1 2 4 3 2
1+ f = g~ (ntD)log(l+t/n) _ o=t (1 4 -2 + 37 — 2067 + 24t 4+ (1.21)
n 2n 24n? ’

which shows that the integrand in (1.20) converges pointwise to (—t)~®e~*. Substitution of the

(e5) (e R)
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as n — 00, inside the integral (1.20) suggests that

e [eoeu(ivo(t)) i (0(2)

where we used Hankel’s formula for the Gamma function:

1 1
() ettt = ——.
o H( )" (@)

To justify this formal argument, we proceed as follows:
1. Split the contour H according to R(¢) < log”n and R(t) > log®n.

2. Verify that the part corresponding to R(t) > log® n is negligible in the scale of the problem; for

instance,

<1 + %) = O (exp (—log®n)) for R(t) > log” n.

3. Use a terminating form of (1.21) to develop an expansion to any predetermined order, with
uniform error terms, for the part corresponding to R(t) < log®n. (This is possible because

t/n = O (log*n/n) is small.)

These considerations validate term-by-term integration of expansion (1.21) within the integral of
(1.20), so that the full expansion of f, is determined as follows: a term of the form t"/n® in the
expansion (1.21) induces, by Hankel’s formula, a term of the form n~*/T'(« — r). (The expansion so

obtained is non-degenerate provided « differs from a negative integer or zero.) Since

1 1

Ia—Fk) F(oz)(

a—1)(a=2)--(a—k),
the expansion (1.16) for 5 = 0 follows. W

Denote by S the standard scale of functions:

1 1 1\’

Transfer. To translate an approximation of a function near a singularity into an asymptotic approx-
imation of its coefficients, we require a way to extract coefficients of error terms (known usually in
O (+) or o) form) in the expansion of a function near a singularity. Analyticity in a A-domain is the

basic condition for transfer to coefficients of error terms in asymptotic expansions.

Theorem 13 (Transfer, Big-Oh and little-oh). Let «, § be arbitrary real numbers and let f(z)

be a function that is A—analytic.

-
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1. If f(z) satisfies the condition,

-0t (i) )

in the intersection of a neighborhood of 1 and its A-domain, then its coefficient satisfies

[2"f(2) = O (n* 'log”n).

2. If f(z) satisfies the condition,

=0 (g (1) )

in the intersection of a neighborhood of 1 and its A-domain, then its coefficient satisfies

[2"f(2) = 0 (" 'log’n).

This result is proved by extending the method used for Theorem 12; see [ 7, Section VI.3].
An immediate corollary of Theorem 13 is the possibility of transferring asymptotic equivalences

to coefficients:
Corollary 1.2.1. Let f(z) be a A-analytic and

1

———, asz — lin A,
T—z =F°

f(z) ~

with a € {0, —1,—2,...}. Then, the coefficients of f satisfy

The process of singularity analysis. In Theorem 12 and 13, we have developed a collection of
statements granting us the existence of correspondences between properties of a function f(z) singu-
lar at an isolated point (z = 1) and the asymptotic behavior of its coefficients f,, = [2"|f(z). At this
stage, we now possess the necessary tools to justify the term-by-term transfer from a singular expan-
sion of a function, namely, its local expansion at a dominant singularity, to an asymptotic estimation
of its coefficients. We therefore state the following theorem which can again be found in [17, Section

VI.4].

Theorem 14 (Singularity analysis, single singularity). Let f(z) be a function analytic at 0 with
a singularity at ¢, such that f(z) can be continued to the A-domain ¢ - A,. Assume that there

are two functions o, 7 where o is a (finite) linear combination of functions in S and 7 € S, so
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that

f(z):a<§) +0(T (g)) as 2 — Cin C - Ay,

Then the coefficients of f(z) satisfy the asymptotic estimation,
fn = C_na-n +0 ( _nT;) )

where o, = [2"]o(2) has its coefficients determined by Theorem 12 and 7 = n**log” n if

7(2) = (1 — 2)7%(1/z log(1 — 2)~1)~.

The singularity analysis process consists of a series of steps as follows:

Proposition 7 (The singularity analysis process). Let f(z) be a function analytic at 0 whose

coefficients are to be asymptotically analyzed.

1. Preparation. This consists in locating dominant singularities and checking analytic con-

tinuation.

(a) Locate singularities. Determine the dominant singularities of f(z) (assumed not to

be entire). Check that f(z) has a single singularity ¢ on its circle of convergence.

(b) Check continuation. Establish that f(z) is analytic in some A-domain at .

2. Singular expansion. Analyze the f(z) as z tends to ¢ in the domain ¢ - Ay. More

precisely, as z — 1, determine in that domain an expansion of the form,

fz)=0 (g) +0O (T (g)) with 7(2) = o(a(2)).

For the method to succeed, the functions ¢ and 7 should belong to the standard scale of

functions S; see Theorem 12.

3. Transfer. Translate the main term o(z) by applying Theorem 12; transfer the error term

with Theorem 13 and conclude that

[2"]f(2) = (Ton + O (")

as n — oo, where 0,, = [2"|o(z) and 7. = [2"]7(2) provided the corresponding exponent

a & Z<o, otherwise, the factor 1/I"(a)) = 0 should be dropped.

Remark 8 (Singularity analysis with multiple singularities). Assume f(z) has finitely many

dominant singularities on their circle of convergence. The process can be applied independently
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to the dominant singularities. One must analyze the local expansion at each singularity and

combine their contributions to the coefficients; see Example 1.2.4-4.

We apply the singularity analysis process in the following example.

Example 1.2.3 (Labelled 2-regular graphs). Let R(z) be the EGF of the number of labelled

2-regular graphs. They are composed of a set of undirected cycles with size > 3, hence,

1 1 52 efz/2fz2/4
= S 1op ([ — V== ) =
R(z) exp(2 <0g<1—z) z 2)) —

Note that this function has a single singularity at z = 1. We follow step by step the singularity

analysis process mentioned above.

—2/2—22/4

1. Preparation. The function R(z) is the product of an entire function e and a

A-analytic function (1 — 2)~'/2, so R(z) is also A-analytic with a single singularity at

z=1.

2. Singular expansion. The asymptotic expansion of R(z) near z = 1 is obtained from the

—2/2—22%/4

standard expansion of e atz =1,

e—3/4

e /2t — e L1 — 2) + (1-2)%—

and the factor (1 — z)~/2 itself is already an asymptotic expansion and it is valid in any
A-domain. The multiplication gives us a complete expansion,
e—3/4

—3/4
-3/4. /T €
T +e vV z + 1

from which terminating forms, with an O—error term, can be extracted.

R(z) ~ (1—2)% -

3. Transfer. We take for instance the expansion in (1.23) limited to two terms plus an error

term:
e—3/4

V1—z

The singularity analysis process allows the transfer of (1.23) to coefficients, which we

R(z) = +e V1 —24+0((1-2)%?).

can present as follows,

[Zn] 6_3/4 :e*3/4 n_1/2 Ne_3/4 1_i+;+...
1—z —1/2 NZZD 8n  128n? ’

—3/2 e 3/4 3
ne=3/4 /T — 7 — o—3/4( " N 14 2 4.,
e AE = () s ()

[2"O ((1 = 2)*?) = O (n™5/?).

49




Section 1.2. Asymptotic Methods

The terms are then collected, with each expansion truncated at the level of the dominant
error term, resulting in a three-term expansion in this case. In what follows, we will
no longer provide the detail of such computations; instead, we will simply present the
expansion of the function alongside the corresponding expansion of its coefficients, as

illustrated by the following correspondence (—).

R(z) = ei‘; LTI 4 0 ((1 - 2)*2)

e—3/4  5e-3/4

VTN a 8v/mn3

+ O (n’5/2) )

Some more examples for obtaining the main asymptotic term only are given in the next example.

Example 1.2.4.

1. (Fibonacci numbers) Let F(z) = z/(1 — z — z?) be the OGF of the Fibonacci numbers
frrand ¢1 = (1 ++/5)/2, ¢ := (1 — +/5)/2 such that 1/¢y, 1/¢, are the two roots of
1 — 2z — 22 Since |1/¢1| < 1 < |1/¢o|, we expand the singular expansion of F'(z) at the

dominant singularity z = 1/¢;.

:5<1g1z>‘1+1f+0(2‘%>'

By applying Theorem 12, we have the main asymptotic of the coefficient,

) YS9
5(1 - ¢1Z) \/3

2. (Catalan numbers) Let C'(z) be the OGF of the Catalan numbers ¢,,, Expand the singular

an

expansion of C'(z) at z = 1/4 (with branch cut R4 /4),

C(z) :4—2\/1—42—82—(’)((1—42}3/2).

By applying Theorem 12, we have the main asymptotic of the coefficient,

1 4n
(=212~ Jrndl’

Cp ~ [2"] = 2v1 — 4z = —24"[2"]
which also matches the asymptotic of its exact solution.

3. (Derangements) Let D(z) = e */(1 — z) be the EGF of the number of derangements d,,.
Expanditat z = 1,

=il =il

e e

D(z)zl_z—e_1+(’)(1—z) —  D(z) ~

Il —z
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Then the first asymptotic of the n-th coefficient is

1D(z) = I )

= =e ' ~0.368.

We have about 36.8% chance to obtain a derangement from a random permutation of size

n.

4. (Bernoulli numbers) Let B(z) = z/(e* — 1) be the EGF of the Bernoulli numbers B,
with singularities x,, = 2nmi forn € Z \ {0}. x1 and y_; are the two singularities with

smallest modulus |x| = |x_1| = 27. Expand B(z) at z = x; and z = x_1, respectively:

27

Z—=X1
—2m1

Z = X-1

+(1—m)+O0(z—x1) asz— xi,and

+(1+7m)+0(z—x-1) asz— x-1.

B, 2] 2mi H —2mt 2mi i 2mi
— ~ |z = —
n! Z—X1 2= X-1 (2mi)ntt - (=2mg)ntL

0, if n 1s odd;
—2(27mi)~™ if nis even.

Setting n = 2m gives
2 (2m)!

Bam o 0™ gy

5. (Stirling number of first kind) Let s,, ;, be the Stirling number of first kind, which counts
the number of permutations of size n with k£ cycles. The bivariate generating function
S(z,u) is

@ n

S(z,u) = ZZs(n, k)ukz— — " o8

n!
n>0 k=0

== (1)

Then S, (z, 1) is the OGF of average number of cycles in a random permutation. Using
singularity analysis gives:

1 1

[2"]Su(z,1) = [2"] log

~ logn.

1—2 1—2

This shows that there is about log n cycles in a uniformly picked permutation of size n.
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1.2.3 Laplace Method

The Laplace method is used to estimate integrals (or sums) where the dominant contribution
comes from around the maximum value of the function (or terms). In combinatorics, it is often

used to approximate coefficients of generating functions or estimate growth rates of sequences.

Theorem 15 (Laplace method for a real integral). Let f and g be infinitely differentiable real-
valued functions defined over some compact interval / of the real line. Assume that |g(z)|
attains its maximum at a unique point z, interior to [ and that f(x), g(zo), ¢"(z0) # 0. Then

the integral
= [ f@glo) ao
I

admits a complete asymptotic expansion

27 " oy g" (o)
I, ~ o™ f(xo)g(zo) (1 + Z n_JJ) , where A = — :

Jj=1

The above cited version can be found in Appendix B in [17].

A direct application is to obtain the main asymptotics of the Stirling formula.

Example 1.2.5 (Stirling formula by Laplace method for real integrals). We start from the known

representation of n!:
|
n:

I(n) = /0 e "adr = s

The maximum occurs at o = 1 and we split the integral into two parts,

2 o
I(n) = / e "a"dr +/ e "x"dr.
0 2

J/

-~ ~

=:I1 =:I>

Applying Theorem 15 (f(z) = 1, g(z) = xe~") on I; gives

2 1
h=yZen (140(5)):
n n
Estimating the tail Is:

I, = (26_2)n/ e " (1 + §>n dz, by mapping = — x + 2,
0
n > 2 n .
< (2¢7?) / e "e"/2dy = = (2¢7%)" 1 0, sincelog(1l + z/2) < z/2.
0 n

Finally, we have the main asymptotic term of n!,

n! = n"e "v2mn (1 +0 (%)) .

52




Chapter 1. Introduction

Before discussing the Laplace method for sums, we consider the Euler—Maclaurin formula. It
provides an approximation of a finite sum by an integral, with correction terms involving derivatives
and Bernoulli numbers. It is extremely useful in analysis, number theory, and asymptotics because
it connects discrete and continuous viewpoints. A proof can be found in many textbooks on discrete

mathematics, e.g., [27, Section 9.5, Equation (9.78)].

Theorem 16 (Euler—Maclaurin formula). Let a < b be two integers and f(z) be a function

which is continuously differentiable 2m times. Then
b
+ f(b By, ,
= / f(x) dx + M + Z _2]' : f(2jil)(x> + er

where B; is the ¢-th Bernoulli number and the remainder term R,, is defined by

/ f(2m BQm({;}) dz,

where B;(x) is the i-th Bernoulli polynomial and {z} = = — |z].

With the same example, the Euler—Maclaurin formula gives a weaker version of Stirling’s formula.

Example 1.2.6 (Stirling formula via Euler—-Maclaurin formula). Define A(n) by
A(n) =logn! = Z log k.

Applying the Euler-Maclaurin formula with a = 1, b =n, f(z) =logz and m = 1 gives

A(n)—/nlog(x)dx—i—MJr%l 4 Ry, (1.24)
1 2 2! x|,

where

2 x2

The error term can be estimated as follows:

m-o([%)-o0w.

Define a constant c that collects the constants of all terms in the above equation (including the
remainder term), that is,
fA) B

=1 i
c I = 5 2|—|—

where ¢’ is the constant part in ;. We have an asymptotic expansion of A(z),
1
A(n) =nlogn —n+ Elogn +c+o(1).
Thus,
nl = e/ (g) (1+0(1)),

where €€ is some constant (which equals /27 as we know).
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Although the terms provided by the Euler—Maclaurin formula yield an exact identity, they do not
always give an asymptotic expansion. One still needs to show that the error term is of a smaller

asymptotic order.

Laplace Method for sums. The main idea of the Laplace method for sums is very similar to that
for integrals, namely, the major term is only obtained by a certain range of values. Compared with
the above method, one difference is that the summand here is usually not continuous or differentiable.
Thus, we rely on Gaussian approximation to convert it to a continuous and integrable form.

Take a finite or infinite sum A(n) defined by

A(n) = Z A -

kek

1. Find the major range J of the sum such that the sum over the tails J°¢ of a,,  is negligible:

A(n) = Za”’k + Z anr and Z A =0 (Z amk) )

keJ keJge keJge keJ

2. Centrally approximate a,, , by a Gaussian within the major range.
3. Apply the Euler—-Maclaurin formula to obtain the asymptotics.

4. The tails of Gaussian integral are negligible.

A classical case is that the summand has only one maximum and nearby values decay rapidly (e.g.

exponentially).

Example 1.2.7 (The Laplace method for sums).

p(n)zz(”_k)k(”_k>! =/ =40().

n! 2
k=0

Proof. Let p(k) = ppx = (n — k)*(n — k)!/nl. Then, p(0) = 1 is the maximum and consider

the values p(z) near 0. The major range of the sum is for x < n'/?*¢ since

o nl/2+e
Y opk)y=o| > plk)|. (1.25)
k=nl/2+e k=0

The valid range for a Gaussian-like approximation of p(x) is for z = o(n??),

i - ()

In summary, we choose = n%/® and for 0 < k < n3/5,

3
p(k) = e ¥/ (1 LIS (k—» : (1.26)

2n n?
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We now split the sum P(n) into two parts by the ranges ,

n3/5

P(n) =Y p(k)+ Y _p(k).

n3/5
The second sum is approximated by (1.25) and in the valid range, we plug the asymptotic
expansion of p(k) in (1.26) into the summand.

n3/5

P(n)= | e ™| (1+0(1)).

0

Apply the Euler—Maclaurin formula (m = 1) on the summation part,

n3/5

n3/5
S(n) := Ze_kQ/zn = (/0 e‘x2/2”dx> + O(1),
0

where non-main terms are contained in the Big O of 1. Since the tail integral of e~/ j

S

negligible, we can extend the range to infinity:

S(n) :/ e“2/2”da:—/ e~ /2"dx + O(1)
0 n3/5

™
2

= +0 (1) )
where the second integral is bounded by a constant. Overall, we obtain

P(n) =Sm)(1+o(1) =4/~ +0(1). m
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Section 1.2. Asymptotic Methods

1.2.4 Lagrange Inversion Formula

Lagrange inversion formula, a special case of Lagrange inversion theorem, is one of the most
useful and powerful tools in combinatorics. It can help us to find the coefficients of a generating

function that is defined implicitly.

We show the common two versions of this formula together as follow.

Theorem 17 (Lagrange Inversion Formula). Define three formal power series below:

A(z) = Zanz", F(u) = anu", and ®(u) = Zgzﬁnu"

n>0 n>0 n>0

such that F'(0) = 0, F'(0) # 0, ®(0) # 0 and they satisfy the Lagrange type equations,

z=F(A(z)) and A(z) =29(A(2)), (1.27)

that is, ®(u) = u/F'(u). Then, for each integer n > 0,

("] A(z) = % [ ] ( F?u)) - % ("] B(w)". (1.28)
More general, let G(u) be a formal power series, we have
[2"] G(A(z)) = % [u"'] G'(w) <%) — % [u" ] G (u)®(u)". (1.29)

The Lagrange inversion formula can be proved either by analytic or elementary way; see, e.g. [

Appendix A] or [40].

Example 1.2.8 (Unlabeled rooted m-ary plane trees). Let ¢,, be the number of unlabeled rooted
m-ary plane trees with n vertices (including both internal and external vertices) and 7'(z) be
the OGF of ¢,,. Such a tree might be a single node or consist of a root which is followed by a

sequence of m such trees. This gives the functional equation,
T(z)=2z+2T(z2)™.

Let F(w) = w/(1 + w™) with F'(0) = 0 and F"(0) = 1 # 0. Applying the Lagrange inversion
formula gives

[w”’l} (1+w™)"

1
= {i((nnl)/m) ifm|n—1,

0, ifmin—1
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While the classical Lagrange Inversion Formula provides exact coefficient expressions for implic-

itly defined generating functions of the Lagrange type equation
Az) = 2 ®(A(2)),

it is often insufficient for asymptotic purposes. In many combinatorial applications, what is essen-
tially required is not a closed-form expression for the coefficients, but rather a precise description of
their asymptotic growth. Extracting such asymptotics directly from the Lagrange formula can be-
come technically involved, especially when singularity analysis must later be applied to evaluate the
resulting integral representations.

Singular Inversion addresses this issue by shifting the point of view from exact coefficients to the

analytic structure of the solution A(z). Under mild smoothness assumptions, implicit equations of the
form above fall into the smooth implicit-function schema, which ensures that the dominant singularity
of A(z) is of universal square-root type. More precisely, near the dominant singularity p, the solution

admits a local expansion of the form

Az) =7 —a/1=2z/p+O(1 = z/p),
from which coefficient asymptotics of the universal form
[2"] A(z) ~ C p~"n =32,

follow immediately.

Theorem 18 (Singular Inversion; Theorem VI.6 in [17]). Let ® be an analytic function at 0

satisfying the conditions:
CI)(O) # 0, [un] cb(“) >0, and CI)(u) # ¢o + P1u,

and within the open disc of convergence R of ® at 0, there exists a positive solution 0 < 7 < R

to the characteristic equation:

O(r) —79'(1) = 0.

Let A(z) be the solution of the Lagrange type equation (1.27), A = z®(A), satisfying A(0) =

0. Then, the quantity p = is the radius of convergence of A(z) at 0, and the singular

®(7)

expansion of A(z) near p is of the form

Alz)=7— aIHJF ;(_l)jaj (1 B §>J‘/2’ o (25537

with o;’s are computable constants.
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Additionally assume that @ is aperiodic. Then one has that

k=1

for a family [, of computable constants.

Example 1.2.9 (Catalan number). Let C(z) be the OGF of the Catalan numbers and set C'(z) :=
C(z) — 1 so that C'(0) = 0. Then,

C(2) = 22(C(2)),

with ®(u) = (1 + u)? which satisfies the conditions in Theorem 18: ®(0) = 1, ® has non-
negative coefficients and is not a polynomial of degree < 1. The positive solution 7 = 1
satisfies the character equation ®(7) = 7®'(7). Then, by Theorem 18, p = 1/4 is the radius

convergence of C'(z) at 0, the singular expansion of C'(z) near 1/4 is
Clz)=1-2V1—4z+---,

The asymptotic of coefficients is

In 1984, Bender and Richmond [6] gave an asymptotic result related to the Lagrange inversion
formula of a different type. More precisely, they derived asymptotic expansions for the coefficients

of (14 A(2))*"? where A(z) is a formal power series with rapidly growing coefficients.

Theorem 19 ([0]). Let A(z) be a formal power series with coefficient a,, where ay = 0 and
a1 # 0. Let p, be the coefficient of 2™ in (1 + A(z))**"” where o # 0 and {3 are fixed complex

numbers. Let R > 0 be a fixed integer.

1. If na,_1 ~ va,, then

P = ae®na, + O (a,) . (1.30)
2. If na,—1 = o(a,), then
R-1
Po=  dngan_i+ O (nay_g), (1.31)
k=0

where Dy, (2) = 3 ¢ dnx2" = (an + B)(1 + A(z))* 071,
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3. In either case, then p,, 1 = o(p,) and

n—R
> " 1pkPokl = O (pu—r) -
k=R

(1.32)
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Chapter 2

Old and New Results for the Main Classes

In this chapter, we present the results from the following papers:

1. Y.-S. Chang and Michael Fuchs. Counting phylogenetic networks with few reticulation vertices:

galled and reticulation-visible networks. Bulletin of Mathematical Biology 86.7 (2024): 76.

2. Y.-S. Chang, Michael Fuchs, Hexuan Liu, Michael Wallner, and Guan-Ru Yu. Enumerative and
distributional results for d-combining tree-child networks. Advances in Applied Mathematics

157 (2024): 102704.

3. Y.-S. Chang, Michael Fuchs, and Guan-Ru Yu. Galled tree-child networks. LIPICS, Proceed-
ings of the 35th International Meeting on Probabilistic, Combinatorial and Asymptotic Methods
for the Analysis of Algorithms, 302, Paper 8 (2024).

These papers provide an in-depth analysis of the enumeration and properties of the main classes of
phylogenetic networks as described in Section 1.1.9. The studies primarily focus on counting these
networks and understanding their typical shapes by studying distribution of parameters, such as the
number of reticulation nodes; see [11], [12] and [13].

We organize the presentation of results for the (d-combining) tree-child, galled, reticulation-
visible, and galled-tree-child phylogenetic networks by topic sections. In each topic, we will cover a
brief historical background of known results. And we show our main results, their proofs, and relevant

references in each subsection for the main classes. Possible future work will be placed in Chapter 3.



Chapter 2. Old and New Results for the Main Classes

2.1 The maximal number of reticulations

The topic we are discussing in this section is the natural question of determining the range of the
number £ of reticulations in a network N with fixed number n of leaves. First, it is obvious that the
minimal £ is O for any class of networks and that /V in this case is a phylogenetic tree. The maximal &
will vary for different classes. In this section, we call the maximal number of reticulations the sharp

bound defined as follow.

Definition 2.1.1. (The bound for a class of networks) Let X’ be a class of networks and X,, ;, be

the cardinality of X, . We say ...

1. X has an infinite bound if for some n,
Xnk # 0 for infinitely many k.

We also say the bound of X is infinite or X has no bound.

2. X has a (finite) bound ky if for all n there exists kg = ko(n)
Xpr =0 forall k> ko(n).

We also say kg is a bound for X.

3. abound kg is sharp if for all n,

Xpk #0 for0 <k < ko(n).

Related works. There are many related articles to this topic. We present them ordered according to

the publication date.

1. In 2007, Cardona, Rossell6 and Valiente [8] showed the bound n — 1 for tree-child networks;
Huson and Klopper [32] applied a decomposition theorem to show the bound 2(n— 1) for galled

networks.

2. In 2009, Willson [47] found the bound n — 2 for normal networks by using Cardona et al’s

methodology.

3. In 2015, Gambette, Gunawan, Labarre, Vialette, and Zhang [25] showed the upper bound 4(n —
1) for reticulation-visible networks by applying the concept of dummy leaves and removal of
reticulation branches. Note that this bound is not sharp; in the same year, Bordewich and

Semple [7] and Gunawan and Zhang [3 1] showed that the upper bound can be reduced to the
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Section 2.1. The maximal number of reticulations

optimal one 3(n — 1). Meanwhile, Gunawan and Zhang re-proved the bound 2(n — 1) for galled
networks by their method and thus reproved the result from Huson and Klopper in 2009. And
they also provided the bounds 3(n— 1) and 7(n — 1) for nearly stable and stable-child networks,

respectively.

. In 2018, Gambette, Gunawan, Labarre, Vialette, and Zhang [26] proposed a new methods offer-
ing further insight into reticulation-visible networks, genetically stable networks, nearly stable
networks, nearly tree-child networks, and galled networks. These findings revealed the new up-
per bounds for genetically stable networks and nearly tree-child networks which have at most

2(n — 1) and n — 1 reticulation nodes.

. In 2024, Hao-Jun Li proved that the sharp bounds for level-1 and level-%k networks are n — 1 and
k(n — 1). In addition, he summarized the bounds and proved sharpness for all classes of net-
works we mentioned above with comparison of three different method; see Hao-Jun Li. Finite
and Infinite Classes of Phylogenetic Networks, Master Thesis, National Chengchi University,
2024.

We summarize the sharp bounds for the above classes of networks in Table 2.1. One interesting thing

is that the sharp bound of normal networks is the only one which is not divisible by n — 1 in Table 2.1.

X Abbr. | the sharp bound | provedin [...]
Tree-child TC n—1 [8]
Galled GN 2(n—1) [32, 31, 26]
Normal NN n—2 [42]
Nearly stable NS 3(n—1) [31,26]
Stable-child SC 7(n—1) [51]
Reticulation-visible | RV 3(n—1) [25, 31, 7, 26]
Nearly tree-child NTC n—1 [26]
Genetically stable GS 2(n—1) [26]
Level-1 L1 n—1 Li
Level-k Lk k(n—1) Li

Table 2.1: A summary of results on the maximal number of reticulations with n leaves for many

classes of networks.
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Definition 2.1.2 (Maximally reticulated networks). A phylogenetic network N is called

maximally reticulated (in a class of phylogenetic networks &X' if X" has sharp bound k(n) and

N belongs to X, j(n)-

. J

For example, the tree-child networks with n leaves and n — 1 reticulation nodes are maximally
reticulated.

A common property seen in the above table is that the maximal k for all considered classes is of
linear type. A simple question arises, namely, whether there is a class with has a bound which grows
faster than n? In 2017, Semple [38] defined a class of networks whose bound has a quadratic form

and used a chain method in the proof.

Definition 2.1.3 (Reticulation chains). Let N be a network. The sequence of nodes C' =

tiritarsy .. . tpritesq 18 a reticulation chain if the t;’s are tree nodes, the r;’s are reticulations,

and (t;,7;) and (t;41,7;) are edges in N. A reticulation chain is closed if t; = tj4;. A reticu-

lation chain is overlapping if there exists 7 # j such that r; is an ancestor of r;.

Theorem 20 ([38]). Let N be a phylogenetic network with n leaves and k reticulations. If NV

is stack-free and has no closed or overlapping reticulation chains, then the sharp bound is

k<n?+3n-—3. 2.1)

To be finite or not to be, that is the question. For each class, the bound falls into two categories:
infinite or finite. In the above examples, it was always finite. Actually, the bound for some classes

may be infinite. The simplest example is the class of general networks.

Example 2.1.1. (The bound for general networks is infinite) Consider two initial networks
Ny and N;. Ny is a phylogenetic tree with 2 leaves and /V; is made from N, by adding a
reticulation node whose in-coming edges are starting from the two leaf-edges of N, and are
followed by a leaf with label 3. Next, define a structure that is made of two tree nodes and two
reticulations where the tree nodes share the common reticulations as children. Then it has two
in-coming edges and two out-going edges. Finally, any number of replicas of the structure can
be connected to /Ny and N; without altering the number of leaves. Therefore, PNy, PN3 1 # 0
for all k. By Definition 2.1.1, PA has no bound.

To prove the infiniteness of a class, it suffices to find a repeatable structure.

A simple observation is that the (in-)finiteness can be inherited via the subset relation.

63



Section 2.1. The maximal number of reticulations

Remark 9 (Finiteness and subset relationship). According to the po-set in the Figure 1.5, if a
class has a finite bound, so do its smaller classes. Conversely, if a class has infinite bound, so

do its greater classes.

Here we list all classes with infinite bounds: orchad, valid, FU-stable, tree-sibling and thus by the
remark stack-free and tree-based networks. On the other hand, for finite bounds, with the remark, it

suffices to show the finitness for reticulation-visible, stable-child, nearly stable and level-k networks.

Bounds and sharpness for main classes. We start with the bound for d-combining tree-child net-

works and galled networks whose proofs follow the methods from previous papers.

—

Theorem 21. The number of reticulations of a d-combining tree-child network of size n is at

most n — 1 and the bound 1s sharp.

Proof. An equivalent definition of tree-child networks is that every vertex v has a tree-path to a leaf;
see Proposition 3. Then the root p and the £ reticulations posses k£ + 1 tree-paths to leaves and they
are node-wise disjoint, otherwise, there is a common node of two paths and it must be a reticulation
node which contradicts the definition of tree-path. Also, the labels of the k£ + 1 leaves are distinct.
Thus, the bound is given by k£ + 1 < n.

On the other hand, we prove the sharpness by construction. We start with the bi-combining
case. Create n directed paths of length 1 with labels from 1 to n, respectively. Choose one as the
root-path, say I and call the others P; where 1 < j < n — 1. Let N = F,. For each j, connect the
root of P; with two edges to two non-reticulation-edges of N and again name the resulting graph N.
Repeat this until all paths are connected. We have a tree-child networks /N with n leaves and n — 1
reticulations (the original root-path does not contribute to the number of reticulations). A similar

argument shows the result for d-combining tree-child networks. W

Theorem 22. The number of reticulations of a galled network of size n is at most 2(n — 1) and

the bound is sharp.

Proof. Let N be a galled network. The component graph C'(N) of N is a (not necessarily binary)
phylogenetic trees of size n. Let I collect the internal nodes of C'(/V). There are |I| — 1 + n non-root
nodes and they can also be counted by the out-going edges of internal nodes. Since each internal node

has at least two out-going edges, we have

[T = 1+n="> " deg,,(v) >2-|I].

vel
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Then |I| < n — 1. Each internal non-root node in C'(N) corresponds to a inner reticulations of N.
Therefore, N as at most n — 2 inner reticulations. On the other hand, each black arrow on a leaf-
edge in 1" corresponds to an outer reticulation of N. Since 7" has n leaves, N has at most n outer
reticulations. To sum up, N in total has at most (n — 2) + n = 2(n — 1) reticulations.

In order to show that this bound is sharp, let /V be a galled network with C (N) a binary phylo-
genetic tree of size n. There are n — 1 internal nodes which gives n — 2 inner reticulations. Attaching
black arrows to each leaf-edge will give n outer reticulations. By decompression process, the resulting

network is galled with 2n — 2 reticulations. W

The proof in addition shows that the maximally reticulated galled networks are decompressed

from binary phylogenetic trees with a maximal number of arrows.

2.1.1 Reticulation-visible networks

The sharp bound 3(n — 1) was proved in many papers and we describe more details on their
methods. In 2015, Gunawan and Zhang [31] classified the vertices by a weighted function w(-). In
2016, Bordewich and Semple [7, Section 5] used mathematical induction. In 2018, Gambette et al.
[26] classified the reticulations into inner or outer ones, the proof is shown below. We provide a

simplified proof.

Theorem 23. The number of reticulations of a reticulation-visible network of size n is at most

3(n — 1) and the bound is sharp.

Proofin [26]. Let N be a reticulation-visible network, C' = C'(N') be the component graph of N, and
c; be a component. Due to the visibility property, each component c; contains either a leaf of N or
the parents of an inner reticulation node 7. In the first case, let £, be the number of such components.
N has n leaves, then k; < n. In the second case, let ks be the number of such components. For each
component, the parents must be tree nodes, otherwise, say one of them is a reticulation r1, but then
we have a stack of two reticulations and r is not visible. Hence, k- is bounded by half of the number
of tree nodes, ko < t/2. Since the root component contains no reticulation, we have

n+k—-1

t
k+1:k1+k2§n+§:n+ 9

E<3n-1). N

In [11], we gave a new proof which in addition also gives the number of maximally reticulated

reticulation-visible networks; see the asymptotic result in Section 2.4.

Alternative Proof. We use the component graph method from Section 1.1.3.3. Since the component

graph of a reticulation-visible network is a tree-child network with all vertices of in-degree at most
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2 and no reticulation vertex has just one child that is, moreover, a tree vertex, we first fix such a
tree-child network C (without arrows on the edges).

The maximal number of reticulation vertices a network decompressed from C' can have is obtained
by placing arrows on all pendant edges except the ones directly below reticulation vertices. Let r(é’ )
be the number of these edges plus the number of reticulation vertices of C plus the number of internal
vertices with exactly one incoming edge. Then, our goal is to find those C' which maximize r(é).
Note that r(é’) remains invariant if we replace vertices with in-degree 2 and out-degree at least 2 by
a reticulation vertex followed by a tree vertex and do not count the additional created edge. This is
the set of C, we will consider in the sequel. (Thus, for the decompressing procedure, we first have to
merge reticulation vertices followed by just one tree vertices, if there are any such vertices.)

We start with the following claims.

Claim 1: T(C’ ) is maximized only for binary tree-child networks C.

Sub-proof. Assume that C has at least one vertex, say v, with out-degree > 3. Replacing v with
a vertex of out-degree 2 and attaching to it one of the children of v and a vertex whose children
are the remaining children of v clearly gives a new tree-child network with r(C') increased by 1
(since we have created a new internal vertex with indegree 1). By iterating this procedure, we
end up with a tree-child network which is binary. This proves our claim. W

Claim 2: The maximum of (C') over the set of all binary tree-child networks is 3n — 3 and this bound

is achieved if and only if C' is a maximally reticulated binary tree-child network.
Sub-proof. Note that in any binary tree-child network, we have n + k = t 4 2, where ¢ is the

number of tree vertices; see in [23, Section 1]. Thus,
r(C)=n+k+t—k=2n+k—2.

Since k < n—1 (see Theorem 21) with this bound achieved exactly by the maximally reticulated

tree-child networks, the claim follows. W

Overall, we have proved so far that the maximal number of reticulation vertices of a reticulation-
visible network is 3¢ — 3 and this bound is achieved if and only if the component graph of the network
is a maximally reticulated binary tree-child network. Finally, the tree vertices of these networks
have one child which is a reticulation vertex and one child which is not; see [23, Lemma 1]. Thus,
they are replaced by a one-component network which has 2 leaves exactly one of which is below a
reticulation vertex. However, the number of these one-component networks is M ; = 1. Conse-
quently, the decompression of every maximally reticulated binary tree-child network gives exactly
one reticulation-visible network; see Figure 2.1 for the smallest example (see also [7]) and Figure 2.2

for a larger example. W
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8 A

N C(N)

Figure 2.1: Left: The smallest example of a maximally reticulated reticulation-visible network with

2 leaves (with the tree-components highlighted). Right: The component graph of the network; note
that it is a maximally reticulated binary tree-child network.

A B

N C(N)

Figure 2.2: A maximally reticulated reticulation-visible network with 4 leaves and 9 reticulation
vertices. The component graph is a maximally reticulated binary tree-child network. Note that /V is

the only network obtained by decompressing C'(N).

The maximally reticulated reticulation-visible networks are those networks which are derived
from the component graph that in each component contains either one leaf or the parents of exactly

one inner reticulation.
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2.1.2 Galled tree-child networks

For tree-child networks, we have that the sharp bound equals n — 1; see Theorem 21. Clearly, this

implies that k& < n — 1 also for galled tree-child networks. Again this bound is sharp.

Theorem 24. The number of reticulations of a galled tree-child network of size n is at most

n — 1 and the bound is sharp.

Proof. The component graph C (N) of N is a (not necessarily binary) phylogenetic tree of size n;
see Example 1.1.2. The maximal number of reticulation vertices of /V is achieved by placing the
maximal number of arrows at all outgoing edges of internal vertices v of C (N). For each internal
node v, the maximal number of arrows is deg,, (v) — 1, because placing arrows on all outgoing edges
is not possible since Lyeg, (v),deg,, (v) = O (Lnx 18 the number of one-component tree-child networks

with n leaves and k reticulations). Thus, the maximal number of reticulation vertices equals

z:(degout - Z deg,,(v) — (# internal nodes of C(NV)), (2.2)

v

where the sums run over all internal vertices of C'(/V). By the handshake lemma,

Z deg,, (v) = (# internal nodes of C'(N)) — 14 n

which, by plugging into (2.2), givesn — 1. W

The proof also reveals the structure of maximally reticulated galled tree-child networks of size n:
They are obtained by decompressing component graphs, phylogenetic trees of size n where for each
internal node v has one leaf ¢ as child such that all outgoing edges of v except the one leading to ¢ are

placed arrows.
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2.2 Closed-form expressions for small © and arbitrary n

This topic aims to provide an initial understanding of the classes by examining how their structures
differ from that of phylogenetic trees, particularly in terms of how sensitive it is to the number of
reticulations. By focusing on networks with only a few reticulations, we seek to understand the
extent to which these reticulations influence the overall behavior of the class. Even with the aid of
techniques such as the component graph method (Section 1.1.3) or generating functions techniques
(Section 1.2.1), the computational complexity of exact counting increases sharply starting from k£ > 3.
In this section, we provide expressions for X,, , when the number of reticulations £ is small. We first
recall what has been proved for the main classes.

For k& = 0, every class of phylogenetic networks consists only of phylogenetic trees. Thus,
PN,.o = RV, = GN, o = TC, o = TC\) = GTC,o = (2n — 3)!I.

For £ = 1, the results are given by Cardona and Zhang [9] and Fuchs, Gittenberger and Mansouri

[20].
PN,1 =RV, =GN,; =TC,; =GTC,; =n(2n - 1!l - "1l

In addition both of these papers also give TC,, 5 for k = 2:

n(n —1)(3n + 2)

TCmQ = 3

(2n — I —n(n —1)2"nl.

For k = 3, Fuchs et al. [20] give a result for TC,, 3:

(n+2)n(n—1)(n—2)
3

n_ n(n —1)(n —2)(48n + 31)

on—inl.
3 n

TCn73 =

(2n+1)

We will add results for d-combining networks, galled networks, and reticulation-visible networks

in the three paragraphs below.

2.2.1 d-combining tree-child networks

In Section 1.1.3.1, the Formula 1.3 makes it possible to derive formulas for TC% for small values
of k,d. With small £k, e.g. £ = 1 or 2, we may run through all component graphs in IC,(;QI. In the
course of the computation, we see that the results can be presented by a series of generating functions

fa(2) defined below.

Proposition 8. Set
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(1) Fork =1,
d) n! n

TCn,l - d19n—2 [Z ]fd(’z)fO(Z) (23)

(i) For k = 2,
W _ _n 1 . nl . 2
TG, = dlon—3 (d— o [2"] faa—e(2) fo(2) fo(2) + W[Z ] faa(2) f5(2).
! — ¥4 !
(2.4)

Proof. We start with £ = 1. By using (1.3), we have

1 (2b; + g; — 2)!
n,l 2n—2 Z Z H b —1 'Hg 1(9]0

{Bi}i_1€lln 2 ekl J=1

Observe that IC;d) contains only two graphs, namely, the graph consisting of a root to which a child is
attached by d edges and either the root has label 1 or 2; see the left graph in Figure 2.3. Consequently,

1 (21 +d—2)] (2by—2)! (21 —2)! (2by+d —2)!
TCn; 2 ( (b — 1) * | >

CdrE e Cl-DN T (-1 (b - )

Summing according to the size of the blocks in the partition { B;}2_,, we have

Jj=1

=0 S (" 1) (201 +d — 2)! (26, 2)j-@b1 ?)(2@-%d 2)!
I = USS! (b = 1)1 (bs — 1)
b1, b2>1

d'2"2 b—l).(n—b—l)!
which translates into (2.3) by using the generating function fy(z).

Next, we consider k = 2. Here, again by (1.3),

1 (2b; + g; — 2)!
TCY) = :
s S 2 (b= D! (950!

{Bj}Yj—1€llns Gex(® 7=1

In contrast to k = 1, there are now more possibilities for G: G has three vertices vy, vy, v3 one of
which is the root (say v;); vy is connected to v, by d edges and to v3 by ¢ edges with 0 < ¢ < d;
moreover, v, is connected to vs by d — ¢ edges; finally, there are 3 possible labelings if / = d and

3! = 6 possible labelings if ¢ < d. See the left and right graphs in Figure 2.3, respectively. Thus,

1 n 1
TCY = —
n2 T gn—3 2. (bl,bz,b3> 3!

b1+ba+bz=n

gf 3| (26 +d+0—2)! (2by+d—€—2) (2b5—2)!
il (d—¢ (b — 1) (by — 1) (bs — 1)
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3 (2 +2d—2)1 (2by—2) (2by —2)!
N D (b3—1)!)

From this, by using the generating f;(z), we obtain

n!

nl < 1 " . " )
TC% = Jion3 ; (m[z ]de—z(Z)fg(z)fo(z)) + W[z 1 f2a(2) f5(2)

which is equivalent to (2.4). W

d
¢
d d d d—1¢

Figure 2.3: Left: The component graph in Ing) without the labelings where two labelings can be
chosen for the *’s; Middle: A component graph in IC§3) without the labelings. It has 3 different
labelings; Right: The d component graphs in ICéd) without the labelings. Here, 0 < ¢ < d and each

component graph has 3! = 6 labelings.

In order to simplify these expressions, we need two technical lemmas. The first gives a recursive

way of computing f;(z).

Lemma 25. Set X := /1 — 4z. Then, f;(X) can be recursively computed as

Ja(X) = (=X + X) f11(X) + (d = 2) fa—r (X), (d=>1)

with initial condition fo(X) = 1/2 — X/2.

Proof. First, for the initial condition, observe that

2m-2! 1 (Qm - 2)

(m—l)!m!:m m—1

and thus fo(z) is the generating function of the (shifted) Catalan numbers. Consequently,

1-v1-42 1-X
2 2

fo(z) =
Next, in order to prove the recurrence, we have

_22 2m+d 3) +(d_2)z(22+d—3)!zm

m>1 m>1

=2zf31(2) + (d = 2) fa1(2).

Writing this in terms of X gives the claimed result. W
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From this lemma, we see that the first few values of f;(X) are:

1 1 1 1 3 3
X)=—— - X)= — - — X)= -2 >
fl( ) 2X 27 f2( ) 2X3 2X7 f3( ) 2X5 2X3

In particular, it is not hard to see that f,;(X) for d > 2 is a (finite) linear combinations of terms of the
form X~ with m odd.

We need a second technical lemma, which will help us with the extraction of coefficients.

Lemma 26. Let X := /1 — 4z. Then, for odd m

((m—ll/Q) (o ) o ty2)

m—1)

") X =

and for even m

e (L)

Proof. Note that

" X = (

From this both claims follow by standard manipulations. W

— 2",
n!

—72/2) (_4)n_m(m+2)---(m+2n—2)

Now, we can simplify (2.3) for small values of d; recall the notation (1.2) of double factorials.

Corollary 2.2.1. The number of tree-child networks with n leaves and 1 reticulation node is

(i) Ford = 2,

(i) Ford = 3,
n(2n + 1)

TCY) = (2n — DI = n?(2n — 2)I1.

Proof. First, from (2.3) and the initial condition in Lemma 25:

n! n!

Tcglcf)l - d!2n—1 [Z"]fd<2) — W[zn]fd(z)X
(2n+d - 2)! n (2.5)
- d!2”_1(n — 1)!  Jlon—1 [Z ]fd(Z)X
The second term becomes for d = 2,
n [ n 1 1 . 1 n o 4n
[”h@X‘V]@? QXQX— ot -2
and for d = 3,
n _rn 3 3 3, _4_3n L, 3 g
E ]fz(z)X—[z](2X5 2X3>X—2[z | X 2[2 X2 = .

Plugging this into (2.5) and standard manipulations give the claimed result. W
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Remark 10. The formula for d = 2 is known; see the first paragraph in Section 2.2.

Remark 11. The method of proof gives the following structural result for general d and n > 2:

2 d—2
TC,(ﬂ S ( n+d )(Qn =31 — pa(n)(2n — 2)!1,

where py(n) is a polynomial of degree d — 1. Note that TCEC,? = 0.

Likewise, we can also simplify (2.4) for small values of d.

Corollary 2.2.2. The number of tree-child networks with n leaves and 2 reticulation node is

(1) ford =2,

3n + 2

TCY) =n(n—1) ( (2n — DI — (2n)!!) ;

(i1) ford = 3,

70n% + 244n + 177 16n + 13
on + 1) — T2 o 4oy |
315 (2n+1) 48 (”+))

TCS?% =n(n—1) (

Remark 12. The formula for d = 2 is again known; see again the first paragraph of Section 2.2.

2.2.2 Galled networks

In this section, we derive formulas for galled networks with a small number of reticulation ver-
tices. Due to the tree-like structure of the component graphs of galled networks in Definition 1.1.16,
we use generating function techniques and the method of singularity analysis which is described in

Section 1.2.2.

Theorem 27. We have

(i) Fork =2,
6n* + 31n3 +30n2 —Tn — 9 .
GN, 2 = 5 (2n — 3N — (Tn+10)2"*(n +1)!.  (2.6)
(ii) For k = 3,
6 5 4 3 2 _ _
GNps = 140n° + 3184n° + 17195n +34i)i5n 4+ 19475n° — 8599n — 6090 (2n — 3)!
B 22513 + 204512 + 5878n + 5448

2" S(n+ 1)1, (2.7)

3
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Section 2.2. Closed-form expressions for small k£ and arbitrary n

Remark 13. The formula for £ = 2 already appeared in [9] (with typos which we have corrected

here).

Since the component graph method is based on one-component galled networks, we start by ana-

lyzing their number. First, from the initial values and (1.6), M,, j for small values of k equals

Mn,O = (2n—3)”,
M,1=(n—1)(2n —3)!,

My = (2n —1)(n —1)*(2n — 5)!1.

From this, we observe the following pattern.

Lemma 28. For fixed &k > 1,
Mok = i) =) =)L, (0> k),

where py.(n) is a polynomial of degree 2k with leading coefficient 2*.

Proof. This follows by induction on k. First, the claim holds for £ = 1,2, 3 and also for £ = 0 when
n > 1. (This is why we used (2(n — k) — 3)!! instead of (2(n — k + 1) — 3)!1.)

Assume now that it holds for 2 < &’ < k. Then, by (1.6), we see that it also holds for & where the
highest order leading term comes from the first term on the right-hand side of (1.6), namely, it is the

highest order leading term of p_1(n) multiplied by 2n2. This proves the claim. W

Next, we consider the exponential generating function of M, ;.

n>k
From the expressions for M, ;, for k = 0, 1, 2, we obtain that

(1—+1=22)2
21— 2z

My(z) =1—-+V1—-2z, M(z)=

and
(422 =Tz + 4+ V1 —=22)(1 — /1 —22)?
6(1 — 22)3/2 '

Also, we have the following asymptotic result for M;.(z) for all £ > 1, where we use the notion of

My(z) =

A-analyticity of a function f(z) at zo, i.e., f(z) is an analytic function in a domain of the form
A:={z: |z] <r |arg(z — 20)| > ¢},

for some r > |zp| and 0 < ¢ < 7/2.
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Lemma 29. For k£ > 1, Mj(z) is A-analytic for some A-domain at 1/2 and satisfies, as z —

1/2, in the A-domain:
(2k — 3)!!

Mk(’z) ~ 2k(1 _ 22)k71/2'

Proof. Note that

Pu(z):=> (20— k) — 3)!!”; => (20— 3)!!%( —2—V1-2z

>k ' >0
From Lemma 28, we see that the function M} (z) is built from Py (z) as a linear combination of
D’ Py(z),
where 0 < j < 2k and DV is the j-th iteration of D := zd%. This shows that M (z) is A-analytic
with singularity expansion, as z — 1/2,

(2k — 3)I!

k M2k _
Mi(z) ~ 22D7Pi(2) = k(1 — 22)k-1/2

which is the claim. W

We also need the following closely related generating function

ZTL
Fi(z2) == Z MnJrk,kga

n>0

which satisfies the following result.

Corollary 2.2.3. For £ > 1, Fj(z) is A-analytic for some A-domain at 1/2 and satisfies, as

z — 1/2 in the A-domain:

(4k — 3)!
Fi(2) ~ e gy 2.8)
Proof. Note that
dk

Thus, the result follows from the closure properties of singularity analysis; see Section 1.2.2. W
Remark 14. Note that k£ = 0 has a different singularity expansion since Fy(z) = 1 — /1 — 2z.
Also, from the above results for M (z) and (2.9).

2 3— 2+ 722 — 423
= and Fy(z) =
A=z W B (1—22)772

Fi(z) =

We now consider general galled networks which are built from one-component galled networks

and component graphs. This was described in detail in Section 1.1.3.2 and the recursive method there
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Figure 2.4: The component graph of a galled network with its root having j out-going edges. Each
out-going edge provides one counting on the number of reticulaiton, i.e. v*. Each leaf is replaced by

other galled network, i.e. G(z,v).

can be translated into generating functions (because the component graphs are trees). Since we are
interested in reticulation vertices, we need to keep track of them. We therefore consider the generating

function
n
G(z,v) == Z Z GN,, x vF Z—'
n>0 k>0 n

Then, we have the following result.

Proposition 9. We have,

G(z,v) = ZFj(z)M. (2.10)

Proof. According to the decompressing procedure of component graphs of galled networks described
in Section 1.1.3.2, every galled network is obtained from a one-component galled network (this is the
term F};(z)) with the leaves below the reticulation vertices replaced by an (unordered) sequence of
galled networks (this is the term G(z,v)’?/j!; v/ keeps track of the reticulation vertices); see Fig-
ure 2.4. (Note that the relabeling of the leaves of the one-component galled network which replaces
the root of the component graph described in the previous section is “automatically” obtained from
the product of the exponential generating functions which corresponds in combinatorics to the product

of labeled combinatorial classes; see, e.g., Chapter Il in [17] were this is explained in detail.) W

The exponential generating function for the number of galled networks with £ reticulation vertices,
1.e.,

Zn
Ei(z) == GNop (2.11)

n>k

is obtained from G(z, v) by partial differentiation

From Proposition 9, we obtain a recurrence.
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Lemma 30. For k£ > 1,

Ek(z):ZFj,(z) 3 Bu(2) - By(e). (2.12)

The claim is obtained by simplifying this.

Proof of Theorem 27. Note that Fy(z) = 1 — /1 — 2z. Then, from (2.12) and Remark 14,
2(1—+/1—-22)

Ey(2) = Fi(2)Eo(2) = (1= 2.2

Moreover, by using (2.12) and Remark 14 once again,

Ey(z) = Fi(2)Er(2) + w

1224 — 1823 + 1722 — 362 + 21 + (122% — 1022 + 152 — 21)y/T — 22
3(1—22)7/2 '

Extracting coefficients gives the claimed result (2.6) for GN,, ».
As for the result (2.7) of GN,, 5 , the same method can be used, only the resulting computation

is more tedious (and therefore best done with mathematical software, e.g., Maple). W

2.2.3 Reticulation-visible networks

According to the Section 1.1.3.3, we may derive the formula of RV, ;, for small k. For k = 2, 3, we
run though all component graphs, which are (general) tree-child networks defined in Definition 1.1.18,
and insert the dup-trees M,, ;, into each node of it. The combinatorial step corresponds to the generat-

ing functions Fj(z) defined in the last Section which help us obtain the results below.

Theorem 31. We have

(1) Fork =2,

6n*+ 73 +6n>—n—3
3

RVp2 = (2n — 31 — (2n2 + 2n + 1) 2" 1n), (2.13)
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(i) For k = 3,
6 5 4 3 2
RV, 4n® + 20n° + 33n* — 332n —76n° + 12n + 12 (2n B 3)”
4A8n* + 17512 + 99n2 — 262n — 264

2n 4l (2.14)

3

Let N be a reticulation-visible network. We remove the leaves and their pendant edges from
C'(N) except those whose pendant edge has an arrow on it. Then, the resulting component graph is a
(unlabeled) rooted simple DAG with every non-root vertex of in-degree 2. (Note that an edge with an
arrow on it is actually a double edge and thus counts as two edges.) Moreover, this DAG has exactly
k + 1 vertices.

Using these DAGs and the decompression procedure explained in Section 1.1.3.3, we can derive

the exponential generating function of RV,, .

Proposition 10. Let D,,, be the set of (unlabelled) rooted DAGs with m vertices in which non-
root vertices have in-degree 2 and double edges between two vertices are allowed. Then, for

given k,

2" 1 2"
ZWW:ZE@HZM%WW> (2.15)
n>1 GeDy 41 veG n>ng

where
1. m(G) counts symmetries in G,

2. the product runs over all vertices in G, and

3. the final sum on the right-hand side is the generating function with respect to the number

of labeled leaves which are attached to v, where

4. ¢1(v) is the number of children of v with an arrow on their edges, and

5. mg is 0 or 1 according to whether ¢;(v) > 0 or ¢1(v) = 0, respectively.

Now, to find RV,, 5, we start from the DAGs in the set D3 which are listed in Figure 2.5. Note
that m(A) = 2 (due to the symmetry about the root), m(B) = m(C) = 1, and for each vertex v, the

exponential generating function f,(z) from Proposition 10 equals (here, X = /1 — 22):

" 15 3 1 1.
fal(z):F2<Z>:ZMn+2,QH:ZX 7_§X 5+1X 3+§X 1;

n>0

fual2) = Faal) = () = fur() = Fol2) = 3" Mg oy = 1 X,
n>1 ’
1 1

2" _ B
fo,(2) = fo,(2) = Fi(2) = ;Mm—l,l ol §X 3 - §X L.
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o b C1
A4
ay (@) b2 Co
\ 4
az as O b3 c3
A B C

Figure 2.5: The 3 DAGs from the set D5 where for convenience, we have labeled the vertices. Call
the reticulation vertices of the decompressed reticulation-visible networks r; and 5. Then, A gives
all the networks where r; and 75 are not in an ancestor-descendant relationship; B gives all networks

where 7 is above 75 but they are not in a tree-cycle; and C' gives all networks where 7y is in the tree

cycle of 7.
B Z" B 3 .5 1 _3
fq(Z) = nE>O Mn+2,1 m = 5 X — 5 X )
Z?’l
. = E M, =X - 1,

Thus, from Proposition 10, we have for the exponential generating function of RV, o,

3

14 i 3—2472 421 —2—+1-22
2 j[[lfaf(z) +Hfbj(2) +]1:[1f6j(2) - - (1 —;(zy/z )

(1—X)*(15—6X?+ X* +2X6)
8X7

Jj=1

What is left is to extract coefficients which can be done with the following lemma.

Lemma 32. We have, for n large enough,

¢

0, ifd > 0anddiseven, k := %l;
2n — 2k — 3)H!
(—=1)¥1 (2% + 1)!!( n | ) , ifd>0anddisodd, k := £,
[2"] X% = e n!
QH(nZkl )7 if d < 0and d is even, k := —%;
1 (2n + 2k — 3)!! . _ L
L (2k — 3)!! ol ) ifd <0Oanddisodd, k := —%~.

Applying the lemma gives the following result.

(1= X)2(15 — 6X% + X* + 2X9)
Rvng = [Z ] X7

6t +7Tn®+6n* —n—3
N 3

(2n =31 = (2n* 4+ 2n +1) 2" 'nl.
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Ay Ay As Ay
Bl B2 B3 B4
Bs Bg By Bg By

Figure 2.6: The 13 DAGs from the set D,.

We next consider £ = 3. Here the set D, has 13 elements; see Figure 2.6. Note that these
DAGs fall into two types: the A;’s are tree structures and the B;’s are not. (The latter gener-
ate the reticulation-visible networks which are not galled networks.) Next, we note that m(A;) =
6, m(As) = m(B;) = m(B4) = 2 and the values are 1 in all other cases. Thus, by Proposition 10,

we obtain for the exponential generating function f4(z) arising by the A;’s,

423(29 4+ 122 + 2922 — 3723 + 3621 — 1429)

(1—22)11/2 (1 + /1 —22)3

623(3 — z + 722 — 42°) 224

* (1 —22)5 (1 4+ /1 —22)2 * (1—22)92(1++1—2z2)

and for the exponential generating function f5(z) arising from the B;’s,

fa(z) =

(1— X)2(258 — 105X — 153X2 — 16X3 + 26X 4+ 7X° + 3X6 — 2X7 — 2X¥)

fB(2) = ] X10 )

Then, by extracting coefficients of f4(z) + fp(z) with Lemma 32,

4AnS + 20m° + 33n* — 32n3 — T6n2 + 12n + 12
RV,3 = [2"]fa(2) + fB(2) = ; (2n — 3)!!

48n* + 175n3 + 99n? — 262n — 264
3

on—in!,
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2.2.4 Galled tree-child networks

Deriving closed form-expressions of the number of galled tree-child networks for a small number
of reticulations is a direct application of the generating function techniques on galled networks in

Section 2.2.2.

Theorem 33. We have
(1) Fork =2,
GTC, , = 237 +311” =4 (9 — 1) — (70 + 5) 2°2n! (2.16)
(i1) For k = 3,
GTC, s — n (35n3 + 601 7;20;— 1018 n + 446) (2n + 1)1
on (91513 + 4262 n; + 4713 n + 1630) Tl (2.17)

Remark 15. These formulas for galled tree-child networks fora small number of reticulations

are first presented here.

The entire proof follows exactly the same framework as that of Section 2.2.2. We define the
related generating functions FJ(z), G(z,v) and Ej(z) by

~ Z” " ZTL ~ ZTL
Fk(z) = ZLn-‘rk,k Ha G(Z, U) = Z Z GTka Uk H, and Ek(Z) = Z GTkam

n>0 n>0 k>0 n>k

First, we consider the generating function F},(z) for the components of galled tree-child networks;
see the component graph method in Section 1.1.3.4. Recall that L,y counts the number of one-
component tree-child networks with n leaves and k reticulations where the labels of the leaves below
the reticulation vertices are {1,...,k} and they are the components for galled tree-child networks;

see Definition 1.1.21. Applying Theorem 9 directly, we have F; k(2).

Remark 16. For k = 0, Fy(z) collects the phylogenetic trees only, then Fy(z) = 1 — /1 — 2z.

For £ = 1 and 2,
= z

32(2+ z)
Fi(z) = A= 20

(1 —22)7/2
Note that F},(z) equals to £(z) for k < 1 but not from k > 2, where FJ,(z)’s are defined in
Section 2.2.2.

and Fy(z) =

Second, we consider general galled tree-child networks which are built from one-component

galled networks and component graphs. This was described in detail in Section 1.1.3.4 and the recur-
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sive method there can also be translated into generating functions (because the component graphs are

trees). We therefore consider the generating function é(z, v). Then, we have the following result.

Proposition 11. We have,

G(z,0) = ZE(@M. (2.18)

1
>0 J:

Proof. By the decompression process of the component graph method in Section 1.1.3.4, we choose
a component graph of galled tree-child networks, whose root has j out-going edges. Then attach a
component on the root, that is, Fj(z) and for each outgoing edge of the root, we joint it with a galled
tree-child network, 1.e., the term (vé (2,v))? /7!, where v counts the number of reticulations. Hence

we have a galled tree-child network and it derives the formula. W

Third, the exponential generating function, Ek(z, for the number of galled tree-child networks

with % reticulation vertices is obtained from G (z,v) by partial differentiation

- 1 OF -
k(2) = HWG<Z’U) e
From Proposition 11, we obtain a recurrence.
Lemma 34. For k£ > 1,
- Fi(z - -
B(z) =) J,(| ) Y Eu(2) - Ey(2). (2.19)
= bl =k—j

Proof. Differentiating (2.18) k-times gives the formula. W
Finally, we can now prove Theorem 33.

Proof of Theorem 33. Note that Ey(z) = 1 — /T — 2z. From (2.19) and Remark 16,

Bi(2) = Fi(2) Bo(2) = 2(11_3212)_3 /f"").

Moreover, by using (2.19) and Remark 16 once again,

. - - Fy(2) Ey(2)? B z(22+4z—6+(2z+6) M)
Ey(z) = Fi(2) E1(2) + 5 =— 1= 2.7 , and
Bi(2) = Fi(2) Ba(z) + BB | B B
2 (352% + 2212% — 782 — 60 — (112° + 5322 — 1382 — 60)v/1 — 22)
T (1 —22)11/72 '

Extracting coefficients by using Lemma 32 gives the claimed result (2.16) and (2.17) for GTC,, 2 and
GTC, 3, respectively. W
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Chapter 2. Old and New Results for the Main Classes

2.3 Exact counting for any £ and any n

In Section 1.1.3, we provided exact counting formulas for any £ and n for the main classes which
have been used for generating tables in previous works; see [9] for tree-child networks, [29] for galled
networks, and [13] for galled tree-child networks. In this section, we present concise arithmetic ex-
pressions for one-component d-combining tree-child networks, which extend the bi-combining case;
see below. We also derive a recurrence which allows computation in polynomial time for d-combining
tree-child networks by connecting them to words. The remaining main classes still require further in-
vestigation.

A known exacting counting result for one-component tree-child networks were proved in [9] and
[19]. To state them, denote by OTC,, ;, the number of one-component tree-child networks of size n
with & reticulation vertices and by OTC,, the (total) number of one-component tree-child networks

of size n. Then,

OTC,, = (Z) Lok (2.20)

and

n—1
OTC, =Y OTCpy.
k=0

Proposition 12 ([9, 19]). (i) We have,

_(n (2n —2)!
OTC, = (k> i =T 2.21)

(i1) Asn — oo,

1 B 2\" 2 1+ |ZE|3 |l‘|
OTC,, ), = 3/2 2yn [ 2 2n ,—z?/\/n 1+0 il
k=3 —ewn e ) n-"e + o + i )

where k = n — \/n + z and z = o(n'/3).

2.3.1 One-component d-combining tree-child networks

We give now the generalization of this formula (2.21) to d-combining networks. Since both Theo-
rem 50 and Theorem 59 are derived from this result, we give two different proofs of it; one below and
one in Remark 17 succeeding the proof. The first proof gives a direct combinatorial interpretation of

the closed form, while the second one uses a recursion on d and eventually relies on the formula for

OTCY) in [9].
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Section 2.3. Exact counting for any £ and any n

Theorem 35. The number of one-component d-combining tree-child networks with n leaves
and £ reticulation nodes for 0 < k£ < n — 11is given by

@ _[(n (2n—|—(d—2)k—2)'
OTCp = (k) @2+ (n— k= 1)

Proof. We give the closed form for one-component networks a direct combinatorial interpretation.

For this purpose, we construct all one-component networks as follows:
1. Start with a phylogenetic tree with n — k leaves, i.e., without reticulation nodes.

2. Place dk unary nodes along the 2(n — k) — 1 edges. (Place multiple unary node on the same

2n — k) +dk — 2
(n L;— ) possibilities.

side is allowed.) Hence, there are (
3. Attach k reticulation nodes that are each connected to d of the unary nodes. Attach to each
reticulation node a leaf and label it from 1 to £ in the order of creation. Thus, in this step there

dk
are ( dd d) possibilities, where the d appears k times.

4. Relabel the n leaves respecting the orders of the n— k initial and k£ newly created leaves. Hence,

this can be done in (Z) ways.

Each in that way created network is different and all one-component networks satisfy such a decom-

position. Multiplying the number of possibilities for each step gives the claimed formula:

2(n—k)+dk—2 dk n
TCc“ =oTc®, - : ). 2.22
OTCoi = OTCk0 dk d.d,....d) \k (222)

The result follows now by the fact that

— 2k —2)!
OTCY, o = (2(n — k) — 3! = (2n — 2k — 2)!

C2nkel(p — k —1)! (223)

since OTCfld_) k.0 18 the number of phylogenetic trees with n — k leaves. W

Remark 17 (Alternative way to prove.). A second way to obtain OTij’,)€ proceeds by construct-
ing OTCﬂ from OTCE;I,:U as follows. First, let a (d —1)-combining one-component tree-child
network with n leaves and k reticulation nodes be given. Then, there are 2n + (d — 3)k — 1
edges whose end points are not reticulation nodes (i.e. candidate edges). We add k£ different
nodes (each node being the d-th parent of a reticulation node) to these edges. Overall there are

1:[(2n+(d—3)k—1+i)

=0

ways to do this. Now, if we assign the first one of the £ nodes to the first reticulation node, the
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Chapter 2. Old and New Results for the Main Classes

second one to the second reticulation node, etc., we obtain every one-component d-combining

tree-child network with 7 leaves and k reticulation nodes exactly d* times. Thus,

OTCY),  I*-'(2n+ (d—3)k — 1 +1)
d—
oTc!: d*

From this, we can get the result for one-component d-combining networks by iteration and

using the known result for the bi-combining case from [9].

2.3.2 d-combining tree-child networks

We next turn to general tree-child networks. Here, in contrast to one-component tree-child net-
works in Theorem 35, we do not have an closed form for TCiLdL. However, we introduce a way
of encoding these networks by words and this encoding leads to a recursive method for computing

TCS{?L. Using this method, the values of this sequence for small n, k and d can be computed easily.

Definition 2.3.1. Let Cy(f,)g denote the class of words consisting of the letters {wy,...,w,} in
which £ letters occur d + 1 times and n — k letters occur 2 times and which satisfy the following
condition: In every prefix of a word, either a letter has not occurred more than d — 2 times, or,
if it has, then the number of occurrences of w; is at least as large as the number of occurrences
of w; for all 7 > 7. Here, for the letters appearing only 2 times, we treat the Oth, 1st, and
2nd occurrence as the (d — 1)st, d-th, and (d + 1)st occurrence, respectively. Denote cﬂ the

9 o d
cardinality of Cfl’ ,1

Remark 18. For k = n, we recover the words from [ 10, Definition 12] which in turn generalized

the words from [23, Definition 2] from the bi-combining case.

Remark 19. The words ij,)f can also be encoded by Young tableaux with walls, where a wall
between two cells indicates that there are no order constraints between the respective entries;
see [4, 5]. The i-th column is associated to the ¢-th letter w; and its size is equal to the number
of occurrences of w;. Therefore, the corresponding Young tableaux consist of k£ columns with
d + 1 cells and n — k columns with 2 cells placed next to each other in such a way that the top
cells are all side-by-side. We put vertical walls between all cells in rows three to d 4 1. Finally,
the cells are filled in increasing order from left to right and bottom to top with the numbers
{1,2,...,2n+ k(d — 1)}; see an example in Figure 2.7. The bijection is as follows: Read the
words from left to right. A letter w; at position j indicates that the value j is put into column %.

This generalizes the class analyzed in [5, Section 4] consisting of only one row with walls.
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Section 2.3. Exact counting for any £ and any n

n columns
AL

d+ 1 rows

k longer columns

Figure 2.7: A corresponding Young tableau without filled cells for the words in Cﬁl])@.

The next result connects tree-child networks and the words from Definition 2.3.1.

Theorem 36. Let cg?e = |C7(zd,)€\ Then,

n!
TCS?@ = 2n—k—1c7(1d—)1,k:‘ (2.24)

Remark 20. For d = 2, [36] proposed an encoding of tree-child networks with n leaves and k
reticulation nodes by a (slightly) different class of words. This encoding led to a similar formula
for their numbers. However, whereas the formula from [36] is just a conjecture, we provide a

rigorous proof of our result.

Before proving the above theorem, we recall some concepts and provide generalizations of results

from [23].

Lemma 37. A tree-child network with n leaves and k reticulation nodes has exactly n — k — 1

free tree nodes and thus 2(n — k — 1) free edges.

Note that exactly the same result holds in the bi-combining case; see [23, Lemma 1]. For an

example demonstrating the last lemma see Figure 2.8.

Proof. Let N be a tree-child network in TC% and N has n + (d — 1)k — 1 tree nodes. Now, observe
that the d parents of a reticulation node are (1) tree nodes which are not free due to the stack-free
property; (2) different for all reticulation nodes because of tree-sibling property; (3) all non-free tree

nodes. Thus, the number of free tree nodes equals
m+d—1)k—-1)—dk=n—-k—-1. 1
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Chapter 2. Old and New Results for the Main Classes

Figure 2.8: A 3-combining tree-child network with 5 leaves and 2 reticulation nodes (blue nodes).

Thus, the number of free tree nodes is 2 (red nodes) and there are 4 free edges (red edges).

In [23, Lemma 4.], it carried over to the d-combining case: Every maximally reticulated tree-child
network admits a (unique) decomposition into path-components, which are maximal paths that start
at a node and end at a leaf, where all its intermediate nodes are tree nodes. (See Figure 4 in [23] for
an example.)

Now, we are ready to prove Theorem 36.

Proof of Theorem 36. Let N be a tree-child network with n leaves and £ reticulation nodes. From
Lemma 37, we know that NV has n — k — 1 free tree nodes, which each have 2 free edges. We choose
one free edge from each of these pairs of free edges. Then, the number of all networks /N together

with choices of free edges equals
21l =l (2.25)

where the equality with the right-hand side is our claim. Thus, in order to prove the claim it suf-
fices to find a bijection between the networks /N and a choice of free edges to tuples consisting of a
permutation and a word from Cfld_)L -

In order to explain this bijection, fix a network /N and a choice of free edges For every free tree
node, insert d — 1 nodes on its chosen free edge and a single node on its other free edge. Connect
the d — 1 nodes to the single node, thereby turning this single node into a new reticulation node.
Notice that the resulting network is a maximally reticulated tree-child network. The rest of the proof
proceeds now as the proof of [23, Proposition 2].

First, we index the path-components as follows: the path-component containing the root gets
index 0. Consider all other path-components (which must start with a reticulation node) with parents
of the reticulation node already in indexed path components. Index them according to the largest

index of the path-component which contains the parents, or, in case of equal largest indices according
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Section 2.3. Exact counting for any £ and any n

to whose last parent is encountered first when reading the nodes in the path component from the
starting node to the leaf. Repeat this until all path-components have been indexed; see Figure 2.9-(c).
Note that one path-component starts with the root, and n — 1 path-components start with a reticulation
node.

Now, label the reticulation node and all its parents of the path-component with index 1 by a, of
the path component with index 2 by b, etc. Next, for each chosen free edge, treat the added d — 1
nodes (which all have the same label) as a single node; see Figure 2.9-(c). Then, a word from Cfld_)l %
is obtained by reading the labels of nodes of the path-components in increasing order. Finally, a
permutation is obtained by reading the labels of each leaf of the path-components in the above order;
see Figure 2.9-(d).

Overall, this gives a bijection between /N and a fixed choice of free edges for every free tree node

to a word from C 1 1 and a permutation of length n. Thus, we have proved (36) and the claim. W

Theorem 36 reduces the problem of counting TCEZL to that of cfji. For the latter sequence, we

have the following relation to the sequence bn k.m Which can be computed recursively.

Definition 2.3.2. Denote 5”)  counts the number of words from Cé‘f,)g which having a suffix

n,k,m

WnWmWmil - - - Wp_1wy With 1 <m < n.

Thus, b') is a refinement of cﬁf?c.

> Un,k,m

Proposition 13. Let c d |C k| Then,

d d
ok = D brokm

m>1

where b

n,k,m

n+m+k(d—1)—2
bidim=2b£fm+< d£1) )beﬁlkm, n>2) (226

g=il =il

(1 <m <n,0 <k <mn) can be recursively computed as

with initial conditions bﬂm =0forn <mofn <k, b,_i,=0and bgf%l bg f = 1.

Proof. We now consider two cases. First, we assume that w,, is a letter which occurs twice. Then, re-
moving the 2 occurrences of w,, from these words gives a word of C 1 & with suffix w,,wpymi1 - Wn—1,
i.e., it has a suffix w,_jw;jw;y1 ... w,—1 for 1 < 57 < m. Reversing this procedure gives the contribu-
tion
m
b s (2.27)

J=1

to bg?c,m’ which is the first term on the right-hand side of (2.26).
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acdbaccbdedd
+
54213
4 1 3 2 5
abbabdcbdcdd
+
45123
4 1 3 2 5
acdbdaccbedd
+
24513
4 1 3 2 5
abbabdedbded
+
42153

=~
—
w
[\
[

(a) (b) () (d)

Figure 2.9: (a) The network from Figure 2.8 together with the 4 possible ways of choosing an out-
going free edge for every free tree node; (b) Replacing each free tree node by a reticulation node
which results in a maximally reticulated tree-child network whose path-components are indexed; (c)
Labeling all internal nodes by labeling reticulation nodes and their parents with the label of their
path-component. Note that all nodes on the chosen free edges only receive one label; (d) The word

from C f’Q) and the permutation corresponding to each network.
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Section 2.3. Exact counting for any £ and any n

Second, if w,, is a letter which occurs d + 1 times, we remove the d + 1 occurrences of this letter.

Then, with the same line of reasoning as above, we obtain the second term of the right-hand side of

(2.26):
n+m+k(d—1)—2 “ (d)
( d—1 ) Z bnfl,kfl,ﬁ

j=1
where the binomial coefficient counts the number of ways of adding back the d — 1 occurrences of w,,
after two w,,’s have been added, one before the last w,,, and one at the end of the word. By Definition

2.3.1 these first d — 1 occurrences of w,, may be anywhere. W

The recurrence from the above proposition combined with Theorem 36 allows one to compute
values of TCff?€ for small values of n, k, d. Also, like this, we can recover the table for TC%C from

[9] which was computed in that paper with a much more computation-intensive approach.
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n\k| 0 1 2 3 4 5 6 7
2 1 2
3 3 21 42
4 15 228 1272 2544
5 | 105 2805 30300 154500 309000
6 | 945 39330 696600 6494400 31534200 63068400
7 | 10395 623385 16418430 241204950 2068516800 9737380800 19474761600
8 | 135135 11055240 405755280 8609378400 113376463200 920900131200 4242782275200 8485564550400

Table 2.2: TCS}C for2 <n <8and 0 < k < n; see also [9].

n\k| 0 1 2 3 4 5 6
2 1 2
3 3 33 150
4 | 15 492 7908 55320
5 | 105 7725 291420 6179940 57939000
6 | 945 132030 9603270 430105320 11292075000 132120450000
7 110395 2471805 307525050 24586633890 1284266876760 40079165452200 560319972030000

Table 2.3: TCY) for2 <n < 7and 0 < k < n.

SOSSBD) UIRIA 9} J0J SINSAY MIN pue p[0 g Iadeyd



6

n\k| 0 1 2 3 4
2 |1 2
33 48 546
4 |15 942 45132 1243704
5 105 18375 2394360 227116260 11351644920
6 | 945 375705 107314200 23919407460 3724353682560 291451508298720
Table 2.4: TC') for2 <n < 6and 0 < k < n.
n\k| 0 1 2 3 4
2 |1 2
3|3 66 2016
4 |15 1650 242496 28710864
5 1105 39135 17566470 7876446840 2307919133520
Table 2.5: TCS;C for2<n<5and0 < k < n.
n\k| 0 1 2 3 4
2 |1 2
3 |3 87 7524
4 |15 2700 1246740 676431360
5 1105 76515 118491090 262058953860 483098464854720

Table 2.6: TC) for2 < n < 5and 0 < k < n.
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Chapter 2. Old and New Results for the Main Classes

2.4 Counting maximally reticulated networks

As a continuation of the topic introduced in Section 2.1 (the maximal number of reticulations), an
intuitive counting question to consider is that of enumerating maximally reticulated networks.

The asymptotic result of the number of maximally reticulated reticulation-visible networks and
tree-child networks follows from the main result in [23]; see the proof of Theorem 23 which gives the

following result.

Theorem 38 ([23]). The asymptotic number of maximally reticulated reticulation-visible net-

works and tree-child networks are given by

1 12\"
RVn,?me = TCn,nfl =06 <n72/36a1(3n) /3) (e_2> n2n’ (2.28)

where a; is the largest root of the Airy function of the first kind.

The number of maximally reticulated galled network was provided by Fuchs, Yu, and Zhang in

[24].

Theorem 39 ([24]). The number of maximally reticulated galled networks is given by

1 6\"
GNuomeny =3"1@2n -3~ —n7t (= "
2(n—1) (2n — 3) " (e) n

2.4.1 d-combining tree-child networks

The number of maximally reticulated d-combining tree-child networks is highly related to the

total number, and they have the same asymptotic results.

Theorem 40. For the number of d-combining tree-child networks, we have, as n — oo,

TC = 6 (TCY)

n,n—1

) =@ ()" (@)" e @ o)

where a; = —2.33810741 . .. is the largest root of the Airy function of the first kind, defined as

the unique function Ai(z) satisfying Ai”(z) = zAi(z) such that lim,_,, Ai(z) = 0, and

__d(3d—1) _(d=1\*" _(d+ 1yt
o(d) =~ 51 B(d)_(m) - and o(d) =4

We will later re-state and prove the result together with the total number of d-coming tree-child

networks in Section 2.6.2.
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Section 2.4. Counting maximally reticulated networks

2.4.2 Galled tree-child networks

In this section, we enumerate the number of maximally reticulated galled tree-child networks.
Since the component graph method (Section 1.1.3.4) says that the maximally reticulated galled tree-
child networks are obtained by decompressing a tree-like structure which is similar to the counting on
galled networks in Section 2.2.2, we may implement generating function techniques (Section 1.2.1)

Eventually, by applying Lagrange inversion formula (Section 1.2.4), we have the result below.

Theorem 41. The asymptotic number of maximally reticulated galled tree-child network

GTC,, ,,—1 with n leaves is,

GTCpp1 ~ Vern /2 (—) n*". (2.29)

Set

~n Pk (271—2)! n
M(z) =) GTChn-1—y and  L(z) := > Ln,n7q=2—2n_1n! o
n>1 n>1 n>1

where the last line follows from (2.20) and Proposition 12-(i). Then, we have the following result.

Lemma 42. We have,
M(z) = z+ 2L (M(2)). (2.30)

Proof. According to the explanation in the paragraph preceding the lemma 8, a maximal reticulated
galled tree-child network is either a leaf or obtained from a maximal reticulated one-component tree-
child network with the leafs below the reticulation vertices replaced by maximal reticulation galled
tree-child networks. This translates into

M(2) = 2 + Z Lot zM(z)" 1

e (n—1)!"~

where the 2 inside the sum counts the leaf which is not below the reticulation vertex and the fac-
tor 1/(n — 1)! discards the order of the maximal reticulated galled tree-child networks (counted by
M (z)"~!) which are attached to the children below the reticulation vertices. The claimed result fol-

lows from this. W

Note that (2.30) is of Lagrangian type; see Theorem 17. Thus, we can obtain the asymptotics of

GTC,, ,,—1 by applying Lagrange’s inversion formula and Theorem 19 from [6].

Theorem 43. The number of maximal reticulated galled tree-child networks GTC,, ,,_; satis-
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fies, as n — oo,
2 n
GTC,, 1 ~ ern /2 <—2> n?".
e

Remark 21. For tree-child networks, it was proved in [23] that TC,, = ©(TC,, ,,_). (This was

a main step in the proof of (48).) The above result together with Theorem 55 shows that the

same is not true for galled tree-child networks.

Proof. Applying the Lagrange inversion formula to (2.30) gives
GTC, o1 = nl[z"M(2) = (n — D)!w™ (1 + L' (w))".

Next, by Stirling’s formula, as n — oo,

L (z) = Zotin _ GO s (%)nnn

n!  2np)

Thus, we can apply Theorem 19 to (2.31) with v = 1/2 and obtain that, as n — oo,

on—1 e

2n — 2)! 2\"
GTCp 1 ~ VenLy 1 = \/Enu ~ ern /2 (—2) n?".

This is the claimed result. W
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Section 2.5. Asymptotic counting for fixed k as n — oo

2.5 Asymptotic counting for fixed £ as n — oo

Surveying the previous chapters, our analyses have all focused on exact counts under a constraint
on the number of reticulations. Recall the assumptions on k in each section: Section 2.2 considers
small fixed k; Section 2.3 allows arbitrary k; Section 2.4 treats maximal & (depending on n). In this
section, we turn to the counting problem under the assumption that % is a fixed constant and 7 tends
to infinity.

There are known results for general phylogenetic and tree-child networks. In 2020, Mansouri [34]

gave the asymptotics of the number of general phylogenetic networks:
g1 (2) n42k—1
PN, ~ d;2 -] n , (2.32)
e

where d; = v/2/4, dy = \/2/32 and ds = /2/384, dj, depends on k. In 2018 and 2020, Fuchs,
Gittenberger, and Mansouri [ 19, 20] proved the same result for tree-child networks (and normal net-

works) but without the closed-form expression for the leading constant:
st (2" nrant

Later in 2022, Fuchs, Huang, and Yu [2 1] obtained the leading constants d:

V2

Thus, the classes of phylogenetic networks between normal networks and general networks have the

same asymptotics; see Figure 1.5.

2.5.1 d-combing tree-child networks

In this section, we give another application of the method of component graphs, namely, we derive
the first-order asymptotics of TCS?C for fixed k£ as n — oo. This extends the main result from [21] to
general d.

The main observation of [21] was that the main asymptotic contribution to the asymptotics of
TCff,)C comes from the tree-child networks constructed from the star-component graph with k leaves;
see Figure 2.10. (In fact, since component graphs are labeled, there are k£ + 1 star-component graphs
depending on the label of the root vertex.)

We denote by Sﬂ the number of tree-child networks arising from the star-component graph(s)
with k leaves. Then, we have the following formula for this number which generalizes the formula

from [21, Lemma 5] for d = 2.
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AN\

%/—/ %/—/
k k
Figure 2.10: Star-component graphs for generating the tree-child networks whose numbers dominate
the asymptotics of TCff?€ for fixed k as n tends to infinity. (Left: d = 2; Right: d = 3. Labels of

nodes are removed.)

Lemma 44. We have,

n—k

2]+d/<:—2) (2n—k—25-1)!
= P
Jj=1

S(d)
8 JG -1 (n—k—j)ln—j)

(dl)szn R=1(

Proof. The proof is very similar to the one of [21, Lemma 5]. We give a short sketch.

First, by a combinatorial argument, we have

n—~k
i = = < ) Pt (= T,

d)F2—1(j — 1)l &l

J

where
n

T(z) =Y @n-1N- 5 =1-yI-2z

= n!
is the exponential generating function of the number of phylogenetic trees.

Briefly, the construction on which this combinatorial argument is based works as follows: first,
we pick a one-component tree-child network with j + k leaves where the leaves with labels {1, ... k}
are the ones below the reticulation nodes. Then, we replace the leaves below reticulation nodes by
phylogenetic trees. (For this, we need a forest of k£ phylogenetic trees.) Finally, we re-label the leaves.

Next, by a standard application of the Lagrange inversion formula, we obtain

[2" T (2)F = %Qﬂkn (Qn ;f ;%jj_ 1) :

Plugging this into the expression above and straightforward manipulations yield the claimed result.

Applying to this the Laplace method, we have the following asymptotic result.

Proposition 14. For fixed £, as n — oo,
() 2dk:—l
Snk ~ —n|2nndk73/2'

N
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Proof. The proof is similar to [2], Lemma 6]. Again, we just give a sketch.
First, it suffices to consider the asymptotics of the sum in the expression for S .. from Lemma 44

as the factor in front of it has already the right shape. Thus, we set

k

n—

2j—|—dk‘—2) (2n—k-2j-1)
JG-D (n—k—=j)(n—j)!

2n+(d-—2k-2j-2)! (2+k—1)
(m—k—ln—k—j—-1 jl(j+k)

mm

|
?r

n—k—1

J=0

Now, observe that the first term in the last sum is decreasing in j and has the expansion

Cn+(d—2)k—2j—2)! 2Dk . dk—3/2 145
n—k—i)n—k—j7—-1)! /& 4 " L+0o n

uniformly in j as j = o(n). Thus, by a standard application of the Laplace method

5 L2 ( s~ 2T+ k=D e 2T sy
n, ) ,
0

e 3+ k) kv

where we used [2], Lemma 7] in the last step.
From the above asymptotics multiplied with the factor in front of the sum in the formula for Sff,l

from Lemma 44, we obtain the claimed result. W

Finally, using the same arguments as in [2 1], we can show that also here the contribution from tree-

child networks arising from the star-component graph(s) dominates; we leave details to the reader.

Theorem 45. For the number of d-combining tree-child networks with n leaves and k reticula-
tion nodes, we have for fixed &k, as n — oo,

TC(d) ~ ﬂ n' 2” ndk_3/2
@)k T '

n,

Remark 22. This result was stated in [ 10, Theorem 8] without proof. (Note that this also corrects

two typos in the statement of [ 10, Theorem 8].)

2.5.2 Reticulation-visible networks

An easy consequence of the asymptotic result of reticulation-visible networks for fixed k£ as n —

oo is the following.

Corollary 2.5.1. For fixed k,

2F=1/2 (2"
RV, ~ k"\/_ (E) n AL (n — 00).
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Proof. According the the subset relationship, 7C C RV C PN. R

For the same reason, the classes containing tree-child networks in Figure 1.5 admit the same

asymptotic result (2.33).

2.5.3 Galled networks

Galled networks does not be contained in the above mentioned poset chain of classes (above the

normal or tree-child networks), but surprisingly the same asymptotic result holds.

Theorem 46. For fixed &,

GN,, ~

2k=1y/2 (g

x e) n AL (n — 00). (2.34)

This will be follow from the following asymptotic result for Fj(z) which is obtained from (2.12)

and induction.

Proposition 15. For £ > 1, Ei(z) is A-analytic for some A-domain at 1/2 and satisfies, as

z — 1/2 in the A-domain:
(4k — 3)!!

Ey(z) ~ K12k (1 — 22)2k-1/2"

Proof. Note that

Eo(z) = Fy(z) =1—+V1 -2z~ 1.

Thus, if £ = 0 is included in the claim, then the power of 1 — 2z in the denominator is max{2k —
1/2,0}.

We use induction on k. For k = 1, the claim holds since F;(z) ~ Fj(z) which has the desired
form by (2.8). Thus, we can assume that the claim holds for £/ < k. We need to prove it for k.
Plugging the induction hypothesis into (2.12) and using (2.8), we obtain that for the terms inside the
double sum of (2.12):

Fj(Z)Eél (Z) . E@j (Z) ~ C(l . 22)7(2j71/2+max{2€171/2,0}+---+max{2€j71/2,0})’

where c is a suitable constant and ¢; + - - - + ¢; = k — j. The term inside the bracket is maximized if
and only if j = k and thus ¢; = - -- = {;, = 0. This shows that

which by (2.8) gives the claim. W

Now, we can prove Theorem 46 for k£ > 1.
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Section 2.5. Asymptotic counting for fixed k as n — oo

Proof of Theorem 46. From Proposition 2.12 and the transfer theorems of singularity analysis (see

Chapter VIin [17]):

(4k — 3)!! 2k—3
N,k = nl[z"] E(2) ~ n! 2,
Gl = Rl E(2) ~ o = 7y 2™

Note that
[(2k — 1/2) = 27214k — 3)!I/7T.
Plugging this into the above expression and using Stirling’s formula gives the claimed result. W

Remark 23. It is easily verified that Theorem 46 holds for £ = 0, too.

2.5.4 Galled tree-child networks

We next consider GTC,, ,, with k small. Here, we have the following result which explains why

the asymptotic expansions of TC,, ; in (2.33) and GN,, ;, in (2.34) are the same.

Theorem 47. For fixed k, as n — oo,

9k=1,/2 (2\"
GTCMNT\/_(E) AL (2.35)

The proof of this result uses ideas from [21].

Proof. First consider galled tree-child networks of size n which are obtained by decompressing phy-
logenetic trees of size n which have all k& arrows on the edges from the root, i.e., the root has at least
one leaf and all other children are either internal nodes or leaves (with at most k internal nodes) and
all internal nodes have just leaves as children. By Proposition 8 in [21], the number of these galled
tree-child network has the same asymptotics as the one on the right-hand side of (2.35). Moreover,
these networks also dominate the asymptotics in the case of tree-child networks. Thus, the remain-
ing galled tree-child networks are asymptotically negligible as their number is bounded above by the

number of remaining tree-child networks. W
Note that this re-proves the (surprising) asymptotic result for GN,, i in (2.35) from [ 1].

Alternative proof. First, from the subset-relation GT7C,,x C TCyx, GN, i and (2.33) and (2.34), we

k-1 n
GTC,y < 2 \/5(2) k1

have

k! e
for fixed £ as n — oo. On the other hand, also from the equations (2.32), (2.33) and (2.34).

TCn,k + GNn,kz - GTCn,k: - |Tcn,k’ ) gNn7k| < PNTLJ{:’

which gives a lower bound having the same asymptotic to the upper bound, for GTC,, ;.. The asymp-

totic result (2.35) follows. W

100



Chapter 2. Old and New Results for the Main Classes

2.6 Asymptotic counting of the total number of networks

Another topic concerns the asymptotic counting of the total number of networks. For essentially
every network class, obtaining exact enumeration results is extremely challenging. None of the main
classes currently admit closed-form exact counts (compare with the discussion in Section 2.3), and
therefore this section focuses on their asymptotic behavior. Moreover, asymptotic enumeration often
serves as the first step toward developing probabilistic models and studying random variables on these
network classes.

Fuchs et al. [19] proved an asymptotic result for the number of one-component tree-child net-
works. More precisely, the second result in Theorem 12 (also in [19]) is a local limit theorem for
the (random) number of reticulation vertices of a one-component tree-child network of size n which
is picked uniformly at random from all one-component tree-child networks of size n. It implies the

following (asymptotic) counting result for OTC,,.

Corollary 2.6.1 ([19]). Asn — oo,

OTGC,, ~ Lnﬁf’/‘le?‘/ﬁ 3 n?n.
2//e

e e?

The growth terms in the asymptotic result for the number of tree-child networks with n leaves are

all determined except the multiplicative constant in [23, Theorem 1].

Theorem 48 ([23]). For the number of tree-child networks, we have, as n — oo,

TC, = © (n2/3ea1(3”)1/3 (E) ”2n> ’ (2.36)

e2

where a, is the largest root of the Airy function of the first kind.

The surprise here was the presence of a stretched exponential in the asymptotic growth term.
On the other hand, no stretched exponential is contained in the asymptotics of the number of

galled networks but the multiplicative constant is well-determined. It was proved in [24] that

Theorem 49 ([24]). For the number of galled networks, we have, as n — oo,

3/4 n
GN,, ~ v2e . (8> n", (2.37)

4 2

The tools used to establish (2.36) and (2.37) were very different: for (2.36), a bijection to a class of
words was proved (see Section 2.3.2) and a recurrence for these word was found (see Proposition 13)
which could be (asymptotically) analyzed with the approach from [37]; for (2.37), the component
graph method introduced in [29] (which was explained in Section 1.1.3.2) together with the Laplace

method and Theorem 19 was used.
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Section 2.6. Asymptotic counting of the total number of networks

2.6.1 One-component d-combining tree-child networks

We first look at the total number of the one-component d-combining tree-child networks.

Theorem 50. The following asymptotic equivalences hold for one-component d-combining

tree-child networks.
(i) For d = 2 (bi-combining case), we have

OTCff) ~ (n!)22”62‘/ﬁn_9/4'

?

1
4m+/e
see [23, Theorem 3].

(i) For d = 3, we have

OTCY ~ 1,(2) - OTCE),_, ~ LAV3 s (9) a

where
1 2k

fu(a) = <g> g KID(k + v+ 1)27

is the modified Bessel function of the first kind.

(iii) For d > 4, we have

d n
(d (d) d! afd 3(1—d)/2
OMCE o~ OMCLE o~ == D@D 7 (n) <—d! n3=9/2,

The case of d = 2 is the only case of the three cases above in which we find a stretched expo-
nential in the asymptotics (see [37]). The result and the exact formula for OTCE;?C for any £ and n
in Theorem 35 also give the distributional result for the number of reticulation nodes which will be
shown in Section 2.7. Note that the proof of Theorem 50-(ii) and (iii) will later be proved together

with Theorem 59 in Section 2.7.1.

2.6.2 d-combining tree-child networks

To understand the counting of T'C,,, we are going to see that the growth of Tij,)C is dominated by

Tc(d)

n,n—1*

For the latter sequence, a recurrence used for the computation of its values and the method
of [37] (which needs some adaptions because of the dependence on d) yields the following asymptotic
counting result for TCfld). For the bi-combining case, this result was proved in [23]. Contrary to the
one-component case from Theorem 50, in the general case the stretched exponential appears for all

d > 2.
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d a(d) =~ pld) =~ 7(d) ~

2 -3 —167 (3)¥3 0.48 12 12.00
3 -3 =3.00 (3)%% 0.63 32 32.00
4 -2 440 (2)¥3 071 20 83.33
5 -3 583 (3)23 0.76 216 216.00
6 -3 729 (£)2% 0.80 16807 560.23
7 - 875 (3)23 0.83 85336 1456.36
8 -2 —10.22 (£)2/% 0.85 BLUL - 3796.01
9 —4r —11.70 (£)23 0.86 625300 9920.63
10 —45 1318 ()3 0.87 2691 25991.49

Table 2.7: Specific values of the asymptotic parameters «(d), 3(d), and y(d) from Theorem 51.

The theorem below also states the maximally reticulated d-combing tree-child networks in Sec-

tion 2.4.1 has the same asymptotic growth up to a constant.

Theorem 51. For the number of d-combining tree-child networks, we have, as n — oo,
TCY = © (Tc,(;f;,l) ~-0 <(n!)d7(d)” e3alﬁ<d>n”3na<d>) , (2.38)

where a; = —2.33810741 . . . 1s the largest root of the Airy function of the first kind, defined as

the unique function Ai(z) satisfying Ai”(z) = zAi(z) such that lim, ., Ai(z) = 0, and

~d(3d—-1) _(d—1\*? _ (d+ 1)t
-5 H0-(7) - @-eg

The first few specific values of the asymptotic parameters «(d), 3(d), and ~y(d) are shown Ta-
ble 2.7. Also, by performing a finer analysis for k close to n, we obtain the following distributional
result for the number of reticulation nodes. (In the case d > 3, the above mentioned encoding again
plays an important role in the proof; the case d = 2 needs a different treatment.)

In the following content, we prove Theorem 51, namely, we derive an asymptotic result for TCgld).

Recall that

The first main observation is that the last term in this sum dominates; see the first equality in

(2.38). More precisely, we have the following.
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Section 2.6. Asymptotic counting of the total number of networks

Lemma 52. For 0 < k£ < n — 2, we have

1
o) €« ————mel 2.

and consequently,

TC@ = 0 (TCM 1)

Proof. Let N be a tree-child network with n leaves and k£ reticulation nodes. Recall that N has;
2(n — k — 1) free edges; see Lemma 37.

We can construct tree-child networks with n leaves and k£ + 1 reticulation nodes from N by (i)
inserting d — 1 tree nodes into the root edge of /N and a reticulation node into a free edge and (ii)
connecting the d — 1 new tree nodes to the new reticulation node. Note that each network built in this
way is different. Thus,

2(n — k —1)TCY) < TC!)
which implies the first claim.

Next, by iteration of (2.38), we obtain

1
TCY), < TC.) 2.40
nk — 2n_k_1(n — k- 1), n,n—1 ( )

and thus,
TCY | <TC@

n—

| /\

1
(X 5) - Te = ve e,

i>0

which proves the second claim. W "
Remark 24. Note that for d = 2 and £k = n — 2, equality holds in (2.38) because in this case,
(a) the networks constructed from /N in the above proof are maximally reticulated and (b) the
child of the root of each maximally reticulated network is not free. Thus, the construction from

the proof is reversible and we have a bijection. (This was first proved in [9, Proposition 17].)

As a consequence of the last result, we can now entirely concentrate on the maximal reticulated

case for which we obtain from Theorem 36:

TCnn 1= n'c( )1

(d)

where we have set ¢;,” :=c¢ ,(1% By Proposition 13, this sequence satisfies
&= 3 H,
m>1

where bngm = bn n,m satisfies
m + nd 2
b = ( ) an . (2.41)
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The recurrence (2.41) can be brought in a slightly easier form.

Lemma 53. We have,

(2.42)

n,m - dn +m— d—1 n,m—1 d—1 n—1,m>

5@ dn+m —2 5@ (dn+m—2)b(d)

forn > 2 and 0 < m < n with initial conditions bg‘? = 1 and bgf?n = 0for i) n > 2 and

m = —1;(@{i) n =1and m = 0; and (iii) n < m.

Proof. The recursive structure in (2.41) yields

b(d) b(d)

n,m n,m—1 _ b(d)

dn+m —2\ [dn+m —3 n—1lm:
d—1 d—1

This gives the claimed recurrence and the initial conditions are easily checked. W

To this recurrence, we apply now the method from [37]. Due to the similarities, we only discuss

the main differences. We start with the following transformation of (bﬁff%l)ogmgn to (eg?) 0<i<j »

i—jis even
which changes the indices and captures the exponential and super-exponential terms coming from the

binomial coefficient in (2.42).

Lemma 54. We have
KD — M@ ) with A = D
, ’ (d—1)!
where eﬁf?n satisfies the following recurrence
egf,lm = ManZnend—l,m—&-l + VT(lC?ne?(ld—Lm—l (2.43)
with
‘4%:1+w+nn+éd5%2w+n and *%ZIEQ‘uﬁﬁ%?&m>
for n > 3 and m > 0, where eig)_l = egci)z = 0 except for egfo) = 1/A(d).

Now, we are interested in

L&

b
o _ n
20 () (nl)d

because by the previous lemmas and (2.41) we have

Tc =6 (T, ) =0 (nd?,)
(2.44)
= 0 (nn'=82) = 6 () A n ell, ).

n,
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Section 2.6. Asymptotic counting of the total number of networks

Moreover, observe that for the Theta-result, the initial value of egflg is irrelevant, as it creates only a

constant factor. So we may set it to eg’la = 1, or any convenient constant. Note that this recurrence is
very similar to that of relaxed trees [37, Equation (2)], yet with more complicated factors. Observe
also that this is exactly recurrence [23, Equation (10)] for d = 2.

Motivated by experiments for large n, we use the following approach

m+1
ety ().

where h and f are some “regular” functions. Next, we substitute s(n) = h(n)/h(n — 1) and m =
xn'/3 — 1 into (2.43). Then, for n — oo we get the expansion

2(d—1)

Fpstn) =200+ (170 - 25

K f(n)) 40,

Hence, we may assume that

s(n)=2+cn 3 +ent ...

and this implies that f (k) satisfies the differential equation

1() = ( s %) 1(x)

that is solved by the Airy function Ai of the first kind, as we have e,,,,, = 0 for m > n which
corresponds to lim, ., f(z) = 0. Additionally, the boundary conditions allow us to compute ¢; and
we get that

2(d—1)

= CAi B3 h B =
f(k) i(a + k), where T

(2.45)

ay ~ 2.338 is the largest root of the Airy function Ai, and C' is an arbitrary constant. From this we
get that ¢; = a;B'/3. These heuristic arguments guide us to the following results. The proofs are
analogous to [37, 14, 23]; for the details we refer to the accompanying Maple worksheet [41]. Note
that the next two results generalize [23, Propositions 4 and 5], whose results are recovered by setting

d=2.

Proposition 16. For all n,m > 0 let

- 2d —1 m? 21 12d — 11 B1/3 1
Xn,m;:(l_d_m__3d+ d m)Ai(MM) and

3(d+1) n 6(d+1) n nl/3
g aB*? 3 —5d+4 1
o e 3(d+1)n iy

Then, for any £ > 0, there exists an 7y such that

Xn,mgn S M(d) Xn—l,m—&—l—{"/y(;l) Xn—l,m—l

n,m m

2/3—¢

(d) d)

foralln > ngand forall0 <m <n , where pi,, m and V,(z m are as in Lemma 54.
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Proposition 17. Choose n > % fixed and for all n, m > 0 let
5 2d—1 m? 3d*+12d—11m  m? BY3(m +1)
Xom=|1—- ——— — — — ] Ai _ d
’ ( 3(d+1) n 6(d+ 1) n+77n2) 1(“1+ ni/3 ) an
) aB¥? 3 -5d+4 1
Spi= 2+ — + .
n?/3 3(d+1)n e

Then, for any £ > 0, there exists a constant 7, such that

Xn,mén Z ,U/(dzn,Xn—l,m—&-l“f'V(d) Xn—l,m—l

n, n,m

foralln > ngandall 0 < m < n'~=.

These propositions will be proved in the Section 2.9.2 and they allow us now to prove Theorem 51

on the asymptotics of general d-combining tree-child networks with n leaves.

Proof of Theorem 51. Let us start with the lower bound.

We first define a sequence X, ,, 1= max{Xmm, 0} which satisfies the inequality of Proposition 16
for all m < n. Then, we define an explicit sequence 7Ln = EnFLn,l for n > 0 and iLo = 59. From
this, we get by induction that eq(ff,)n > COBan,m for some constant C;; > 0 and all n > ng and all

0 < m < n. Hence,

ng) > CoilQnXQn,o

n,0 —

2n 2/3 2 1/3
am B 3d* —bd+ 4 1 ) B
>Gi]] (2 TR T 3T i ﬁ) Al (“1 * (2n)1/3>

i=1

> 014"63“1(3/2)2/3”1/3n%.
Finally, combining this with (2.44) we get the lower bound.
The upper bound is similar, yet more technical.
The starting point is Proposition 17 and a function X, ,,, that is valid for all 0 < m < n. For this
purpose we define a sequence éff?n such that éﬁf?n = egff,)n for0 < m < n'~¢and é,(ffln := 0 otherwise;
compare with [37, 14]. The missing key step is now to show that eéﬁo =0 (ég‘flo). Combining this

with the analogous computations performed for the lower bound we get

. ~ 2/3,1/3 d>4d—2
esy < Cydneda B/ ont 2y ey

To complete the prove we show 6820 < 2ég20 using lattice path theory and computer algebra. The

argument follows along the same lines as in [23, Appendix]. We start from Equation (2.43) of egff)

ms

which we interpret as a recurrence counting lattice paths. They are composed of steps (1, 1) weighted

by ,LLff,lzn and (1, —1) weighted by V7(167l7)n when the respective step ends at (n, m). The total weight of
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a path is the product of its weights. Now, we are interested in the paths never crossing y = 0 and
ending at (2n,0). Let now py j 2, be the number of such paths starting at (¢, k) and ending at (2n, 0).

From (2.43) we directly get

_ (d) + (d)
Pekon = Hpiq g 1Po+1k—12n T Vo g py1P4+1,k+1,2n,

with pg 19, = 0 and pay, 2, = O 0.

Now, as in [23] we are able to show that

De.jon DPek2n
> 2.46
G+12 = (it 1) (2.46)

for integers 0 < j < k < ¢ < 2n such that 2 | k — j. For the technical details, using reverse induction
on ¢, we refer to our accompanying Maple worksheet [41].

Finally, from (2.46) we directly get

Pae2yon < (24 + 1)*D2z 0,20, (2.47)

which we need to apply [37, Lemma 4.6] together with the bound egi)gy < (;‘fy), which holds due to
the same reasons as in [23]: combining the weights of up an down steps gives a weight less than one.

This proves egﬁo < Zé%{0 and ends the proof of Theorem 51. W

Remark 25. Note that in [37, 14] a stronger result than (2.46) was proved, where the powers in
the denominators are 1 instead of 2. However, any polynomial coefficient in (2.47) suffices to
get the same result using [37, Lemma 4.6].

With the same strategy as in [37, 14], we could show the stronger result po; 2,2, < 2(2y +

1)p2s.0.2n, however, then other technicalities arise: the value j = 0 and the range 0 < j < k <

¢ < 2n have to be treated separately.

2.6.3 Galled tree-child networks

Again by the component graph method (Section 1.1.3.4), we begin by analyzing its component
graphs. By relaxing the condition of how the black arrows can be placed on edges, we obtain an
upper bound. Conversely, by restricting our attention to the subclass of component graphs that con-
tributes the dominant term, we obtain a lower bound. Remarkably, both bounds lead to the same

asymptotic form, which yields the following result.

Theorem 55. For the number of galled tree-child networks, we have, as n — oo,

]' —5/4 _2+/n 2 2n
GTC,, ~ 27/6" /4e2Vn <e—2) n?". (2.48)
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Remark 26. Note that the asymptotics contains a stretched exponential as does the expansion
(2.38) for tree-child networks, however, the proof will use the tools which were used in [24] to

derive (2.37) for galled networks.

For the proof of Theorem 55, we closely follow the method of proof of (2.37) from [24]. The
main idea is to use (1.7) to find asymptotic matching upper and lower bounds for GTC,,.

First, for an upper bound, we pick a phylogenetic tree 7 of size n (which is considered to be a
component graph of a galled tree-child network of size n) and decompress it by picking for inter-
nal vertices v of 7 any one-component tree-child network of size c(v) (where the notation is as in
Theorem 4). Since, as explained in Section 1.1.3.4, actually only certain one-component tree-child
networks are permissible, this modified decompression procedure overcounts the number of galled

tree-child networks of size n. More precisely, we consider

Uy, = ; []oTC.w).

where the first sum runs over all phylogenetic trees 7 of size n and the product runs over internal

vertices of 7. Then, we have GTC,, < U,,. Next, set

n

(n+ 1)1

U(z) = Z Unz—r;, A(z) = Z OTC,41

n>1 n>1

Then, the definition of U,, implies the following result.

Lemma 56. We have,

U(z) =24+ U(2)A(U(2)).

Proof. The networks counted by U, are either a leaf or a one-component tree-child network with n

leaves which are replaced by an unordered sequence of networks of the same type. This gives
U n
U(z) =z+ Z OTCnﬁ

n!
n>2

from which the claimed result follows. W

Now, we can proceed as in the proof of Theorem 24 to obtain the following asymptotic result for

Up.

Proposition 18. As n — oo,

1 5 2\"
- —5/4_2\n 2n
U, —2\4/671 e <—€2) n".

Next, we need a matching lower bound. Therefore, we consider (1.7) with the first sum restricted

to phylogenetic trees of the shape (where we have removed the leaf labels):
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We denote the resulting term by L,, (not one-component tree-child networks). The decompression

procedure from Section 1.1.3.4, then gives the following result.

Lemma 57. We have,

n\ (2))! "2 (n—2j (2n — 25 — 2)!

Proof. The first equality is explained as in the proof of Lemma 9 in [24] and the second equality

follows from (2.20) and Proposition 12-(i). [

From this result, we can deduce (matching) first-order asymptotics for L,, which then together

with the asymptotics of the upper bound (Proposition 18) concludes the proof of Theorem 2.48.

Proposition 19. As n — oo,

L, ~ . 5/42vm (2) n2n

1
2We e?
Sketch of the proof. From Stirling’s formula (similar to the proof of Proposition 12-(ii)),

. . j
n—2j '(271 -2 .— 2)! ~ 1 n 32021 3 n2n—2je—m2/\/ﬁ7
l m=i-l(n—-2j—0—-1)! 27+l /er e?

where k = n — y/n + x and this holds uniformly for small 2 and j (which both may depend on n).

Using the Laplace method then gives,

n—2j . . n
! (n—2j (2n —2j —2)! - 1 n-5/4p2vn 2 2n—2i
Z 1 m=i—l(n—2j—(—1)1 27+l /e e?

J=0

uniformly for small j (which again may depend on n). Finally, by plugging the last relation into

(2.49),
1 1 2\"
Ln ~ Z _) n75/4€2\/ﬁ (—2) n2n
2,/e (jzo g147 e

which gives the claimed result. W
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Proof of Theorem 55. Note that the inequality

Ln S GTCn S Una

Proposition 18, and Proposition 19 give the result. W
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2.7 The number of reticulations for a random network

This section introduces a probabilistic viewpoint for studying the typical number of reticulations
in a random network. Building on the results from Section 2.6 (counting of the total number), our
analysis reduces to understanding the enumeration of the number of networks with n leaves and
k reticulations X,, ,, which was discussed in Section 2.3. By applying the Laplace method (Sec-
tion 1.2.3) to these enumeration formulas, we obtain the desired asymptotic behavior for the number
of reticulations.

We first recall the formal definition of convergence in distribution, which will serve as a founda-

tional notion for analyzing the limiting distributions of random networks in the subsequent sections.

Definition 2.7.1 (Convergence in distribution). A sequence (X,,),,>1 of random variables con-

verges in distribution (or in law) to a random variable X (denoted by X, AL X ) if

lim Fy, () = Fx(z)

n—o0

for each continuity point z € R of Fx, where Iy, and Fx are the respective cumulative

distribution functions.

In 2022, Fuchs, Yu and Zhang [24] gave the probabilistic results for galled networks.

Theorem 58 ([24]). Let [,, be the number of inner reticulations of a random galled networks
with n leaves and RR,, be the number of (total) reticulations of a random galled networks. The

random vector (/,,,n — R,,) weakly tends to a discrete limit distribution (I, R), that is,
(In,n — R,) =+ (I, R),

where the limit law (7, R) is given by

eT/8

[277F] /2 (1 4 22 + 327,

forj >0,k > —j.

2.7.1 One-component d-combining tree-child network

Continuing from Theorem 36 (the exact counting for arbitrary k and n) and Theorem 50 (the total
number), we are now in a position to analyze the number of reticulations in a random one-component

d-combining tree-child network.
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Theorem 59. Let R\ be the number of reticulation nodes of a one-component d-combining
tree-child network picked uniformly at random from the set of all one-component d-combining

tree-child networks with n leaves. Then, we have the following limit behavior of Rﬁld).

(i) For d = 2 (bi-combining case), we have the convergence in distribution result

(2) _
v/n/4

where N (0, 1) denotes the standard normal distribution.

(i) For d = 3, we have the convergence in distribution result
n—1-RY £ Bessel(1, 2),

where Bessel(v, a) denotes the Bessel distribution, which is defined via /,,(a) from The-
orem 50-(ii)
1

P(Bessel(1,2) = k) = AORICES

(k> 0).

(iii) For d > 4, the limit law of n —1 — RW is degenerate at 0, i.e.,n—1— RY £, Dirac(0),

where Dirac(\) denotes the Dirac measure at \.

Note that the above result for d = 2 is already contained in the proof of Theorem 50. Thurs, it

suffices to prove the cases (ii) and (iii) for both Theorem 50 and Theorem 59.

Remark 27. 1f t denotes the number of tree nodes and 7 the total number of nodes, then by the
handshaking lemma, we have

t=n+(d—-1k-1 (2.50)

and thus,

n = 2n + dk.

Therefore, we have similar limit distribution results for these numbers as well.

From Theorem 36, we can now deduce Theorems 50 and 59 by the Laplace method. (A standard
method of asymptotic analysis; see, e.g., Example 1.2.7 and [17, Chapter 4.7].) The number of

reticulation R\ for a random one-component d-combining tree-child network satisfy

d
~orc)
- OTCW’

n

Proof of Theorem 50 and Theorem 59. Since the results for d = 2 are already contained in [23] (see
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also [22]), we can focus on the cases d > 3. We start with the case d = 3. Note that

(3) n (2n—|—k‘—2)!
T = <k<n-1
OTCok (k> Forim—honp  OSksn-l)

and this sequence is increasing in k. (This is in contrast to d = 2 where this sequence increases until
its maximum at k = n —+/n + 1 and then decreases; see [23].) By replacing k£ by n — 1 — k and using
Stirling’s formula, we obtain

(3) - 1 n(3n — 3)! 1+ k2

uniformly for k£ with k& = o(y/n). Thus, by a standard application of the Laplace method, we get

3 1 n(3n — 3)! n(3n — 3)!
OTC, ~ (Z k!(k+1)!)' R

6n71 6n71
k>0

which is the first claim from Theorem 50, (i1); the second follows from this by another application of

Stirling’s formula. Moreover, since

3
OTCSz,zz—l—k

®) — 1 1) —
P(R® =n—1—k) = 1D

n )

the result from Theorem 59, (ii) follows from the above two expansions, too.
Next, we consider the case d > 4. The details of the proof are the same as above, with the main

difference that the expansion (2.51) now becomes

k 2
(d) _(d*d! 1 e n(dn — d)! 1+k
OTCom1 = ( 247 ) Bk + 1! " @ T\

uniformly for k£ with & = o(y/n). For d > 4, this expansion contains the (non-trivial decreasing) factor

n3=D* and therefore OTC,@ is now asymptotically dominated by OTCL‘?L

_; (proving Theorem 50,

(ii1)) and the limiting distribution of n — 1 — Rﬁbd) is degenerate (proving Theorem 59, (iii)). W

2.7.2 d-combing tree-child networks

This section contains the proof of Theorem 60; see below. Since the proof ford = 2 and d > 3
is different, we split it into two subsections (Section 2.7.2.1 and Section 2.7.2.2 below). Theorem 60

also leads to two corollaries in the Section 2.9.1.

Theorem 60. Let R\ be the number of reticulation nodes of a d-combining tree-child network
picked uniformly at random from the set of all d-combining tree-child networks with n leaves.

Then, we have the following limit behavior of R".
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(i) For d = 2 (bi-combining case), we have the convergence in distribution result
n—1—RY £, Poisson(1/2),

where Poisson(«) denotes the Poisson distribution.

(i) For d > 3, the limit distribution of n — 1 — R,(ld) is degenerate at 0.

This result is new even in the case d = 2. In fact, as far as we are aware of, it constitutes the
first limit law result for a shape parameter in random tree-child networks. Also, the result for d = 2
improves [35, Theorem 1.5, (iii)], which states that the number of reticulation nodes of almost all

bi-combining tree-child networks with n leaves is asymptotic to n.

2.7.2.1 Bi-combining networks

In this subsection, we consider the case d = 2.
For convenience, we drop the super-index in the notation. We start with the following bounds for

TC, .

Lemma6l. For1 <k <n-—1,

n—~k 1
— " _TChnt < TCrpik < —=TCrpn i 2.52
k(Bn—k—3) "M"F moATh = gtk (252)

Proof. The upper bound follows from (2.39). For the lower bound, we generalize the argument from
[23, Lemma 3]. Therefore, consider a tree-child network N with n leaves and n — 1 — k reticulation
nodes. From Lemma 37, we know that /V has 2k free edges. Moreover, N has 3n — k — 2 edges which
do not end in a reticulation node; see (2.50). Now, by inserting a node into a tree edge and connecting
it to a node which is inserted into a free edge, we obtain at most 2k(3n — k — 3)TC,, ,,_1_, tree-child
networks with n leaves and n — k reticulation nodes (as those with cycles have to be discarded). On

the other hand, each network is created from a latter network exactly 2(n — k) times. Thus,
2(n - k)TCn,n—k S 2]{?(371 —k— 3)TCn7n_1_k.
which proves the lower bound. W

From the above bounds, we deduce the following lemma.

Lemma 62. We have,

1 1
%(1 + 0(1))Tcn7n—l < TCn,n—l—k < 2k_k!TC”7n—1

uniformly in k& = o(y/n).
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Proof. The upper bound follows from iterating the upper bound of (2.52); see also (2.39).

For the lower bound, observe that
n—~k 1 k
——=—1+0 |- |.
K3n— k- 3) 3k('+ (n)>
Thus, by iterating the lower bound in (2.52):

1 E\\"
ETy ] 1+0 - TChno1 <TCp o1k

From this the result follows since for the indicated range of &k, we have

(1+O<§>ylzr+0<§):1+ou)

This concludes the proof of the lemma. W

We next denote by F,, ; (resp. NF,, ;) the number of tree-child networks with n leaves and k

reticulation nodes whose child of the root is free (resp. not free). For all n and £,
TCn,k = Fn,kz + NFn,k

We start with an easy observation.

Lemma 63. For 1 <k <n — 1, we have (2k)TC,, ,,_1_r = NFy, .

Proof. A tree-child network with n leaves and n — 1 — k reticulation nodes has 2k free edges; see
Lemma 37. Taking any of these free edges and the root edge, inserting nodes in both edges and
connecting the node inserted into the root edge with the other node gives a tree-child network with n

leaves and n — k reticulation nodes that is not free. Moreover, this construction is clearly reversible.

Remark 28. Note that NF,,,,_ = TC,,,,_;. Thus, for k& = 1, the above result shows that

equality in (2.39) holds for £ = n — 2; compare with Remark 24.

Another easy observation is the following.

Lemma 64. For1 < k <n —1,

1

an— VS —an— o
I )T

Proof. A tree-child network with n leaves and n — 1 — k reticulation nodes whose child of the root is
free has 2k free edges of which 2k — 2 are not the edges from the child of the root to its children. By

picking one of the latter two edges, one of the remaining 2k — 2 edges, inserting nodes and connecting
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the former edge to the latter, we obtain a tree-child network with n leaves and n — & reticulation nodes
whose child of the root is again free. Conversely, every such network is obtained by this construction
at most 2 times. Thus,

202k —2)F 1k < 2F,, 4

or
1

anff S—
TR =0k — 1)

Fn,nfk'

Iterating this gives the claimed result. W

The final result we need is the following.

Lemma 65. We have,

TCn,n—l
Fn,n_g = O <W> .

Proof. Let N be a network with n leaves and n — 2 reticulation nodes whose child of the root is free.
Note that the two words constructed from N in the proof of Theorem 36 both start with a and that
this is the sole letter which occurs only twice. Conversely, all words with this property arise from
networks with n leaves and n — 2 reticulation nodes whose child of the root is free. Thus, with the

same arguments as in the proof of Theorem 36, we have

n!

Fn,n72 = Egnfla

where g,,_; is the number of words in C,,_; ,,—» which start with a and this is the sole letter which

occurs twice. Next, with the same arguments as used in the proof of Proposition 13:

Jn = Z Py where hpm = (n+m+n—4) Z hp1j.

m>1 j=1

We now apply to this sequence the same method as in the last section, where we only need an upper
bound. This gives
g, =0 <n!12”e“1(3")1/3n’4/3>

and thus,

Frono=0 ((n!)Q12n€a1(3n)1/3n—7/3> '

Comparing with the Theta-result for TC,, ,,_; from Theorem 51 (which was also the main result of

[23]) gives the claimed result. W

Now, we can prove the following proposition.
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Proposition 20. We have,

1
TCn’n_l_k = ﬁ(l + 0(1))TCn,n_1

uniformly for 0 < k < clogn where ¢ = 1/(31og(3/2)).

Proof. First note that
TCn,n—k = NFn,n—k + Fn,n—k = (2k>TCn,n—1—k + Fn,n—ky (253)

where we used Lemma 63.

Next, by using Lemma 64, Lemma 65 and the lower bound in Lemma 62, we obtain that

o Fn,n—Q o TCn,n—l - 3 : k
Fuacs =0 (i 55) =© (757 —O((é) —/TC>

for 1 < k < n'/* (which is within the range of applicability of Lemma 62). Thus, for 1 < k < clogn,

logn
Fronr=0 (n1/3 X TCnynk> .
Plugging this into (2.53), we obtain
1 logn
TCn,n—l—k = % (1 +0O ( /3 )) TCn n—k

and by iteration

from which the result follows since

logn g log?n
(1+O(W)) :1+O<n1/3 =1+ o(1).

This completes the proof. W

Remark 29. Note that the last result improves the bounds of Lemma 62, but for a smaller range

of k. (The value of c in the proposition is not best possible; however, it is sufficient for our
purpose.)

Proof of Theorem 60. We first consider the number of tree-child networks with n leaves. Recall that
n—1
TCn = Z TCn,n—l—k-
k=0

Let k* = clogn with ¢ from the last proposition. Then,

TCn = Z TCn,n—l—k + Z TCn,n—l—k~

k<k* k*<k<n-—1
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Using the upper bound in (62), we obtain

1
Z Tcn,n—l—k S TCn,n—l Z 2kk" (Tcnn l)

k*<k<n-—1 k>k*

On the other hand, by the last proposition:

1
> TChnrk=(1+0(1))TCppy > T

k<k* ke<k*
— 1
= (1 + 0(1))TCn,n—1 Z W
k=0
= (14 0(1))TC,,,_1e">.
Combining the last two displays gives
TC, ~ e?TCpp 1, (0 — 00). (2.54)
Thus, for all fixed k,
TCn,n—l—k 671/2

which proves the claimed Poisson limit law. W

Remark 30. With the same arguments as used to prove (2.54), we can also show that
Z kTCn 1-k ™ —6 /2Tcn,n71

and thus E(n — 1 — R,,) ~ 1/2. Moreover, in a similar way, higher moments of n — 1 — R,, can

be shown as well to converge to those of Poisson(1/2).

2.7.2.2 d-combining networks with d > 3

Here, we prove Theorem 60 for d > 3. For the sake of simplicity, we restrict ourselves to the case
d = 3; the case of larger d follows along similar lines.

Recall the class of words CT(Ld) from Definition 2.3.1. Note that in Proposition 36, we constructed
a bijection f from

. n—k;r (d)
= 2"l TC

where S, denotes the symmetric group of order n.
In particular, this bijection implies that 7C\%

n,n—1

(k=n—1)and 2 x TC( _, is in bijection with c\?

is in bijection with C\¥, | x S, ford = 2,3
o X S, ford = 2,3 (k = n — 2); see the

n—1n—
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i
(3)

TC

n,n—1

set-to-set
2

) TCESZL | TC’ES:ZL_2
t+—>
C£L2_)17n—2 % S

Figure 2.11: The constructions and maps which are used in the proof of Lemma 66.

c® X S,

n—1n—2

(2)

n,n—1

upper half and lower half of Figure 2.11. Also, from Remark 24, we have a bijection from 7C
to 2 x 7C? (see the middle arrow in the left half of Figure 2.11) which gives a 2-to-1 map

n,n—2

from ’TCEE,)I_I to TCS%_Q (take a maximally reticulated network and remove the reticulation node

associated with the non-free edge of the child of the root, the non-free edge and its initial node; see
Remark 24) followed by a 1-to-2 map from TCSZH to 2 x TCSL?Z (by picking the newly created

free edge which contained the reticulation node in the previous construction).

Using this, we can now prove the following result.

Lemma 66. We have,

TCS;@—Q = O(TCSZL_O-

Proof. We first explain a construction of 7C ®) " from 7C® _,: for anetwork from 7C'>) |, we add

n,n—1 n,n—1° n,n—1°

a new parent (and corresponding edge) for each reticulation node to an edge on the path-components

120



Chapter 2. Old and New Results for the Main Classes

we pass before we read the first parent of the reticulation node in the construction of the word and
permutation from the proof of Theorem 36, where the reticulation nodes are processed consecutively
(in any order). Depending on the choice of the edges, we get several networks in TCS?L_l which
all have essentially the same path-component structure as the network from TCS}L?I (with respect
to the encoding from Section 2.3.2). Conversely, removing the first parent (and corresponding edge)
gives a network in 7C?

of each reticulation node of a network in TC Thus, this gives a

n,n—1 n,n—1°

bijection between networks in TCn .1 and classes of networks from T7C® |, where these classes

n,n—1°

form a partition of 7C® . see the second row in the top half of Figure 2.11.

n,n— 1’

Equivalently, when viewing networks as words and permutations (where the permutation however
is here irrelevant because it does not change in the construction), any word in C (3)1 n—1 €an be obtained
by adding a new w; at any position before the first occurrence of w; in a word from C ’1n_1» Where

w; runs through all letters.

For example: baaabb (a word in C;QQ)) leads to the class {bbaaaabb, babaaabb, abbaaabb} (words

in CS’Z?); see Figure 2.12 for the corresponding networks.

In the next step, we construct 2 x 7C%) _ from 2 x TC&%L_Q in a similar way (where we turn

n,n—2

networks into maximally reticulated networks as in the proof of Theorem 36). In particular, since

every network in 2 X TC _, corresponds to a word from c? , and a permutation (which is

n—1,n—
however again irrelevant), we apply to the words from C 1.n—2 the same construction as above with
the only difference that we only use the w;’s which are repeated 3 times. Like this, we obtain all words

from Cf’_)lm_Q.

For example, take abbab + 132 and aabbb + 312 (which encode the same network in 7Cj 1); abbab
leads to the words {babbab, abbbab} from Cégl) and aabbb leads to the words {baabbbb, ababbb, aabbbb}

from Cé?l); see Figure 2.13 for a plot of the corresponding networks from 7C :(33%

Next, as mentioned in the paragraph before the lemma, there is a bijection between 7’C51221 ; and
2% 7CY

just removes the first letter from a word w’ of the former to obtain a word w of the latter); see left

This bijection gives rise to a bijection between C “1n_1 X Sy and Cn 1n—2 X Sp (Which

n,n—2°

half of Figure 2.11. (The permutation remains unchanged.) Note that «’ is bijectively mapped onto

a set of words from C _, and w onto a set of words from c?) . see the top and bottom half of

n,n—2°

Figure 2.11. Denote the cardinality of these sets by r(w’) and s(w), respectively. Then, to show that

Cf’n S o(TCn n_1)» it suffices to show that s(w) = o(r(w’)) uniformly over all w in c® . or

n,n—2°

equivalently, we have to find a uniform lower bound of the ratio r(w’)/s(w) that tends to infinity. We

consider this ratio next.
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(a) (al) (a2) (a3)

baaabb bbaaaabb babaaabb abbaaabb

Figure 2.12: The construction of 7C ®)  from 7C? Top: a network from 7C () Bottom: the

n,n—1 nn—1° n,n—1°
three networks from TCS:;_l constructed from the top network; the corresponding words are below

each network. (The permutation in each case is 132; that is why we refrained from indicating it.)

For example, if w = abbccabe, then w’ = aabbecabe and the ratio becomes
r(aabbccabc)  1-4-7
s(abbccabe) ~— 2-5

More generally,
r(w’) ]{31 . ]{32 cee kn

@ (k=2 (ka—2)
where i denotes the ith first parent of the letters in w’ and k; indicates the number of possibilities of

adding an additional parent for ¢ by the above method. Note that k; = 1 and the k;’s increase, thus,
the k;/(k; — 2)’s decrease. Moreover, note that for each k;, we have k; < 4(i — 1) + 1 since the

upper bound is the extremal case, i.e., the case that each of the previous ¢ — 1 letters occur 4 times.

Consequently,
rw) ko - Ky 5‘9"'(4”_3): P(”"’%) — o(nV/?
S@) -2 (kn—2)~3.7.. (dn_5) @(r(n—§)> O,

where we used Stirling’s formula for the gamma function in the last step. This implies that, s(w) =

o(r(w’)) which (as explained above) in turn implies that TCSL_Q = o(TC® _ ). This is the claimed

n,n—1

result. W
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- >
abbab babbab abbbab
(b) (b1) (b2) (b3)
e
aabbb baabbb ababbb aabbbb

Figure 2.13: The construction of 7C ®)  from 7C? Top: a network from 7C () . Bottom left:

n,n—2 n,n—2° n,n—2°
2)

the two corresponding networks from 2 x 7C ﬁl,H where the first path-component (using the indexing

3)

from the proof of Theorem 36) is in bold. Bottom right: the networks from 7C fm_Q constructed from

each of the two networks; the corresponding words are below the networks.
We can now prove the second case of Theorem 60.
Proof of Theorem 60-(ii). First, observe that from (2.39) and the previous lemma, we have
TC, 1 = o(TC) ) (2.55)

for all fixed £ > 1.
Next, by iterating (2.39),
TC?) TC\)

nn—1—k — 2k_1k! n,n—2

forall 1 < k < n — 1. Consequently,

-1

Tc® |, =0o(Tc?

n,n—2
k=2

3

) =o(TCY_)).
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Thus,
n—1
TCS’) = ch(l?jglfl + TCSLJ + Z TCSZL—l—k: ~ TCS,ZL*T (2.56)
k=2

Now, we can prove the claim:

‘ TC?) 1, ifk=0;
P(n—1— TGB) — k) = IP’(T(3) —n—1-k) = nn—1—k
! " TC® .
n 0, ifk>1,

where the last step follows from (2.55) and (2.56). N

Remark 31. Similar as in Remark 30, we can prove that all moments of n — 1 — ¥ converge

to 0.

2.7.3 Galled tree-child networks

In contrast to bi-combining tree-child networks and galled networks, the limit law of R,, (suitably

scaled) for galled tree-child networks is continuous.

Theorem 67. The number of reticulation nodes R, of a random galled tree-child networks

satisfies, as n — oo,
R, —E(R,)

Var(R,)

where N (0, 1) denotes the standard normal distribution. Moreover,

£ N(0,1),

E(R,) ~n—+n and  Var(R,) ~vn/2.

The above results show that galled tree-child networks behave quite different from both bi-combining
tree-child networks (Theorem 60) and galled networks (Theorem 58). That is one reason why we find
them interesting.

By refining the method of proving Theorem 55 (see Section 6 of [24] where the same was done

for galled networks), we obtain the following result which implies Theorem 67.

Theorem 68. Let /,, be the number of inner reticulations of a random galled tree-child network
of size n and R,, be the number of reticulation vertices. Then, as n — oo,

([n,w> £, (I,R),
v/n/4

where I and R are independent with I < Poisson(1/4) and R < A/(0,1).
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2.8 Sackin Index

In this section, we investigate a shape parameter for random one-component d-combining tree-
child networks, namely, a Sackin index. Until the end of this section, we assume that /V is a one-
component d-combining tree-child network with n leaves and £ reticulation nodes. Let us first state

the definition of the Sackin index from [43].

s ~

Definition 2.8.1 (Sackin index). The Sackin index of N, in symbols S(/N), is defined as the

sum over all leaves of the lengths of the longest paths to the leaves.

For phylogenetic trees, the investigation of this index has a long history and many results have
been proved; see [ 16, 15] for a summary of some of these results. For (bi-combining) one-component
tree-child networks, [43] gave the first generalization of the Sackin index to networks. We simplify
this approach and extend the analysis to the d-combining case. In 2025, Fuchs and Gittenberger [ | &]

obtained results for galled-tree networks. For instance, they proved the following.

Theorem 69 ([15]). Let .S,, be the Sackin index of a random galled-tree network with n leaves.

Then,

47 3817
E(Sn)Nﬁ(3—2+ 544 )nS/Q.

2.8.1 One-component d-combining tree-child networks

We now turn to one-component d-combining tree-child networks. For the analysis, following [43],

we define a second index.

Definition 2.8.2 (Top Tree Component). The fop tree component of N, in symbols Ty, (),
is defined as the tree obtained from N by deleting all reticulation nodes together with their

incident edges and their leaves below.

Note that we retain the parents of all reticulation nodes and thus the top tree component is not a

binary tree, it also has unary nodes. We denote by P (V) the total path length of Ty.,(N), i.e., the

sum over all root-distances of all vertices. This index is related to the Sackin index as follows.

Lemma 70. For all one-component tree-child networks N with at least two leaves, we have for
d=2,
S(N) < P(N)+1<25(N)

and for d > 3,

S(N) < P(N) < dS(N). (2.57)
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Consequently, regardless of the value of d, S(N) = ©(P(N)).

J

Proof. The result for d = 2 was given in [43] and the ideas of the proof in [43] can be used to handle
also the case d > 3. For the readers convenience, we give some of the details.

First, we define the following sets of vertices of N:
(1) Lt collects leaves of N which are not below a reticulation node;
(i1) L collects leaves of N which are below a reticulation node;
(iii) P collects the parents of all reticulation nodes;

(iv) R = V(Twp(N)) \ (L7 U P) collects the remaining vertices in Ty, (V). (Here, V(Top(N))

denotes the set of vertices of Tiop(V).)

Then,

S(N)= > depth(v),

veLrULR

where the depth of v is the longest distance to the root.
Now, in order to prove the lower bound of P(N), note that for v € Lg, we have
depth(v) = 2 4+ max{depth(p) : pis a grandparent of v} < Z depth(p).
p is a grandparent of v
Here, for the last inequality, we used that d > 3. Thus,

S(N)< ) depth(v) < > depth(v) = P(N)

veELpUP veLTUPUR

which shows the first part of the claim in (2.57).
Next, in order to show the upper bound of P(N), we first recall that there exists a bijection ¢
from R to Ly such that w is an ancestor of ¢(w) for all w € R; see the appendix of [43] for details.

Consequently, depth(w) < depth(¢(w)) and thus,

P(N) < ) depth(v) +d- Y depth(v) + Y  depth(g(w))

vELT vELR 1u€R .
= Z depth(v)
veELT
=2 ) depth(v) +d Y depth(l) < dS(N).
vELT UGLR

This completes the proof. W
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We next analyze P(/N). (Recall that, in Section 1.1.3.4, we denote by L, , the number of one-
component tree-child networks of size n and k reticulations .) Denote by Eﬂ the set of all one-
component d-combining tree-child networks with n leaves and k reticulation nodes where the leaves
below the reticulation nodes are labeled by the k largest labels from {1,...,n} and ng,)g the cardinal-

ity of 5%. Note that
d n d
oref = ()Ll

since all one-component tree-child networks are obtained from the networks in Eﬁg,)c by re-labeling
the leaves. Also, set
P(L) = Y P(N).
Neclh,

For this quantity, we obtain a (surprisingly) simple recurrence which then yields an exact formula;
see [43, Theorem 3] for the bi-combining case.

We first prove this recurrence with a computational approach (which extends and simplifies the
one from [43]). Then, we give a simpler and more elegant combinatorial proof of the solution of the
recurrence in two (long) remarks below the proof (Remark 32 and Remark 33). (This second proof
however requires the knowledge of the final result which we found with the first proof.) The reader
who is only interested in the combinatorial proof might immediately skip to these remarks as the

arguments in the second proof are independent from the arguments in the first proof.

Proposition 21. P (Efld,)c) satisfies the recurrence

2n+ (d—2)k
mEsy= T e

with P(ﬁff())) = (2n)!! — (2n — 1)!! as initial condition. Consequently,

(2n + (d — 2)k)!

P(Lys) = (d)*(2n — 2k)!

((2n — 2k — (2n — 2k — 1)I1). (2.58)

Proof. Let N be a network in £7(1d_)17 w_1- We subsequently denote by V(T (V)) and E(Tyop(N)) the
vertex set and edge set of the top tree component, respectively. Moreover, for a v € V(T (N)), we
denote by dr,,,(v)(v) the number of descendants and by ar,, (n)(v) the number of ascendants of v in
Tiop (V). Note that the number of ascendants of v in N and Ty,,(V) is the same, i.e., ar,,, v)(v) =
an(v). Finally, we denote by S the set of multi-sets of d edges of Ty, (/) (where edges are counted
with repetition). Every S € S corresponds to a set of edges where nodes are inserted in order to add
an additional reticulation node with label n. This notion allows us to construct all networks of Efji

from those of ,szd_)L «_1- More precisely, for S € S, we construct a network N’ = N’(.S) by inserting
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Section 2.8. Sackin Index

nodes into the d edges from S and connecting them with a new reticulation node whose child has
label n. (Note that this is a similar construction to the one we used in the proof of Theorem 35.)

We consider now P(N’) which by definition is given by:
P(N') = Z an (v).
VEV (Trop(N'))

Partitioning vertices of Ty, (/N') into vertices of Ty, (V) and the d new ones which have been added

to NV to construct N/, we have
P(N/): Z CVN/(U)—FZQN/(’U),
VEV (Tiop(N)) veD

where D = V(Tyop(N')) \ V(Tiop(LV)) is the set of new vertices.

Now, to find a relation to P(N), we replace oy by ay and get
P(NY = Y an)+ Y B+ an@)+d ), (259
VeV (Trop(N)) veV (Teop(N)) veD veD

where
(i) B(v) denotes the number of nodes in D that are ascendants of v in T, (N');
(i) v* is closest descendant of v in Tyop(N') that belongs to V (Tyop(N));
(iii) (v) denotes the number of nodes in D that are ascendants of v in T, (N').

Observe that the second sum can be rewritten as:

> B) =) dn,m@h),

veV (Ttop(IN)) veD

where v is the closest ascendant of v in Ty, (N') which belongs to V (Tyop(N)). Thus, (2.59) can be

rewritten into:

P(N') = P(N) + > (81p) (1) + an(vh)) + Y (v).

veD veD

Next, we sum both sides over S € S, which on the right-hand side gives three sums which we
denote by X1, >J and >3, respectively.
First, for 3y, note that £ := |E(Ty,,(N))| = 2(n — k) — 1 4 dk. Thus,

£1 =) P(N)=IS|P(N) =

<E+d—1
ses

;e

since

|S| = #{x1+ - -+ 2 =d : x; non-negative integers, 1 < i < F'},
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where each z; corresponds to an edge from E(Ty,,(/V)) (and counts how many times that edge occurs
in the set .5).

Next, for Xo, set S = {e1,...,e4} and B(e) := or,,,(v)(v") + an(v'), where e is an edge in S
into which v is inserted and v" and v+ are initial and end point of e, respectively. Then,

S2 =Y (Bler) + -+ Blea)).
ses
We fix an edge e in Ty.,(/V) and count the number of times B(e) occurs in the above sum. This gives,
E+d—-1
. eGE(;op(N)) (x1+~;dez) Ble)=2 ( d—1 )PUV)’

where x; inside the second sum is the term corresponding to edge e and for the third expression, we

used that

Z fﬂizé Z $1—|—-..+$E:<E;_izl_1)a

z1++rp=d z1++rp=d

which holds for all 1 <7 < F by symmetry. Moreover, we used that
> B(e)=2P(N).
e€E(Tiop(N))
Finally, for >3, we first give an explicit formula
B ooa(i—1) ay(v)—2+j\ (E—an(v)—14+d—i—j
me X2 ) (M i)
vEThop(N)\{p} 0<itj<d

by the following combinatorial steps:

1. Choose a vertex v in Ty, (V) which is not the root vertex p. We consider the incoming edge e

of v;

2. Choose pair (i, 7) with 0 < i + j < d. Here, the meaning of 7 is that i nodes are inserted into e

and j nodes are inserted into an edge which lies on the path from p to v (excluding e);

3. So far, the contribution of v to X5 is

B (=)
ZJ+Z€:U+ 5
=1

an(v) —2+

4. Next, there are < , ]) ways of choosing the edges into which the 7 nodes are in-
J

serted;

5. Finally, the second binomial coefficient counts the number of ways that the remaining d — i — j

new nodes are inserted into edges which are not on the path from p to v.
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Section 2.8. Sackin Index

In order to simplify the formula, we set
a:=ay(v), A=a—-2, B:=F—-a-1, M :=d—1.

Then, for the inner sum X5, we have

(SR

DS )

é <i(a—1)[ Mo1(] — p)=A-2(] — ) B 1+$[2M](1 — A —z)—B—l)
<a1>zdjz(A+B+1+M>+ii' (A+B+1+M)
M M

=0 =0

= (o= D1 = ) AP (1 - 2 A

Plugging this into the above formula for >3 gives

E+d-1 E+d-1
SR 2 e = (T e
vEV (Teop(N))\{p}
Finally, summing the above expressions for 31, Y5 and Y3 and summing over all N in E;d—)l,k—l
gives the surprisingly simple recurrence:

2n+ (d—2)k
P(L)) = ( e )P(ﬁif)l,kl)- (2.60)

The initial condition, namely, the formula for P(ﬁif%) = (2n)!! — (2n — 1)! is well-known; see, e.g.,

[43]. From this, (2.58) is obtained by iteration. This concludes the proof. W

Remark 32. A unary-binary tree is a rooted tree whose nodes are either leaves (out-degree 0),

unary (out-degree 1), or binary (out-degree 2). Then, we observe that the set Ttop(ll ) of
top trees obtained from all elements of Ef%k is equal to the set of all unary-binary trees with
n — k labeled leaves and dk unary nodes. Hence, (2.58) nearly gives the path length of unary-
binary trees, up to an overcount (which is actually a factor) that is related to reticulation nodes.
Now, we adapt the construction of the proof of Theorem 35 to build Effzc in order to determine
this factor. Steps (1) and (2) remain the same, and step (4) is not performed as the leaves of
reticulation nodes have maximal labels in [,ff?f. It remains to consider step (3), which needs to
be adapted. Observe that adding reticulation nodes and unary edges corresponds to the factor

dk
( dd d) ; see Figure 2.14. Thus, dividing (2.58) by this factor, we get that the path length
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of unary-binary trees with n — k labeled leaves and dk unary nodes is equal to

((2(n— k) — (2(n — k) — 1)11) (2<” _dk; + d"“). 2.61)

O

@)

" IEIEIIEIEE

AAANAAA

ooH ‘oo‘ Hoo oHo

Figure 2.14: Construction of ng% in Remark 33 (K = 2, M = 3). Top, left: The only phylogenetic

4

tree with 2 leaves; path lengths below each node and total path length 5; Bottom: (2

) = 6 top trees
ﬁf{ created from it after adding 2 unary nodes and the respective “balls and bars” diagrams; Top,

right: Superposition of all 6 top trees.

Remark 33. The surprising simplifications of Proposition 21 also have a direct combinatorial
explanation. By Remark 32, it suffices to show that the path length of unary-binary trees with
n — k labeled leaves and dk unary nodes is equal to (2.61).

The main idea is to use again the construction from the proof of Theorem 35 to build the
networks in Eﬂ bottom-up. We start in step (1) with a phylogenetic tree (i.e., without reticu-
lation nodes) with ¢ := n — k leaves that is weighted by the path length. In the sequel, we call
the nodes/edges of this phylogenetic tree, the original nodes/edges. As noted before, the total
weight of such trees is P(Ezdo) ) = (20)!! — (2¢ — 1)!I. Then, we place K := dk unary nodes

along the M := 2¢ — 1 edges. This gives a new structure enumerated by

K+M—1)

P(L{Y) ( s (2.62)

Note that this is nearly equal to what we want to prove in (2.61), except that the binomial

K+M+1

coefficient should be ( e

). What remains to be done, is to properly change the weights, as
they do not correspond to the path lengths anymore, due to the additional unary nodes.
Let us start with a simple observation: Set all edge weights to w in a phylogenetic tree with

¢ leaves. Then the path length is equal to w times the path length of the unweighted tree.
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Section 2.8. Sackin Index

Having this observation in mind, we interpret unary nodes as weights on the original edges.

We do this in three steps; the process is visualized in Figures 2.14 and 2.15 for E:ﬁ The main

K+M-1

idea is to superimpose all ( =

) created trees and group them cleverly.

First, we “forget” about the unary nodes, and interpret the (K ﬂff 71) new instances of a phylo-
genetic tree as the same phylogenetic tree. Hence, the weights of all edges change to (K +I]\<4 _1)

and the total number of these weighted phylogenetic trees is (2.62). In the sequel, the following
direct interpretation of the binomial coefficient using “balls and bars” is useful: The K unary
nodes correspond to balls and the edges M to bins, which are modeled by M — 1 bars. Then
each distribution of unary nodes on the edges corresponds to choosing K out of M bins with
repetitions allowed; see Figure 2.14.

Second, we correct the weights of all original edges. Note that each unary node splits an
edge into two and thereby increases the path length of any node below by one, or, equivalently,
increases the weight of the associated original edge by one. Hence, the weight of an edge
increases by the number of unary nodes it contains. In the superposition of all trees, all edges

have the same number of unary nodes, as each edge is chosen equally often. The weight is equal

K+M-1

e ) configurations. As

to the sum of all unary nodes placed onto a fixed edge among the (

there are M edges and K unary nodes (all equally distributed) we need a factor of K /M. Thus,

P (3 T (1 37) =P ()
A direct interpretation of the last formula is as follows: Fix the root edge. Mark one of the
unary nodes of the root edge. Like this, we create as many instances (with different markers)
as there are unary nodes on the root edge in all configurations, i.e., we count the total number

of unary nodes on the root edge. We model this marker, by splitting the root edge just after

this marker into two parts. Hence, we have now M + 1 edges to distribute K unary nodes. We

K+M-1

interpret the case when the first part of the root edge is empty, as the ( pe

) created weighted

K+M

. ) many choices.

trees from placing unary nodes. Thus, there are (

Third, we assign weights for the new unary nodes. Consider an original edge with ¢ unary
nodes. To give the lowest one its correct weight, we remove the original node just below and
replace it by the lowest unary node. Then, we may use the idea of the previous step: The
weight of the edge above is now ¢, as ¢ — 1 unary nodes remain. In the superposition, each such
sequence of ¢ unary nodes appears on each original edge the same number of times. Hence,

we collect a weight ¢ on each edge, and the total weight gives the correct weights for all lowest

unary nodes. Then, we repeat this process for the next unary node, with an edge weight : — 1,
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etc.
In total, an original edge with ¢ unary nodes gives rise to a total weight of 1 + 2 + --- 4 4.
For an arbitrary edge, this is now, analogously to before, equal to the sum of unary nodes that

are before the marked node from the previous step. Thus, this gives a factor K /(M + 1) and

K+ M K K+M+1
p(.cgflg)( - )(HM_H):p(ggg)( " )

Note, as before, this has a direct combinatorial interpretation, where we split the first part of the

we get

root edge again. Hence, there are now M + 2 edges to distribute /& unary nodes, as claimed.
Moreover, note that the last formula also gives the path length of unary binary trees with ¢

labeled leaves and K unary nodes (M = 2¢ — 1); compare with Remark 32.

O O O
0 2 | loo 59, oo
T [B \o\gj&bs ol [ \o\mmmgooo
|[oof] o]l o[l
[[]o o] ool || ofof ||
[[[|oo “i% o of[]
||olo

[l o lof o] JZ% ol[fo
[1lo]o lol[[o ol[[|e
Figure 2.15: Enumeration of P(ﬁf{) in Remark 33 using superposition (K = 2, M = 3); see
Figure 2.14. Left Step 1: Each new instance increases edge weight by one; total (3) = 6; Middle
Step 2: Correct path length of original nodes; sum unary nodes per edge; Right Step 3: Add path
length for unary nodes; for ¢ nodes weight 1 + 2 4 - - - 4 ¢; Bottom “Balls and bars” corresponding to
each step; the two added bars are shown bold.
Using Proposition 21, we are now ready to complete our analysis. Let P be the path length of

the top tree component of a random one-component tree-child network with n leaves. Then,

n—1 (n (d
E(P(d)) _ k=0 (k)P(ﬁn}C)
oTc@

Applying the Laplace method to the numerator and using Theorem 50 gives the following result.
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Proposition 22. (i) For d = 2 (bi-combining case), we have
E(PP) ~ 2¢/mn"/4.

(i) For d = 3, we have
9(cosh(2) — 1p(2)) ,
21,(2) "

where the constant is approximately 4.19438713.

E(P) ~

(iii) For d > 4, we have

Proof. We start with the bi-combining case (d = 2). Using the result from the Proposition 21 yields

5 (et -5 et

k=0

n—1
n (2n)! A (2k +1)!
= R (1) — ).
2 (k 4 1) 21k (2% 1 2)] ( (kD= =

We break the last sum S into two sums, i.e., S = S; + S5 according to the two terms in the bracket.

Thus,

n—1

~ nl(2n)! 4+
1= on—2 ;(2k+2)!(n—1—k)!

and we have a similar expression for S;. Note that the terms inside the sum increase until a positive

integer k* with k* = y/n 4+ O(1) and decrease afterwards. Moreover, by using Stirling’s formula, we

see that

4+ 1 3 2 1+ |z 28
_ —3/4 2V = VA ([ 4 0 -
@+ n—1-k)  srvae "€ (+ ( Vi

3/10 where k = \/n + x. Consequently, from a standard application of the

uniformly for |z| < n

Laplace method:

n—1
4k 1 3 <

~ —3/4 2y/n_n, —n -z /\/ﬁd

2O+ ) n—1-8) savze " /ooe !

1 1
- —-1/2 2y/n_n,—n
= n~ e Ve"n
8V 2em
and thus,
n!(2n)! 1 1 1
S1 ~ . n~2eVnern T o ——(2n)127 VR,
P2 g e NG

where we again used Stirling’s formula. Similarly, we can derive the asymptotics of S which shows

that S, is of a smaller asymptotic order, i.e., So = 0(.S1). Consequently, S ~ S;. Finally, dividing by
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the asymptotics of OTCf) from Theorem 50-(i) and using (once more) Stirling’s formula gives the
claimed result.

Next, for d = 3, we first note that

(1) P = (1) gamt b (2 it o 2

is increasing in k£ with 0 < k < n — 1. By replacing k£ by n — 1 — k and using Stirling’s formula, we

obtain that

(et = (@ o) & (0 (550)),

uniformly for & with & = o(y/n). Thus, by an another application of the Laplace method,

3 (8 47 1 3n)! 3n)!
ZO (/{Z + 1) ”21 1= k) (Z (2/{:)! - W) <6”) = (COSh(Q) — [0(2)) (6”) ,

k>1

where [y(2) is the modified Bessel function (see Theorem 50-(ii)). Dividing by the asymptotics of
OTCS’) (again see Theorem 50-(ii)), we have

9(cosh(2) — Iy(2)) 2

E(PY) ~ 21, )

This proves the claim in this case. (Note the similarity of this proof to the one of Theorem 59-(ii).)
For d > 4, with similar arguments as in the proof of part (iii) of Theorem 59:

n—

1
(d (d (dn—d+2)!

Dividing by the asymptotics of OTC&Ld) from part (ii1) in Theorem 59, we have

k=

@y ¢
E(Pn )N?n7

which proves the claimed result also in this case. W

Remark 34. A (slightly) weaker version of the above result for the bi-combining case was

derived in [43, Proposition 2].

Denote by SY the Sackin index of a random one-component tree-child network with n leaves.
Then, by combining the last proposition with Lemma 70, we obtain the main result of this subsection.

(This result for d = 2 was also the main result of [43].)

Theorem 71. (i) For d = 2 (bi-combining case), we have

E(SW) = (n™/4).

n
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(i1) For d > 3, we have
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2.9 Other

This section gathers some minor topics and proofs that do not fit well into the previous subsections.

2.9.1 Corollaries of Theorem 60 (d-combining tree-child network)

Theorem 60 can be used to improve and extend [35, Proposition 1.6, (ii)], which was concerned
with the number of twigs of (bi-combining) tree-child networks. A twig is a tree node which is
contained in a pendant subtree, i.e., a tree node that has no reticulation node as descendant. In [35],
it was proved that the number of twigs in a random bi-combining tree-child network is o(n). In fact,

twigs are even rarer than that.

Corollary 2.9.1. Let W be the number of twigs of a d-combining tree-child network picked

uniformly at random from the set of all d-combining tree-child networks with n leaves.
(i) For d = 2 (bi-combining), we have

E(W9) = 0(1).

(i1) For d > 3, the limit law of W is degenerate at 0. More precisely,

Proof. Note that

EWM) =Y PWW >0 <Y Pn—1-T > 0) =E(n—1-T").

>0 >0

where 7" is the number of reticulations of a random d-combining tree-child network and the in-
equality follows from the fact that each twig is a free tree node and the number of free tree nodes is
given by n — 1 — k where k£ is the number of reticulation nodes; see Lemma 37. The result follows

now from:

1/2, ifd=2;
E(n—1-T%) —

0, if d > 3;
see Remark 30 and Remark 31. W

This result also shows that the expected number of cherries, i.e., tree nodes with both children
leaves, of a random d-combining tree-child network is bounded, too (since cherries are clearly twigs).
Note that the number of cherries is a popular parameter in phylogenetics and has been extensively

studied for phylogenetic trees (which are bi-combining networks without reticulation nodes).
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Finally, Theorem 60 also implies an improvement of the first equality in (2.38).

Corollary 2.9.2. The following asymptotic equivalences hold for d-combining tree-child net-

works.
(i) For d = 2 (bi-combining case), we have

2
TCP ~ e-TCY) ..

(i1) For d > 3, we have

TCY ~ TCY

n,n—1-

Remark 35. Note that even with the above result, it is still not possible to give the first-order
asymptotics of TC;d) since the approach of [37] (which we are going to use in order to prove

Theorem 51) gives only a Theta-result.

2.9.2 Proofs of Propositions 16 and 17 (d-combining tree-child network)

The proofs follow nearly verbatim the steps of [37, Lemmas 4.2 and 4.4] as well as [ 14, Lemmas 7
and 9]. For the convenience of the reader, we repeat the main steps for Proposition 16 and point
out the main differences. Full details of all computations are given in our accompanying Maple
worksheet [41].

We start by defining the following sequence
Pn,m = —ZLpmSn + ,uggznznfl,m+l + Vy(j%lanl,mfb

where we use the approach

01 ) 03 04
Sn, ogp + 1/34—%4-%4‘”7/6
2 Bl/3 1
7, = (1 T nm +Tlm) Ai (a1 + —(TH >> ,
’ n nt/3
with parameters 0;,7; € R, and B from (2.45). Note that in [14, 37] we had B = 2, whereas here

B depends on d. Then the claimed inequality is equivalent to P, ,,, > 0 with the parameters chosen
accordingly.
To prove it, we expand the Airy function Ai(z) in a neighborhood of

BY3m

a=a, +——0
1 n1/37

(2.63)
and, due to the defining differential equation Ai”(z) = zAi(x), we get the following expansion

Pn,m = pn,mAl(&) + p;L,mAi/(a)7
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where p,, ., and p}, ,, are functions of m and n~! and may be expanded as power series in n /% whose
coefficients are polynomials in m. As the Airy function is entire, these series converge absolutely for
n > 1and m < n.

Now we proceed with the technical analysis. First, we show that [minj ]Pn,m =0fori+j5 > 1,
1,7 € Q. We omit this step, as it is analogous to the previous cases. Second, we use computer
algebra to strengthen this result by choosing suitable values o; and 7; to eliminate more terms; see
Figure 2.16. A solid diamond at (i, j) indicates that the coefficient [m‘n?] P, ,, is non-zero for generic
values of ¢; and 7;; an empty diamond indicates that the specific choice of o; and 7; makes it vanish.

The convex hull is formed by the following three lines

7T T 1 2
Liij=—t-8 Ly:j=—>—2 Ly:j=1—1i.
17 6 187 2] 3 37 3:J ?
0 0

sooE

|
2
7S
K2
P
K2
e
<

Figure 2.16: (Left) Non-zero coefficients of P, ,, = Zamminj shown by diamonds for s, :=
oo+ s+ o + 9+ i and Zy g 1= <1 + W%) Ai (al + %) There are no terms

in the blue dashed area. The blue terms vanish for oy = 2, the red terms vanish for oy = 0, the green

_ 3d%>—5d+4
3(d+1)

and 7, = — 241

terms vanish for oo = B?/3ay, and the yellow terms vanish for o3 = ST

The black, red, and blue lines represent the parts Ly, Lo, and L3, respectively, of the convex hull.
(Right) The solid gray diamonds are decomposed into the coefficients p,, ,, of Ai(«a) (red boxes) and
P.m of Ai'(a) (blue diamonds).

In a final step, we distinguish between p,, ,, and p;, ,.; see Figure 2.17. The expansions for n

tending to infinity start as follows, where the elements on the convex hull are written in color:

Py = Aia <_ o1 B5/3a1m_(23d2 — 14d+5)m*  2(2d —1)(3d — 1)B3a;m?
o n7/6 3nb/3 9(d+ 1)*n? 9(d + 1)2n8/3
(24 - 1)(23d — 9)Bm* | (2d — 1)(209d° ~ 258d 4 120) Bm® ) .
18(d + 1)2n3 270(d + 1)%n’
Al() (_ BY3g,4(d = 2)Baym  2(9d* + 50d* — 67d + 21)B"/*m*  4(2d — 1)*B'*m?
n32  9(d+ 1)n? 9(d+1)*n7/3 9(d+ 1)*n7/3
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0 0
1 2 3 4 5 6 1 2 3 4 5 6
I i
- ]_E ~1A
B 2% % Slope: - — - 25\@
H EH \ 12 . § § Slope: - %
J un ] ] |j\ — — Slope: ey D S« SR + S RO Slope: -1
-3E] ] ] \EI """ Slope: -1 -34 O
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-44] - - % IZI _4d o
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Figure 2.17: Non-zero coefficients p,,,, = Y a;ym'n’ (red) and p), ,, = > a; ;m'n? (blue) of the

expansion (2.63) for P, .. The coefficient of n~4/3 in the right picture depicted as a solid blue circle
disappears for 7 = %.

(2d=1)(5d = 1)B**m*  (2d — 1)(119d° + 32d — 51) B*/*m? N
18(d _I_ 1)2n10/3 270(d _|_ 1)3n13/3 . .

We now choose o4, = —1 which leads to a positive term Ai(a)n~7/°

. Next, for fixed (large) n we
prove that for all m the dominant contributions in P, ,, are positive. Motivated by Figures 2.16 and

2.17, we consider three different regimes:
i) m< C’nl/3; (i1) Cn'? <m< n7/18; (i) 7 <m < n2/3-e

for a suitable constant C' > 0. This part is analogous to the one of [37, Lemma 4.2], which is why we
omit the technical details. In the end we get that there exists an N > 0 such that all terms are positive
for n > N and all m < n?®, which ends the proof of Proposition 16.

The proof of Proposition 17 follows analogously.
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Chapter 3

Conclusion and Outlook

In the preceding chapters, we have obtained asymptotic and exact results for the main classes of
phylogenetic networks. Nevertheless, each section still leaves a number of major classes unaddressed.
For instance, the exact enumeration of one-component d-combining networks has been established,
but the multi-component and fully general combining structures remain open. Likewise, although the
component graph method (Section 1.1.3) yields asymptotic results for networks with fixed or maximal
reticulation number, the corresponding exact formulas have yet to be determined.

Beyond these specific gaps, each topic suggests natural directions for further development. One
possibility is to extend our techniques to additional network families, such as level-k networks, or-
chard networks, or time-consistent models, whose combinatorial behavior is not yet well understood.
Another promising direction is to broaden the probabilistic perspective initiated in the Section 2.7. In
particular, studying additional random variables (e.g., height, balanced indices) or establishing limit
theorems may lead to a more refined understanding of the global shape of random networks.

Taken together, these open classes and potential extensions highlight a much larger landscape that
remains unexplored. The methods mentioned in this thesis, like component graph method, singularity
analysis, singular inversion, and encoding-based recurrence derivations, provide a foundation for fu-
ture progress, and we expect that many of the unresolved classes can be approached using these tools,
possibly with suitable adaptations.

The main future objective is to complete the analyses initiated in Chapter 2 for all main network
classes. In what follows, we summarize, for each topic, which main classes have not yet been ad-
dressed. We also outline possible directions for further development, including the investigation of

additional network classes and various combinatorial or probabilistic extensions.

 Section 2.1 (The maximal number of reticulation): This fundamental question has already been

resolved, regardless of whether one considers the main classes or not. A natural direction for



Section

further investigation is to develop more intuitive and concise proofs for some of the results (for

others, this has already been achived here and elsewhere).

Section 2.2 (Closed-form expressions for small £ and arbitrary n): This has been done for all
main classes. What remains is to find more effective ways of computing closed-form expres-

sions for larger values of k.

Section 2.3 (Exact counting for any k£ and any n): Galled, reticulation-visible, and galled tree-

child networks remain.

The term exact counting results is, in fact, somewhat imprecise. Through the component
graph method (CGM)), it is theoretically possible to compute exact counts for any k£ and any
n. However, the computational complexity rapidly becomes enormous, well beyond polyno-
mial time, making such calculations infeasible in practice. Thus, within this context, an exact
counting result refers to any method that improves the computational complexity and yields a
tractable procedure. Ideally, such a result takes the form of a closed formula, as in the case
of one-component d-combining tree-child networks; see Theorem 35. Alternatively, a result
may provide an explicit arithmetic recurrence, such as for general d-combining tree-child net-
works, which still represents a substantial improvement over the raw CGM computation; see

Theorem 36.

Section 2.4 (Counting maximally reticulated networks): At present, all established results ex-
cept that for galled networks are asymptotic rather than exact. The next stage is to obtain an

exact enumeration of maximally reticulated networks.

Section 2.5 (Asymptotic counting for fixed k as n — 00): All main classes are done.

Further classes have also been considered. For instance, recently in 2024, Agranat-Tamir,
Fuchs, Gittenberger and Rosenberg gave an asymptotic result for the number of unlabeled nor-

mal galled-tree networks, say UNGT.

Theorem 72 ([!]). For the number of unlabeled normal galled-tree networks with n

leaves and k reticulation nodes, we have for fixed &k, as n — oo,

22k—1

UNGka ~ 2k—3/2 p—n

@R =T |

where p is the radius of convergence of the generating function of rooted binary unlabeled

trees U (z) which is defined by

U() = 7 + UG + 5U(D),
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and + is a constant satisfying

U(z) ~1—7 - = asz —p .
\ p

Note that p ~ 0.4027 and v ~ 1.1300.

In 2025, Agranat-Tamir et al. [2] gave the results for (leaf-labeled) normal galled-tree net-

works, say N'GT, which is equivalent to time-consistent galled trees.

Theorem 73. For the number of normal galled-tree networks with n leaves and & reticu-
lation nodes, we have for fixed k, as n — oo,

NGTnk ~ L 2 ! nn+2k’—1‘
T V2(2k) \e

Remark 36. The result differs from the asymptotic for other classe of phylogenetic net-

works; the difference arises in the constant factors, including those depending on k.

Also, Agranat-Tamir et al. [3] showed that galled-tree networks exhibit the same asymptotic

behavior as in the two theorems above.

Theorem 74. Denote by GT (UGT) the number of (unlabeled) galled-tree networks with
n leaves and k reticulation nodes, we have for fixed &, as n — oo,

22k—1

UGka ~ 2k—3/2 p—n

(2k) 4L /7 ’

GT,, ;. ~ 4—k <2>n k=1
TV2(2k) \e

and

The remaining classes in Figure 1.5 are level-k, spread-k, and k-reticulated networks.

* Section 2.6 (Asymptotic counting of the total number of networks): The remaining main class
is reticulation-visible networks. The next stage is to obtain an exact enumeration of the total

number of each main class of networks.

* Section 2.7. (The number of reticulations for a random network): Only reticulation-visible

networks remains.

* Section 2.8. (Sackin Index): Only one-component d-combining tree-child networks are done
and only a Theta result ©(-) for the mean was derived. The next stage is to find its constant
factor, higher moments and limit laws, or any result for the remaining main classes. Also, there

are more statistic parameters can be explored.
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Appendix A

Trip-trees

In the Section 1.1.4, we counted the number of dup-trees. In this section, we count the number of

trip-trees; see Definition 1.1.7.

Definition A.0.1.

1. UT,,; (RT, ;) counts the number of un-rooted (rooted) twin-cherry-free trip-trees labeled
by [n] W [i] W [i];

2. CY) counts the number of un-rooted trip-trees labeled by [n] W [i] W [i] with exactly j

n,i

twin-cherries;
3. ny,; counts the number of edges in UT,, ; (or C,(f; 2);

4. UT,;; counts the number of un-rooted trip-trees labeled by [n] W [i] W& [i], where twin-

cherries are allowed;

Here we reuse this name U'T which referred to un-rooted phylogenetic trees when counting dup-

trees. We have some simple observations.

Proposition 23. For 0 < i < n, we have
1. RTnﬂ = UTn+1’/L' and UTn,z = C,Egz,

2. ng = <Z) UT,4;,i—; forall j > 0;
7 J

3. ny,; =max(2(n+2i) — 3,0) for0 < i < n;

4, UTT—:Z = Z Cg,)l - Z (2> UTn+j,i—j-
7=0 7=0 J
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Proof. The first statement is trivial by taking the leaf n 4 1 as the root. The third statement is also
trivial by definition and the fourth statement is a refinement. It suffices to show the second statement.
Let j <. We choose j labels J = {{1, (s, ...,¢;} from [i| with £} s are increasing and choose a

trip-tree 7" in U7 ,,4;,—;. For each k from 1 to 7,

1. Shift the leaf label m by m + 1 if m > ¢;. T has no leaf labeled by ¢, by now. The current
largest label is n + j + 2 — k.

2. Replace the leaf with the current largest label with a twin-cherry labeled by ¢;.

3. Replace the leaf with the current largest label with a leaf labeled by ¢;. The current largest label

isn+j—k.

We have a trip-tree in Cff Z) . A

1. Find the classes O,, ; for U7, ;.1 We implement the same classification steps of the dup-trees
on the trip-trees U7 ,, ;+1. Eventually, there are 32 classes in total with their multiplicity. For each

O, the multiplicity m can be obtained by

1. deleting two red dots from O,,, ;, we have some at most three resulting graphs Pf% s

2. find the multiplicity of Pﬁih ; by adding back two red dots and sum them up.

There are 22 classes of them do not contains a symmetrical structure (without b-edges and red dots)
consisting of 3 identical parts; see Figure A.1. The remaining 10 classes contain a symmetrical
structure (without b-edges and red dots) consisting of 3 identical parts; see Figure A.2. The graphs
P,(Tﬁ ;-’s are temporarily used to calculate the multiplicity value, so we hide them in the above two

figures, otherwise, they are too large. These classes form a partition of 4T, ; and it gives the formula.

UTpis1 = Y Omy (A.1)
J

2. Establish the formula between /7, ;.; and T, ;. For a trip-tree in U7 ,, 1, we choose two
leaves labeled by ¢ + 1 (there are three choices), delete them and suppress the unary nodes. It may
produces at most two twin-cherries, that is, the resulting trip-trees fall into U7, ;, CSZ or Cflzl) . Next,
in each case, we adding back two leaves 7 + 1 (two red dots) without creating twin-cherries. Recall

that n,,; = max(2(n + 2i) — 3,0) is the number of edges of a trip-tree in U7, ;, Cflll) or C,(fz) .

145



Section

031 O30 Os3 Os5,1 O41
& & ,
O34 O35 03,6 Os,1
Os.7 Os.2 O4 Ou3 021
& & & A L
Os.8 Os.9 03,10 Os.1
Og,2 Os,3
03,11 0121
AL\ /7
/ / /

Figure A.1: There are 22 classes of U7, ;1 having no symmetric structures of 3 parts.
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03,12 03,13 06,4 Os,5 03,14
Os.6 Oe,7 06,8 03,15

Figure A.2: There are 10 classes of U7, ;+1 having symmetric structures of 3 parts and they exists

only whenn =i + 1.

1. For a trip-tree in U7, ;, we can’t choose the leaf-edge of the leaf < + 1. We may attach them on

the same or different remaining edge(s). There are <n,2”> ways.

nn,i —1 + nn,i —1 o nn,i
1 2 S\ 2 )

2. For a trip-tree in ¢\ at least one new leaf must attach on the twin-cherry. There are 2n,,; — 3

nz’

ways by the inclusion—exclusion principle.

U2 nnz_2
o I = 2n,,; — 3.
()= (%) =

3. For a trip-tree in C'¥ | there are only 4 ways.

n,i°

To sum up, the formula is provided by

Ny (1
<2 )UTnﬁ(an,i—s) ) +4C?) ZmO y

(A.2)
=3 UTn,i+1 + Z (m — 3) Om,j

m?j

3. Compute the remaining terms. The purpose here is to compute the summation

3 2 8
D (m=3) Opy=-2011-001+ > 0442 O05;43> Og;+50s1+90151, (A3)

m,j j=1 j=1 j=1
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which contains many minor terms. An intuitive approach is to calculate the number for each O, ; in-
dependently. However, this would make the calculations between many terms overly complicated. We
define slightly larger classes, called type, focusing on a fixed structure that can be directly calculated

from UT,, ;, CSZ or CSZ It corresponds to some specific O,, ;’s for each type.

Definition A.0.2 (type a). Define the set OF collects the trip-trees labeled by [n] Wi+ 1] W]

such that
1. it contains exactly j twin-cherries;

2. the two b-edges with one red dot (the leaf labeled by ¢ + 1) locate at the same positions

of different triangles of a symmetry structures S,;
3. the third red dot “will” be add on somewhere outside .S,,,

and O, = U}:OOL(IJ).

A definition of a type defines not only the sets OY)"s, but also defines a combinatorial way to
“completing” O, to twin-cherry-free trip-trees labeled by [n| W [i + 1] W [ 4 1]. From this perspective,
a type must define both a fixed structure and a combination step.

By two-way counting between O, and resulting trip-trees, we have the following proposition.

Proposition 24 (type a).

> (Q(zpam!Q%Fﬂﬂ%fd+20gd):(bJ+zowy+omy+om.(A@
1<d<i

Proof. Count the number of edges of the bipartite G = (A, B; £), where
1L A=0PuoM
2. B=031U031,U0315U 0,

3. £ collect (A, e, B) such that A € A, B € BB and B is obtained by adding a red dot on the edge
e of A.

First, we count the number of edges that adjacent to oY by construction.
1. Choose a phylogenetic tree 7" on D. (There are (2d — 3)!! ways.)
2. Add aleaf 7 4+ 1 on an edge of T". (There are 2d — 1 ways.)

3. Duplicate 7" and joint their roots, say the joint node . (the structure is what type a fixes.)
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4. Choose a trip-tree 7" in U T ,, ;4. Joint the leaf i + 1 to the node u (there’s no leaf i + 1 by now).
5. Add aleaf i + 1 on an edge of 7". (There are n,, ;4 choices.)

6. Relabel the indices of 7" and the repeated indices of 7". (There are (;) ways.)

Eventually, it gives
1
Z <d) (2d — 1)” Npi—d UTn,i—d = 0271 + 2 X (part of 03,11) + 03,15 + 0171,
1<d<i
where “2 x (part of O3 ;1)” means that some resulting graphs fall into O3, if the third red dot is
added on a symmetry structure. Paired of resulting trip-trees are identical due to the symmetry and

it explains the multiplicative constant of O3, is 2. The text “part of” shows that the third red dot

locates at in a symmetry structure but size is greater than 1 of a trip-tree in O3 ;,. The next paragraph
includes the ones with size 1 (i.e. twin-cherry) for Os 1.
Second, we count the number of edges that adjacent to oM by construction. The first 4 steps are

the same as the above steps.

5’ Choose a trip-tree 7" in Csi)f 4 and do the same relabel process.

6’ Insert a leaf i + 1 into 7" by reducing the twin-cherry. (There are 2 choices.)
Z (;) (2d — 12 Cgizfd = (remaining part of 2 x Og311) .
1<d<i
Sum up the above two equations gives the LHS of the result. W
Definition A.0.3 (type b, ¢, d, e, f and g). For © € {b,c,d,e} and j > 0, define the set oy
collects the trip-trees labeled by [n] W [ + 1] W [i] such that
1. it contains exactly j twin-cherries;
2. P(z) holds, where P(x) means the two red dots (two leaves i + 1) belong to ...
(x = b) one b-edge locating in one triangle of a symmetry structure S (Like O, ; without

the b-edge in the black circle);

(z = c) two b-edges resp. locating at different positions in one triangle of a symmetry

structure S, (Like O, » without the b-edge in the black circle);

(z = d) two b-edges resp. locating at different positions in different triangles of a sym-

metry structure Sy (Like O, 3 without the b-edge in the black circle);

(z = e) two b-edges resp. locating in different triangles of different symmetry structures

Se, and S, (Like Og; without the b-edge in the black circle),
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3. the third red dot “will” be add on somewhere outside S,; S, and S, if v = e.

and 0, = U}:O(Dg ),

For 2 € £, g, define the set OY collects the trip-trees labeled by [n] W [] @[] such that
1. it contains exactly j twin-cherries;
2. the only b-edge with one red dot locates in a triangle of a symmetric structure S, ;
3. the second and third red dots “will” be add on somewhere ...

(r = f) outside S, but in the same symmetric structure;

(z = g) outside S,
(may or may not locate at the same position, i.e. a b-edge with two red dots),

and Oy = O;O) and O, = U?zoOg(,j ),

Types f and g are relatively special that it contains only one leaf ¢ + 1 while each other type
contains two leaves ¢ + 1. In fact, there are other types that can be explored basing on the number
and position of b-edges with some red dots, but the types mentioned above are sufficient to reach a

conclusion.

Proposition 25 (type b, ¢, d, e, f and g). We have

Z (;) (2d — 1)” (nm_d UTnﬂ‘_d + QCS’E?CJ == 0471 —+ 2 06,1 + 06,4 —+ OG,S, (AS)
1<d<i

> (;) (2d — 3)!! <2d2_ 1) (nm_d U g 4 2 cfj,g_d>

1<d<i

=042 +2062 4+ Ogp + Op7 (A.6)

Z. (;) (2d — 3)!! <2d2_ 1) (nn,i*d UTyima+2 Ci%g_d)

=043+2063+3068 + 0315, (A7)

7
Z (db dy, i — d) it = L)l (2t = <n”+1’i_d UTht1i-a+2 Cﬁl,pd)

1<d; +d2 <1,
d:=d1+do>

=2051 +120121, (A.8)
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S ' (2d1 — 1)1 (2ds — 3)11(2ds — 1)2 UT ot 1
. dl, dg, 1 — d ’

1<d1+d2 <4,

d:=d1+ds

=061+ 062+ 03, (A9)

. n,i— 1
2. (;) (2d — )1 [(" J )UTn,id+(2nn,id—1> Ch)_a+4CY),

1<d<i
=051 +20614+052+40814+2062+20¢3 4+ O311 + 120121+

Og4 + Og5 + Ogp + Og7.  (A.10)

Proof. (Type b) We classify the process into three main parts, with relabeling placed last.

1. Choose a rooted phylogenetic trees 1" of size d, duplicate T" as 7", attach the b-edge with two

red dots on T”s edges, and joint their roots, say u; (There are (2d — 1)!! ways.)

2. Choose a un-rooted trip-tree U in UT , ;_q (or C?SZ?* 2)» joint the leaf 7 + 1 with the node u, and
attach a new leaf : + 1 on U’s edges by reducing all twin-cherries if they exist. (There are

Ni—aU Ty i—q OF ZCSE_ 4 ways.)
3. Relabel the duplicated labels in the first and second steps. (There are (;) ways.)

(Type c¢) It’s very similar to type b. The different part is in the step 1 that we attach two b-edges
with one red dot resp. on the “different” edges of 7'; if we choose the same edge, then it becomes the
2d -1
case of one b-edge with two red dots. Hence, there are < 5 ) ways for attaching.

(Type d) There is an over-counting problem here.

1. Choose a rooted phylogenetic trees 17 of size d;, duplicate it as 77, attach the b-edge with one

red dot on T;’s edges, and joint their roots, say u;; (There are (2d; — 1)!! ways.)

2. Again, choose a rooted phylogenetic trees T3 of size d,, duplicate it as T, attach the b-edge

with one red dot on T»’s edges, and joint their roots, say us; (There are (2d; — 1)!! ways.)

3. Choose a un-rooted trip-tree U in U7 ;.11 ;—q (Or CT(LBLF 2)» joint the leaf n + 1 with the node w4,
joint the leaf n with the node us, shift the label j by j + 1 for j > ¢ + 1 (there’s no leaf 7 + 1
by now), and attach a new leaf 7 + 1 on U’s edges by reducing all twin-cherries if they exist.

(There are ny,41,;—qUT,41,i—q OF 2C51217i_d ways.)

4. We classify the resulting graphs by the edge that the new leaf is attached on, it is either (1) not

involved in a symmetry structure or (2) involved in a symmetry structure, say Ss.
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(1) The graphs belongs to Og ; and each pair of them is identical because the order in which
the symmetry structures S; and S5, consisting of 7} and 75 respectively, are chosen can

be arranged. The multiplicity value is 2.

(2) The graphs belongs to O35 1. The multiplicity value is 12 because the symmetry structures
S1, 52 and S5 are arrangeable and there are two edges in S5 in step 3 that making two

resulting graphs identical.

i
dy, dy,i — (dy + dg)) ways.)

5. Relabel the duplicated labels in the first three steps. (There are (

Therefore, we may build the remaining terms (A.3) from the above types with little terms left.

Denote by (x) the RHS of the equation in Proposition 24 and Proposition 25 for x = a,b, ..., g.

(A3) = ~(a) + () + (&) + (d) — 2(€) — 3(f) +2(g) + 3012 ~ Os.

Finally we directly compute the remaining two terms.

Proposition 26. We have,

X .
Oui=g > ( ! ) (2d; — 1)1 (2dy — 1)1(2d3 — DN UT 40,4

| -
& 1<dy +da+d3<i, dl? d2? ds,l d
d::d1+d2+d3
and
(20 -1, ifn=1di+1landi > 1;
O11=

0, otherwise.

Note that in Oy9 3, the leaves ¢ + 1,7 + 1 and n + 2 of a trip-tree in UT),, 15,4 are used to joint
the three symmetry structures. In O, ;, the condition requires ¢ > 1 for the existence of a rooted

phylogenetic tree of size ¢ (and then attach the leaf 7 + 1 on it).

Proposition 27. We have, UT,, ;1 =

1 %
! { (nZ, ) UTys + (200 — 3) C) +4C2)

)

{23 (3) @d- D=1 [mni-aUTaa 20,
(5) =

1 o

i Mg+ 1 1 2
+2 d) (2d — ! {( 5 ) UThi—a+ (2np-qa— 1) C;,Z—d +4 C;g_d
d=1
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|
DN o

7
S ( o ) (2d; — 1)!! (2dy — 1) nn+1,i,dUTn+1,i,d+2C;217i_d]
1<di+do<i N D2
d:=dq+d2

1
-3 Y (dhdz) (2dy — 1) (2d5 — D)1 (2d5 — 1) UTop 15
1<d1+d2<1
d:=d1+do

i\ (2di — D (2ds — 1)1 (2ds — 1)1

3 g UT, 12

- ; (dla d27 d3) 3! F2ed
1<d1+da+d3<i

d:=d1+d2+d3

— 1= (2i — 1)” } } ,
andi>1 (B) (@)

for 0 < i < n — 1 with initials UT,, o = (2n — 5)!l forn > 3, UTyy = UTy( = 1 and

UT,,; = 0 for undefined range.

Here are the tables for UT), ; and UT;:i.

n\i| 0 1 2 3 4 5 6

2 2

3 1 1 14 318

4 3 10 165 5115 267570

5 15 105 2310 92715 5940270 554642760

6 | 105 1260 36855 1859235 143313135 15629853225 2287933545240

Table A.1: UT,,;for1 <n <6and 0 <i < n.

n\i| O 1 2 3 4 5 6
0 0
1 1 1

2
3 1 4 49 1233

4 3 25 480 16770 939255

5 15 210 5775 265650 18543525 1835552985

6 | 105 2205 81900 4780230 405762630 47374167750 7294858389315

Table A.2: UT;, for 1 <n <6and 0 <i < n.
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