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We give a description of invariants and attractors of the critical and subcritical Galton—Watson tree measures under
the operation of Horton pruning (cutting tree leaves with subsequent series reduction). Under a regularity condi-
tion, the class of invariant measures consists of the critical binary Galton—Watson tree and a one-parameter family
of critical Galton—Watson trees with offspring distribution {gy} that has a power tail g; ~ C k—(1+1/40) where
qo0 € (1/2,1). Each invariant measure has a non-empty domain of attraction under consecutive Horton pruning,
specified by the tail behavior of the initial Galton—Watson offspring distribution. The invariant measures satisty
the Toeplitz property for the Tokunaga coefficients and obey the Horton law with exponent R = (1 — qo)_l/ 40,
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1. Introduction and motivation

The study of random trees invariant with respect to combinatorial pruning (erasure) from leaves down
to the root emerges in attempts to understand symmetries of natural trees observed in fields as di-
verse as hydrology, phylogenetics, or computer science. In addition, it provides a unifying framework
for analysis of coalescence and annihilation dynamical models, including the celebrated Kingman’s
coalescent, and self-similar stochastic processes on the real line; see a recent survey [13] for details.
A special place in the invariance studies is occupied by the family of Galton—Watson trees, whose
transparent generation mechanism makes it a convenient testbed for general theories and approaches.
A Galton—Watson tree describes the trajectory of the Galton—Watson branching process [1] with a
single progenitor and offspring distribution {gx}, k =0, 1,.... We write GW(qx) for the probability
measure that corresponds to this random tree. A tree is called critical if the expected progeny of a single
member equals unity: > p- | kg = 1. Similarly, a tree is subcritical if _;- | kqi < 1. In this paper, we
analyze the invariance and attraction properties of critical and subcritical Galton—Watson trees under
the operation of combinatorial Horton pruning — cutting tree leaves and their parental edges followed
by series reduction (removing vertices of degree 2). The Horton pruning (formally introduced in Sec-
tion 2.2 and illustrated in Figure 3) is a discrete, combinatorial analog of the continuous erasure or
trimming studied by Neveu [16], Neveu and Pitman [17,18], Le Jan [14], Evans [6], and Evans, Pitman
and Winter [7].

1.1. Invariance
Combinatorial prune invariance of critical and subcritical Galton—Watson trees was first examined
by Burd et al. [2], under the assumption of a finite second moment for the offspring distribution,

372, k2qx < 0o. These authors have shown that the only invariant measure in this class corresponds
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to the critical binary Galton—Watson tree, go = g2 = % [2], Theorem 3.9. Here we substantially relax the
regularity constraint on the offspring distribution; see Assumption 1 and Lemma 5 in Section 3.2. This
reveals an abundance of prune-invariant measures with infinite second moment. Theorem 2 describes
all such measures among the critical and subcritical Galton—Watson trees that satisfy Assumption 1.
This infinite family of Invariant Galton—Watson (IGW) measures can be characterized by a single
parameter — the probability go € [1/2, 1) of having no offsprings. An individual distribution from this
family is denoted by ZGW!(qo); it is a critical distribution with the offspring generating function

oo
0@ =) aqiz* =z+qo1 —2)"/.
k=0

The case go = 1/2 with Q(z) = (1 4 z%)/2 corresponds to the critical binary Galton—-Watson tree
IGW((1/2) = GW(qo = q2 = 1/2). Every invariant Galton—Watson measure ZGW(qo) with go €
(%, 1) corresponds to an unbounded offspring distribution of Zipf type with infinite second moment:

gr ~ Ck~UF1/0) a5k — 0.

1.2. Attraction

Burd et al. [2], Theorem 3.11, have shown that any critical Galton—Watson tree with a bounded off-
spring number (there exists b such that g = O for all k > b) converges to the critical binary Galton—
Watson tree under iterative Horton pruning, conditioned on surviving under the pruning. Theorem 3
shows that the collection of ZGW(qq) measures for gg € [1/2, 1) and a point measure GW(qo = 1)
are the only possible attractors of critical and subcritical Galton—Watson measures that satisfy As-
sumption 1, with respect to the iterative Horton pruning. Specifically, all subcritical measures con-
verge to GW(qgo = 1), and critical measures converge to ZGW(qo). The domain of attraction of
TGW(qo) for any gg € [1/2, 1) is characterized by the tail behavior of the offspring distribution {gy}
of the initial Galton—Watson measure. In particular, Corollary 2 implies that every critical measure
with Zipf tail g ~ Ck~1+1/9 for g € [1/2,1) and C > 0 converges to ZGWW(q). The subcritical
attractor GW(qo = 1) is the limiting point of the IGW family for go = 1 with generating function
0(z) = z+ (1 — z) = 1. This distribution, however, is not prune-invariant.

Our results expand the attraction domain of the critical binary Galton—Watson tree ZGW(1/2) ini-
tially described by Burd et al. [2]. Specifically, Lemma 2 shows that any critical offspring distribution
that has an infinite second moment, satisfies Assumption 1, and has a finite 2 — ¢ moment for all € > 0
belongs to the attraction domain of ZGW(1/2). We give an example of such a measure with g ~ %k‘3.

1.3. Toeplitz property

The results of Burd et al. [2] revealed an interesting characterization of the critical binary Galton—
Watson distribution in terms of its Tokunaga sequence. Recall that the Horton pruning removes the
leaf vertices and their parental edges from a finite tree 7, with subsequent series reduction (removing
degree-2 vertices). The Horton order of a tree T is the minimal number of Horton prunings sufficient
to eliminate 7. Informally, a branch of Horton order k is a contiguous part of a tree (a collection of
vertices and their parental edges in the initial tree) eliminated at k-th iteration of Horton pruning (see
Figures 3, 4, 5, 6 for example, and Section 2.2 for a formal definition). Each leaf (i.e., a leaf vertex
with its parental edge) is a branch of order 1. Branches of higher orders may consist of lineages of
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vertices and their parental edges. The vertex farthest from the root is called the terminal vertex of a
branch. Applied literature often examines the statistics of mergers of branches of distinct orders within
a tree. Burd et al. [2] formalize this by considering the Tokunaga coefficients T; ;[T ], for i < j, equal
to the number of instances when a branch of order i joins a non-terminal vertex of the leftmost branch
of order j closest to the root within 7', given that the tree order is greater than j. This definition is
suitable for describing a generic branch structure within a Galton—Watson tree, given its symmetric
iterative generation mechanism. It has been shown [2], Theorem 3.16, that the critical binary Galton—
Watson distribution GW(qo = g2 = 1/2) is characterized, among the bounded offspring distributions,
by the Toeplitz property:

E[7i,j[T1]=Tj— for a positive Tokunaga sequence {T¢}x=1,2,.... (1)

Specifically, the critical binary Galton—Watson distribution corresponds to Ty = 2¥~!. In Lemma 10,
we show that all the invariant measures ZGW(qo) satisfy the Toeplitz property. In this analysis, we
adopt an alternative, more general, definition of the Tokunaga coefficient 7; ;, which (i) accounts for
branching at the terminal vertices, and (ii) can be applied to general (non Galton—Watson) trees. In our
definition, the invariant measure ZGW(qo) corresponds to the Tokunaga sequence (Lemma 10)

Tl:CC/(C—l)—c—l, Tk :ack—l’ k=23,...
with (Figure 1)
c=(1- qo)—l and a=(c— 1)(61/(0—1) _ 1).

The critical binary Galton—Watson case with gg = 1/2 corresponds to ¢ = 2 and a = 1, which recon-
structs the Burd et al. [2] result T = 2¥~1. Moreover, using the Tokunaga sequence definition from
Burd et al. [2], we obtain a particularly simple Tokunaga sequence Ty = c*~! fork =1,2,....

10? ‘ ,

——Tokunaga parameter a
—— Tokunaga parameter ¢
— Horton exponent R

0 ! I I I I I I I
100.5 055 06 065 07 075 08 08 09 0.95

Probability of having no offspring, 9

Figure 1. Tokunaga parameters a (blue), ¢ (red) and Horton exponent R (black) in invariant Galton-Watson trees
ZGW(qp) for go €[0.5,0.99].
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1.4. Horton law

A ubiquitous empirical observation in the analysis of dendritic structures is the Horton law [9,13,20].
Informally, the law states that the numbers Ni[T] of branches of order k in a large tree T decays
geometrically:

NlT1
Ni1[T]

for some Horton exponent R > 2. A formal definition of the Horton law for tree measures is given in
Section 2.5.

It has been shown by McConnell and Gupta [15] for a particular case of Ty = ack~! with a > 0,
¢ > 0, and generalized by the authors of this paper [11] to an arbitrary Tokunaga sequence {7}, that the
Toeplitz property implies the Horton law. Lemma 10 shows that the invariant Galton—Watson measure
ZGW(qo) for any gg € [1/2, 1) obeys the Horton law with the Horton exponent R = (1 — qo) V0
(Figure 1).

2. Preliminaries

2.1. Galton—Watson tree measures

Consider the space 7 of finite unlabeled rooted reduced trees. A tree is called rooted if one of its
vertices, denoted by p, is selected as the tree root. The existence of root imposes a parent-offspring
relation between each pair of adjacent vertices: the one closest to the root is called the parent, and the
other the offspring. The space 7 includes the empty tree ¢p comprised of a root vertex and no edges. The
tree root is the only vertex that does not have a parent. Let 7! denote a subspace of planted trees in T ;
it contains ¢ and all the trees in 7 with the root vertex having exactly one offspring (see Figures 2, 3).
The degree of the root equals the number of its offsprings. The degree of a non-root vertex is the
number of its offsprings plus one (to account for the parent). The number of the offsprings at a vertex
is called the vertex branching number. A tree from 7 is called reduced is it has no vertices of degree 2.

For a given offspring distribution {gx }x=0.1.2,..., we let GW({gx}) denote the corresponding Galton—
Watson tree measure. We assume that each tree begins with a single root vertex which produces a

(a) Original tree (b) Tree after series reduction

Figure 2. Series reduction: Example. Tree T before (a) and after (b) series reduction.
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Figure 3. The Horton—Strahler orders: Example. Consecutive prunings Rk(T), k=0,1,..., 4, of tree T. The
order of tree is ord(7T") = 4 since R4(T) = ¢. Different colors depict branches of different orders: ord = 1 (black),
ord =2 (green), ord = 3 (blue), and ord = 4 (red).

single offspring, so the resulting trees are in 7. In this renowned Markov chain construction, each
non-root vertex produces k offsprings with probability g, independently of other vertices. We assume
Z,fozo kgr <1 and q; =0 as we need GW({qx}) to be a probability measure on T (the trees in 7 are
required to be finite and reduced). The assumption of subcriticality or criticality implies go > 4, since

o o0
1= kg =2 g =2(1—qo).

k=2 k=2

2.2. Horton pruning, orders

Recall that series reduction on a tree T removes each vertex of degree 2 and merges its two adjacent
edges into one (Figure 2).

Definition 1 (Horton pruning). Horton pruning R : 7 — 7T is an onto function whose value R(T)
for atree T # ¢ is obtained by removing the leaves and their parental edges from 7', followed by series
reduction. We also set R(¢) = ¢.

The trajectory of each tree 7 under R(-) is uniquely determined and finite:
T=RUT)—> RNT) > --- > RNT) = ¢, 2)

with the empty tree ¢ as the (only) fixed point. The pre-image R~'(T) of any non-empty tree T
consists of an infinite collection of trees.

It is natural to think of the distance to ¢ under the Horton pruning map and introduce the respective
notion of tree order [9,13,20,21].

Definition 2 (Horton-Strahler order). The Horton—Strahler order ord(T) € Z of atree T € T!is
defined as the minimal number of Horton prunings necessary to eliminate the tree:

ord(T) = min{k > 0 : RN(T) =¢}.
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In particular, the order of the empty tree is ord(¢) = 0, because R°(¢) = ¢. This definition is il-
lustrated in Figure 3 for a tree T with ord(7) = 4. In this paper, we consider probability measures
GW({gx}) on T that satisfy Y reokqr < 1and g; = 0 and assign probability zero to the empty tree ¢.

Definition 3 (Horton—Strahler terminology). We introduce the following definitions related to the
Horton—Strahler order of a tree (see Figure 4):

1.

(O8]

(Descendant subtree at a vertex) For any non-root vertex v in T # ¢, a descendant subtree T, C T
is the only planted subtree in T rooted at the parental vertex parent(v) of v, and comprised by v
and all its descendant vertices together with their parental edges. Figure 4 shows in black color
the descendant subtree T}, at vertex a.

. (Vertex order) For any vertex v € T \ {p} we set ord(v) = ord(7,). We also set ord(p) = ord(T).
. (Edge order) The parental edge of a non-root vertex has the same order as the vertex.
. (Branch) A maximal connected component consisting of vertices and edges of the same order is

called a branch. Figure 4 shows a branch b of order 2 (blue) that consists of three vertices and
their parental edges. Note that a tree T always has a single branch of the maximal order ord(7’).
In a stemless tree, the maximal order branch may consist of a single root vertex.

(Initial and terminal vertex of a branch) The branch vertex closest to the root is called the initial
vertex of the branch. The branch vertex farthest from the root is called the terminal vertex of a
branch. Figure 4 shows the terminal vertex of branch b (blue) as a green circle.

The Horton—Strahler orders can be equivalently defined via hierarchical counting [3,9,19-21]. The
first such definition beyond the binary case appeared in [2]. In this approach, each leaf is assigned or-

2
\_ ’ Branch b of order 2
10 1

Terminal vertex of branch b

Initial vertex of branch b

Descendant subtree 7,
at vertex a is shown in black

o4

Figure 4. Illustration of the Horton—Strahler terminology (Def. 3). A branch b of oder 2 is shown in blue in the
left part of the figure. The branch consists of three vertices of order 2 and their parental edges. The terminal vertex
of branch b is shown by green circle. The descendant subtree T, at vertex a is shown in black in the right part of
the figure. The Horton—Strahler orders are shown next to the vertices.
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der 1. If an internal vertex p has m > 1 offspring with orders iy, i2, ..., i, and r = max{iy, i2, ..., im},
then
if #{s:iy=r}=1,

r
ord = 3
() r+1 otherwise. ®)

The parental edge of a non-root vertex has the same order as the vertex. The Horton—Strahler order
of atree T # ¢ is ord(T) = max,e7 ord(v), where the maximum is taken over all vertices in 7T'. This
definition is most convenient for practical calculations, which explains its popularity in the literature.

Figures 5, 6 illustrate Horton—Strahler orders in trees with a constant branching number b (qo + g =
1) and with a bounded offspring distribution (gx = O for k > b), repsectively.

\~ VAV [
e T

c oV L PO
7N Z N \l\/\ﬁ Z 3
\/\\\/ ! kS

—Qdrer K =1

@ —Qrder K= 2
—OrderK=3 (b)
——QOrderK=4

(©) (d)

Figure 5. Examples of Horton—Strahler ordering in trees with constant branching number b (gg + qp = 1). (a)
b=2,()b=3,(c) b=5, (d) b =10. Each panel shows a tree of order ord = 4. Edges of different orders are
shown in different colors, as indicated in the legend.
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—Odrer K =1
Order K=2
——Order K=3 o
——Order K =4
(a) (b)

Figure 6. Examples of Horton—Strahler ordering in trees with bounded offspring distribution: g; = 0 for k > b.
(a) b =5, (b) b = 6. Each panel shows a tree of order ord = 4. Edges of different orders are shown in different
colors, as indicated in the legend.

2.3. Horton self-similarity

Here we define self-similarity of a Galton—Watson measure with respect to the Horton pruning R,
which is the main operation on trees discussed in this work.

Definition 4 (Horton self-similarity). Consider a Galton—Watson measure x on 7 (or 7') such that
(@) =0. Let v be the pushforward measure, v = R, (u), that is,

W(T)=poR N(T)=pn(RNT)).

Measure p is called invariant with respect to the Horton pruning (Horton prune-invariant), or Horton
self-similar, if for any tree T € 7 (or 7') we have

V(T|T # ¢) = u(T). “4)

Definition 4 does not distinguish between prune-invariance and self-similarity. Such equivalence is a
particular property of Galton—Watson measures connected to their Markov structure. In a general case,
prune-invariance happens to be a weak property that allows a multitude of obscure measures. A general
prune-invariant measure on 7 has to satisfy an additional property, called coordination, to be called
self-similar. The Galton—Watson measures always satisfy the coordination property; see (10). We refer
to [13] for a comprehensive discussion and examples.
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2.4. Tokunaga coefficients and Toeplitz property

This section introduces Tokunaga coefficients that describe mergers of branches of different orders in
a random tree. Empirically, a Tokunaga coefficient 7; ; is the average number of branches of order i
that merge a branch of order j within a tree 7. The Markovian generation process ensures that all
branches of a given order j in a Galton—Watson tree have the same probabilistic structure. Hence, one
can follow Burd et al. [2] and define T; ; as the mean number of order i branches within a particular
branch of order j, for instance — the leftmost branch closest to the root. We introduce below a more
general definition, which is equivalent to that of Burd et al. [2] for Galton—Watson trees, and can extend
to non Markovian branching processes. This set up will also be needed to formulate the Horton law in
Section 2.5.

Consider a measure 1 on 7 (or 71) such that 1t(¢) = 0. The Horton pruning partitions the underly-
ing tree space into exhaustive and mutually exclusive collection of subspaces Hy of trees of Horton—
Strahler order k > 0 such that R(Hy+1) = Hy. Here Ho = {¢}, H1 consists of a single tree comprised
of aroot and a leaf connected to the root by its parental edge, and all other subspaces Hy, k > 2, consist
of an infinite number of trees. Naturally, Hy (\Hy = @ ifk # k', and | ;o Hik =T (or T 1. Consider
a set of conditional probability measures {xx }¢>0 each of which is defined on H. Specifically, we set
i (-) =0 for any k such that (Hy) = 0 and

pi(T) = (T|T € Hy) ®)

otherwise. Letting m; = (Hy), the measure p can be represented as a mixture of the conditional
measures:

oo
W= M. (©)
k=1

Let Ny = Ng[T] be the number of branches of order k in a tree 7. For given integers 1 <i < j, let
n;, j =n; j[T] denote the total number of vertices of order i that have parent of order jinatree T € T
(or T1). We write Eg[] for the expectation with respect to ug of Eq. (5).

We define the average Horton numbers for subspace Hg as

Ne[K1=Ek[Nik], 1<k<K,K=>1.

For subspace Hg, let

_ Eglni ;1 Eglnijl <i<j<K e

lKI= e v T vk ST

be the fotal Tokunaga merger statistics that is used to define the Tokunaga coefficients
T i[Kl=tj[K] =28 ;-1 (1=<i<}j). (8)

Remark 1. Recall that a branch of order j is formed by a merger of two or more branches of order j —
1. We designate two arbitrarily selected branches of order j — 1 that descend from the terminal vertex
of a branch of order j as principle branches. The existence of such two branches follows from the
definition of the Horton order (Definition 2). The other branches (if any) of order i < j — 1 that descend
from any vertex, including the terminal vertex, in a branch of order j are said to be side branches of
Tokunaga index {i, j}. The Tokunaga coefficients 7; ;[K] are intended to count the number of side
branches of Tokunaga index {i, j}, which explains the need to subtract 23; ;i in (8).
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Finally, let n? j denote the total number of vertices of order i whose parent vertices are non-terminal
vertices of order j. Then,

Ex[n?;]  Exnf;]

~ Ek[N;1  NIK]

T 1K1 (1<i<)) ©)

are called the regular Tokunaga coefficients.

Remark 2. The quantities NV;[K], 7, iK1, T; j[K], and T&[K ] depend on the measure w. We skip
this dependence in our notations.

We observe that for a subcritical or critical Galton—Watson measure p we have the following coor-
dination property [13]:

T;j:=T, ;K] foralK>2and1<i<j<K. (10)

This is explained as follows. Consider all nodes in generation d € N (which may be an empty set) in
a critical or subcritical Galton—Watson tree 7. The descendant subtrees T, (see Definition 3) for v in
generation d are independently distributed according to n. Sampling of T, can be split into two steps,
first selecting its order with probability distribution 7 ;, next sampling the tree of order j according to
the probability measure u ;. The branching history F; up to generation d together with the orders of the
descendant subtrees T, with v in generation d completely determines (i) the order of the tree T, and (ii)
whether or not v is the initial vertex (Definition 3) of the corresponding branch of order ord(7;). At the
same time, conditioned on F; and the orders ord(7;) for v in generation d, each T, is independently
distributed according to u ;, where ord(Ty) = j.
The respective Tokunaga matrix Tg is a K x K matrix

0 Th, Tz ... Tk

0 0 s ... T x
Txk=[0 0 ' : ,

: : . 0 Tk-1x

0 0 0 0

which coincides with the restriction of any larger-order Tokunaga matrix Ty, M > K, to the first
K x K entries.

Definition 5 (Toeplitz property). A Galton—Watson measure  is said to satisfy the Toeplitz property
if there exists a sequence Ty >0, k=1, 2, ... such that

The elements of the sequences T are also referred to as Tokunaga coefficients, which does not create
confusion with T; ;.
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For a Galton—Watson measure that satisfies the Toeplitz property, the corresponding Tokunaga ma-
trices Tk are Toeplitz:!

0 T Th ... Tk

0O 0 T ... Tgx—»
Txk=|0 0 :

: : .0 T

0o 0 ... O 0

The following statement has been proven in [13] for (not necessarily Galton—Watson) binary trees;
the argument applies verbatim to general Galton—Watson trees.

Proposition 1 (Prune-invariance implies Toeplitz). Suppose a Galton—Watson measure w is Horton
prune-invariant, then it satisfies the Toeplitz property (Definition 5).

Definition 6 (Tokunaga self-similarity). A Galton—Watson measure @ on 7 is called Tokunaga self-
similar with parameters (a, c) if it satisfies the Toeplitz property and its Tokunaga sequence {7} j=1,2,...
is expressed as

Tj=ac™!, jz1 (12)

for some constants @ > 0 and ¢ > 0.

2.5. Horton law

Consider a measure 4 on 7 (or 71) and its conditional measures 1 g, each defined on subspace Hyx C

T of trees of Horton—Strahler order K > 1 as discussed in Section 2.4. We write T £ ug for arandom
tree T drawn from a subspace Hx (i (Hg) > 0) according to measure g .

Definition 7 (Strong Horton law for mean branch numbers). We say that a probability measure
won T (or T!) satisfies a strong Horton law for mean branch numbers if there exists such a positive
(constant) Horton exponent R > 2 that for any k£ > 1,

NMIKT 1
am ok SR (13)

Here, the adjective strong refers to the type of geometric convergence; see [13] for details.

The work [11] establishes the strong Horton law in a binary tree that satisfies the Toeplitz property
(Definition 5). We observe that the results of [11] hold beyond the binary case, as the derivation steps
are identical. Specifically, assume the Toeplitz property with a Tokunaga sequence {7} and consider a
sequence (k) defined by

1) =—1, and t(k)=Ti+28x fork> 1.

INote that in [2], the Tokunaga sequence was set to satisfy T i = e JK1=T;_;. That is, the offsprings adjacent to the terminal
vertex of order j branch were not counted. ! !
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Observe that #; j =1; j[K]=1(j —i). The generating function of # (k) is

o0 o0
i)=Ytk =-1+2:+> .

k=0 k=1

Theorem 1 (Strong Horton law in a mean self-similar tree, [11]). Suppose n is a Galton—Watson
measure on T that satisfies the Toeplitz property with Tokunaga sequence {T}}j=1,2,.. such that

limsuijl/j < 00. (14)

j—o0

Then the strong Horton law for mean branch numbers (Definition 7) holds with the Horton exponent
R = 1/wq, where wy is the only real zero of the generating function t(z) in the interval (0, %]. More-
over,

(MILKIR™®) = const. > 0. (15)

lim
K—o0

Conversely, if limsup;_, )

_ C 1. NiK] .
;1 =00, then the limit limg _, o MKl does not exist at least for some k.

3. Main results

3.1. Distribution of Horton orders and related functions

Consider a collection of critical or subcritical Galton—Watson measures GW({gx}) with g; =0 on
Tl Let Q(z) = Yoo 02" qm for z € [0, 1] be the generating function of {gx}. For T L GW{qr}) we
denote 7 := P(ord(T") = j). Finally, let 0p =0 and 0 := Z{:l i (j=1).

Lemma 1 (Order distribution). Consider a Galton—Watson measure GW({qx}) with g1 = 0. Assume
criticality or subcriticality, that is, thio kqr < 1. Then,

mi=qo and 7wj;= Q1) ~ ?(_G]AQ_?()(; T;_IQ ©@j-2) (j=>2). (16)
i

Proof. The probability of tree T with a single leaf is 71 = P(ord(T") = 1) = qo.
Next, we find the Horton—Strahler order of the offspring of the root using the rule (3). The probability
that the offspring of the root is a terminal vertex of a branch of order j, j > 2, is

m

Y an )y (’Z) 7i 0 =001 — Q(0j-2) — 710 (0j-2).
m=2

=2

Here we take a sum over all possible numbers m > 2 of offsprings, and calculate the probability that
£ > 2 of the offsprings have order j — 1, while the other m — £ offsprings have orders less than j — 1.

Similarly, the probability of the offspring of the root to be a regular (non-terminal) vertex of order j
equals

o
Y gummjol S =70 (0j-0). (17)
m=2
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S(2)
1

qy

TT,

0 oy o, 1 z

Figure 7. Nlustration to Corollary 1. Function S(z) is shown in red. Equation (18) implies that the values of o
are obtained by iterative application of S(¢), starting with oy = 0. These iterations are illustrated by blue lines with
arrows. Vertical increments correspond to the values of 7.

Therefore,
mj=m;0(cj—1) + (Q(oj—1) — Q(0j—2) —wj—10'(6j-2)).

which implies (16). ]

Corollary 1. Consider a Galton—Watson measure GW({qr}) with q1 = 0. Assume criticality or sub-
criticality, i.e., Z,fio kqr < 1. Then, o can be expressed via an iterated function (Figure 7)

6;=S0...08(0) forj=>1, (13)

J times

where
0(2) —z0'(2)
S7)=——"F———F—. 19
©=""00 1
Proof. Equation (16) implies
m;=[0(0j-) +7;0'(cj-1)] - [Q(0j—2) + 7j—10(6j-2)] for j>2. (20)
Hence, summing up the terms in (20), and substituting 71 = gg, we obtain
J
oj= Zm =Q(0j—1)+7;0(6j—1)=Q(0j-1)+ (0j —0;-1)Q'(0j-1)
i=1
forall j > 1. Thus, o; = Q(ajflll_Qi’(;:_Ql/;aj*l) =S8(oj-1). 0
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Set S(1) =limy, | W Then, by L’Hopital’s rule, S(1) = limy—1— ng)) = 1. Next, for

the progeny variable X ~ {qx}, consider the following important function

g) =) E[(X —m—1)]x Z Z (k—m — Dgix™, 21)
m=0 m=0k=m+1

where x4 = max{x, 0}.

Proposition 2. For a critical (i.e., Q' (1) = 1) Galton—-Watson process GW ({q}) with g = 0, we have
Q) —x=(1-x)°gx)

for g(x) as defined in (21).

Proof. Since Y 2, kqr=0'(1) =1,

00 00 00 1 xkil
. -
—_ = —_— —_ = 1— —_ —_—
Q) —x=qo+)_aqix* —gox — ) qex =( X)[qo kE_ZCIk > X}

k=2 k=2

_(l_x)[quk_;qk_z% }—(1—@2%( —1—1;;1#)

k—1 oo k—1 j—1
= —x)qu<Z (1—x/) ) =(1—x) quZZx
Jj=1 =2 j=lm=0
o0
=(1-x)? qu2<k m—Da" = (1 —x)zz Z (k= m — Dggx™
m=0k=m-+2
= (1-x)%g(x). (22)
O
Let L denote the limit lim,_, 1_( _Tlfl(f )X)) whenever the limit exists.
Lemma 2. For the progeny variable X £ {qx} and g(x) as defined in (21), if
o
E[X*“]=) K ‘gt <oo Ve>0, (23)
k=0

Ing(x) ) =0

then L =1lim,— - (== 5

Proof. Suppose (23) holds, then by the Dominated Convergence theorem, as m — oo,

m+ D' E[(X —m — D] <E[X"(X —m — 4] <E[X*“Vxzmi1] = 0. (24)
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Accordingly, the m-th coefficient E[(X — m — 1)] in the power series representation (21) of g(x) is
o(m€~1). Next, for € > 0, the m-th coefficient of the power series expansion of (1 — x) ™€ is

[T €+ Tet+m me!

= ,  m— 00. (25)
m! I'(e)m! I(e)
Together, (24) and (25) imply
1 1
limsupL(x)fl o limsupL(x) <e Ve>0.
x—1— ln(l _-X)ie x—1— —111(1 _x)
Hence, limsup,_, |_ _]1';1 fl(f )x) = 0, while obviously liminf, ,_ —]Elffi)x) > 0. O

3.2. Regularity condition
Many of the results of the paper are proved under the following assumption.

Assumption 1. The following limit exists:

S'(1)= lim ﬂ.

x—=1- 1—x

(26)

Observe that since S(x) —x = ]Qfg/?;, Assumption 1 is equivalent to the existence of the limit

lim e =x g, 27)
- (1 =01 —0'(x))

Lemma 3. Consider a critical Galton—Watson measure GW ({qi}) with q1 = 0. If Assumption 1 is
satisfied, then for g(x) defined in (21) the following limit exists

lim (M> =L, (28)

x—1-\—In(1 — x)

and §'(1) = 3=£.

Proof. By the L’Hopital’s rule,

[ — lim( Ing(x) >:2_ im lng(x)+21n(1—x)=2_ . In(Q(x) — x)
x—>1— —ln(l—x) x—1— ln(l_x) X—1— ln(l—x)
4 _ _ oy B
=2 BP0 0 i (ST ey
dx
DS
N 1—8(1)° 0

Remark 3. Notice that due to the conditions for the L’Hdpital’s rule, there are cases when the limit in
(28) exists while the limit in (26) does not exists. Indeed, the L’Hopital’s rule in (28) holds under the
= In(Q()—x)

L In(1—x)
in the context of Lemma 9 and Theorem 2.

condition that the limit limy_,1_ exists, or diverges to infinity. This gap will be apparent
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Remark 4. Assumption 1 is satisfied with §’(1) = 0 for a subcritical Galton—-Watson process
GW({qx}) with g; = 0. Indeed, we have

O(x) —x 2 1 —xk! —
xlif{17 < = hmi <6]0 - kX_;Qk ﬁx) leinlli (6]0 - Z(k - 1)Qk>

1
x— s

ZI—qukzl—Q’(1)>0

k=2

and, therefore,

S'(y=1— lim ow-—x _, 1-0M_, (29)

x=>1- (1 =x)(1 - Q'(x)) 1-0'()

Lemma 4. Consider a critical Galton—Watson measure GW ({qx}) with q1 = 0. If the second moment
of the offspring distribution is finite,

o0
E[Xz] = Zkzqk < 00,
k=0
then Assumption 1 is satisfied with S'(1) = % and L = limxﬁl_(_lﬂlfl(f)x)) =
Proof. By L’Hopital’s rule,
. 0)—x 1 1-0'(x) Q")
lim —— = — lim = .
x—>1— (1—x)2 2x—1- 1—x 2
Thus,
- 1— (1 1
S'(y=1— lim O(x)—x X \__ 071 _L
x=>1-\ (1 —=x)2 1 - Q' (x) 2Q”(1) 2

and by Lemma3, L =2 — =0. ]

1
T—5(1)
The next statement suggests a sufficient condition for Assumption 1.

Lemma 5 (Regularity condition). Consider a critical Galton—Watson process GW ({qx}) with g1 =0

d
and infinite second moment, that is, Y p- k*qx = 0o. Suppose that for the progeny variable X ~ {qi}
the following limit exists:

= lim k Z?"o =k dm

lim —&m=k1m 30
" k—oo E[X|X > k] =% Y e MGm G0

Then Assumption 1 is satisfied with S'(1) = A

Proof. For x € (0,1),

1-0'x) _0'(H—-0'(x) i Tt = Z mgmx* = Zbkxk,

1—x 1—x
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where
o
be= Y mgm. 31)
m=k+2

Recall that (22) shows that g(x) = Z/fozo arx¥, where

o0 o
ax= Y (m—k—Dgn=bi—c withce=(k+1) Y gm (32)
m=k+2 m=k+2

and by as defined in (31). Equations (31) and (32) yield

oW —x (-0t _ Yeax* | 3igaxt 33)
(1-0)1-0 ) 1-0) Y2, bhxk dokeobixh

The infinite second moment condition implies limy_1— Y foq bxkx* = 0o and lim,— - Y fo cxxt =
00. As (30) postulates that limy_, o (cx /bx) = A, for a given small value of € > 0, there exists K € N
such that |cx /by — A| < €,Vk > K. Thus,

3% cxxk 3% crxk
liminf =420 =" = liminf SA=K == > A ¢
x—1- Zk:Obkx x—>1— Zk:K brx

and
 cexk > o cxxk
limsup Zlf%kk = limsup % <A+te.
x—1— Zk:obkx x—1— Zk:K brx
Consequently,
o] k
lim k=0 kY A
x—=>1- Zk:o brx
Hence, the limit in (27) exists, and (33) implies
_ 00 k
S(y=1— lim Q) = lim %:A.
x—1-(1—x)(1—-Q0'(x)) x—1- Zkzobkx U

Corollary 2 (Zipf distribution). Consider a critical Galton—Watson process GW({qx}) with g1 =0
and offspring distribution {qi} of Zipf type:

g~ Ck~ @D witha e (1,2] and C > 0. (34)

Then Assumption 1 is satisfied,

y oa—1 . In g (x)
S()=— and L= lim [—>"2 ) =2—a. (35)
o x—>1-\—1In(l — x)
Proof. Suppose g = Ck~©@TD(1 + o(1)). Then,
[e¢] kl_a 0 k=@
qumzca—l(l+0(1)) and quZCT(l'i‘O(l))
m=k m=k
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Hence, the limit A defined in (30) exists and is equal to

kanoqum a—1

k=00 Y L Mqm o
Consequently, Lemma 5 implies Assumption 1 and S'(1) = “a;l Finally, by Lemma 3 we have
L=2 ! 2
=2—-— =2 —q.
1—-S5() ]

Example 1 (Infinite second moment, L. = 0). Consider a critical Galton—Watson process GW({q«})
with go = %, g1 =0, and

43
k(2 1)
Observe that the offspring distribution gy is of Zipf type (34) with o = 2. This offspring distribution
has infinite second moment. Here,

9k (k=2).

Ox)—x=(1- x)zg(x) with g(x) = —Zxﬁ In(1 — x),

and therefore, the limit in (27) exists and is equal to

Ox)—x . In(1 —x) 1

lim = lim ——MF— = _.
i=l=(1=x)(1=Q'(x)) x=i-2In(1-x)+1 2

Hence, Assumption 1 is satisfied with S'(1) =1 — % = % On the other hand,

[ — lim ( Ing(x) ): lim <1n(—1n(1—x))>:(),

x—1-\—1In(l — x) x—>1-\' —In(l —x)
which is consistent with Lemma 2. We also see that §'(1) = ;:—Ie = "‘a;l, giving an example for state-

ments in Lemma 3 and Corollary 2.

3.3. Tokunaga coefficients in recursive form

Here we derive a recursive expression for the Tokunaga coefficients of a Galton—Watson measure in
the form T; ; = m; f (02,71, ;). The recursive nature of this representation is connected to the
recursive expression (16) for ; of Lemma 1.

Lemma 6 (Tokunaga coefficients). Consider a Galton—Watson measure GW({qx}) with q1 = 0. As-
sume criticality or subcriticality, that is, Z,fio kqr <1.Then, forall 1 <i < j— 1, we have
- Q'(cj—1)— Q' (oj2) —mjy Q/N(Uj72) Lo

Q(oj-1) — Q(0j—2) —7j—10'(0j-2)

Tij= (36)

ijr
andfor1 <i=j—1,

w10 (0j—1) +7mj—10'(0j—2) —2Q(0j-1) +20Q(0;-2) Lo

. 37
0(0j—1) — Q(0j—2) —mj—10'(0j-2) il ©n

Tj1j=
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where Tﬂ =T 1QQ(+1) is the expected number of offsprings of order i descendant to all regular

(non-terminal) vertices of order j.

Note that (36) can be rewritten as

Tt] —7Tz—1 <Q(x+7[] 1)_ Q(X) jTj_lQ/(X)>|x—a» 2°
1-=Q'(x+mj-1) !

Proof. Fori <j—2,let M ‘ejrm denote the expected number of descendants of order i of a terminal
vertex of order j, that is, the expected number of side branches of Tokunaga index {i, j}; see Remark
1. For d € N, consider all vertices in generation d. The probability that a vertex is a terminal vertex in
a branch of order j is

quZ( ) 7i 00 =001 = Q(0j-2) = 7j-10/(0)-2),

m=2 =2

where m > 2 is its branching number (i.e., the number of descendants) and £ > 2 is the number of
descendants of order j—1

Recall that Z ,Om( ) mpk=m — ka(a + b)*~'. The expected number of offsprings of order i
descendant to a vertex conditioned on having a total of m > 2 offsprings, of which £ > 2 are of order j —
1 and m — £ are of order smaller than j — 1, is

1 m—t\ i m—t—k __M—1
m—t Zk k T (Gj_z—ﬂ,') =TT —.
-2 k=0

0j-2

Thus, fori < j —2,
m m—4 e
Z;?ZQQmZTﬁ(Z) T Dy Zk( )nl.k(oj_z—m)m =k
m _
Do Gm D 2<g>”f1‘7}n—ze

term __
M=

i Zm ZqWZZ Z(m Z)< ) / 10/ 2671
Q@0j-1)—Q0(cj2)—mj_10(0j-2)

1

o0 - -2 —1
T Zm:z qm(mo';n_l —m(m — 1)7Tj710‘71_2 - mo—jr'n_z )

Q0j-1)—Q(oj2)—mj—10'(0j-2)
Q'(cj—1)— Q' (0j2) —mj—10"(0;-2)

=7 . (38)
Q(0j-1)—Q(oj2)—mj—10'(0j-2)

Next, fori =j — 1, let M}"{‘{‘ . denote the expected number of order j — 1 side-branches adjacent to
a terminal vertex of a branch of order j. The expected number of order j — 1 offsprings of a vertex
conditioned on being the terminal vertex in a branch of order j with a total of m > 2 offsprings is
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where £ > 2 counts the offspring of order j — 1, and the rest m — ¢ represent the offsprings of order
smaller than j — 1. Following Remark 1, we subtract two principal branches from the number of
order j — 1 offsprings. Consequently, the expected number of order j — 1 side branches adjacent to a
vertex conditioned on being the terminal vertex in a branch of order j with a total of m > 2 offsprings
is equal to

e ()

/21!2

Here, of £ > 2 offspring of order j — 1, two are principle branches and ¢ — 2 are side branches. Hence,
we have

st Tt =2 () w0y
ferm
=M Q(0j-1) = Q(0j-2) — j-1Q'(0)-2)
_ Snlagn(mmjoa0) fm 075! 207 4207 )
Q(@0j-1)— Q(0j—2) —mwj—10'(0j-2)

_ w10 (0j—1)+7j—10(0j—2) —20(0j—1) +20(0-2)
Q0j-1)—Q(oj2)—mj—10'(0j-2) ’

(39)

The expected number Vj” of regular (non-terminal) vertices in a branch of order j is computed as
follows:

oo Snor (S ado} 1 Qo
LR O akkt Ty 1= Qo)

where, following (17), the probability of a vertex being a regular vertex in a branch of order j, condi-
tioned on it being of order j, equals

(40)

oo

k—1
D akko)
k=2

Finally, the expected number M7 . of order i offsprings (and therefore, side branches of Tokunaga
index {i, j}) in a regular (non- termmal) vertex on a branch of order j is

o0 —

1 —_ | —

Mil?j IZQk Z ( )”f(aj—l—m)k 1—s
-1

PRy Qkk" k=0 s=0

Q Q7 (gj-1) @1
"0 o)
for 1 <i < j. Here, k counts the total number of offsprings, of which we have k choices for the
offspring of order j. Of the remaining k — 1 ofsprings, we select s offsprings of order i and k — 1 — s of
order other than 7, but less than j. There are (k 1) such choices, with probability of 7 (o1 — mp)k1=s
for each such outcome.

The statement of the lemma follows from equations (38), (39), (40), 41)as T; j = M lte;m + 17 ; with
Tl”] = V;’Mi’jj by Wald’s equation. O
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Example 2 (Critical binary Galton—-Watson tree). Consider the critical binary Galton—Watson dis-
tribution GW(qo = g2 = 1/2). We have

1+ 22 1+

Q@) =——. S(z)=TZ, and g(z)=1/2.

Cor'ollary 1 yields o; = S(oj—1) with o9 = 0, which implies by induction o; =1 — 27/ and =
27J for j > 1. Equations (36) and (37) give
T

— o
T =T 21_7%221 T foralll =i <,

which implies the Toeplitz property (Definition 5) and Tokunaga self-similarity (Definition 6) with
(a,¢)=(1,2) and Ty, = 2k-1.

Lemma 7 (Toeplitz implies criticality). Consider a subcritical or critical Galton—Watson measure
GW({qx}) with q1 = 0 that satisfies Assumption 1. If the Toeplitz property (Definition 5) is satisfied,
then the measure is either critical or qy = 1, the order distribution is geometric with m, = qo(1 —
q0)* "', and go=1-§'(1).

Proof. The Toeplitz property implies the existence of the Tokunaga sequence {7} }xeN-

In the trivial case of go = 1, we have Ty =0 forany k > 1, Q(z) = S(z) = 1s0 S'(1) =0=1 — g,
and 7t = 8. This establishes the statement.

Suppose that gg < 1. Equation (36) shows that there is a scalar ¢ > 0 such that

Try1  mi

Tk i+l

Thus, as w1 = qo, we have 7r; = qocl’j and since Zj mj=1thenc=(1- qo)’l.
Next, observe that since S(x) = S(1) + 5'(1)(x — 1) + o(1 — x) and S(1) = 1, we have

_ Tl _ Slo) = Si-) _ S0 —oi-1) + o —0i-1)

I—go= — §'(1) asi— o0
T TT; TT;

that leads to
go=1-5"(1). (42)
The criticality follows from the constraint go < 1, since in the subcritical case we have S’(1) = 0 (see

Remark 4). O

The following statement gives an alternative proof to one of the main results of Burd et al. [2] using
the framework of the present study.

Corollary 3. Consider a subcritical or critical offspring distribution {qx} with q1 = 0 and a finite
second moment, y o, k*qi < 0o. The measure GW({qyi)) satisfies the Toeplitz property (Definition 5)
if and only if it is the critical binary Galton—-Watson measure, qo = q3 = %

Proof. By Lemma 4, the finite second moment implies Assumption 1 with go = 1—5'(1) = % Assume
the Toeplitz property holds. Then the criticality follows from Lemma 7. The criticality with go = % and
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g1 =0yield g = J as

ZEkazzl_QOZZQk-
k=2 k=2

Conversely, the Toeplitz property for the critical binary Galton—Watson tree is established in Exam-
ple 2. ]
3.4. Invariant Galton—Watson measures

The following result was originally proved in [2]. We state and prove it here since the expression (45)
will be used in the proof of Theorem 2 below.

Lemma 8 (Pruning Galton—Watson tree, [2]). Consider a critical or subcritical Galton—Watson
measure 1 = GW({qi}) with g1 =0 on T with generating function Q(z), and the corresponding
pushforward probability measure induced by the Horton pruning operator R,

W(T) = poRN(T)=pn(R™NT)).

Then, v(T|T # ¢) is a Galton—Watson measure QW({qlgl)}) on T with offspring probabilities

) _ 0(gq0) — q0 13
T = 000 =0 )
qfl) =0, and
_ k—1 (k)
@ _ (I =q0)" 0" (q0) k=2 (a4

U = "0 = 0'(qo)

and generating function

Q(go + (1 —g0)z) —qo0 — z(1 — qo)
— . 45
Or@=z+ (1= 01— 0’0 )

Moreover, if w(T) is critical, then so is v(T|T # ¢). If u(T) is subcritical, then the first moment is
decreasing with pruning, that is, Y re., kqlgl) <Y, kqr < 1.

Proof. The standard thinning argument (with 7; = go being the probability of eliminating an off-

spring) implies that R(T') is distributed as a Galton—Watson tree, that is, R(T) £ QW({q,(nl)}). Indeed,
think of a random tree obtained as a result of the auxiliary branching process defined in the following
way. We trace the branching process that starts with one generation zero progenitor vertex (the root)
that produces exactly one offspring. From generation one on, the branching process evolves according
to the offspring distribution {%} k=2.3....- Next, the process is thinned: once an offspring is produced
(in each generation, including generation zero), it is either instantaneously eliminated with probability
qo or is left untouched with probability 1 — g, where these Bernoulli trials are performed indepen-
dently of each other and the branching history. Naturally, this generates a Galton—Watson branching
process with branching probabilities {p,,} calculated as follows

]
k - k
pm= (m> 90 ’"(1—qo>'"1f—qo. (46)

k=mvV?2
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The above defined thinned Galton—Watson process can be equivalently formulated by tracking the orig-
inal branching process with branching probabilities {gy}. Here, for each offspring, it is instantaneously
decided whether the offspring is a leaf or not via a Bernoulli trial with probabilities go and 1 — g for
‘leaf” and ‘no leaf” outcomes, respectively. If the offspring is decided to be a leaf, it is pruned instanta-
neously. If not a leaf, it will branch according to the offspring distribution {g—ko}kﬁ&---' The thinned
Galton—Watson process differs from the original one by pruning all the leaves. Hence, it implements the
instantaneous Horton pruning, but not yet series reduction. Indeed, the above thinned Galton—Watson
prices with branching probabilities {p,,} can have single offspring nodes.

Next, we need to account for the series reduction by generating a Galton—Watson process with the
branching probabilities {q,(,,l) } by letting

2V = po (- q0) ' Y5 g ak
0 = =
I1=p 1= Y20 kag i

ql(l) 0, and for m > 2,

61(1)— Pm ( CIO)m lzk —m (m)qo qk
m = = .

I=pi 1= 00 kap gk
This branding process induces the tree measure v(7'). Note that there is an alternative derivation of
I _ m _ S@o)—q0 _ 9(90)—q0
(43) as by Corollary 1, 95" = =57 = =—3,= = 750 1—0'@on

We notice that the corresponding generating function can be computed as follows

01(2) = Zz'” G = (lo_oq())_ (quwZZ 2q5 (1 — q0))" ( )%%)
qk

m=0 1_Zk:2kq m=2k=m

(1—q0)~" [ B .
1_Q(q)<2%‘1k+22( ) (zq5 ' (1 — q0)) q(’)‘qk>

k=2m=2

(=g

= 1V 1— —an — (] — /
1_Q,(q0)(Q(Z+( 2)q0) — 40 — z(1 = 40)Q'(q0))

by the binomial theorem, implying (45). We proceed by differentiating diz in (45), obtaining

0'(g0 + z(1 — g0)) — Q'(qo0)

01(2) = . 47)
: 1 - Q'(q0)
1) ’ 0'(D-0(q0) _
Next, we observe that if u(T) is critical, (47) implies Zk 2 kg =01(1) =*%5= 0l0) = 1. That is,
the critical process stays critical after a Horton pruning. Finally, in the subcritical case, Q'(1) < 1, and
by formula (47), @/ (1) = L2 < o(1), U

Formula (45) matches the evolution of the generator under tree erasure discussed by He and Winkel
[8], Lemma 11; see also Neveu [16] and Kesten [10]. Also, observe that expression (45) is of the same
form as the generating function of a thinned Galton—Watson process in the work of Duquesne and
Winkel [4], eqn. (10) of Section 2.2, where the thinning was done in the context of a Bernoulli leaf
coloring scheme.
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Lemma 9. Consider a critical or subcritical Galton—Watson measure GW ({qr}) with g1 = 0. If it is
Horton prune-invariant (self-similar) (Definition 4), then the limit

x—1-\—In(l — x)

~In(1 - Q'(q0))
in(l—go)

exists and is finite. Moreover,

Proof. The Horton prune-invariance implies Q1(z) = Q(z) in the recursion (45):

0(go + (1 —g0)z) — g0 — z2(1 — qo0)
— , 48
Q@) =z+ (1 —q0)(1— Q'(q0)) 55

which we rewrite as
O(q0+ (1 —gq0)z) — (90 + 2(1 — g0)) = M(q0)(Q(2) — 2),
where M (q0) = (1 — qo)(1 — Q'(q0)). (49)

Then, for any k € N,

0(1—(1—g0)* + (1 —go)*z) — (1 = (1 — qo)* + (1 — q0)*z) = (M(0))" () — )
and for z € [0, 1),

I -0 —qo)* + (1 = go)*z) — (1 = (1 — go)* + (1 — go)*2))
k—o00 In(1— (1= (1 —qo)*+ (1 —q0)*2))
kinM(qo) +1In(Q(2) —2z) _ InM(qo)

T kin(l—go) +In(l—2)  In(1—qo)°

(50)

Next, notice that for z € I = [0, qo),
In(q0) <In(Q(x) —z) <In(Q(g0) —g0) and In(l —go) <In(l —2z) <O0.
Hence, forany x € I, = (1 — (1 — qo)k, 1—(1 - qo)k“), there is a z € I such that
x=1-(1-q0)"+(1—q0z

and

knM(qo) +1n(Q(g0) —g0) _ In(Q(x) —x) _ kInM(go) +In(Q(z) —2)

kin(1—go)+In(1 —qgo) ~ In(1—x)  kIn(1—gqo)+In(l —z)
- k1n M (qo) + In(qo)
kIn(1 — qo)

Hence, the following limit exists

In(Q(x) —x)  InM(qo)
x>1— In(1—x)  In(1—gqo)
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Finally,
im Ing(x) — lim 2In(1 —x) —In(Q(x) —x) o In M (go0)
x>1-\—In(1 —x) )  x>1- In(1 — x) B In(1 — go)
In(1 — Q'(g0))
=1-— . 51
In(1 — go) eb
O

Next, we define a single parameter family of critical Galton—Watson measures GW ({q}) withg; =0

on 7.

Definition 8 (Invariant Galton—Watson measures). For a given g € [1/2, 1), a critical Galton—
Watson measure GW ({qy}) is said to be the invariant Galton—Watson (IGW) measure with parameter
g and denoted by ZGW/(q) if its generating function is given by

0()=z+q(1 -2, (52)

The respective branching probabilities are g = ¢, g1 =0, g2 = (1 — q)/2q, and

k—1
l—gq .
qk=Wg(z—1/q) (k = 3). (53)

Here, if ¢ = 1/2, then the distribution is critical binary, that is, GW(qo = ¢» = 1/2). If g € (1/2, 1),
the distribution is of Zipf type with

1—g)I(k—1 -
_ ( q) ( /q) ch—(1+q)/q, where C = a

gT 2= 1/q)k! g2 —1/q) o

Theorem 2 (Self-similar Galton—Watson measures). Consider a critical or subcritical Galton—
Watson measure GW({qx}) with g1 = 0 that satisfies Assumption 1. The measure is Horton prune-
invariant (self-similar) (Definition 4) if and only if it is the invariant Galton—Watson (IGW) measure
ZGW(qo) with qo € [1/2,1).

Proof. Combining equations (43) and (45), we have

a Qgo + (1 —q0)z) — (o + (1 — g0)2)
0 )

55
0(qo0) — qo ©3)

01(@)=z+¢q

If the Galton—Watson measure is Horton prune-invariant, then Q(z) = Q(z), and (55) implies

_ R(go + (1 —go0)z) 0@ -z
R(q0) q0

for z € [0, 1). Hence, letting £(z) =In R(1 — z) for z € (0, 1], we have

€(2) +£(1 — o) = £((1 = q0)z).

R(z) for R(z) =

Finally, for r(y) = €(e™) =InR(1 — ™) for y € [0, 00) and k9 = — In(1 — qo),

r(y +«o) =r(y) +r(ko) Vy€|[0,00).
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Therefore, r'(y + ko) =r'(y) and r (y) = — foy a(w) dw for some kg-periodic function «(y). Thus,
0(2) =2+ qoR () = 2+ goe ! 7% = 7 4 goe’ 1172

—In(1-z)
=z+qoexp{_/ oe(w)dw}. (56)
0

Next, 0 =¢1 = Q'(0) = 1 — a(0)go implies @(0) = . Also, for z € (0, 1), R'(2) = % <0and
r(y) is a decreasing function. Hence, a(y) > O for all y € (0, 1).
Letting w = —In(1 — x) in (56), we have

—In(1-z) 2 g(—1In(1 —
ln(Q(z) — z) =1In(qg) — /0 a(w)dw =In(qo) — /0 w dx Vzel0,1). (57)

1—x
Recall that d% In(Q(z) —z2) = S(;_)l—z and therefore,

d

N X
In(Q(z) — z) = In(qo) — /0 500 —x vz e [0, 1). (58)

Equations (57) and (58) yield
1

S(z) =z+qo(1 —2)p(z), where ¢(z) = m~ (59)
Here, a(0) = qio implies ¢(0) = 1. Since a(z) is ko-periodic function,
a(—In(1 —2)) =a(—In(1 — 2) + ko) =a(—In(1 — (g0 + (1 — g0)z))
and ¢(z) satisfies
92 =9¢(q0+ (1 —g0)z) V¥z€[0, ). (60)

Equation (59) implies the existence of the limit

1 S(x) — 1-5(1
(1) = lim ¢p(x)=— lim @) —x = ( ).
x—>1— qo x—1— 1—x q0

Next, iterating (60), we have
p(x) = lim ¢((1 — (1 —q0)*) + (1 = g0)*x) = (1) Vx €0, 1).
k—00

Hence, ¢(x) = 1, and by (59),
S()=z4+qg0(1 —2).

Consequently, (58) implies Q(z) = z + go(1 — z) /40,
Finally, observe that for an invariant Galton—Watson measure ZGW/(qqo) with any ¢qo € [1/2, 1) sat-
isfies (55). In particular, equation (52) implies

S(2) =qo0+ (1 —qo)z. (61)

The statement of the theorem follows. O
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Remark 5 (Heuristics for a linear S(z)). Consider a Horton prune-invariant measure (or at least a
Toeplitz measure with go < 1) that satisfies Assumption 1. Lemma 7 shows that in this case

Tk+1 _ Ok+1 — Ok
Tk Tk

=S51)=1-qo forallk>1.

Together with the recursion ox = S(o%—1) of Corollary 1 (see also Figure 7), this implies that the points
(ox, S(oy)) lie on the line

y(@) =q0+ (1 —qo)z.

This observation suggests S(z) = qo + (1 — go)z as a possible solution of the equation (45) with
01(z) = Q(z), and the corresponding Q(z) =z + qo(1 — 2)1/40 is found by (58). Theorem 2 ensures
that this is the only solution under the regularity Assumption 1.

Remark 6 (Intuition behind the regularity condition). The Horton pruning acts as a rescaling (ver-
tical and horizontal) on the function S(z) — z from the restricted domain [qo, 1] to [0, 1], according to
(45). After k consecutive prunings, function Si(z) — z with the domain [0, 1] is obtained via scaling
from a restriction of S(z) — z to the interval [1 — (1 — qo)k, 1]. Thus, consecutive pruning rescales and
maps the function S(z) — z in the vicinity of 1— to the interval [0, 1]. Assumption 1 requires a smooth
behavior of S(z) at z = 1—. The rescaling translates this smooth behavior to the ultimate linearity of
function S(z) on the entire interval [0, 1]. The most general form of prune-invariant Q(z) is given in
(56), which allows a non-linear oscillatory behavior of S(z) between the points (0%, S(ox)) discussed
in Remark 5. The rescaling argument shows that such oscillations necessarily lead to non-smooth be-
havior of S(z) at z = 1— and hence violate Assumption 1.

Remark 7 (General prune-invariant measures). Recall that according to Lemma 9, the gen-
eral Horton prune-invariant distributions adhere to the existence and finiteness of the limit L =
limxﬁl,(_lﬂlfl(f )x)), which is weaker than S’(1) required in Assumption 1 (see Lemma 3). The gap
between the two conditions allows for the existence of Horton prune-invariant distributions that satisfy
(48) and have a nonlinear function S(z). An example of such a measure and further discussion is given

in Section 4.

3.5. Attractors and basins of attraction

Theorem 3 (Attraction property of critical Galton—Watson trees). Consider a critical Galton—
Watson measure py = GW({qx}) with q1 =0 on T. Starting with k = 0, and for each consecutive
integer, let vy = R (pk) denote the pushforward probability measure induced by the pruning operator,
that is, vi(T) = py o RUT) = pk(’R_l(T)), and set px+1(T) = vi(T |T # ¢). Suppose Assumption
1 is satisfied. Then, for any T € T,

lim p(T) = p™(T),
k— 00

where p* denotes the invariant Galton—-Watson measure TGW(q) withq =1 — S'(1).
Finally, if the Galton—Watson measure py = GW({qr}) is subcritical, then px(T) converges to a
point mass measure, GW(qo = 1).
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Proof. Let q(k) denote the offspring distribution corresponding to the critical Galton—Watson tree mea-

(k)

sure pg, where g;” = 0 by series reduction. First, we observe that

lim o ® Tk . S(0k—1) — Ok—1
im ¢y’ = lim ——— = lim ———
k—o0 k—ool —o0r_1 k—oo 1 —o0k—1
1+8(1 _1—1 1—o0k—1) —oK—
_ i LS Mk =D 4ol = ox—1) — 0k —1-5), ©2)
k— 00 1 —ok—1

Let Qx(2) :=> oy z’"q,(,f ) denote the generating function corresponding to the Galton—Watson
01 (2)—20;(2)

measure o and S (z) = —0.)

. Equation (45) implies

1
S1(z) = 1_—%S(qo + (1 —q0)z) — (63)

1—qo

For a given z € [0, 1), we iterate (63), obtaining

k—1 1 k—1 k—1 1
sk(z):]_[i(l.)s«l—]_[( <‘)>+z]_[ (1- “)) (1—]‘[7&)), (64)
I—qq 1 —qq

i=0 i=0 i=0

where ]_[fz_(} (11— q(()i) ) <27k — 0 as k — 0o. Next, we substitute

S((l—ﬁ( 4" )+z]_[ (1-4)) >_1+(z—1)S(1)1_[ a5 +0(1ﬁ(1—qéi))>

i=0 i=0 i=0
into (64), getting
Si@) =1+ —DSD) +o().
Hence, for a given z € [0, 1), we have

iln(Q()— )— ! — ! as k — oo
dz R TYIT 60 A—S()-1) :

Also, we notice that Qx(x) — x is a decreasing function (Q; (x) < Q, (1) =1) and

= 0kx) —x> Qkx) —z>0 Vxel0,z].

Therefore, letting k — oo, we have
w0 [T,
1n(Qk(Z) — Z) Ing, +/ Tr (Qk(x) — x) dx — Ing + — ln(l - 2),
0
where g =1 — §'(1), as limg_, q(()k) = g by (62). We conclude that
lim Qx(z) =z+q(1—2)"4
k—o00

where the right-hand side is the generating function for ZGW(q).
Finally, if po = GW({gx)) is subcritical, (29) and (62) imply limg_, o g = 1 — S'(1) = 1. O

Theorem 3 and Corollary 2 immediately imply the following result.
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Corollary 4 (Attraction property of critical Galton—Watson trees of Zipf type). Consider a critical
Galton—Watson process po = GW({qr}) with g1 = 0, with offspring distribution qi of Zipf type, that
is, qx ~ Ck=@tD witha e (1,2] and C > 0. Starting with k = 0, and for each consecutive integer,
let v = Ry (px) denote the pushforward probability measure induced by the pruning operator, and set
k1 (T) = vi (T |T # ). Then, forany T € T1,

lim o (T) = p*(T),
k— 00
where p* is the invariant Galton—Watson measure IQW(é).

Next, Lemma 2 and 4 imply the following attraction result as a corollary of our Theorem 3. The same
attraction property has been established in [2] under the assumption of a bounded offspring distribution.

Corollary 5 (Attraction property of critical binary Galton—Watson tree, [2]). Consider a criti-
cal Galton—Watson process pg = GW({qr}) with g1 = 0. Assume one of the following two conditions
holds.

(a) The second moment assumption is satisfied:

o]

Zk2qk < 00.

k=2
(b) Assumption 1 is satisfied, and the “2—" moment assumption is satisfied, that is,

]

Zkz_eqk <oo Ve=>0.
k=2

Starting with k = 0, and for each consecutive integer, let v = R (px) denote the pushforward prob-
ability measure induced by the pruning operator, and set py+1(T) = vi(T |T # ¢). Then, for any
T eT,

lim px(T) = p™(T),
k— 00
where p* is the critical binary Galton—Watson measure ZGW(1/2).

Figure 8 illustrates convergence of a tree with a large branching number to a binary tree.

3.6. Explicit Tokunaga coefficients and Horton law

In the next lemma, we find the Tokunaga coefficients and the Horton exponent for an invariant Galton—
Watson tree measure ZGW(qo).-

Lemma 10 (Tokunaga coefficients). Consider an invariant Galton—Watson measure ZGW(qo) for
qo €[1/2,1). Then,

i

= qocF with ¢ =

1—qo
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() (b) ©

Figure 8. Binary attractor: Illustration. The tree T (panel a) has maximal branching number b = 6. Its first pruning
(panel b) R(T) has maximal branching number b = 3. Its second pruning (panel c) RZ(T) has maximal branch-
ing number b = 2. This convergence to binary branching is generic in Galton—Watson trees that have offspring
distribution with a finite 2 — € moment; see Corollary 5.

The measure satisfies Toeplitz property (Definition 5) with the Tokunaga coefficients

T. =T¢

2 =T7_;, where TP =clk=1,2,...), (65)

and
Ti;j=Tj—i, whereTi=c/“"V—c—1 and Ty=ac*™' (k=2,3,...) (66)

with a = (¢ — 1)(c!/=D — 1), Finally, the strong Horton law (13) holds with Horton exponent R =
c¢/€=D = (1 — gg)~ /40,

The functions a(qop), c(go) and R(qo) are illustrated in Figure 1.

Proof. Equations (18) and (61) imply o; =1 — (1 — q0)" + (1 — qo)'z. Hence, m; = 0; — 0i_1 =
qo(1 — qo)’_l. Equations (65) and (66) are obtained via substituting ; and o; into Lemma 6.

Finally, Theorem 1 implies the strong Horton law with the Horton exponent R = 1/w, where wy is
the only real zero of the generating function 7(z) in the interval (0, %]. We have
acz?

f(Q)=—1+ T +2)z+
1—cz

’

which gives wg = ¢/ and R = /(=1 .

4. Discussion

In this paper, we described the invariance and attractor properties of combinatorial Galton—Watson trees
with respect to the Horton pruning. The results hold under the regularity Assumption 1 that prohibits
large tail oscillations of the offspring probabilities ¢, that lead to a non-smooth behavior of S(z) at
1—. A sufficient condition under which the regularity assumption holds is suggested in Lemma 5.
Theorem 2 introduces a one-parameter family of invariant Galton—Watson distributions ZGW(g) and
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asserts that this family exhausts the Horton prune-invariant distributions within the examined regularity
class. The invariant family has a power-law tail of the offspring distribution, gx ~ Ck~%, with exactly
one distribution for every « € (2, 3], and also includes the critical binary Galton—Watson tree measure.

A similar approach can be applied to the search of invariant measures in a broader class of gener-
alized dynamical prunings on trees with edge lengths introduced and analyzed in [12,13] and to the
pruning operation studied in Evans [6] and in Duquesne and Winkel [5]. Informally, a generalized
dynamical pruning erases a tree from leaves down to the root at a rate that only depends on the descen-
dant part of the tree. Most of such prunings, with a notable exception of the Horton pruning and the
continuous erasure of Neveu [16], do not satisfy semigroup property. It has been shown in [12] that
the critical binary Galton—Watson tree with i.i.d. exponential edge lengths is invariant with respect to
any admissible generalized dynamical pruning. We conjecture that the Galton—Watson trees that have
i.i.d. exponential edge lengths and combinatorial shapes sampled from the invariant Galton—Watson
measures ZGW/(q) introduced in this work (Definition 8) are the only Galton—Watson measures invari-
ant with respect to all admissible generalized dynamical prunings, up to rescaling of the edge lengths.
Heuristically, this is supported by the rescaling argument (Remark 6) applied to the function S(z). The
Horton pruning of the present work only requires linearity of the function S(z) on the grid oy, which is
related to its discrete combinatorial action. This allows the existence of prune-invariant measures with
oscillatory behavior, outside of the invariant Galton—Watson family. However, a continuous pruning,
for instance the continuous erasure of Neveu [16], would constrain the function S(z) on the entire in-
terval [0, 1], hence leading to the family of invariant Galton—Watson trees. This will be explored in a
follow-up paper.

We are grateful to the anonymous referee for finding a problem with the first version of this
paper, caused by the gap consisting of all critical Galton—Watson measures for which the limit
L =1lim,_1_( Jl?]“(”](f)x ) exists while the limit S'(1) = lim,_, | %ﬁf) does not; see Remark 7. In par-
ticular, the referee suggested the following family of Horton prune-invariant critical Galton—Watson
tree distributions different from the invariant distributions of Theorem 2. For a given probability
qo € (1/2,1), welet gy =0, and

1 n
qm = _'A Bnpnme_p m=2,3,..., (67)
n: nez

where p = 1 — gg. Then, the second derivative of the generating function is equal to

o0
1 n
Q"(R)= ) mlm—Dgnz" 2= -3 B"p*e 17 gl < 1.

m=2 nez
Observe that
Q" (q0+ (1 —g0)z) =B~ 720" (2). (68)
Therefore, if A > 0and B € (1 —go)~", (1 —go)~2) are selected so that Q(1) = Q’(1) = 1, then Q(z)

will satisfy the invariance criterion (48). Such B is found by solving

ZBn(l . pn+1 _ (1 4" — pn+1)e—p") =0,
nez
and A=Y,z B"0"(1 —e™"").

Hence,

1 n n
0@ =qo+ - Y B (7 — (14 p"2)e ), [zl <1,

nez
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satisfies (49) with
M(q0) = (1 —qo)(1— Q'(q0)) =B~

Next, we show that this example belongs to the gap described in Remark 7. Specifcally, we show that

the limit L exists while the limit $’(1) does not. First, Lemma 9 applies, yielding the existence of limit

L =1lim,_1_( 711]11{?1(26) ). Moreover, equation (51) implies

In M (qo) _ InB

L=2-—29Y 5 77
In(1 — go) In(1 — go)

Now, we show that the limit §’(1) = lim,_, |— % does not exist, whence Assumption 1 is not
satisfied. Since % Znez B"p"(1 — e*p") =1, we have for x € [0, 1),

1-0(x) 1 0 on oy 1=0m 1 o | — o= (1—2)p"
T - BRI e (1o ) @

nez nez

Also, for x € [0, 1),
1 n
_ _ n n _ ,—{=x)p
1 Q(x)_AZB,o(l e ). (70)
nez
For a given « € [0, 1), consider a sequence x,, = 1 — p"™* for m € N, then, equation (69) implies
n+m+oa
- Q(xm) — ZBn n(l . 1—e? > _ iB*(era)p*(era)C(a),

b= xm A prrimr A

where

1 _ e_pn+oc
C(a):ZB”+°‘p"+a<l - 7) (71)

nez

Similarly, (70) implies

’l m-+o 1
1= Q' (xy) = ZBn n _ et ) XBf(mﬂx)p*(era)D(a)’
nEZ
where
D(a) =Y B"p"t (1 —e="™"), (72)
nez
Hence,
1 — O(xm) _ C()

; = Vm e N

(I =xp)(1 = Q' (xm))  D(a)
with C(«) and D(«) as defined in (71) and (72). Thus, since gg‘;)) is not constant for « € [0, 1), the
limit in (26) does not exist, and the same is true about the limit S’(1). Hence, in this example, Thms. 2
and 3 as currently stated do not apply since Assumption 1 does not hold.
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The invariant measures (67) are in fact closely related to the ZGW(q) measures of Definition 8.
Specifically, consider a continuous integral version of (67), by selecting gg € (1/2, 1) and letting g =0
and

1 o

Gn=— | B dw m=23..... (73)
m! 00

where p = 1 — g¢. Here too,
00 | o
Q//(Z) = Z m(m — l)quVVZ—2 — Z/ Bwpzwe_(l_x)pu, dw
m=2 —00

and so it satisfies (68), while Q(1) = Q’(1) = 1 causes Q(z) to satisfy (48). Analogously to (67), the
constants A > 0 and B € ((1 — qo)_l, (1- qo)_z) are found by solving

o0
/ BY(1—p" ™ — (140" = p"™)e ") dw =0 (74)

—00

for B, and letting

oo
A =/ BYp"(1—e™")dw. (75)
—0o0

One can show that equation (74) has a unique solution using monotonicity of the integral on the left-
hand side in the equation (74) as a function of B € ((1 — go)~!, (1 — q0)~%). The uniqueness of B
implies the uniqueness of A in (75).

In this situation, one easily shows that the limit S’(1) exists. Remarkably, the unique offspring dis-
tribution g, in (73) is the offspring distribution of ZGW(qp). Indeed, in equation (54) we have for
m>2,

BY p""e=P" du (76)

_(1—qo)F(m—1/qo)_L/°°
" @l 2 —1/qom!  mlA

—00

withp=1—gqo, A= % and B = (1 — go)~ /4.

Figure 9 compares selected invariant measures ZGW(qo) of Definition 8, also given in (76), with the
invariant measures of (67) that do not satisfy Assumption 1. Both types of measures decay in general
as the power law m~(1790)/90  although the measures of (67) fluctuate around this general trend. The
amplitude of the fluctuations (on logarithmic scale) increases with go. These fluctuations are related to
the periodic function «(y) in the proof of Theorem 2; they are inevitable in the invariant measures that

do not satisfy Assumption 1 (see Remark 6).
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Figure 9. Horton prune-invariant measures: Illustration. Figure compares the offspring probabilities g, m > 2,
of the invariant measure ZGW(qq) of Def. 8, also given in (76) (open circles), with those of the invariant measure
of (67) that does not satisfy Assumption 1 (black circles). (a) gg = 0.55, (b) g9 =0.8.
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