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We provide a new characterisation of Duquesne and Le Gall’s @-stable tree, @ € (1,2], as the solution of a recursive
distributional equation (RDE) of the form 7~ d g (&,7;,i = 0), where g is a concatenation operator, & = (&;,i >0) a
sequence of scaling factors, 77,7 > 0, and 7 are i.i.d. trees independent of &. This generalises the characterisation
of the Brownian Continuum Random Tree proved by Albenque and Goldschmidt, based on self-similarity observed
by Aldous. By relating to previous results on a rather different class of RDE, we explore the present RDE and obtain
for a large class of similar RDEs that the fixpoint is unique (up to multiplication by a constant) and attractive.
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1. Introduction

R-trees constitute a class of loop-free length spaces which frequently arise as scaling limits of discrete
trees. Significant attention turned to random R-trees following Aldous’s introduction of the Brow-
nian Continuum Random Tree (BCRT) [4] and Evans’s initiation of Gromov—Hausdorff topologies
in probability theory [17]. The BCRT is generalised by Duquesne and Le Gall’s a-stable trees [15],
which represent the genealogies of continuous-state branching processes with branching mechanism
Y() =A% a € (1,2]. When a = 2, we recover the BCRT. @-stable trees emerge in scaling limits of nu-
merous discrete tree structures, e.g. Bienaymé—Galton—Watson trees [4] and their vertex-cut trees [14]
and conditioned stable Lévy forests [11]. Particular aspects of a-stable trees include invariance under
random re-rooting [ 18], decompositions along the diameter [16], an embedding property [13], and links
to beta coalescents [7]. We emphasise a crucial self-similarity property of a-stable trees: decomposing
an a-stable tree above a certain height or at appropriate nodes results in the connected components af-
ter decomposition forming rescaled independent copies of the original tree. This observation was first
formalised by Miermont [20], building upon Bertoin’s self-similar fragmentation theory [8].

In this paper, we express the self-similarity of the a-stable tree by a new recursive distributional
equation (RDE) in the setting of Aldous and Bandyopadhyay’s survey paper [6]. Given a random
variable 7~ taking values in a Polish metric space (T,d), an RDE is a stochastic equation of the form

TLe&Ti>0) onT,

where (7;,i > 0) are i.i.d. and distributed as 77, g is a measurable mapping, and ¢ is independent of
(7i,i = 0). RDEs are pertinent in various contexts with recursive structures, ranging from Bienaymé-—
Galton—Watson branching processes [6] to Quicksort algorithms [25].

RDEs have been employed in the recursive construction of the BCRT by Albenque and Goldschmidt
[3], recursively concatenating three rescaled trees at a single point. Broutin and Sulzbach [10] extended
this to further recursive combinatorial structures and weighted R-trees under a finite concatenation
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Figure 1. RDEs derived from the decomposition of the BCRT (simulation courtesy of Igor Kortchemski) around
a branchpoint (the red triangle) into three parts and along the spine from the root (green square) to a random leaf
(green circle) into “infinitely many” parts.

operation. Rembart and Winkel [24] did similarly with R-trees under a different operation that con-
catenates a countable (possibly infinite) number of rescaled trees to a branch/spine. See Figure 1.
In this paper, we consider as g the operation that concatenates at a single point a countable number

of R-trees 77 g T, rescaled by & > 0,1 > 0, respectively, seeking to obtain a version of 7. Theorem 3.5
shows that the law of the a-stable tree is a fixpoint solution of an RDE of this type. This is illustrated in
Figure 2. Our primary argument appeals to Marchal’s random growth algorithm [19], which provides
a recursive method of constructing a-stable trees as scaling limits. To explore the uniqueness of this
solution (up to rescaling distances by a constant) we require certain finite height moments. In the
absence of this condition, further solutions can be obtained, e.g., by decorating the a-stable tree with
massless branches, see Remark 3.6.

Let us explore our approach to uniqueness and attraction in the context of the literature. While our
results resemble [3] and [10] for the (binary) BCRT and other finitely branching structures, our re-
sults extend finite concatenation operations to handle trees such as the a-stable trees, whose branch
points are of countably infinite multiplicity. Extending their uniqueness and attraction results is not
straightforward using the methods of [3,10]. On the other hand, [24] presents an RDE for which the
law of the a-stable tree is a unique and attractive fixpoint, but the concatenation approach of em-

Figure 2. RDEs derived from the decomposition of a stable tree (simulation courtesy of Igor Kortchemski) around
a branchpoint (the red star) into “infinitely many” parts.



A recursive distributional equation for the stable tree 1031

ploying strings of beads (weighted intervals) and bead-splitting processes of [23] is different. Our
RDEs only require countably infinite weight sequences such as Poisson—Dirichlet sequences and give
a less technical recursive construction of a-stable trees that elucidates how mass partitions in @-stable
trees relate to urn models and partition-valued processes. This approach allows us to work under the
Gromov—Hausdorff-Prokhorov topology hence responding to a suggestion in [3, Section 4.2], who use
Gromov—Prokhorov.

Specifically, we prove the self-similarity property of a-stable trees decomposed at a branch point
solely via the recursive nature of Marchal’s algorithm, without need for Miermont’s fragmentation tree
theory [20]. To prove our uniqueness and attraction result, Theorem 4.2, we establish a connection
between the two types of RDE, which effectively breaks down the proofs here into a one-dimensional
martingale argument, the uniqueness and attraction of the RDE of [24] and a tightness argument that
again builds on [24] by constructing an auxiliary dominating CRT.

The structure of this paper is as follows. In Section 2, we state background results on R-trees and a-
stable trees, and we collect some of the tools we use, chiefly the setup of Marchal’s algorithm and RDE:s.
Section 3 establishes an RDE for the law of the a-stable tree and indicates other fixpoint solutions to
the same RDE. In Section 4, we obtain the uniqueness and attraction properties of the RDE solution
up to multiplicative constants. The latter arguments are in a general setup where g is the single-point
concatenation operation, but the distribution of £ is just subject to non-degeneracy assumptions.

2. Preliminaries

2.1. R-trees and topologies on sets of (marked or weighted) IR-trees

Definition 2.1 (R-tree). A metric space (7,d) is an R-tree if for every a,b € T,

(i) there exists a unique isometry f, 5: [0,d(a,b)] = T such that f, »(0) = a and f, »(d(a,b)) = b.
In this case, let [a, b] denote the image f, 5 ([0,d(a,D)]),

(i) if A: [0,1] — T is a continuous injective map with 4(0) = a and A (1) = b, then A ([0,1]) =
[a,b], i.e. the only non self-intersecting path from a to b is [a, b]).

A rooted R-tree (7 ,d, p) is an R-tree (7,d) with a distinguished vertex p € 7~ called the root. The
degree of a vertex a € 7 is the number of connected components of 7\ {a}. A leaf is a vertex a €
7\ {p} with degree one. We denote the set of leaves in 7 by L (7). We say that a € 7\ {p} is a
branch point if its degree is at least three. Finally, for any a € 77, we define the height of a as d (p,a),
and the height of 7 as ht(7") := sup,4d (p,a).

We will want to specify a marked point on a compact rooted R-tree. Two marked compact rooted
R-trees (7,d, p,x) and (77,d’, p’,x") are GH™-equivalent if there is an isometry f: 7 — 7’ such that
f(p)=p’ and f(x) = x’. We denote the set of equivalence classes of marked compact rooted R-trees
by Ty,. For two marked compact rooted R-trees, the marked Gromov—Hausdorff distance is defined as

dgu((T.d,p, x)(T".d’,p"x") := (;an,(5ﬁ(¢(‘7),¢'(‘7')) Vv 6(¢(p).¢"(0") V 6(p(x),4(x"))),

where the infimum is taken over all metric spaces (X,6) and all isometric embeddings ¢: 7 — X and
¢': 7' — X. The marked Gromov—Hausdorff distance only depends on the GH™-equivalence classes
of (7,d, p,x) and induces a metric on Ty,, which we also denote by dng.

Suppose now that (X,6) is a complete metric space, then (X, 4, ) is a metric measure space if (X,6)
is equipped with a Borel probability measure u. A weighted R-tree is a compact rooted R-tree (77, d, p)
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equipped with a Borel probability measure u, referred to as the mass measure. We will often write 7~
for a weighted R-tree, the distance, the root and the mass measure being implicit. We write

doup(Td, p.1).(T",d’, p', ")) := (;ndlf, (Ou(e(T).0"(T") v 6(¢(p).¢"(0) V Sp(spt, 62 11)),

for the Gromov—Hausdorff—Prokhorov distance between weighted R-trees (7, d,p, u), (7',d’,p", 1),
where the infimum is taken over all metric spaces (X,d) and all isometric embeddings ¢: 7 — X and
¢': 7' — X, 6p denotes the Prokhorov metric, and ¢..p, ¢, u” are push-forwards of p, pi’.

Two weighted R-trees (7,d, p, 1) and (77,d’,p’, ") are considered GHP-equivalent if there is an
isometry f: (7.,d,p,pu) = (7',d’,p’, i") such that f(p) = p” and p’ is the push-forward of x under f.
Denote the set of equivalence classes of weighted R-trees by Ty,. The Gromov—Hausdorff—Prokhorov
distance naturally induces a metric on T\y.

Proposition 2.2 (e.g., Proposition 9(ii) of [21] and Theorem 2.7 of [11.). The spaces (T, dgy;) and
(Tw,dgup) are Polish.

In [4], Aldous originally built his theory of continuum trees, in £;(N). Indeed, some of our arguments
will benefit from specific representatives in £1(U), where U is the countable set of integer words. In any
case, [4, Theorem 3] connects Aldous’s £;(IN) embedding and the above setup of weighted R-trees. So,
we call a weighted R-tree (7,d, p, 1) a continuum tree if the Borel probability measure u satisfies the
following properties.

(1) u(L(7)) =1, thatis, u is supported by the leaves of 7.

(ii) u is non-atomic, that is, if a € £ (7)), then u({a}) =0.

(iii) For every a € 7\ L(7), we have u(7 (a)) > 0, where 7 (a) := {0 € T: a € [p,o]} is the
subtree above a in 7.

A Continuum Random Tree (CRT) is a random variable taking values in a space (of GHP-equivalence
classes) of continuum trees. Note that conditions (i)—(ii) above imply that £(7") is uncountable for
any CRT 7. It is not obvious how to determine the distribution of a CRT (7,4, p, ) simply by this
definition. To do this, Aldous introduced the notion of reduced trees. Let m > 1. A uniform sample of
m points according to the measure y is a vector (Vi,...,V;;) such that V; ~ u, i = 1,...,m, are i.i.d..
The associated m-th reduced subtree of (T, d, p, i) is the subtree of 7~ spanned by Vi,...,V,, and p, i.e.
Ui<j<mlo Vil

The distribution of the m-th reduced subtree is fully specified by its tree shape when regarded as
a discrete, graph-theoretic, rooted tree with m labelled leaves, and by its edge lengths. The consistent
system of m-th reduced subtree distributions, m > 1, may be regarded as a system of finite-dimensional
distributions of a CRT [3]. It is well-known that they determine the distribution of a CRT on Ty,.

We now turn to Marchal’s algorithm which leads to the definition of a special class of continuum
random trees, the a-stable trees with parameter « € (1,2].

2.2. Marchal’s algorithm and «-stable trees

Definition 2.3 (Marchal’s algorithm). Given @ € (1,2], recursively construct a sequence (T /(1)),,>1
valued in the set of leaf-labelled discrete trees, with T, () having n leaves and a root, as follows.

(D) Initialise T4 (1) as the unique tree consisting of a single edge connecting a root vertex and a leaf.

() For n > 1, given T,(n), assign weight & — 1 to each edge and weight d — 1 — & to each branch
point of degree d > 3. Choose an edge or a branch point with probability proportional to its
weight.
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(IIT) (a) If an edge was selected, split the chosen edge into two edges at its midpoint by a new middle
vertex. To this new vertex, attach a new edge carrying the (n + 1)-st leaf.
(b) If a branch point was selected, attach a new edge carrying the (n + 1)-st leaf to this vertex.
(IV) Denote the resulting tree by T, (n + 1) and repeat from (II) with n+— n + 1.

Define the measure W(-) which assigns the total weight to sub-structures in Marchal’s algorithm. It is
easy to see that, regardless of tree shape, for all #n > 1, the total weight of the tree is W(T,(n)) = na — 1.
The distribution of the shape of the trees in Marchal’s algorithm was given in [19, Theorem 1]:

Proposition 2.4. Suppose tis a given leaf-labelled tree with n leaves and a root, where n > 2, then the
tree shape of To(n) has distribution

B(Ty(n) = ) = AretPles)
[T, (e = 1)
where p; =1, pp =0, and p;, = )H{:lz(a —i)|for k = 3.

We state a result by Curien and Haas [13, Theorem 5(iii)], strengthening [19, Theorem 2], allowing
us to regard the scaling limit of the sequence of trees generated by Marchal’s algorithm in (Ty, dgrp)-

Proposition 2.5. For a€(1,2], let B:=1—-1/a € (0,1/2]. Let u,, denote the empirical mass measure on
the leaves of To(n), dy, be the graph distance on Ty (n), and py, be the root. Then

d
To(n), ﬁ,pn’ﬂn LY Tandaspaspia)  asn— oo,

in the Gromov-Hausdorff—-Prokhorov topology, for some CRT (Tg,dg, Pa>Ha)-
Definition 2.6 (a-stable tree). We call (74, dq, Pa, la) the a-stable tree, a € (1,2].

We highlight that each element in the sequence of trees produced by Marchal’s algorithm is a
Bienaymé—Galton—Watson tree conditioned on a fixed number of leaves, whose offspring distribu-
tions lie in the domain of attraction of an a-stable law. This can be seen from Proposition 2.4, see also
[19, Section 2.3] and [15, Theorems 3.2.1 and 3.3.3]. Indeed, the convergence stated in Proposition
2.5 holds as a distributional scaling limt for any family of such conditioned Bienaymé—Galton—Watson
trees.

It is useful to parametrize the a-stable tree by an index B:=1—1/a € (0,1/2]. We often rescale
trees: distances by ¢® and masses by c, as in

(%,cﬁda,pa,cua) .

When a = 2, no weight is ever given to a vertex of T»(n), n > 1, in the second step of Marchal’s
algorithm. In the scaling limit, this coheres with the fact that 7 is binary almost surely.

The tree (7, dq, Pas He ) induces a distribution ¢, on Ty,. We call the distribution ¢, the law of the
a-stable tree. Similarly, we will consider the distribution ¢} of (7a.,dy, Pa» X)) 00 Ty When x4 ~ o is
a marked element of 7, sampled from p,, which we call the law of the marked a-stable tree.

In [13], Curien and Haas exploit the recursive nature of Marchal’s algorithm property to obtain a ran-
domly rescaled a’-stable tree from an a-stable tree by pruning, where 1 < @ < @’ < 2. They identified
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sub-constructions within Marchal’s algorithm with parameter « that evolve as a time-changed Marchal

algorithm with parameter a’. We use a similar approach in Section 3 to find a recursive distributional
equation where the law of the a-stable tree is a solution.

2.3. Mittag-Leffler distributions and Chinese restaurant processes

Given 8 > 0 and 6 > —8, a random variable L valued in [0, o) has a generalised Mittag—Leffler distri-
bution with parameters (8,0), denoted by L ~ ML (B, 6), if it has p-th moment

L@+ 1Dr@/B+1+p) > 1 )

EILP]= T@/B+ L @+pp+1) F~=

Indeed, the moments (1) uniquely characterise a distribution, see e.g. [22]. It was shown in [2,
Lemma 11] that o times the distance between two points sampled from y, in an a-stable tree 7, is
ML(B, B)-distributed, where 8 = 1 — 1/@. By invariance under random re-rooting [18, Theorem 11],
this is also the distribution of « times the distance between the root and point sampled from (.

Definition 2.7 (Chinese restaurant process). Given g € [0,1] and 6 > —f, the two-parameter Chi-
nese restaurant process with a (,6) seating plan, denoted by CRP (8, 6), proceeds as follows. Label
customers by n > 1. Seat customer 1 at the first table. For n > 1, let K,, denote the number of tables
occupied after customer n has been seated and let N;(n) denote the number of customers seated at the
j-th table for j € {1,...,K,}. At the next arrival, conditional on (Nj(n),...,N;(n)), customer n + 1

e sits at the j-th table with probability (Nj(n) — B) /(n+6) for j € {1,...,K,},
e opens the (K, + 1)-st table with the complementary probability (6 + K,,8) /(n + 6).

The CRP satisfies the following limit theorem, cf. [22, Theorems 3.2 and 3.8].

Proposition 2.8. Consider a two-parameter Chinese restaurant process with parameters 3 € (0,1) and
0 > —p, denoted by CRP (B,8). Then the number of tables K, at time n satisfies

— a.s.
n ﬁKn—>Koo as n — oo,

where Ko, ~ ML(B,6). Furthermore, relative table sizes have almost sure limits

M) No(m) NK”(n),o,o
n n n

,) Q (Wl,W1W2,W1W2W3,...) as n— oo,

where W; ~ Beta(1 — 8,0 + jf), j = 1, are independent and Wj =1-W;jforall j > 1.

The distribution of the vector (Py, Py, P3,...) := (W1, W Wa, W W, Ws,. .. ) as defined in Proposition
2.8 is the Griffiths—Engen—McCloskey distribution with parameters (3,6), denoted by GEM(, 6). Or-
dering (P;,i > 1) in decreasing order yields the Poisson—Dirichlet distribution with parameters (3, 6),
in short PD(B,0), i.e. (PL,i > 1) := (P;,i = 1)} ~PD(8,6).
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2.4. Recursive distributional equations (RDEs)

We review RDEs in their full generality, as presented in [6, Section 2.1]. Denote our underlying proba-
bility space by (2, 7, P). Given two measurable spaces (S, ¥g) and (®, Fg), consider

0 =0 x U sm )

where the union is disjoint over S™, the space of S-valued sequences of lengths 0 < m < co, and where
SO := {A} is the singleton set and S® is constructed as a typical sequence space.

Equip ®* with the product sigma-algebra. Let g: ®* — S be a measurable map, and define random
variables (S;,i > 0) € S%, (£,N) € © X N:=0x {0,1,...; 00} as follows.

(i) (& N) ~v, where v is a probability measure on ® x N.
(i) S;~n,i>0,1.i.d., where 7 is a probability measure on S.
(iii) (£,N) and (S;,i > 0) are independent.

Denote by P (S) the set of probability measures on (S, s). Given the distribution v on ® X N, we obtain
a mapping

Q: PS) = PES),  n-0m) 3)

where @(n) is the distribution of S := g(¢£,S;,0 < i <*N), and where the notation <* N means < N for
N < o0 and < oo for N = co. This lends itself to a fixpoint perspective on RDEs, where we wish to find
a distribution of S such that

n=0(n) Sgg(f,Si,OSiS*N) on S. 4)

2.5. An independence criterion

To end the Preliminaries section, we introduce an elementary lemma, which will help us verify certain
required independences. We leave its proof to the reader.

Lemma 2.9. Let T be an a.s. finite stopping time with respect to a filtration (¥,),,»1. Suppose that X
is a non-negative and bounded random variable satisfying, for eachn > 1,

E[X|Fr]=E[X|Fm] as.,

forallm > non {T = n}. Then E[X|Fr] = B[ X|Fe]| a.s. where Foo = 0 (Fpyn = 1).

3. An RDE for R-trees from Marchal’s algorithm

In this section, fix @ € (1,2] and let 8 =1 - 1/a € (0,1/2]. Unless ambiguity arises, we suppress «
hereafter. Note that, in Marchal’s algorithm, T(2) is deterministic, comprising a Y-shape with a root
and two leaves that we denote by Ag, A| and A, and an internal vertex denoted by V;. Denote the edges
by eg := [Ap, Va1, e1 := [A1, V2] and e; := [[A3, V5 ]. The following paragraph, inspired by the proof of
[13, Proposition 10], outlines the argument in this section.

The independent choice at each step of Marchal’s algorithm entails that we have independent sub-
constructions of Marchal’s algorithm with parameter « evolving along each edge of T(2). This yields
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three independent copies of 7,, denoted by 7y, 71 and 1, subject to rescaling depending on the eventual
proportion of mass distributed to each tree. For a € (1,2), the internal vertex V, will give rise to a
further countably infinite and independent collection of copies of 7, a.s.. Denote this infinite collection
by (1;,i > 3), which is independent of 7y, 71 and 7. We will rescale and concatenate our collection
(74,i > 0) of independent copies of 7, at V, to get a copy of 7. Denote the collection of scaling factors
in the limit by & = (&;,i > 0) and the concatenation operator by g. We obtain an RDE

d .
To =g (é,1:,0 20)

in the form (4). To be rigorous, we need to address the following questions.

1. What is the distribution of the limiting scaling factors & = (&;,i > 0)?
2. Are the random variables (7;,i > 0) independent of &, as well as of each other?
3. How do we construct the concatenation operation in a measurable way?

3.1. The scaling factors & = (£;,i > 0) and subtrees (7;,i > 0)

For i € {0,1,2} and n > 0, define Ti(n) as the subtree of T(n + 2) cut at V, containing the edge e;.
For example, we have Tl.(o) = ¢; for each i € {0,1,2}. Let K, denote the set of edges incident to V;
in T(n + 2) excluding {e;,i = 0,1,2}, and set K,, = |K,|. For K, # @, K, = {e;,j = 3,...,K,, + 2},
ordered according to least leaf labels. Define o™ as the remaining components of T(n + 2) cut at V5

excluding U?:o Tl.("). If K, = @, then o™ = &, Otherwise, o™ = Ufz";z ‘r/(.") is a union of subtrees
{T/(.n), j=3,....K, +2} growing along their respective edges in %,. We illustrate this in Figure 3.
Regard V; as a (weightless) root from the perspective of each element of {Tl.("),i =1,...,K, +2} and

as a marked leaf of T(()n). For each i = 1,...,K,, + 2, mark the first leaf created in Tl.(") by Marchal’s

algorithm, that is, the other endpoint of e; which is not V5. We treat A as the root of (()").

Denote the number of leaves of T(n + 2) in -rl.(") by N;(n) for all i =0,1,...,K, + 2, and define
its inverse Nl._l(n) :=inf{k > 0: N;(k) = n} as the first time k at which Ti(k) has n leaves, with the
convention inf & = co.

Recall that W(-) measures the total weight of a given sub-structure, e.g., for each i € {0,1,2},

W(Ti(o)) = a — 1. The following result shows that the weight of a particular subtree only depends on
the number of leaves it has, and not on its shape.

Ta(2) T (3)

Figure 3. Illustration of Marchal’s random growth algorithm and notation employed
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Lemma 3.1. Regardless of its shape, the total weight of the i-th subtree is W(T;n))zaNi(n)— 1 for
i=0,1,....K,+2andn > 0.

Proof. This follows simply by induction applied to each subtree. O

The following result gives the limiting weight partition of subtrees and proves that the subtrees
essentially evolve as independent copies at the first branch point.
Proposition 3.2.
(1) Forae(1,2), K, > o asn— co a.s.. Whena =2, K,, =0 a.s. forall n > 0.
(ii) The relative weight split in T, (n) has an almost sure limit as n — oo given by
w(a)  owi(d”) w(d") we®)+wqmn)
n+2)a-1"n+2a-1" (n+2)a-1 n+2)a-1 — (Ko X1, X.%3), )

where (X, X1, Xp,X3) ~ Dir(B,8,8,1 — 28), noting that if @ = 2, no weight is distributed to Xs.
For a € (1,2), within the last co-ordinate, denote the limiting weight proportion of the subtree T;
by P; fori > 1. Then, (P;,i > 1) ~ GEM (1 — 8,1 — 2p). In particular, the subtrees 7;, i > 3, have a
relative weight partition that follows a PD(1 — B,1 — 28) distribution, when ranked in decreasing
order.
. (N7'(n) d . P

(iii) Let @ €(1,2), forn>1andi >0, we have 7, = T(n). That is, at transition times in which
a leaf is added into the i-th subtree, it evolves as Marchal’s algorithm with parameter « with
initial edge e;. The sigma-field generated by

-1
(Tfo ™) s 1)

i>0

is independent of the sigma-field generated by (N;(n),n > 1,i > 0). Consequently, the limiting
CRTs 13, i > 0, are independent. Furthermore, (1;,i > 0) is independent of (N;(n),n > 1,i > 0). An
analogous result holds when a = 2.

(iv) For « € (1,2), the random variables (Xo, X1, X», X3) and (P;,i > 1) are independent, and inde-
pendent of (1;,i > 0). This fully specifies their joint distribution.

Proof of (i). We prove the result for @ € (1,2) with the a = 2 case similarly argued. From Lemma 3.1,
conditional on an edge or branch point in Tl.(") being selected in the next step of Marchal’s algorithm,

we increase the weight in Tl.(") by . It is easy to check that this holds for - with one weighted copy
of V, included. Hence,

(w (x”) W (=)W () W () + W (tva) ©)

evolves precisely as a Pélya urn scheme with 4 colours and weight vector ¥ = (a—1,a—1,a—1,2—a)
which increases by « at each update for the chosen colour.

Next, we focus on the subtrees within o). The above implies that W(O'(")) + W({W}) > o as
n — oo a.s.. So, a.s., we observe infinitely many leaves being added to (U("),n > 1). We may then
condition on the times where a leaf is added to (a("),n > 1), say (¢gi,i > 1), where 1 < g1 < g2 <
-+ < gn < gnt1 < --- is an infinite sequence a.s.. Conditional on the preceding event, the first leaf
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added creates Téql). At each r € {qn,...,qu+1 — 1}, we have n leaves (not including V,) with K,

subtrees whose union is o™, For j =3,...,K,, +2, T](.r) has N;(g,) leaves (not including V,), and
so has total weight @N;(g,) — 1, by Lemma 3.1. Thus, as the total weight of V; is 2 + K, — a,
the total weight of o) and {V»} is an + (2 — ). At the next arrival time ¢,,,1, we add a leaf to
Tj(.q"“_l) with probability (@Nj(gn)— 1) /(@n+ 2 — ) and we create a new sub-tree with probability

(2 + Ky, — @) /(an+2 - ). Regarding the leaves (excluding V) as customers and each subtree as a
table, this models a CRP(1 — 8,1 — 23). From Proposition 2.8, K;, — co as n — oo almost surely. [

Proof of (ii). We continue in the setting introduced in the proof of (i). For the Pélya urn, (5) is well-
known to hold [9]. Now let @ € (1,2) and recall that g; < co almost surely, so we may assume n > ¢j.
From Proposition 2.8, we can identify the almost sure limiting proportion of leaves split within subtrees
of ™ as GEM(1 — B,1 — 28) holding along the increasing subsequence (g;,i > 1). That is,

N3(qn) Nk, +2(qn) 0
n sy n )

,O,...) E'>(P,‘,i2 1) asn— oo,

where (P;,i > 1) ~ GEM(1 — B,1 — 2). Write N-(n) as the number of leaves in o™ excluding V».
Noting that N-(n) > 0 for n > g, we may rephrase the above as

Ns(m) Nk, s2(n) as, o
(Na—(n),..., No_(n) ,0,0,...)—)(Pl,121) as 11 — oo. (7)

Using the relation W(O'(”)) + W ({V2}) = @Ng(n) + 2 — @, and the aggregation property of the Dirichlet
distribution applied to (6), we get that

No(n) % X3 asn— oo, ®)

where X3 ~ Beta(l — 23,38). Applying the algebra of a.s. convergence for all j =3,...,K,, + 2 and

n > qi, and using the fact that W(T(”)

; ) = @Nj(n) — 1, the results above imply that, jointly in j,

Vi) e

_Tn an a.s. ]
i Da—1_ m2_1 Bk anoe
n an

where X3 ~ Beta(1 — 28,38) and (P;,i > 1) ~ GEM(1 — 3,1 — 288). Thus, we have obtained the almost
sure limiting weight partition for the subtrees (Tl(.n), j=0). |

Proof of (iii). From (i), K;, — oo a.s. as n — oo. In particular, for alli > 0 and n > 1, Nl.‘] (n) < o a.s..
We assume this holds henceforth. It suffices to show the independence of the sigma-fields generated by

1
(Ni(n),n > 1,i > 0) and (Ti(Ni (n)),n > 1) ,

0<i<m+2

respectively, where m > 0 is arbitrary but fixed.

-1
Since Nl.‘l (n) < oo a.s., the distributional identity Tl.(Ni (m) d T(n) in the i-th subtree for 0 <i <m+2

holds by virtue of Marchal’s algorithm.
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Let M > 1 be arbitrary, but fixed, and denote the natural filtration of (N;(n),i > 0),,51 by (Fu),»1-
Note that for any fixed n > 1, (N;(n),i > 0) is almost surely a vector with finitely many non-trivial en-
tries. Define T := maX;—q .. m+2 Ni_l (M), which is a stopping time with respect to (7),,»1. By assump-
tion, T < oo a.s.. Conditional on 7 (which is the same as conditioning on relative weights on subtrees

until time 7'), we have factorisation of tree shape probabilities into tree shape probabilities for the re-
. . . N1
spective subtrees cut at V;. In particular, given ¥, the tree shapes of (Tl( ! (n)),l <n<M) 0<i<m+2
are independent. Furthermore, on the event {7 = ¢}, conditioning on the sigma-field generated at a later
time k > ¢ does not affect the tree shapes under consideration. Hence, the hypotheses in Lemma 2.9 are

fulfilled. Let tf.") be some given leaf-labelled trees with n leaves and a root. Then,

.....

-1
]P’(Tl.(Ni (”))ztﬁ"),l <n<MO<i<m+2

)

(N71(M))
7

1
:P(Ti(Ni ") SnSM,OSiSm+2“7"T) =]P( =M 0<i<m+2

TT) €))

m+2 m+2

_ ﬁP(rf”f O ) <] e (ran = | 7)< [ [ (ron=e). o)

i=0 i=0 i=0

-1 -1
where (9) holds by Proposition 2.4 and since ‘ri(N" (M) determines ‘rl.(N" (=) forall 1 <n < M. (10)

follows since there is no dependence on %, in the final expression and we are conditioning over an
almost surely finite number of discrete random variables. Furthermore, this implies that the sigma-

-1
field of (Tl.(Ni (n)),l <n<M) 0<i<m+2 18 independent of Fo. Letting M — oo, and recalling m > 0 is
arbitrary, the claimed independence of the sigma-fields follows.

-1
As the collection (7;,i > 0) is measurably constructed from (T(Ni =)

) .n 2 1), itis independent of

-1
(N;(n),n = 1,i = 0). Dropping the conditioning in (10), we get that (T(Ni ()

. . - (N7 (n)) l
are independent. Thus, in the limit as M — oo, (Tl. ! N> 1)

-1
7; is measurably constructed from (Tl.(Ni (=) n>1)foreach0<i<m+2 (1,0<i<m+2) are

independent. Let m — oo to conclude that (7;,i > 0) are independent. O

A<n<M),0<i<m+2,

, 0 <i <m+2, are independent. As

Proof of (iv). Recall that N, (1) denotes the number of leaves (excluding V5) in o™, and define
N;!(n) := inf{k > 0: Ny(k) = n}, which is a.s. finite by (i) since o™ has at least K,, leaves. Let
(F)n>1 denote the natural filtration of (NO_ L), Ny l(n),Nz‘ 1(n),N(;1 (n)) »>1- Conditional on a leaf be-
ing added to o™ at time n + 1, the process of adding leaves to each subtree within o is modelled
by a CRP (1 — 8,1 — 23) and does not depend on the times at which the leaf is added. By a similar

argument to (iii) and applying Lemma 2.9, for all non-negative integers l](."),

: (Nf (N;l(n)) =1 1<n<M3<j<m

7—;,) =1P>(N,- (N;l(n)) =M 1sn<M3s<j< m) .

This implies that the sigma-field generated by (N;(Ng'(n)),1 <n < M),_;_, is independent of e

for all M > 1. Let M — oo to conclude that the sigma-field generated by (N; (N, !'(n)),n > 1) 3<j<m 1S
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independent of Fo,. We may rewrite equations (7) and (8) to get

a.s.
—> X3 asn— oo,

Niy2 (NEI(”)) as n
_ 5 P; and
n Ng'(n)

So, (P;,i > 1) are measurable with respect to the sigma-field generated by (N;(N;!(n)),n > 1) i3
Also, X3 is Fo-measurable, similarly for Xy, X; and X;. The desired result follows. O

We finally obtain the main result regarding the self-similarity of Marchal’s algorithm, which proves
the self-similarity property of limiting @-stable tree when decomposed at the “first” branch point.

Theorem 3.3. For any a € (1,2], the limiting trees (t;,i > 0) in Marchal’s algorithm are independent.

Furthermore, they are independent of their scaling factors. For each subtree Tl.(n), let dlg”) denote the

(n)

graph distance and ;" the empirical mass measure on its leaves. For each i > 0, we have

(n)
d; .
(Ti(n)’ (;7’#?0) a8 (Ti,fiﬁdi"fiﬂi) asn— oo,

in the Gromov—Hausdorff-Prokhorov topology, where (1;,d;, u;),i > 1, are i.i.d. with

d .
(T[?disﬂ[) = (7('1’9da/9ﬂa)9 14 2 O’

and & = X; for i € {0,1,2} and, for a € (1,2), 42 = X3Pj for j 2 1. For a =2, (£,&1,62) ~
Dir(1/2,1/2,1/2). Otherwise, for a € (1,2), (Xo,X1,X2,X3) and (P;,i > 1)V are independent with
(X0, X1, X2, X3) ~ Dir (8, 8,8,1 - 28) and (P;,i = 1) ~PD(1 - 8,1 - 2p).

Proof. The almost sure convergence in the rescaled subtrees arises by applying Proposition 2.5 and
Proposition 3.2(iii). The independence between the limiting subtrees comes immediately from Propo-
sition 3.2(iii). The arguments in Lemma 3.1 and Proposition 3.2(ii) show that the limiting proportion
of weights is measurably constructed from (N;(n),n > 1,i > 0) . Hence, by Proposition 3.2(iii), the lim-
iting subtrees are independent of their scaling factors. The representation of (&;,i > 0) and hence its
distribution are a consequence of Proposition 3.2(ii) and Proposition 3.2(iv). O

The results of Theorem 3.3 agree with similar decompositions of the BCRT at a branch point in
Aldous [5, Theorem 2], Albenque and Goldschmidt [3, Section 1.4], and Croydon and Hambly [12,
Lemma 6], where the branch point is uniquely determined by a uniformly chosen point according to
the mass measure within each of the three subtrees. We point out that Albenque and Goldschmidt
deal with an unrooted BCRT, while Croydon and Hambly’s construction uses a doubly-marked rooted
BCRT. Our construction thus far does not require a notion of a mass measure (even though we have
chosen to include the mass measure in our statements), but rather a single marked point in each sub-
tree.

3.2. Formal specification of the concatenation operation

After verifying that the subtrees (7;,i > 0) are rescaled versions of 7 in the limit with the required in-
dependences, the next step is to show that the concatenation operation induced by Marchal’s algorithm
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Figure 4. Construction of concatenated tree from 4 marked trees, rescaling is not shown.

is well-defined and measurable as an operation on Tp,. We adapt the general setup and terminology
from [24]. Let

3 )
== {(XO,XI,XZs)QPj’jZ 1): xo,x1,%2,x3 >0, Z xi=1,p1=py>---20, ijz 1}.
i=0 j=1
. . . X; ifi € {0,1,2},
For notational convenience, we write & = ! { . }
x3p;—2 otherwise.

Set Z* := E x Ty, as in (2), which is a Polish space since it is a product of Polish spaces. We
formally define our concatenation operator. Let ¢ € = and let (7;,d;, p;, x;) be representatives of GH™-
equivalence classes in Ty, for i > 0. Define the concatenated tree (v/,d’,p’, x’) as follows.

1. Let 7" := ] [;5( 7 be the disjoint union of trees. Let ~. be the equivalence relation on 7’ in which
pi ~¢ Xo foralli > 1. Define 7" := 7" /~.. Write i for the canonical projection from 7" onto 7”.
2. Define d’ as the metric induced on 7’ under ¥, by the metric d’ on 77 such that

ffdi(u,v) ifu,ver,i >0,
§0ﬂdo(u,x0)+§fdj(pj,v) ifuergandver;,j#0,
fiﬁdi(u,pi) + foﬁdo(xo,v) ifuer;andv e1,i#0,
ffd,-(u,pi)-kffdj(pj,v) ifuer;andver;,i,j#0.

d~’(u,v): (11)

3. Retain x” = ¢ (x) as our marked point in 7" and set p’ = ¢ (pg) as the root of 7.

We illustrate this construction in Figure 4.

By virtue of this construction, the GH™-equivalence class of (7/,d’, p’,x”) only depends on the GH™-
equivalence classes of (7;,d;,p;,x;) for i > 0. Thus, it makes sense to define Cg C E* as the set of
elements « = (¢,7;,i > 0) € E* such that the concatenated tree (7/,d’, p’, x”) formed by any equivalence
class representatives of ((7;,d;, pi,xi),i = 0) is compact. Equip Ty, and E* with their respective Borel

sigma-algebras, B(Ty,) and B(E*). The concatenation operator gg: Z* — Ty is,

7', d',p',x") if k € Cg,

8p(k) = {({x'} ,0,x7,x”) otherwise, "
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where ({x"},0,x’,x”) denotes the equivalence class of a trivial one-point rooted tree.
Proposition 3.4. The map gg: E* — Ty, is B(E*)-measurable.

Proof. The proof can be adapted from [24, Proposition 3.2]. o

3.3. First main result: The RDE satisfied by the stable tree
We now deduce our main theorem in this section.
Theorem 3.5. The marked a-stable tree (Ty,dg, g, Xa) With Xq ~ o satisfies the RDE

To & g5 (£, 750 2 0) (13)

on Ty, where (77,1 > 0) is a sequence of independent copies of Tq, independent of the sequence & =
(X0, X1,X2,X3Pj,j > 1) € &, and where the following holds.

o Ifa=2, then &5 = X3P; =0 almost surely for all j > 1 and (Xo, X1,X2) ~Dir(1/2,1/2,1/2).
o Ifa €(1,2), then (Xo,X1,X2,X3) ~ Dir (8, 8,8,1 - 2p) and (Pj,j > 1) ~PD(1 — 8,1 — 23), where
(X0, X1, X2, X3) and (Pj,j > 1) are independent.

In other words, the law of the marked a-stable tree g3} satisfies the fixpoint equation n = ®g(n7) on
P(Tm), where Og: P (Ty) — P (T) is the mapping on P(Ty,) induced by (13), and where we recall
that P(Ty,) denotes the set of Borel probability measures on Ty,

Proof. Recall that for the subtrees involved in the recursive application of Marchal’s algorithm, we
regarded V; as a root and marked the first leaf in the i-th subtree for each i > 1. We regarded A as
the root for the overall tree, and V5 as a marked leaf for the O-th subtree. Thus, our construction using
Marchal’s algorithm agrees with the concatenation operator gg acting on the subtrees. Theorem 3.3
gives the required independences and the distribution of & = (&;,i > 0). Proposition 3.4 ascertains the
measurability of gg. O

In general, the marked a-stable tree is not the only fixpoint of (13). If the metrics d; of (the repre-
sentatives of) (1;,d;, pi, X;) € Ty in (11) were multiplied by some constant ¢ > 0, then the concatenated
tree will also have its metric d’ multiplied by c. Furthermore, if the original concatenated tree were a
marked compact rooted R-tree, then so would the concatenated tree with metric multiplied by c. Thus,
since (7q,da, PasXo) s a distributional fixpoint of (13), so is (7, cdq, Pa» Xe) for any ¢ > 0.

Remark 3.6. There also exist solutions to RDE (13) with infinite 1/8-th height moment. This can
be shown by grafting mass-less length-y branches onto a stable tree with intensity proportional to
y~1=VB dyu(dx), see e.g. [10] and [3] for such constructions in the context of related RDEs with finite
concatenation operations — the arguments there are not affected by the change of setting here. We
will establish uniqueness of the solution to (13) up to multiplication of distances by a constant, under
suitable constraints on height moments.
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4. Uniqueness and attraction for a general RDE on T},

4.1. Recursive tree frameworks (RTF) and recursive tree processes (RTP)

In a recursive tree framework, the approach of Section 2.4 is extended recursively to S;,i > 1, and
beyond. To this end, we will work with the Ulam—Harris-indexation of integer words

U:= UN“, where N := {0,1,2,...}.

n>0

Consider a sequence of i.i.d. ® x N-valued random variables (&g, Ny),u € U. Furthermore, suppose
that there are random variables 7y,u € U, possibly on an extended probability space, as follows.

(i) Forallue U,

Tu=g (Gt 1 <j<"Ny)  as. (14)

(i1) The variables (7y,u € N") are i.i.d. with some distribution 17,,, n > 1.
(iii) The variables (ry,u € N") are independent of the variables (&y, Nu,u € U _, NK).

In this setup, we may define a recursive tree framework as follows.

Definition 4.1 (Recursive tree framework). A pair (&4, Ny, u € U),g) is called a recursive tree frame-
work if (&4, Ny,u € U) is an i.i.d. family of ® x N-valued random variables (&, Ny) ~ v,u € U, and
g: ®" — T is a measurable map.

Enriching an RTF with the random variables 7,,u € U gives us a so-called recursive tree process
(RTP). Sometimes, RTPs are only considered up to generation 7, that is, only for 7y,u € U}_, Nk, We
then speak of an RTP of depth n. Finite-depth RTPs can always be defined for any distribution 7,, of
Ty, u € N”, by use of (14) withi.i.d. &, u € Uz;(l) N also independent of the i.i.d. family (Tuu eN").

4.2. Second main result: Uniqueness and attraction for the new RDE

We now turn to the uniqueness and attraction of the fixpoints in (13). By Theorem 3.5 and Remark 3.6,
uniqueness will only hold up to multiplication by a constant and under additional moment conditions
on tree heights in the specific setting of Theorem 3.5. As our setup works for more general & € &, we
will broaden our scope and establish a uniqueness theorem for the RDE (13) in a setting that keeps the
same concatenation operation gg of Section 3.2, but allows a more general distribution of &.

It will be useful to work in the a recursive tree framework, as defined in Section 4.1. Let us consider
an i.i.d. family of sequences of scaling factors (&y;,i > 0),u € U, with some distribution v on Z, where
we recall the Ulam—Harris notation U = (J,,5o N". Then (((éw;,i > 0),u € U),gg) is a recursive tree
framework.

For n > 1 and y € P(Ty,), we would like to study the distribution ®%(7) of 7 := 7, where

ui

= gp ((gui,i > 0), (T“‘) i> 0)) L ueNK, k=n-1,...,0, (15)

for ‘rl(l';) ~1n,i>0,ue N1 jid.. We also set To := Tg)) ~ 1. Note that this setup induces a recursive

tree process of depth n, for any n > 0 and € P(Tpy).
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Furthermore, let Poo(Ty,) € P(Tr) be defined as
Poo (Tm) :={n € P (T : E[ht(7)?] < oo for all p > 0 where (7,d,p,x) ~1n}.
Our main result in this section is as follows.

Theorem 4.2. For any Z-valued random variable & =(&;,i >0) such that P(éy+& <1)=1 and P(&) >
0,&1 > 0) =1, choose B € (0,1) such that E[.foﬁ +§1ﬁ] = 1. Then, for any n € Poo(Tm) with h := E[d(p, x)]
Jor (T, d,p,x) ~n,

d)g (1) — n,, weakly as n — oo,
where 1, is the unique fixpoint of ®g in Poo(Tm) with E[d*(p" x™)]=h for (T7,d", p", x*)~1,,.

Note that the function f: [0,1] — (0,0), B+ E[goﬁ + f’f] is continuous with f(0) =2 and f(1) < 1
when P(& + &) < 1) = 1. Hence, there is always some S € (0,1) such that f(8) =1 in the situation of
Theorem 4.2.

The uniqueness and attraction of the marked a-stable tree in (13) is a direct consequence of Theorem
4.2.

Corollary 4.3. Let a € (1,2] and B =1 — 1/a. Furthermore, let & = (Xo,X1,X5,X3P},j = 1) for inde-
pendent (Xo, X1,X2,X3) ~ Dir(B,8,8,1 = 28) and (P;,j > 1) ~PD(1 — 8,1 — 23). Then the law ¢} of
the marked a-stable tree is the unique fixpoint of ®g on Peo(Trm) with E[d(p,x)] = aI'(8)/T'(2p) for
(7,d,p,x) ~ 1, 1 € Poo(Tr). Furthermore, for any n € Poo(Tr) with E[d(p,x)] = h for (T,d,p,x) ~ 1,
we have

d)g () — s, weakly as n — oo,

where g7, denotes the distribution of the marked a-stable tree with distances scaled by the factor

hT(2B)/(aT(B)).

Proof. Apply Theorem 4.2 with the specific distribution for &, and § = 1—1/a@ € (0,1/2]. Furthermore,
recall from Theorem 3.5 that the marked a-stable tree is a fixpoint of the resulting RDE, is well-known
to have height moments of all orders (e.g. from its construction via Theorem 4.6), and from Section
2.3 that the distance between the root and a uniformly sampled leaf of the a-stable tree has distribution
ML(B, B) scaled by @, which has mean aI'(8)/T'(28) by (1). O

To prove Theorem 4.2, we first focus on the case when 7 is supported on the space of probability
measures on trivial trees, that is, single branch trees with a root and exactly one leaf (which is marked).
We further require that the length of such a tree has moments of orders p > 0. Specifically, we consider

T .= {(7.d,0,y) € T : T =[0,y],y >0} .
For most of the proof, we will work in the special case of T -valued initial distributions:
Assumption (A). 7 € P (T%) := {n e P (TY) : E[(ht(7))"] < oo for all p > 0 where T~ n}.

Under Assumption (A), we will show the convergence of scaling factors on the spine from the root
to the marked point in the RDE (Section 4.3), the convergence of subtrees spanned by leaves up to
recursion depth k (Section 4.4), the CRT limit as k — oo (Section 4.6) and establish that the RDE is
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attractive, pulling threads together via a tightness argument (Section 4.7). We finally strengthen this to
lift Assumption (A) and complete the proof of Theorem 4.2.
For the remainder of this section, we write (7,,n > 0) for the sequence of trees constructed around

(15) from i.i.d. ‘rl(l") ~n,ueN" n >0, for some n € P(Ty,). We write ¥, := ht(Tl(,")), ueN" n>0.

4.3. Scaling factors on the spine from the root to the marked point in the RDE

We first study an L -bounded martingale in the general setting of Theorem 4.2, which arises from the
scaling factors that are relevant for the spine from the root to the marked point under (Dg(r]), n>0.

Lemma 4.4. Let & be a E-valued random variable with P(&y > 0,&] > 0) = 1. Let 8 € (0,1] such that
E[g—“oﬁ + 5{3] =1, let (&uj,j 2 0),u €U, be i.i.d. with the same distribution as &, and define £y :=1and

Ew =6y buyony, W=U. o up €N on> 1L (16)
Then the process

Li= Y, 2. nxo, (17)
ue{0,1}n

is a mean-1 martingale that converges a.s. and in LP forall p > 1.

Proof. It is straightforward to show that (L,,n > 0) is a martingale, so we focus on the LP-
boundedness. Indeed, for p = 1, we have for all n > 1,

SR i oy o N 1 R

ue{0,1}n

Inductively, if for all j < p—1and n > 1, we have E[L{;] < f(j), thenforalln > 1,

E[Ly] = E[Eﬁm“gﬁp)]
u), . uPef{0,1}n
5 n-1 5 p-1 »
ZP ZP iB (p—j
- E[gv ] + E[gv ]Z (]) E[%ﬁg%p 1),8]
ve{0,1}" k=0ve{0,1}k J=1
I S A | | I S -
w), . wi) wi+h  wp)
E{O’]}nfkfl E{O,]}nikil
Specifically, we split the sum over u!), . . ., u?) according to the number k of initial entries that are com-

mon to all u™, ..., ul®) and according to the number j of entries in the (k + 1)-st place of u),. .. u®
that equal 0. For each k and j, there are 57) ways to choose which j they are. By symmetry, the

contribution is the same as if they are 1,...,j, so that we write the sum as a sum over

uD =vowD, . uY) = vow), uU*tD) = yiwl D) aP) = y1w®P),
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By the induction hypothesis, we can further bound E[L ] above by

Z > EBl&” ]Z(’;) FF-i s Z( )f(])f(p ) et = (P,
Sveion = 1-E|gf + &’
and this is finite. An application of the Martingale Convergence Theorem completes the proof. O

4.4. Convergence of subtrees spanned by leaves up to depth k

In the following, we associate a notion of depth with every leaf of the trees 7,, := Tg‘ ), n > 1, of (15),

s0 as to give a meaning to “the subtree of 7,, spanned by the leaves up to depth k. Let us do this under
Assumption (A). Recall that 7;,, for n > 1, is built recursively by scaling and concatenating trivial trees

T,({”, u € N", in such a way that the unique leaf of T, ( ) gives rise to a leaf (if uy,...,u, € N\ {0})

or branch point (otherwise) of 7, which we denote by Ynpu € Tn, u € N". We say X, , has depth
ke{l,....,n}ifu=wuy---u, e N", with uy # 1 and ug4 = ... =u, = 1. We also say that the marked
leaf X, 17...1 of 7, has depth 0. Then the subtree of 7,, spanned by the leaves up to depth k has the
same tree shape as 7, for all n > k, with edge lengths, whose convergence will establish the following
proposition.

Proposition 4.5. Suppose Assumption (A) holds and T, := Tgl) in the setting of (15), n > 0. Let k € N.

Forn >k, let 7:1]‘ be the subtree of T, spanned by the root and the leaves up to depth k. We consider
2. 11...1 as the respective marked point. Then there is an increasing sequence (T*,k > 0) of marked
trees such that, for all k > 0,

7;,]‘ — Tk in probability as n — oo

in the marked Gromov—Hausdorff topology.

Proof. For k =0, 7;10 is a trivial one-branch tree with a root and a marked leaf, and total length
> it
ue{0,1}7
Recall the martingale (Lj,,n > 0) from (17) and denote its limit by L. Let m := E[Y], and note that,

2
E [(zg —mL,) & (Yu—m)

ue{O 1}n
B [E08)| BL0G - m) (% - m)]

ue{0,1}7 ve{0,1}n

S B [Eﬁﬁ] E [(Yu - m)z] = Var (Y) (E [5025 + gfﬁ] )" -0

ue{0,1}"

as n — oo, where we used the facts that ¥, and Yy are independent for u # v, and ]E[fozﬁ + 512'6 ]<1as

0 < &p,&1 < 1 a.s.. Therefore, ZQ — ZQO :=m - Lo in £? and almost surely as n — co.
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Under Assumption (A), the ¥, also have finite p-th moment for all p > 3 and splitting p-fold sums as
in the proof of Lemma 4.4, it is straightforward to strengthen this convergence to £”-convergence.

Now, let k > 1, and note that the shapes of ‘7;lk and 7 coincide for all n > k. Let Ln,u,u € Nk, denote
the lengths of the edges of 7. using obvious notation, i.e.

Ly= Y Bata wedt

ve{0,1}n-k

Furthermore, let 7% have the same shape and the same marked leaf as 7; with edge lengths Zfo,u,u €
N, given by
IK, = Jim & Yay, ueEN,
ve{0,1}*

which exists a.s. as a E’g-scaled copy of ZE,{,, independent for u € N¥.

Hence, for each k > 0, the differences |Fl7,j’u - Zf,‘o,ui, u e N¥_ are Eﬁ—scaled independent copies of
|Zg - ZQO|. Therefore, for p > 1/, as every leaf of 7;" or 7% is at most 2F edges from the root and
from another leaf,

p ~ ~ p ~ _ P
B [(dmy (767%))"] <2ve | max [Tk, - T8 | <27 3 B [[Th - Th| ]
ueNk wenik
=rB =0 70l|P
=ork Y E[gu ]EHLQ—L&‘ ] .
ueNk

Since Y, ek E[Eﬁﬁ] <ooforp>1/Band LY — LY in £ as n — oo, we conclude that, for any € > 0,

s e (727%) > ) = i 72l 774)) | o

n—oo

Hence, ‘7;" — 7% in probability in the marked Gromov—Hausdorff topology as n — co. O

4.5. An RDE on T and associated constructions in Ty, of [24]

In [24], two of us established a recursive construction method for CRTs by successively replacing the
atoms of a random string of beads, that is, a random interval [0, L] for some L > 0 equipped with a
random discrete probability measure y, with scaled independent copies of itself. More general versions
of the CRT construction using so-called generalised strings were established to capture multifurcating
self-similar CRTs. Let us briefly recap this construction here, and refer to [24] for more details.

Strings of beads can be represented in the form ([0, €], (x;)ier,(gi)ier), where € > 0 denotes the length
of the interval, and x; € [0,¢], i € I, are distinct and describe the locations of the atoms with respective
masses g; > 0, i € I, of a discrete measure p = Y;¢; gidx; on [0,£], where }};; g; = 1, where [ is some
countable index set. In this representation, the concept of a string of beads is naturally generalised by
allowing for non-distinct x;’s. We call such ([0,€],(x;)ier,(qi)ier) a generalised string. More gener-
ally, we write (77, (x;)ier,(gi)ier) for an R-tree (7,d), x; € T,i €1, and g; > 0 with }};c; g; = 1. The
following theorem is a (slightly simplified) version of the main result in [24].
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Theorem 4.6. Let 8 € (0,00) and p > 1/B. Let ¢ = (7, ()V(l.(o))igo,(QVEO))iE[O) be a random generalised
string with length L > 0 such that E[LP] < oo, and atom masses 0 < QVEO) < 1la.s. forallie€ Iy and such

that % ep, QVEO) =1 a.s.. For n > 0, the (n + 1)st R-tree with a measure represented by atom locations

and masses,
7 ’()v(.(nﬂ)) ’( V(n+l)) ’
( S P A P

conditionally given (ﬁ,(ifn))ieln,(égn))ieln ), is obtained by attaching to each )V(l(n) €, an indepen-
dent isometric copy of { with metric rescaled by (Qvf"))ﬁ and atom masses rescaled by Qvf") ,i€el,.

Let fin = Yjer, QVE") 6XA<n),n > 0. Then there exists a random weighted R-tree (T, i) such that

lim (‘7;1,/1”) = (‘7’,;1) a.s.
n—oo

in the Gromov-Hausdorff—Prokhorov topology in Ty. Furthermore, E[ht(7)P] < oo for all p < p* :=
sup{p = 1: E[LP] < oo}.

The convergence in Theorem 4.6 holds in particular in the Gromov—Hausdorff sense when we
omit mass measures. In fact, this construction is naturally carried out in the Banach space ¢;(U),
U := U,>0N", which is a variant of Aldous’s ¢{(N) since U is countable. So embedded, the con-
vergence holds with respect to the Hausdorff metric (or a Hausdorff—Prokhorov metric) for compact
subsets (equipped with a probability measure) of £1(U), as a consequence of the arguments of [24].
In particular, the @-stable tree was characterised as the limit in the case of a 8-generalised string for
B=1-1/a€(0,1/2], that is, a generalised string of the form ([0,L],(X;);>1,(P;);»;) where, for
(Qm,m > 1) ~ PD(B, 8) independent of i.i.d. (Rj(.m),j > 1) ~PD(1 — 8,—B), m > 1, the atom sizes are
given via

l
(Pni>1)= (QmR;m),j > 1m> 1) ,
and the atom locations are defined via i.i.d. Unif ([0, 1])-variables (U,,,m > 1) and

L:= lim mI'(1-B)05, Xi=LU, if P; =QmR§m), ij>1.
m—oo

9, -
- 71 -— 71
— Loo,O ~5 ~9 Loo,l ~9
<« L% 00 -— L,01—+ ~, L5, 10 - - Loo,ll?) -
<— Lo, 100"+ Lo 101—" Lo, 110 Lo, 111
P i s % # % # ———— — g
X004 Xoi Xo1i  Xi X104 X1 X114

Figure 5. The dyadic structure of limiting branch lengths Z](fo,u = Zfo + 111 ot Zfo + 111 |» ordered in lexicographical order;

atom positions Xy;, not depending on i > 2, are between fragments L 00 and L7 . ,ue{0,1}",n>0.

ul’
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4.6. The CRT limit of 7% as k — oo

Next, we want to prove the convergence of the limits 7% of Proposition 4.5 as k — co. We first identify
a suitable candidate for the limit. We employ the recursive construction method for CRTs as described
in Section 4.5. Let us define a generalised string that will capture subtree masses on the spine 7 of
length LY. Viewed as a subset of 7, this spine consists of 2k spinal edges. In the notation of the proof
of Proposition 4.5, they have lengths Lffo’u, u € {0, l}k, and their order from the root to the marked leaf

is the lexicographical order (see Figure 5), that is
V=vi... Vg <up...up=u < Are{l,... k}suchthatVj <t: v, =u;and v; <uy.

In view of the concatenation operation gg, subtrees and subtree masses are naturally parametrised by
U*:= UkzO{O,l}k x{2,3,...}. We set

£=([0.2%] . Kuuew - Qulucy (18)

where (Qu)uen+ and (Xy)ueu+ are defined by recursively splitting mass 1 and length L2, as follows.

o LetQ;:=¢;,i>2,and, foru=u...u, € U*, define masses
Ou '=&u Suyuy *** Suguy.uyy, = fuluz.“un'

Note that0 < Qy <l as.forallue U, Xy« Qu=1as., and E [ZueU* Qﬁ'g] <1forp>1/B.
o Define the locations (Xy)yer+ Of the atoms with respective masses (Qu)yey+ by Xi = Zolo 022,
and, for general u = u ...u, € U*, the following sum of up to 2" — 1 edge lengths

Xy = Z " . (19)

,V]..-Vn
ViV €{0,1} v vy <up...upn
ViV Vp#EU ..Uy 1

Noting in particular that this specifies X, 4, ;i = Xu for all i > 2 and each u =u;...u, € U*, the
scaled lengths and dyadic splits to depth k = 3 are illustrated in Figure 5.

We now apply the recursive construction as outlined in Theorem 4.6 to the generalised string £,
which results in an R-tree 7-, whose distribution we denote by n*.

Proposition 4.7. Let B € (0,1], and p > 1/B. Consider the generalised string { given by (18). Consider
a sequence of random weighted R-trees obtained inductively by the construction of Theorem 4.6, which
we denote here by (7,),153,), n = 0. Then (7,7, 1) — (T, 1) a.s. in the Gromov-Hausdorff-Prokhorov
topology for some random weighted compact R-tree (T, u) with E [ht (7)P] < oo for all p > 0.

It will be convenient to refer to the two endpoints of the rescaled generalised strings attached in
the construction of 7~ as py and Z,, u € U. Specifically, we denote by p = pz and £ the endpoints
of 7, ¢ 7. The first step of the construction performed in Proposition 4.7 consists of attaching to
7, rescaled independent copies of the generalised string ¢ to 7", one for each u € U*. In particular,
we have Xy € 7, for all u € U*. The way we specified ¢ in terms of (§u)ucu+, removing Zo from
(7%, 147) or (T, ) yields a mass split (&, > 0). For any u € U, we have Zy € 7, \ 7. | if and only if
u= u(l)i] ...u(")inu("“) for some u¥) € Ukzo{O,l}k, I<j<n+l,andij€{2,3,...},1<j<n.

We will now couple the vectors (&y;,i > 0), v € U, of the construction of (7,,n > 0) and (7%,k > 0) in
the setting of Proposition 4.5, and the generalised strings {,, u € U, in the construction of Proposition
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4.7. Specifically, the recursive nature of both constructions ensures that we can achieve that removing
Pu = Pud> w0 = Pu1 and Xy =Xy, from 7, or indeed from 7, for n sufficiently large, yields a relative
mass split (&y;,i > 0) for the components adjacent to Xy, and these splits are i.i.d., u € U.

We can represent 7 and 7,, n > 0, in £;(U) in such a way that the convergences of Proposi-
tion 4.5 hold for the Hausdorff metric on compact subsets of ¢;(U). The arguments in the proof of
Proposition 4.5 ensure that we have further a.s. convergence of %, , to limits that we denote by X,
for all u € U. Then the trees 7X are spanned by Zy, u € Uo<j<k N/, while 7,* is spanned by I,

u=uDyu@y, .. .u®y,a+D gy grth e Ums0{0, 1}™, vi,...,vy €N,

Lemma 4.8. Let (T%,k > 0) be the sequence of trees from Proposition 4.5, and let (7,*,n > 0) be the
sequence of trees from Proposition 4.7 with T, — T a.s. as n — oo. Then Tk T as. ask — oo in
the marked Gromov—Hausdorff topology.

Proof. Since the sequence of trees (7%, k > 0) is increasing and embedded in 7~ with the same marked
point, it remains to show that the almost sure limit of 7% is the whole of 7.

Let (Tuj,j 2 2),ue U2, Nk x {0,1}*, denote the connected components of 7\ 7k k >0, where we
write (7,...u,j»J = 2) for the subtrees of 7"\ 7 rooted at the edge of 7 of length Zc]fo,ul,..uk ,n>k,
using notation from Proposition 4.5. By the recursive construction, each 7y; is a £y j-scaled independent
copy of 7, and we obtain for k >0 and p > 1/,

( max ht (%j))pl

4
E[(dg;H (7”‘,7’)) ] <E
el Nkx{0, 1}, 22

<Eley) Y B[E]] < By Y, B[EF
uelJR NFx{0,1}7,j=2 uel 3, Nk x{0,1}
k
< Bl P (E|S e | B (P + &) | 50 askooo
Jj=0 t=0

since E [ht(7)P] < co and E[ijoffﬁ] < 1. Hence, for any € >0 and p > 1/,
p
P (dm (757 > €) < ePB| (a3, (75.7))"| -0
as k — oo. Therefore, due to the embedding of (Tk,k > 0)into 7, Tk 5T as. as k — . O

4.7. Attraction of the RDE and the proof of Theorem 4.2

Theorem 4.2 claims a general convergence to a unique fixpoint. Under Assumption (A) of initial distri-
butions concentrated on trivial trees, Proposition 4.5 and Lemma 4.8 establish a two-step convergence
as first n — oo for subtrees of 7,, spanned by leaves up to depth k > 1 and then k — co. To complete the
proof of Theorem 4.2, we need a tightness result, and we need to lift Assumption (A). For the former,
we show that the supremum of the height moments of 7;, is finite, employing the recursive construction
of CRTs for a generalised string defined in a similar manner as in the discussion before Proposition 4.7.
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Lemma 4.9. Under Assumption (A), the sequence of trees (Tn,n > 0) satisfies

E [sup ht (7;)7 | < oo for all p > 0. (20)

n>0

Proof. The idea of the proof is to construct a CRT 7 whose height dominates ht(7,) for all n > 0.
Indeed, we apply the recursive construction of CRTs (cf. the construction of 7~ in Section 4.6) to the
generalised string { obtained by modifying the definition of ¢ in (18). Specifically, note that we can
write the locations on the string in (19) as

Xu = lim Z Z Eﬁ...vk” YV1~~~Vk+t

t—o00
Vi...Vk E{O,l}k VL VE <UL ..U Victl---Vi+r €{0,1}F
V] Vi Vi FUL . U1 1

To define Xy, we replace lim;_, by sup,.q. In the same way, we define the length of the string as

Zg, 1= SUP; 50 Zue{0,1} EﬁYu. If ¥, = m a.s., we have E[(ZQO)P] < oo by Lemma 4.4 and Doob’s LP-
inequality. In the general case, we split ¥y = m + (¥y — m) and argue as in the proof of Proposition 4.5
(and the proof of Lemma 4.4) to see that E[(LY)P] < o for all p > 0.

This ensures that each atom on Z is placed at the furthest position away from the left end point which
appears in the course of the construction of 7,,n > 0. As a consequence, using ¢ instead of ¢ in the
recursive construction, coupled by being derived derived from the same (&, u € U) and (¥, u € U), all
distances from leaves and branch points to the root will be larger than in any of the trees 7,,,n > 0.

Applying Theorem 4.6 to the generalised string £, we obtain a CRT 7 which has finite height mo-
ments of all orders. By the underlying coupling, ht(7,) < ht(7") for all n > 0, i.e., the claim follows. [

Corollary 4.10. Consider the sequences of trees (Tp,n = 0) and (T,%,n > k), k > 0, where we recall
that, for n > k, 7;" is the subtree of T, spanned by the root and the leaves up to depth k. Then, for any
€>0,

lim lim supP (dng (7;1’<7;) > e) - 0. @1)

k—00 p—co
Proof. Let ‘7;llfu \ {p',‘l,u},u € U;“:_é‘_l Nk x {0,1} x{2,3,...}, denote the subtrees of 7, \ 7,%, n > k +1:

T\ = U TN (P u)-
uelf o~ k{0,111 x{2,3,...}

Then, for any € >0 and p > 1/,

P(ddyy (TE.T0) > ) <eB

max ht (7;1(“)1”
welJF Nk x{0,1}x{2.,3,...} ’

- zPB
<eP Z E[fﬁ ]E[ht((];t—lm)p] )
uelp o~ Nk {0,111 x{2,3,...}
By Lemma 4.9, it remains to show that

lim fimsup > B[&"] =0 22)
T T e R R (0,1} X (2.3, )
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First, note that the left-hand side of (22) is bounded above by

n—-k-1

lim sup Z Zk: Z E[E{f] (23)

k=02l [Tk 120 ve{0.11x(2.3...}

where we also slightly rewrote the expression. By the fact that (&5, > 0),u € U, are i.i.d., we have

slan] ==& =[27] <=[2r] =[]

where we used EV <1 a.s. and pf > 1 in the last inequality.
Furthermore, as ) >0 &j=1,

n—k-1 n—k—1

—k—
> Ela]= ) @i o+§1])’<Z<E[§o+m) = (1-E[é +&))"

t=0 ve{0,1}7x{2,3,...} t=0

where we also used the i.i.d. property of the (¢y;,j > 0), ve U/ “k=140,1}, and E[&, + & ] < 1. Hence,
(23) can be further bounded above by

(1-Elg+a)™ lim 3} B &) =a-k [§0+§1)111m(

ueN

Zf”"’l) N

i>0
AspB>1land0<¢; <1as. foralli >0, ]E[ 220 ffﬁ] < 1, and we conclude that (24) is 0. O
We are now ready to prove our final result.

Corollary 4.11. Under Assumption (A), let (T,,n > 0) be as above, and let T be the tree from Propo-
sition 4.7. We have the convergence

Tn — T in probability as n — oo
in the marked Gromov—Hausdorff topology.
Proof. Let € > 0, and use the triangle inequality twice to get, for n € N and k < n,
P(d5(Tn, T) > 3€) < P(A% (T, T;F) > €) + P(AZG(TE,T5) > €) + P(dZy(T*,T) > €).

All three terms converge to 0 as n — oo, and then k — oo, cf. Proposition 4.5, Lemma 4.8 and
Corollary 4.10. O

Theorem 4.2 is now a direct consequence of Corollary 4.11.

Proof of Theorem 4.2. Letn € Po(T;,) be a general distribution of a marked R-tree. For a marked R-
tree (79, do, o, X0) ~ 0, we define the induced distribution 17° € P, (T as the distribution of [pg, xo]-
We construct coupled sequences (7,7 > 0) and (7,°,n > 0) from the same recursive tree framework
((éui»i = 0),u € U) and from coupled systems of i.i.d. n- and n°-distributed trees, according to (15),
with 75 ~ 1 and 7;° = [po. o]l ~ n°. Then 75 \ 7,° consists of subtrees of heights bounded by ht(7p). By
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construction, 7, \ 7,;° consists of subtrees of heights bounded by the maximum of g_fu—scaled independent
copies of ht(7y). Hence,

n

B [(d3y(7.7)"] <Elm)P]|2| Y e[| —o.
j=0

as n — oo. By Corollary 4.11, we have 7,° — 7 and hence 7,, — 7 in probability as n — oo in the
marked Gromov—Hausdorff topology. Uniqueness follows from the attraction property. O
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