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Abstract. We introduce a family of branch merging operations on continuum trees
and show that Ford CRTs are distributionally invariant. This operation is new
even in the special case of the Brownian CRT, which we explore in more detail.
The operations are based on spinal decompositions and a regenerativity preserving
merging procedure of («,0)-strings of beads, that is, random intervals [0, Ly g]
equipped with a random discrete measure dL~! arising in the limit of ordered
(a, 0)-Chinese restaurant processes as introduced by Pitman and Winkel. Indeed,
we iterate the branch merging operation recursively and give a new approach to the
leaf embedding problem on Ford CRTs related to («, 2 — «)-tree growth processes.

1. Introduction

Tree-valued Markov processes and operations on continuum random trees (CRT's)
such as pruning have recently attracted particular interest in probability theory.
Evans and Winter, for instance, consider regrafting in combination with subtree
pruning and show in Evans and Winter (2006) that Aldous’ Brownian CRT arises
as the stationary distribution of a certain reversible R-tree valued Markov process.
Evans et al. (2006) present a similar study involving root growth with regrafting.
Aldous (1999, 2000) and Pal (2011, 2013) consider a Markov chain operating on
the space of binary rooted R-trees randomly removing and reinserting leaves, re-
lated to a diffusion limit on the space of continuum trees. See also Abraham et al.
(2012a,b); Abraham and Delmas (2012); Addario-Berry et al. (2014); Haas et al.
(2009); Bertoin and Miermont (2013); Broutin and Wang (2014a,b) for related work.
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We study branch merging as a new operation on (continuum) trees, which leaves
Ford CRTs, and in particular the Brownian CRT, distributionally invariant. Our
branch merging operation is based on a leaf sampling procedure, and on the study
of the resulting reduced subtrees equipped with projected subtree masses. The
notion of a string of beads naturally captures this projected mass on a branch.

Following Pitman and Winkel (2009), we consider («,#)-strings of beads for
a € (0,1) and 0 > 0. An (o, 0)-string of beads is a random interval [0, Ly o]
equipped with a random discrete measure dL !, arising in the framework of the
two-parameter family of («, 8)-Chinese restaurant processes (CRP) when equipped
with a regenerative table order. An («, 8)-Chinese restaurant process as introduced
by Dubins and Pitman (see e.g. Pitman, 2002) is a sequence of exchangeable random
partitions (II,,n > 1) of [n] := {1,...,n} defined by customers labelled by [n]
sitting at a random number of tables. Customer 1 sits at the first table, and, at
step n + 1, conditionally given k tables in the restaurant with nq,...,n; customers
at each table, customer n + 1

e sits at the i-th occupied table with probability (n; — «)/(n+0), i € [k];
e opens a new table with probability (ka + 0)/(n + 6).

The joint distribution of the asymptotic relative table sizes arranged in de-
creasing order is known to be Poisson-Dirichlet with parameters («, ), for short
PD(«, ). PD(a, ) vectors have been widely studied in the literature: see e.g. Pit-
man and Yor (1997) and Feng (2010) for constructions and properties, Dong et al.
(2006) and Section 10.3 in Pitman (2002) for coagulation-fragmentation-dualities,
and Pitman and Winkel (2009) for Poisson-Dirichlet compositions arising in the
framework of continuum random trees.

Pitman and Winkel (2009) equipped the («, 6)-CRP with a table order which
is independent of the actual seating process. These structures arise naturally in
the study of the (o, #)-tree growth process (7°%,n > 1), that is, a rooted binary
regenerative tree growth process with n leaves at step n labelled by [n] such that
the partition structure induced by the subtrees (tables) encountered on the unique
path from the root to the first leaf defines an ordered («, )-CRP, see Section 4.1.2.

It was shown that the table sizes in the ordered («, #)-CRP induce a regenerative
composition structure of [n] in the sense of Gnedin and Pitman (2005), and yield
a so-called (a,6)-regenerative interval partition of [0,1] in the scaling limit. The
lengths of the components of this interval partition are the limiting proportions
of table sizes in the CRP arranged in regenerative order, and correspond to the
masses of atoms of the discrete measure dL~! associated with an (o, 0)-string of
beads. («, 6)-strings of beads in this sense align the limiting table proportions of an
(c, 8)-CRP along an interval of length L, ¢ in regenerative order where L, ¢ is the
almost-sure limit as n — oo of the number of tables in the CRP at step n scaled
by n~=% (see Section 2.1).

In this article, we study a merging operation for (a, 6;)-strings of beads, i € [k]
for some k € N fixed, subject to a Dirichlet(6y, ..., 6)) mass split with « € (0,1),
01,...,0r > 0. This situation arises naturally in the framework of ordered CRPs.
Consider k ordered CRPs with parameters («, 6;), i € [k]. At each step, let one of
these restaurants be selected proportionally to the total weight in each CRP with
initial weights 6;,7 € [k]. Conditionally given that the j-th restaurant is selected
with m;(n) customers present, the (n + 1)st costumer is customer m;(n)+1 in the
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(a, 8;)-CRP, and chooses a table according to the (¢, 8;)-selection rule, indepen-
dent of the restaurant selection process. Then, by a simple urn model, we obtain
a Dirichlet(6y, ... ,0;) mass split between these restaurants in the limit, and each
CRP is associated with an («, 6;)-string of beads, when we rescale distances and
masses by appropriate scaling factors depending on the Dirichlet vector. Remark-
ably, the identified (a, 6;)-strings of beads are independent of each other and of the
Dirichlet(6y, . .., ) mass split. We ask the following questions.

e (How) can we merge these ordered («, 6;)-CRPs, i € [k], by completing the
partial table orders to obtain the seating rule of an ordered (a, 8)-Chinese
restaurant process for some 6 > 07

e How does the parameter 6 depend on « and 6;, ¢ € [k]?

Our merging algorithm allows to merge («, 6;)-strings of beads preserving the
regenerative property. It becomes particularly simple when o = 6; = 1/2 for all
i € [k], which is the case relevant for branch merging on the Brownian CRT (see
Figure 1.1 for an example with k = 3).

Algorithm/Theorem 1.1 (Merging (1/2, 1/2)-strings of beads). Let E; = (p;, p}),
i € [k], be k disjoint intervals and p a mass measure on E := Ule E; such
that (u(Er),...,u(Fx)) ~ Dirichlet(1/2,...,1/2). Suppose that the rescaled pairs
(W(E)Y2E;, n(E) ™ u Ir,) are (1/2,1/2)-strings of beads, i € [k], independent of
each other and of the Dirichlet mass split (uW(E1), ..., u(Ey)).

Define the metric space (Ey, dy) in the following way.

o Set EM .= F, El-(l) = F;, pgl) = p;, @ € [k]. Forn > 1, do the following.
(i) Select an atom X,, from p | gmy with probability proportional to mass.
(ii) Let a, := pgz) and by, == X,, where I, :=1i if X,, € E;, i € [k].

(iii) Update p(IZ+1) = X, pg.n'H) = p§") for any j € [k]\ {I.}, Ei(n"_l) =

(p§n+1), p)) for any i € [k] and B = i, Ei(nH),
o Align the interval components (an,byp], n > 1, in respective order by identi-
fying by, 1 with a,, for n > 2, and obtain the set Eyy equipped with a metric
dy induced by this operation.

Then the pair (Ey, 1) equipped with the metric dyy is an (1/2,k/2)-string of beads.

_____ e
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FicUure 1.1. Example of merging of strings of beads for k = 3.
First five cut points X1, ..., X5 are displayed.

This algorithm is made mathematically precise and presented for general (o, 6;)-
strings of beads, « € (0,1) and 6; > 0, ¢ € [k], in Section 3, see Algorithm 3.3 and
Theorem 3.4. In general, our merging procedure yields an («, 0 := Zle 0;)-string
of beads. As a corollary of our result, we recover the following property of PD(«, 6)
vectors, disregarding the regenerative order incorporated by (c, #)-strings of beads.
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Corollary 1.2. Let o € (0,1) and 0; > 0, i € [k]. Let X;,i € [k], be a sequence
of independent random vectors such that X; = (X;1,X;2,...) ~ PD(a, 6;),i € [k],
and let Y = (Y1,...,Yy) be an independent k-dimensional vector Y such that
Y ~ Dirichlet(61,...,60x). Then

X =YX, Yo Xo 0, YiXe1, YiXio, oo, VeXp2, Y1 X1 3,...)" ~ PD(a,0)
where 0 := Zle 0; and | denotes the decreasing rearrangement of components.

The proof of our main result, Theorem 3.4, goes back to decomposition results for
(cv, B)-strings of beads (Pitman and Winkel, 2009) and a stick-breaking construction
for («, 0)-regenerative interval partitions (Gnedin and Pitman, 2005).

The (a,0)-tree growth process (Pitman and Winkel, 2009) related to ordered
(a, 0)-CRPs generalises Ford’s model (i.e. § = 1 — «) (Ford, 2006) whose asymp-
totics were studied earlier by Haas et al. (2008). See also Chen et al. (2009) for
a multifurcating tree growth process related to Ford’s model, and Pitman et al.
(2014) for structural results on regenerative tree growth.

It was proved in Haas and Miermont (2012) that, for 0 < o < 1 and 6 > 0,
the delabelled trees in the («,6)-model have a binary fragmentation continuum
random tree (CRT) 7% as distributional scaling limit, where a two-stage limit
was provided earlier in Pitman and Winkel (2009).

The problem of appropriately embedding leaf labels of (T n > 1) and the
reduced trees with edge lengths RZ’G, arising as scaling limit of the growth process
(T>% n > 1) reduced to the first k leaves, into 7% was solved in Pitman and
Winkel (2009) by introducing the so-called (v, 8)-coin tossing construction.

Based on our merging operation for strings of beads, Algorithm 3.3, we develop
a branch merging operation (Algorithm 4.22) on Ford CRTSs, the class of CRTs
T~ arising for # = 1 — a, a € (0,1). We can couple 71~ and 72~ in the
sense that we can embed R{>™* into T2~ given an embedding of R{"' ™ into
Tel=e k> 1. In particular, we construct 72~ with leaves embedded from the
limiting tree 7'~ of Ford’s model.

In the case when v = 1/2, and 6 = 1/2 or § = 3/2, Aldous’ Brownian Continuum
Random Tree (Aldous, 1991a,b, 1993) arises as distributional scaling limit of the
delabelled (a,6)-tree growth process. Leaf labelling is exchangeable in the case
when o = 0 = 1/2, and uniform sampling from the natural mass measure on the
Brownian CRT allows to embed leaf labels in this case, using a simplified version of
the branch merging algorithm. For the case when ov = 1/2 and 6 = 3/2 we obtain
embedded leaves applying our branch merging operation, yielding a much simpler
approach than the coin tossing construction from Pitman and Winkel (2009).

As a by-product of these developments, we obtain the distributional invariance
under branch merging of Ford CRTs 7!~ « € (0,1), and in particular of the
Brownian CRT. Detached from the aim of leaf identification in CRTSs, we define
the Branch Merging Markov Chain (BMMC) using a simplified branch merging
operation as the transition rule. The BMMC operates on the space of continuum
trees. We prove that, for any n € N, a discrete analogue of the BMMC on the space
T® of rooted unlabelled trees with n leaves and no degree-two vertices (except the
root) has a unique stationary distribution supported on the space T%° of binary
rooted unlabelled trees with n leaves (and no degree-two vertices), to which it
converges as time goes to infinity. The Brownian CRT is a stationary distribution
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of the BMMC, and we conjecture that, for any continuum tree as initial state, the
BMMC converges in distribution to the Brownian CRT.

This article is organized as follows. In Section 2 we recall some background on
regenerative composition structures, and give a proper definition of ordered Chinese
restaurant processes and (c,)-strings of beads. In Section 3, we introduce the
merging algorithm for strings of beads and state our main result, which is proved
in Section 3.3. Branch merging is explained in Section 4, where we also recap
some background on R-trees and explain the («, 6)-tree growth process including its
convergence properties. We use a simplified version of the branch merging algorithm
to define the Branch Merging Markov Chain including a discrete analogue, which
is shown to have a unique stationary distribution. As an application of general
branch merging, we describe leaf embedding for (a,2 — a)-tree growth processes
in general, and the (1/2,3/2)-tree growth process related to the Brownian CRT in
particular.

2. Preliminaries

1. (o, 0)-Chinese restaurant processes and (o, 0)-strings of beads. ~ We present
some properties of the two-parameter Chinese restaurant process, and refer to Pit-
man (2002) for further details. Recall the definition of an («, #)-Chinese restaurant
process (CRP) (I,,,n > 1) for a € (0,1) and # > 0 from the introduction. The
state of the system after n customers have been seated is a random partition II,,
of [n]. It is easy to see that, for each particular partition 7 of [n] into k classes of
sizes nq,...,ng, we have

k
Hl (0 + ai)
P(IL, = m) = =5 i 7 [T = a1, (2.1)
n 1 i—1

where, for z € R and m € N, we define [z}, :== z(z+1)(x+2) - (z+m). It follows
immediately from the fact that the distribution of II,,, given by (2.1), only depends
on block sizes, that the partitions II,, are exchangeable. They are consistent as n
varies, and hence induce a random partition I, of N whose restriction to [n] is IL,.
We equip the CRP (II,,,n > 1) with a random total order < on the tables, which
we call table order, see Pitman and Winkel (2009). Independently of the process of
seating of customers at tables, we order the tables from left to right according to
the following scheme. The second table is put to the right of the first table with
probability 6/(a + ), and to the left with probability «/(a 4+ ). Conditionally
given any of the k! possible orderings of the first k tables, & > 1, the (k+ 1)st table
is put
e to the left of the first table, or between any two tables with probability
a/(ka + 0) each;
e to the right of the last table with probability 6/(ka + 6).

We refer to the CRP with tables ordered according to < as ordered CRP, and
write (II,,n > 1) for the process of random partitions of [n] with blocks ordered
according to <, where we use the convention that (II,,n > 1) orders the blocks
according to least labels (birth order). For n € N, we write

= (... Tog,), I, = (ﬁnlﬁKn)
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for the blocks of the two partitions II,,, ﬁn of [n], where K,, denotes the number
of tables at step n. The sizes of these blocks at step n form two compositions of n,

n > 1, that is, sequences of positive integers (ni,...,n;) with sum n = Z;Ll n;.
The theory of CRPs gives us an almost-sure limit for the number of tables K,,, i.e.
K,
Lop= lim —=, Loo >0 as.,
’ n—o00 N ’

as well as limiting proportions (P, Py, .. .) of costumers at each table in birth order,
represented as

(P1, Py, Ps,...) = (My, M1 Mz, M1 M2Ms, ...),

where the random variables (M;, i > 1) are independent, M; ~ Beta(l — «, 0 + i),
and M; := 1—M;. The distribution of ranked limiting proportions is PD(«,0). The
table sizes in the ordered (av, 8)-CRP (IL,,n > 1) induce a regenerative composition
structure in the sense of Gnedin and Pitman (2005), see also Section 2.2 here.

Definition 2.1 ((Regenerative) composition structure). A composition structure
(Cnyn > 1) is a Markovian sequence of random compositions of n, n = 1,2,...,
where the transition probabilities satisfy the property of sampling consistency, de-
fined via the following description. Let n identical balls be distributed into an
ordered series of boxes according to C,, n > 1, pick a ball uniformly at random and
remove it (and delete an empty box if one is created). Then the composition of the
remaining n — 1 balls has the same distribution as C,,_.

We call a composition structure (C,,,n > 1) regenerative if for all n > ny > 1,
given that the first part of C,, is ny, the remaining composition of n — n; has the
same distribution as C,,—y, .

Lemma 2.2 (Pitman and Winkel, 2009, Proposition 6). Let 0 < o < 1 and 6 > 0,
and consider an ordered CRP (I, = (IL,, 1, ..., k, ),n > 1). For j € [n], define

S = Zi:1‘ﬁnz|; i.e. Sy, is the number of customers seated at the first j tables
from the left. Then,

Sn‘ .
{’],jZO}%Za,e = {1—6_§t,t20}d a.s. asn — oo,
n

with respect to the Hausdorff metric on closed subsets of [0, 1], where ¢! denotes the
closure in [0,1], and (&,t > 0) is a subordinator with Laplace exponent
sT'(s+0)I'(1 — )

Ms+0+1—a)’

Furthermore, define Ly, (u) := #{j € [K,] : Sn;/n < u} for u € [0,1], where for
any set S, #S denotes the number of elements in S. Then

lim sup [n"*Ly(u) — L(u)| =0 a.s.,

n—oo = [071]

CI)Q,(;(S) =

where L := (L(u),u € [0,1]) is a continuous local time process for Z, g which means
that the random set of points of increase of L is Z, a.s..

We refer to the collection of open intervals in [0, 1]\ Z, ¢ as the («, 8 )-regenerative
interval partition associated with (C,,n > 1) and the local time process L, where
L(1) = Lup a.s.. Note that the joint law of ranked lengths of components of this
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interval partition is PD(«,d). The local time process (L(u),0 < u < 1) can be
characterised via &, i.e. we have
t

L(1- e*&) =T(1- a)/e*agsds, t>0.
0

We consider the inverse local time L1 given by
L' [0, Lag] — [0,1], LY (z) :=inf{u € [0,1) : L(u) > z}.  (2.2)

Note that L~! is increasing and right-continuous, and hence we can equip the
random interval [0, L, ] with the Stieltjes measure dL™!. We refer to the pair
([0, L], dL™1) as an (a, 6)-string of beads in the following sense.

Definition 2.3 (String of beads). A string of beads (I, 1) is an interval I equipped
with a discrete mass measure . An («, 6)-string of beads is the weighted random
interval ([0, Ly, g],dL™1) associated with an («, 6)-regenerative interval partition.

We equip the space of strings of beads with the Borel o-algebra associated with
the topology of weak convergence of probability measures on [0, 00), where the
length of a string of beads (I, i) is determined by the supremum of the support of
the measure pu.

We also use the term (c«,6)-string of beads for measure-preserving isometric
copies of the weighted interval ([0, Lo ],dL™'). Since the lengths of the interval
components of an («, f)-regenerative interval partition are the masses of the atoms
of the associated («, 0)-string of beads, we know that the joint law of ranked masses
of the atoms of an («, #)-string of beads is PD(«, ).

2.2. Regenerative composition structures. We recap some well-known results for
regenerative composition structures from Gnedin and Pitman (2005), some of which
are based on Maisonneuve (1983). For a (random) closed subset M of [0, co] let

G(M,t) :=supMNJ[0,¢, D(M,t) := inf M N (¢, 00].

A random closed subset M C [0, 00] is regenerative if for each t € [0, 00), condition-
ally given {D(M,t) < oo}, the random set (M — D(M,t)) N[0, 00] has the same
distribution as M and is independent of [0, D(M, )] N M.

Theorem 2.4 (Gnedin and Pitman, 2005, Theorem 5.1). The closed range {St,t >
0} of a subordinator (Sy,t > 0) is a regenerative random subset of [0,00]. Further-
more, for every regenerative random subset M of [0, 00| there exists a subordinator
(Si,t > 0) such that M2 {S, t >0}

We call a process (§t,t > 0) a multiplicative subordinator if for ¢’ > ¢, the ratio
(1 — S4)/(1 — S;) has the same distribution as (1 — Sy_;) and is independent, of
(§u,0 < u < t). Furthermore, let /T/I denote the closed range of a multiplicative
subordinator (S;,t > 0), i.e. M := {S;,¢ > 0}°. A multiplicative subordinator
(S, > 0) can be obtained from a subordinator (Sy,¢ > 0) via the the mapping
from [0, 00] onto [0, 1] defined by z — 1 — exp(—z), i.e. Sy := 1 — exp(—S;).

For any closed subset M of [0,1] and any z € [0, 1] such that M N (z,1) # 0, we
define M (z) as the part of M strictly right to D(M, z), scaled back to [0, 1], i.e.

M(z) = {% cy € MN[D(M,z), 1]} .
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A random closed subset M C [0,1] is called multiplicatively regenemtwe if, for each
€ [0,1), conditionally given {D(M z) < 1} the random set M( ) has the same
distributlon as M and is independent of [0, D(/\/l z)| N M.

Proposition 2.5 (Gnedin and Pitman, 2005, Proposition 6.2). For two random
closed subsets M C [0,1] and M C [0, 0] related by M = 1 — exp{—M}, the
random set M is regenerative if and only if M is multiplicatively regenerative.

We associate with each composition (ng,...,nx) of n the finite closed set whose
points are partial sums of the parts nq,...,ng divided by n, i.e.
(n1,...,ng) = {0,n1/n, (n1 +n2)/n,...,(n—ng)/n, 1} =: M. (2.3)

Every regenerative composition structure (C,,n > 1) is hence associated with a
sequence of random sets (M,,n > 1). Note that each M, defines an interval
partition of [0, 1], namely [0,1]\ M, n > 1.

Lemma 2.6 (Gnedin and Pitman, 2005, Lemma 6.3). Let (C,,n > 1) be a compo-
sition structure and let (Mn,n > 1) be the associated sequence of random sets as
n (2.3). Then M, — M a.s. asn — oo in the Hausdorff metric for some random
closed subset M.

Lemma 2.7 (Gnedin and Pitman, 2005, Corollary 6.4). In the setting of Lemma
2.0, a composition structure (C,,n > 1) is regenerative if and only if M is multi-
plicatively regenerative.

For o € (0,1), we can construct an (a, 0)-regenerative interval partition, arising
in the limit of the regenerative composition structure induced by an ordered («, 0)-
CRP, as the restriction to [0, 1] of the range of a stable subordinator of index a.

Definition 2.8 (Stable subordinator). A subordinator (S;,t > 0) is called stable
with index « € (0,1) if it has the self-similarity property, that is, for all ¢ > 0,

S/t /e L g,

Proposition 2.9 (Gnedin and Pitman, 2005, Section 8.3). Let 0 < o < 1, and
let M, be the range of a stable subordmator of index a > 0. Then, the interval
partition of [0, 1] generated by M,N[0,1] is an («, 0)-regenerative interval partition.

3. Merging strings of beads

3.1. The merging algorithm. We first explain the basic structure of our merging
operation for strings of beads, given a sequence of cut points (z,)n>1, that is, a
sequence of atoms on the strings of beads. We use R equipped with the usual
distance function as the underlying metric space, and refer to isometric copies of
the related intervals when we present applications to continuum trees in Section 4.
Let k € N, and consider k disjoint strings of beads (F;, u;), @ € [k], given by

E; = (m,ﬂ;% (S [k]’
where E; N E; = 0 for all 4,5 € [k],i # j. Furthermore, suppose that, for every
i € [k], we have a sequence (p; j);>1 such that

U pijpig+1]  and d(pi, pij) < d(pi, pijt1) for all j > 1, (3.1)
=0
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where p; o := p;, © € [k]. We refer to the sequences (p; ;);>1, ¢ € [k], as cut points
for the string of beads (E;, i1;), ¢ € [k]. Define the set of cut points T by
T:= {pi,jaj >1i¢€ [k]}v (32)

and assume that oy : T — N gives a total order on T (i.e. oy is bijective) which
is consistent with the natural order given by N when restricted to {p;;,j > 1},
i € [k], in the sense that ov(p; ;) < or(pij+1) for all j > 1. For n € N, we write
Ty = oyt (n), ie. T = {z,,n>1}.

We define the merged string of beads (Ebth ) equipped with the metric dyy by

k k
Ey = HE: = H(pi. ) (3.3)

i=1 i=1
where the operator [# on the intervals E;, i € [k], the metric dy : By X By — R
and the mass measure p on Ejy are defined in the following way.
e For any n > 1, let (ay,,by,] be defined by

(ansbn] == (pij—1, pil (3.4)

where p; ; denotes the unique element of Y with ov(p; ;) = n, i.e. T, = p; ;.
e Define the set Ejy by

(@

k
By = J(an,ba] = | J E:, (3.5)
1=1

n=1

and equip it with the metric dy carried forward via these operations, i.e.

m—1
d(.’L‘, bn) + E d(aka bk) + d(amvy)a T € (anabn]vy € (am,bm]
dy(r,y) = k=n+1
|d(x,by,) — d(y, br)|, ,y € (an,bn],n > 1,

(3.6)
where n < m in the first case. We use the subscript [ to underline that
the set By = Ule E; is equipped with the metric dy.

e Considering the natural mass measure p on the Borel sets B(E)) given by

k
n(A) = ZNi(A NE;), AcB(Ey), (3.7)

yields a metric space (Ely, d|y) endowed with a mass measure p.

Note that (Ely, dyy) is isometric to an open interval. Considering its completion,
we can write Ely = (p, p') where p := ag and p’ is the unique element in the comple-
tion of Eyy such that dy(by,,p’) — 0 as n — oo. Hence, (Ejy, i) is a string of beads

equipped with the metric dyy. Furthermore, note that dy(p, p') = Zle d(pi, pl).

Remark 3.1. Note that we do not necessarily need open intervals (p;, pl), @ € [k], in
the merging algorithm. In the case when E; = [p;, p;) for some [ € [k], we interpret
our algorithm in the following sense. Consider the first cut point p;; in Ej, i.e.
P11 = Ty such that z,, € E; and x,, ¢ Ej forall 1 <m <n—1.
o If p;1 # x1, then there is n € N, such that b, = p;1 and b,—1 = p; ; for
some j > 1 and ¢ € [k]\{l}. In this case, we consider the interval component
(an,bn] = (p1, pr1] in our algorithm, and set p(bn—1) := pi(pi ;) + (pr)-
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o If p;1 = 1, then [a1,b1] = [p, z1] and we obtain an interval [p = py, p') as
a result of the merging procedure with p(ay) := wi(p;).
If E; = (p1, p)], we might have that x,, = p] for some n € N. Then the interval E,

is split into only finitely many components. If E; = [p, pj] is a closed interval, we
naturally combine the described conventions.

3.2. Cut point sampling and main result. We now assume that our strings of beads
are rescaled (o, 0;)-string of beads for o € (0,1) and 6; > 0, ¢ € [k]. More precisely,
let E; = (pi, pi), @ € [k], and let u be a mass measure on F = Ule E; such that

(W(Eh), ..., u(Ey)) ~ Dirichlet(0q, ..., 0k). (3.8)
Furthermore, suppose that
(W(E) B (E) ' 1s,) S i € [k],
are (a,0;)-strings of beads, ;espectively, independent of each other and of (3.8).

We construct an (o, § = >, 0;)-string of beads from (E;,u [g,),i € [k], using
the merging algorithm presented in Section 3.1. The procedure is based on sam-
pling an atom of an («, 0)-string of beads such that the induced mass split has a
Dirichlet(a, 1 — «, 6) distribution. Pitman and Winkel (2009) describe a sampling
procedure for such an atom, and show that the atom splits the («,8)-string of
beads into a rescaled independent (a, «)- and a rescaled independent («, 6)-string

of beads.

Proposition 3.2 (Pitman and Winkel, 2009, Proposition 10/14(b), Corollary 15).
Consider an («,0)-string of beads (I,p) := ([0, Lqg],dL™") for some a € (0,1)
and 6 > 0 with associated (., 8)-regenerative interval partition [0,1]\ 24,9, where
Zap = {1 —exp(=&),t > 0}, ¢f. Lemma 2.2. Define a switching probability
function by

(1 —u)d
(1 —u)0+ua’

Fort >0, select a block (1 —e~ %=, 1—e75) of [0,1]\ Za.0 with A& =& — & >0

with probability
p (e‘Aft) . H (1 — e—Afs)

s<t

p:10,1] = [0,1], wu+~

and consider the local time X := L(1—e~%) at the selected block (1—e =5~ 1—e™5),
which we call switching time. Then the following random variables are independent.

e The mass split
(,LL([O, X))7 M(X)’ N((Xa La,@])) ~ Dirichlet (Oé, 1—aq, 0) ; (39)
o the (a, a)-string of beads
(1 (10,2)) ™ 10, X), 1 ([0, X) ™ 1 Tjo ) ) 5 (3.10)

o the (o, 0)-string of beads

(1 (X L) ™ (X, L)y 1 (X, L)) e laat) - (311)
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We refer to the sampling procedure described in Proposition 3.2 as («, #)-coin
tossing sampling in the string of beads ([0, La],dL™"). Informally speaking,
we can visualise this by a walker starting in 0, walking up the string of beads
([0, L], dL™1), tossing a coin for each of the (infinite number of atom) masses
where the probability for heads is given by p(exp(—A&;)), and hence depends on
the relative remaining mass after an atom; let the walker stop the first time the
tossed coin shows heads and select the related atom.

Algorithm 3.3 (Construction of an (a,d)-string of beads). Let o € (0,1) and
01,05 > 0.

e Input. A mass measure y on E := Ule E;, E; = (pi, p}), i € [k], such that

(u(Er), ..., u(Ey)) ~ Dirichlet(6q, ..., 0) (3.12)

where the pairs (u(E;)~“E;, u(E;)‘u Ig,), i € [k], are (o, 0;)-strings of

i

beads, respectively, independent of each other and of the mass split (3.12).
o Output. A sequence of cut points (X,,),>1 and a sequence of interval com-
ponents {(an, by }n>1 of E;,t € [k].

Initialisation. n =1, Ez(l) = E;, i € [k], and EM) := Uie[k] E;, pgo) = p;, 1 € [K].

For n > 1, given (F, ) and the previous steps of the algorithm, do the following.
(i) Select one of the intervals EZ-("), i € [k], proportionally to mass, i.e. let
I,, be a random variable taking values in {1,...,k} such that, for i € [k],
I,, = i with probability u(E™)/u(E™).
Conditionally given I,,, pick an atom X,, of the interval E}:) according
to (a, 0y, )-coin tossing sampling in the string of beads

(H (E§:)> B E§:), H (Ei(r:)) - H fExi)) .

(ii) Define the interval (a,,b,] by

(an, ba] = (py" ", Xin]. (3.13)
(iii) Update pgz) = X,, and p{™ = p{" ™ for i € [k]\ {I,.}, i.e.
EUY = (X, p0h), BT = BXY for i e K]\ {1}, (3.14)

and set E(™ = Ule Ef")

We define Ejy by aligning the intervals (a,,b,] in respective order. More pre-
cisely, we consider T :={X,,,n > 1}, oy : T = N, 0(X,,) := n, and define

E'Q‘J = H‘J (an,bn],
n>1

equipped with the metric dyy, where the operator [ was defined in (3.3)-(3.6). We
can write Eiy = (p, p’). Informally, Algorithm 3.3 selects one of the strings of beads
proportionally to mass, and then chooses an atom on the selected string according
to («, #)-coin tossing sampling. In this string of beads, the part before the selected
atom is cut off and the algorithm proceeds with the remainder of this string of
beads and all the other strings of beads which stay unchanged. A new string of
beads is then obtained by concatenating the parts in the order in which they are
cut off in the algorithm.
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Our main result here is the following.

Theorem 3.4 (Merging of (o, 0)-strings of beads). Let a € (0,1) and 01, ...,0; >
0, k € N. Let Ey,...,Ey be k disjoint intervals and p a mass measure on E :=
Ule E; such that
(W(E1), ..., u(Ey)) ~ Dirichlet (64,...,0k) .
Furthermore, suppose that the rescaled pairs
(W(E) ™ B (B "' 1g,)

are (o, 0;)-string of beads, i € [k], respectively, independent of each other and of
the Dirichlet mass split (u(E1), ..., u(Ex)). Let By = L—ljle E; be constructed as
in Algorithm 3.3 with associated distance dyy and mass measure p. Then the pair

(B, ) is an (o, 0)-string of beads with 0 := Zle 0;.

3.3. Proof of the main result. We first recall and establish some preliminary results,
including decomposition and construction rules for (¢, #)-regenerative interval par-
titions and («, 6)-strings of beads.

3.3.1. Some preliminary results. («,8)-regenerative interval partition can be con-
structed as follows.

Proposition 3.5 (Pitman and Winkel, 2009, Corollary 8). Let 0 < a < 1 and
0 > 0, and consider a random vector (G,D — G,1 — D) ~ Dirichlet(a, 1 — «, 0).
Conditionally given (G, D), construct an interval partition of [0,1] as follows. Let
(G, D) be one component, and construct the interval components in [0,G] and
in [D,1] by linear scaling of an independent (o, )- and an independent (o, 0)-
regenerative interval partition, respectively. The interval partition obtained in this
way s an («, 8)-regenerative interval partition.

Remark 3.6 (The special case § = 0). The case # = 0 is considered in Pitman
(1997), Proposition 15. In this case, G ~ Beta(a,1 — «) and (G, 1) is the last
interval component of [0, 1]\ 24,0, and the restriction of Z, o to [0, G] is a rescaled
copy of Zq o, where Z, 9, o € (0,1), 8 > 0, was defined in Lemma 2.2.

We can formulate an analogous version of Proposition 3.5 for («, 8)-strings of
beads, 0 < a < 1 and 6 > 0, which is based upon Pitman and Winkel (2009),
Proposition 14(b).

Proposition 3.7 (Pitman and Winkel, 2009, Proposition 14(b)). Let 0 < a < 1
and 0 > 0, and consider a random vector (G, D — G,1— D) ~ Dirichlet(c, 1 — v, 0).
Conditionally given (G, D), let (I1 = [0, La.o], 1) be an independent (o, o)-string
of beads and (I3 = [0, L], 2) an independent («, 0)-string of beads. Define

;19 =G%Lgq+ (1 —D)%Lqp,

the interval I := [0, L, 4] and the mass measure pn on I by
G- (G™%) if y €[0,G"Laa),
pwly)=< D -G if y=G"La,q,
(1=D) - p2((1 = D)™ *(y = G"Laa)) if y € (G*Laa, L g)-
Then (I, ) is an (a, 0)-string of beads.
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The following theorem shows how an (¢, f)-regenerative interval partition, « €
(0,1) and € > 0, can be constructed via a stick-breaking scheme, and a sequence of
i.i.d. stable subordinators of index «.

Proposition 3.8 (Gnedin and Pitman, 2005, Theorem 8.3). Let (Y;);>1 be i.i.d.
with By ~ Beta(1,0) for some 8 > 0, and define the sequence (V,)n>1 by
Vo=1-JJ-Y), n=12.... (3.15)
i=1
Fora € (0,1), let My(n), n > 1, be independent copies of the range M, of a stable
subordinator of index «, and define a random closed subset M(«,0) C [0, 1] by

M(e,0) = {13 U | (Va1 Va] 0 (Va1 + Ma(n))) (3.16)

n=1
where Vo := 0. Then, /\7(&,0) is a multiplicatively regenerative random subset of
[0,1] which can be represented as M(a,0) =1 —exp(—M(«, 0)), where M(«, ) is
the range of a subordinator with Laplace exponent
sT'(s+0)I'(1 — )
D, = .
() I'(s+60+1—-a)

Remark 3.9 (Sliced splitting). Note that [0, 1] \M(a,@) is an (o, 0)-regenerative
interval partition. Gnedin (2010) refers to the method presented in Proposition
3.8 as sliced splitting: first split the interval [0, 1] according to the stick-breaking
scheme with Beta(1, §) variables, 8 > 0, to obtain the stick-breaking points (V},)n>1.
Then, for each n > 1, use an independent copy of a regenerative set derived from
a stable subordinator with index a € (0,1) to split the interval (V,_1,V,,), n > 1,
Vo := 0. In other words, we first split the interval [0,1] according to a (0, 8)-
regenerative interval partition with # > 0, and then shatter each part according to
an («, 0)-regenerative interval partition, o € (0, 1).

As a consequence of Proposition 3.8, an (a, §)-regenerative interval partition can
be constructed via independent («, 0)-regenerative interval partitions.

Corollary 3.10. Let (Y;);>1 be i.i.d. with Y1 ~ Beta(1,6) for some 6 > 0, and let
(Vi)n>1 be defined as in (3.15). For a € (0,1), let M} (n), n > 1, be independent
copies of the random closed subset M, of [0, 1] associated with an («, 0)-regenerative
interval partition of [0,1] given by [0,1] \ MZ,.. Define the random set M*(«, ) by
M (a,0) = {1} U | (Vaer + (Ve = Vo) M (n)) - (3.17)
n=1
Then M* (., ) is a multiplicatively regenerative random subset of [0,1], and hence
defines an («, 0)-regenerative interval partition of [0,1] via [0,1] \ M*(«, 8).
Proof: We apply Proposition 3.8, i.e., we show that the sets V,_; + (V,, —
Vi—1)MZ,(4) are of the form [V;,—1, V5,]N (V-1 + M (n)) as in (3.16). Consider the
closure M, of the range of a stable subordinator S, of index a € (0, 1) as defined
in Proposition 3.8, i.e. M, := {S,(t),t > 0}!. Since S, is stable, we obtain, for
any ¢ > 0,

{Salt),t > 0} = {Sa(te), t > 0} L (/S (t),t > 0} = e /f S, (¢),t > 0},
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Therefore, for any r > 0, rM,, g/\/loé, and hence, for any r > 0, we have
0,7] N Mo L7 ([0,1] N M,).

Furthermore, by stationary and independent increments of subordinators, and the
independence of (V,,)n>1 and M, (n), n > 1, in Proposition 3.8, we obtain

Vi1, Vi 0 (Vie_y + Mo (n)) Vi1 + [0, Vs = Viu_1] N M (n).

Hence, by Proposition 2.9, the sets [0, V,,—V,,_1]NM(n), n € N, define indepen-
dent (v, 0)-regenerative interval partitions of [0, 1] rescaled by the factor (V,,—V,,—1).
More precisely, we use that if V is a random interval partition or closed subset of

[0, 0] such that, for any r > 0, 7V 2y and W is an independent random variable

such that 0 < W < oo a.s., then wyLy.

Consequently, the sets [0,V;, — V,,_1] N M4 (n), n > 1, are independent («, 0)-
regenerative interval partitions rescaled by (V,, —V,,—1), and hence each set [0, V}, —
V1] N My (n), n > 1, has the same distribution as (V,, — V,,_1) M} (n). By
Proposition 3.8, we conclude that M*(a, 0) defines an («, 6)-regenerative interval
partition. (I

3.3.2. Strings of beads: splitting and merging. The proof of Theorem 3.4 uses an
induction on the splitting steps n > 1. In Lemma 3.12 we describe the initial step.
Its proof requires some basic properties of the Dirichlet distribution.

Proposition 3.11. Let X := (Xy,..., X)) ~ Dirichlet(6s,...,0k) for some 6; > 0,
i€ k], and k € N.
(i) Aggregation. Fori,j € [k] with i < j define
X=Xy, X, Xi + X5, X, X1, X, o, X)),
Then, X' ~ Dirichlet (01,...,0;,_1,0; + 0;,0i41,...,0;-1,041,..., O) .
(ii) Decimation. Let oy, az, a3 € (0,1) be such that oy + a2 +az =1. Fizi €

[k], and consider a random vector (Py, Py, P3) ~ Dirichlet(ay6;, a8, as6;)
which is independent of X. Then

X" = (X1,..., X1, PLX;, P X, P3X3, X1, Xi).
has a Dirichlet (01, ...,0;-1,010;, a20;, a36;,0;11, . ..,0k) distribution.
(i) Size-bias. Let I be an index chosen such that P(I = i|(Xy,..., X)) = X;
a.s. fori € [k]. Then, for any i € [k], conditionally given I =i,
X = (Xl, RN 7Xk:) ~ Dirichlet (017 ceey Oi,l, (91 + 179i+1a ceey Qk) .
(iv) Two-dimensional marginals. For any i,j € [k] with i # j,
Xz/(Xz + XJ) ~ Beta(@i, GJ)
(v) Deletion. For any i € [k|, the vector
X5 =X/ = X)X /(1= X5), X /(1= Xa), - X /(1 — X5))
has a Dirichlet(0y,...,0;_1,0;11,...,0k) distribution.
Proof: (i) and (ii) can be found in Zhang (2008) as Proposition 13 and Proposition
14/Remark 15, for instance. (iii) is Lemma 17 in Addario-Berry et al. (2010). (iv)

and (v) follow directly from the representation of the Dirichlet distribution via
independent Gamma variables. O
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Lemma 3.12. In Algorithm 3.3, the following random variables are independent.

e The mass u((pr,, X1]) ~ Beta(1,6);
o the (o, 0)-string of beads

(5Cor, XD~ (o1, Xl (o1 X010 T, )
o the (o, 0;)-strings of beads
(ED) B (B 1y ) i € K
e the mass split
(1B W(ED), ... w(B)/u(E@)) ~ Disichlet (61, .., 65).

The proof of Lemma 3.12 will use the following proposition, which is elementary.

Proposition 3.13. Let I be a random variable taking values in a countable set 1.
Futhermore, consider a random variable Z taking values in some measurable space
(V, Z) whose distribution conditional on I =i does not depend on i € I. Then, Z
1s independent of I, and for any other random wvariable Z' taking values in some
measurable space (V', Z') that is conditionally independent of Z given I, the pair
(Z',1) is independent of Z.

Proof of Lemma 3.12: Conditionally given I;, i.e. given that the interval Ej, is
selected in the first step of Algorithm 3.3, by Proposition 3.11(iii), we have

(W(EL), - s p(Ery 1), p(Er ), p(Ery41)s - - - i(Ei))
~ Dirichlet (01, R 0[1_1, 9[1 + 1, 911+1, ey 91k) .

Note that, conditionally given I, X; is an element of Ej, which is independent
of E; i € [k]\ {I1}. We apply (o, 0y, )-coin tossing sampling in the («, 0y, )-string
of beads (u(Er,) *Er,, u(Er,) "1 g, ), which gives an atom X splitting Ey,
according to Dirichlet(c, 1 — v, 0y, ), i.e.

w(Br) ™" (ul(prs X)), i(X1), p((X1, 0, ))) ~ Dirichlet(a, 1 -, 0r,),  (3.18)
see Proposition 3.2. Proposition 3.11(ii), with ¢ = I, Pr = u((pr,, X1))/1(Er),
Py = p(X1)/w(Ern), Ps = p((X1,07,))/1(Ern), and oq = o/ (01, +1), oz = (1 -
a)/(0r, +1), as =01, /(01, + 1), yields that the distribution of

(M ((PINXI)) 7M(X1)7/1'(E1)7 ceey :U'(Ehfl)ﬂ N((X17p/11))ﬂM(EI1+1)’ v 7:“’(Ek?))

(3.19)
is Dirichlet(a, 1 — o, 61, ...,01,-1,01,,01,+1,- - ., 0). By Proposition 3.2, the pairs
(M((pIUXl))ia(pIUXl)a,u((pIUXI))il,u r(p117X1)> (320)

and
(X0, 21,07 (X0, 1), (X0 9, 0 T ) (3.21)

are (a, a)- and («, 01, )-strings of beads, respectively, independent of each other and
the mass split (3.18).

By Proposition 3.11(iv) and (3.19) we have that u((pr,, X1))/p((pr,, X1]) ~
Beta(w, 1 — «). Furthermore, by Proposition 3.11(i), u((pr,, X1]) ~ Beta(1, 6) with
0 = Zz 1 ;. By Proposition 3.5, Remark 3.6 and Proposition 3.7, we conclude
that

(/L((ph’Xl])ia(ph7X1]7:u((p117X1D71M f(p,l,xl])
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is an (a, 0)-string of beads. The distribution of

((EP) /i ED), p(B) [n(ED), ... p(BZ) u(ED))
follows directly from Proposition 3.11(v).
The strings of beads

((ED) B (B 1y ) i € K],
are independent («, 0;)-strings of beads, as, for i € [k]\ {I1}, these are not affected
by the algorithm, conditionally given I, and Ef) = (X1,07,)-
To deduce the claimed independence, note that the distributions of the four

random variables mentioned in Lemma 3.12 do not depend on I, i.e. we can apply
Proposition 3.13 to these variables inductively with I = I;. (]

We are now ready to prove our main result, Theorem 3.4.

Proof of Theorem 3./: We use Corollary 3.10 to show the claim. Let (X,,),>1 be a
sequence of random atoms of E, as sampled in Step (i) of Algorithm 3.3.
By Lemma 3.12, the distribution of the mass split obtained via X3

(/‘((ph»Xl))v /‘(Xl)v :U(El)a s 7M(E11*1)7 M((Xlﬂ p/Il))v M(E[1+1), - nu(Ek))
is Dirichlet(c, 1 — v, 61,...,07,-1,01,,01,41,---,0k). Again by Lemma 3.12,
Y1 := p((pr,, X1]) ~ Beta(1, 0),
where Y7 is independent of the («, 8;)-strings of beads
(B(ED) B w(EP) ), i€ [K) (3.22)

which are also independent of each other. Furthermore, Y; and the k strings of
beads in (3.22) are also independent of the (a, 0)-string of beads

(M((PINXJ)*O‘(Ph’Xl]’u((PhaXl])flu r(pjl,X1]> :

X, is now a random atom picked from E?) = EM \ (p;,, X;]. By Lemma 3.12,

(u((pup&)) 1((pri—1, 07, —1)) (X1, 07,)) (141, 7, 41)) u((pmpk)))
p(E@) 7T w(B@) T p(B®) T w(B@) 7T w(BE®)

has a Dirichlet (64,...,05,-1,05,,05,+1,...,0;) distribution, and hence X5 splits
the set E(? according to Dirichlet(c,1 — o, 01, ...,60;). Therefore, inductively, for
n > 1, we obtain the representation

Va ::M<U (amabm]> =1- H (1_Ym);
m=1 m=1

where (Y;,,)m>1 is a sequence of i.i.d. random variables with Y, ~ Beta(1,0),

using notation from (3.13). Consider now the sets of interval components defined

via {(an,bn],n > 1}. Applying Lemma 3.12 inductively yields that the sequence

(Y )m>1 is 1.i.d. and independent of the («, 0)-strings of beads

(U((an,bn])_a(ambn]vﬂ((anabn])_lﬂ r(an,bn]) , n>L

We are now in the situation of Corollary 3.10, and conclude that (Ey = (p,p’), 1)
is indeed associated with an («a, 8)-regenerative interval partition of [0, 1]. By Propo-
sition 3.7, (Ey = (p, p'), 1) equipped with dyy defines an (a, #)-string of beads. [
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4. Branch merging on (continuum) trees

We introduce a branch merging operation on Ford CRTs, i.e. on binary frag-
mentation continuum random trees of the form 71~ arising in the scaling limit
of the («, 6)-tree growth process for § = 1 — a. We construct a sequence of reduced
trees (R, k > 1) associated with 7®2~%, the scaling limit of the (o, 2 —a)-tree
growth process, based on branch merging and the (a, 1 — «)-coin tossing construc-
tion of embedded leaves according to the («a, 1 — a)-tree growth model.

The (a,1 — a)-coin tossing construction reduces to uniform sampling from the
mass measure in the case of the Brownian CRT, i.e. when aw = 6 = 1/2, which yields
a simplified branch merging operation, which we use to construct a new tree-valued
Markov process on a space of continuum trees.

4.1. Preliminaries.

4.1.1. R-trees, self-similar continuum random trees and the Brownian CRT. We
recap some background on R-trees. As we will only work with compact R-trees, we
include compactness in the definition. An R-tree is a compact metric space (7T, d)
such that the following two properties hold for every 1,09 € T.

(i) There is an isometric map ®,, o, : [0,d(o1,02)] = T such that
D, 5,(0) =01 and Dy, 4,(d(01,02)) = 0.
(ii) For every injective path ¢ : [0,1] — T with ¢(0) = o1 and ¢(1) = o2,
q([0,1]) = 4, 0,((0,d(a1, 02)))-

We write [[01, 02]] := Py, 0, ([0,d(01,02)]) for the range of Dy, 4,-

A rooted R-tree (T,d, p) is an R-tree (7, d) with a distinguished element p, the
root. In what follows, we only work with rooted R-trees. Sometimes we refer to T
as an R-tree, the distance d and the root p being implicit. For any o > 0 and any
metric space (7,d), in particular any R-tree, we write o7 for (7, ad).

We only consider equivalence classes of rooted R-trees. Two rooted R-trees
(T,d,p) and (T',d',p’) are equivalent if there exists an isometry from 7 onto T’
such that p is mapped onto p’. We denote by T the set of all equivalence classes of
rooted R-trees. As shown in Evans et al. (2006), the space T is a Polish space when
endowed with the pointed Gromov-Hausdorff distance dgy. The pointed Gromov-
Hausdorff distance between two rooted R-trees (T,d, p), (T',d’,p’) is defined as

dau((Td, p), (T',d', p)) := inf{max{6(é(p), ¢'(0")), 0 (S(T), &' (T')) }},

where the infimum is taken over all metric spaces (M,d) and all isometric em-
beddings ¢: T — M, ¢': T — M into (M, ), and §g is the Hausdorfl distance
between compact subsets of (M, d). In fact, the Gromov-Hausdorff distance only
depends on equivalence classes of rooted R-trees and so induces a metric on T.
We equip T with its Borel o-algebra, and refer to Evans et al. (2006) for a formal
construction of T.

A weighted R-tree (T, d, p, p) is a rooted R-tree (T, d, p) equipped with a prob-
ability measure p on the Borel sets B(7T). Two weighted R-trees (7,d, p, ) and
(T",d',p', 1) are called equivalent if there exists an isometry from (7,d, p) onto
(T7,d’, p’) such that p' is the push-forward of . The set of equivalence classes of
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weighted R-trees is denoted by T,,. The Gromov-Hausdorff distance can be ex-
tended to a metric on T,,, the Gromov-Hausdorff-Prokhorov metric, see e.g. Mier-
mont (2009). For any rooted R-tree (T,d,p) and x € T, we call d(p, z) the height
of z, and sup s d(p, ) the height of T. A leaf is an element z € T with z # p
whose removal does not disconnect 7. We denote the set of all leaves of T by L(T).
An element x € T, x # p, is a branch point if its removal disconnects the R-tree
into three or more components. p is a branch point if its removal disconnects the
R-tree into two or more components. The degree of a vertex x € T is the number of
connected components of 7\ {z}; we call an R-tree binary if the maximum branch
point degree is 3.

A pair (T, p) is a continuum tree if T is an R- tree, and p is a probability measure
on T satisfying the following three properties.

(i) p is supported by £(T), the set of leaves of T.
(ii) p has no atom, i.e. for any singleton = € L(7) we have u({z}) = 0.
(iii) For every x € T\ L(T), p(Tz) > 0, where

To ={o €T :z€[p,o]l}

By definition of a continuum tree, £(7) is uncountable and has no isolated points.
It will be useful to consider reduced trees: for any rooted R-tree 7 and any
1,22, .-, Ty € L(T) let
n
R(T a1, 2n) = J[lp, ] (4.1)
i=1
be the reduced subtree associated with T, x1,...,2,. R(T,x1,...,2,) is an R-tree,
whose root is p and whose set of leaves is {z1,...,z,}.
For a weighted R-tree (T ,d, p, ) and R C T closed, we define the projection

T = R, o D, (sup{t>0:2,,(t) e R}), (4.2)

where the function ®,, : [0,d(p,0)] — T is the isometry with ®,,(0) = p and
O, (d(p,0)) = 0. We write

(€)= ((7%)(©)), CeBR),

for the push-forward of u via 7%, where B (R) is the Borel o-algebra on R.

Weighted R-trees can be obtained from height functions, that is, continuous
functions h : [0,1] — [0, 00) with h(0) = (1) = 0. We use h to define a distance by

dfey) =h@)+h@) =2 nf o hG) aye)l (43)

Let y ~y' if dp(y,y’) = 0, and take the quotient 7, = [0,1)/ ~. Then (T, dp, p) is
a rooted R-tree coded by the function h, where the root p is the equivalence class
of 0. When the height function A : [0,1] — [0,00) is random we obtain a random
R-tree (Tn,dn, p). Note that (random) R-trees can be equipped with a natural mass
measure py, induced by the Lebesgue measure on [0, 1].

We study a certain type of random R-trees, namely binary fragmentation con-
tinuum random trees, arising in the scaling limit of («, 6)-tree growth processes.

Definition 4.1 (Binary fragmentation continuum random tree). A random weight-
ed rooted binary R-tree (T,d,p,p) is called a binary fragmentation continuum
random tree (CRT) of index v > 0, if
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(i) the measure p has no atoms and u(7,) > 0 a.s. for all z € T\ L(T), where
To={oceT:xzellpoall}

and p([[p,z]]) =0 for all z € T;

(ii) for each t > 0, given the masses of the connected components (7;,i > 1) of
{o € T :d(p,o) > t}, indexed in decreasing order of mass and completed
by a root vertex p;, i.e. given (u(7}),i > 1) = (my,i > 1) for some
my > mg > --- > 0, the rescaled trees

(7 smi 2 e, pis 1)
are independent identically distributed isometric copies of (7, d, p, u).

Binary fragmentation CRTs are characterized by a self-similarity parameter
a > 0 and a so-called dislocation measure v(du), that is, a o-finite measure on
[1/2,1) satisfying f[1/2,1)(1 — u)v(du) < oco. They can be decomposed into isomet-
ric i.i.d. copies of the (in a probabilistic sense) “same” tree, when split into subtrees
along the spine from the root to a leaf sampled from the mass measure on the CRT.

Theorem 4.2 (Spinal decomposition, Pitman and Winkel, 2009, Proposition 18).
Let (T, d, p, ) be a binary fragmentation CRT with self-similarity parameter v > 0.
Select a leaf 3* ~ p in T, consider the spine [[p, ¥*]] and the connected components
(Tiyi € I) of T\ [[p, X*]], each completed by a root vertex p;. Furthermore, assign
mass m; := u(T;) to each point p; € [[p, X*]] and denote the resulting distribution
on [[p, X*]] by p*. Then, given the string of beads ([[p, X*]], u*), the rescaled trees

(ﬂ,m;’Yd rTmpivmi_lu rTz)a ’iEI,
are independent identically distributed isometric copies of (T ,d, p, 1).

For any X € L(T), we say that the spinal decomposition theorem holds for the
spine [[p, X]] to mean that Theorem 4.2 holds when we replace the leaf ¥* by X.

Examples for binary fragmentation CRT's include Ford CRTs, i.e. the trees of the
form 7179 «a € (0,1), with self-similarity index o = =, see Section 4.1.2. When
v = a = 1/2, the tree 7/%1/2 is the Brownian CRT which can be defined in terms of
Brownian excursion, see e.g. Bertoin (2002). Specifically, let W = (W (¢),0 <t < 1)
be a standard Brownian excursion. The tree (Taw, daw, p) defined via 2W as height
function, with mass measure pow induced by the Lebesgue measure on [0, 1], is
called the Brownian continuum random tree (Brownian CRT), see Aldous (1991a).

We often need a random R-tree whose equivalence class has the same distribution
as a Ford CRT on T (or T,,). We also refer to such R-trees as Ford CRTs.

4.1.2. Regenerative tree growth: the (o, 0)-model. Ordered (a, §)-CRPs and related
(a, 0)-strings of beads naturally appear in the study of the («, 6)-tree growth process
(T% n > 1), as studied by Pitman and Winkel (2009).

Consider the set T of rooted binary trees with n leaves labelled by [n] =
{1,...,n}. We study the growth model given by the following growth procedure.
Let 77 be the tree consisting of one single edge, joining the root p and the leaf with
label 1. At step 2 we select this edge and split it into a Y-shaped tree T, which
has one edge that connects the root vertex and a binary branch point; there are
two leaves labelled by 1 and 2 which are linked to the single branch point by one
edge each. Now, inductively, to construct T,, 1 conditionally given T,,, select an
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edge of T;, according to some weights (which we specify later). We select the edge
0, — Q) say, directed away from the root. We replace this edge by three edges
Q, = QA —n+1and Q, - Q7 meaning that there is one edge connecting
2, to a new branch point €/, which is linked to the existing vertex €/ and a new
leaf n + 1. Clearly, T}, € T for all n > 2.

The stochastic process (T},,n > 1) of random trees created in the described way,
where each edge is selected randomly according to some selection rule, is called a
binary tree growth process. A range of selection rules, which are partly related to
each other, was studied in the literature. We focus on the (o, 0)-selection rule.

Definition 4.3 ((a, 0)-tree growth process). For 0 < a < 1 and ¢ > 0, the («, 0)-
selection rule is defined as follows.

(i) For any n > 2, consider the branch point of the tree T;, adjacent of the root,
and the two subtrees T}, o and T}, 1 above this point, where T}, ; contains
the smallest label in T;, . Denote their sizes, i.e. the number of leaves, by
m and n—m, respectively. Assign weight « to the edge connecting the root
and the adjacent branch point, and weights m —a, n — m — 1 + 0 to the
subtrees T), o, T},,1, respectively.

(ii) Choose one of the two subtrees or the edge adjacent to the root proportion-
ally to these weights (note that the total weight is n — 1 4 ). If a subtree
with two or more leaves was selected, recursively apply the weighting pro-
cedure and the random selection until an edge or a subtree with a single
leaf is chosen. If a subtree with a single leaf was selected, select the unique
edge of this subtree.

A binary tree growth process (7.%°%,n > 1) grown via the («,6)-rule for some
0<a<1land®f >0is called an («a,8)-tree growth process, see Figure 4.2 for an
example showing the growth procedure.

We write (7.%:%:°,n > 1) for the delabelled tree growth process. The trees T,
and T%° n > 1, are considered as R-trees with unit edge lengths.

Remark 4.4 (Ford’s rule). The selection rule for 6 = 1 —a, 0 < o < 1, is called
Ford’s rule, see Ford (2006).

Consider the spine [[p, 1]], i.e. the unique path in 7% connecting the root and
leaf 1. Referring to the subtrees along the spine as tables and the leaves within these
subtrees as customers we obtain an ordered (a, #)-CRP with label set {2,3,...}.
Whenever an edge on the spine is selected, the height of leaf 1, that is, the graph
distance between the root p and leaf 1, i.e. the number of tables K, in the CRP,
increases by 1. Note that the j-th customer in the restaurant carries label (5 + 1)
as a leaf in the tree, since leaf 1 is not contained in a subtree off the spine. Each
subtree is uniquely characterized by its leaf labels which is a natural consequence
of the growth procedure of %% n > 1. Moreover, the order of tables on the spine
(or spinal order) is consistent across different values for n.

(c, 0)-tree growth processes are regenerative in the following sense.

Definition 4.5 (Regenerative tree growth process). A binary tree growth process
(T,,,n > 1) is called regenerative if for each n > 2, conditionally given that the first
split of T}, is into two subtrees T, o, T5,,1 with label sets By, By, respectively, the
relabelled trees Tn,O and Tml are independent copies of Tl p,, ¢ = 0, 1, respectively,
where #B; denotes the cardinality of the set B;, ¢ = 0,1, and ﬁ” is the tree Ty, ;
with leaves relabelled by the increasing bijection B; — [#B;], i = 0, 1.



Branch merging on continuum trees 583

The trees grown via the («, #)-selection rule have leaves which can be identified
by successively assigned labels from {1,2,...}. Pitman and Winkel (2009) studied
exchangeability of leaf labelling.

Lemma 4.6 (Pitman and Winkel, 2009, Proposition 1). Let (T%% n > 1) be an
(v, 0)-tree growth process for some o € (0,1) and 6 > 0. The leaf labels of T? are
exchangeable for alln > 1 if and only if « =0 =1/2.

(1) Selected subtree: continue

Inserted 6
(2) Selected edge: insert 6

FIGURE 4.2. Example of two-step recursion in the (a, §)-model.
First subtree is selected with probability (2—«)/(4+6); within this
subtree leaf 6 is inserted at the root edge with probability a/(146).

Limits for the delabelled tree growth process (7.%°%:°, n > 1) were established in
Pitman and Winkel (2009) by considering the reduced trees R(T?, [k]), k > 1,
where each edge between two vertices v; and vy is equipped with the graph distance
in 7 i.e. with the number of edges between v; and vq in 7.

Proposition 4.7 (Pitman and Winkel, 2009, Proposition 2). Let (T%% n > 1) be
an (a, 0)-tree growth process for some 0 < o < 1 and 6 > 0. Then, for all k > 1,

lim n *R(TXY [K]) = RY? as, (4.4)

n—oo
i.e. the edge lengths of R(T>, [k]) scaled by n=% converge jointly a.s. as n — oo
to the edge lengths of a tree Rg’a with the same shape as R(T*?, [k]).

Recall the notation R:’o’o for the delabelled tree associated with Rg’e.

Theorem 4.8 (Pitman and Winkel, 2009, Theorem 3). Consider the situation from
Proposition 4.7, and the delabelled trees RZ’G’O associated with Rg’o fork > 1. Then
there exists a CRT TY on the same probability space such that

lim Rz’e’o =70 a.s. in the Gromov-Hausdorff topology. (4.5)

k—o0

In general, the trees 7Y are binary fragmentation CRTSs, characterized by
the self-similarity parameter «, and the absolutely continuous dislocation measure
Va,0(du) = f§ g(u)du for u € (1/2,1), where the dislocation density is given via

I'l-a) gve(u) =« (u0(1 — u)*o‘*1 + u*’)‘*l(l — u)e)
+0 (Wl —w) w1 —w)Y), 12<u<1. (4.6)
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Corollary 4.9. For any a € (0,1), 7172 L gaz-a,
The family of trees {71~ «a € (0,1)} is called Ford CRTs.

Proof: This was shown in Pitman and Winkel (2009).

e The marginal distributions of delabelled trees coincide for the regenerative
(a,1 — @)- and («, 2 — «)-tree growth processes (see Lemma 12 in Pitman
and Winkel, 2009).

e The (o, 1—a)- and the (o, 2—a)-tree growth processes have the trees 71~
and T%2~% as their distributional scaling limits (Proposition 4.7). O

Corollary 4.10. For a =1/2 and 6 € {1/2,3/2}, T is the Brownian CRT.

Proof: Tt was shown in Haas et al. (2008) that the delabelled (1/2,1/2)-tree growth
process has the Brownian CRT as its distributional scaling limit. This also follows
from earlier work by Aldous (1993), due to the connection between the (1/2,1/2)-
tree growth process and conditioned critical binary Galton-Watson trees, whose
scaling limit is the Brownian CRT.

By Corollary 4.9, the Brownian CRT is also the limit of the delabelled (1/2,3/2)-
tree growth process. T (I

Pitman and Winkel (2009) used an embedding of the reduced trees ’Rz’e, kE>1,
into the CRT 7 to prove convergence results for (7% n > 1).

Theorem 4.11. Let (T, d, p, i) be a CRT as in Theorem J.S. Then there exists
a sequence of leaves Xy, k > 1, on a suitably enlarged probability space such that

(R(T*, S, S) k> 1) L (RYY k> 1), (4.7)

The problem of finding the leaves i,k > 1, as in Theorem 4.11 inside a CRT
was solved in Pitman and Winkel (2009) (Lemma 19, Proposition 20 and Corollary
21). We refer to this problem as the leaf embedding problem. In particular, given
a CRT T = 79 for some a € (0,1),6 > 0, with mass measure , it involves the
following steps.

(i) Find a leaf ¥y € T such that ([[p, ¥1]], pp,=,))) is an (o, 0)-string of beads,
i.e. embed (Rl,ul) into (T, ,u) via (Rl,m) = ([[p,El]],u[[pzl”).
(ii) Given (Rq,p1), find the point on R; which identifies the root J; of the
component of 7 \ Ry which contains ¥, so that Ry = R1U]]J1, Xa]].
(iii) Iterate the procedure to embed (R, pr) for general k > 2 into 7.

When («, 8) = (1/2,1/2) the leaf embedding problem can be solved by sampling
leaves ¥,k > 1, independently from the mass measure u. The general technique
to solve the leaf embedding problem is more involved, but not needed to under-
stand the Branch Merging Markov Chain, Section 4.2, and the new and simple leaf
embedding approach for (1/2,3/2)-tree growth processes in Section 4.3.2.

We recap the procedure to solve (i) for o € (0,1), § > 0, from Pitman and
Winkel (2009), Section 4.3.

o Let (7MW, dM, pM 1MW) = (T,d, p, u) and let Ei(l) be a random leaf sam-
pled from p™ in 7). Consider the string of beads

([[pv EI(I)]]vN[[p7EI(1)}]) )
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which can be represented via a local time process (L*(V)(u),0 < u < 1), i.e.
d(p,>1") = L*O(1) and

w(1) (1 _ —er® _ W g™ A g ®
Hifp, 52 ({(I)p,zj(l) (L (1 e =e e = —Ae ,

for a subordinator (& (1),15 > 0), the so-called spinal subordinator, whose
distribution was characterized in Pitman and Winkel (2009), Section 4.1.
Consider the switching time 7(!) associated with the switching probabil-
ity function (p(u),0 < u < 1) defined by
(1 _ u)fozﬂ(]- - u)

plu) == . , O<u<l,
oz,@(u>

as in Proposition 3.2 where, for 0 < u <1, fo 9(u) and f; »(u) are given by
fao =T —a)™ (a(l —u) "~ +0uP2(1 —u)™),
fao(w) = ufap(u) + (1 —u)fa,p(l —u).
Note that f p(u) = ufae(u) + (1 —u)fae(l —u),1/2 < u < 1, where
fo.o Was given in (4.6). We refer to Pitman and Winkel (2015) (19) for a

«
derivation of f} 4. Define

Fri=exp(-Ag™Y), 0<t<rM, Fo =1-exp(—AcY).

(1)
e For i > 1, consider the interval partition {1 — exp(— t*(i)),t > 0} with
associated local time process (L*(!)(u),0 < u < 1), and the junction point
i1 = L (1 0 (exp(_gj((:?))) .
Furthermore, define
TED = {o e 7O [0, 0 [0, 21) = [o. o]}
d(H—l) = (l — exp (—5:((:))_#7;_1)))7 d(i) fT(iH),
i *(1 -1 i
,u(hLl) = (1 — €Xp <_§T((i))_7_(i—l)>) ﬂ( ) [ Gt -

Sample a leaf ET(HD from p0+Y) in 70+ and proceed as before to de-
termine the spinal subordinator £*(*1) and the switching time 7(*1). Set

Fripe = eXP(_Ag(Hl)), 0<t< 70t —70)
i+1
F vy =1- eXp(_Afj((:j1))_T(i))~
Lemma 4.12 (Pitman and Winkel, 2009, Proposition 20). The process (Fy,t > 0)
is a Poisson point process in (0,1) with intensity measure ufy,o(u) and cemetery
state 1. Furthermore, consider the space

llo, S1ll= o, 01
i>1

Then X1 € T is a leaf a.s., the string of beads ([[p, X1]], pyp,z.))) s a weight-
preserving isometric copy of (R1, 1), and the spinal decomposition theorem holds
for the spine [[p, X1]] with connected components (T;,i € I) of T \ [[p, Z1]]-
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We refer to this procedure to find the leaf ¥ as the («, 8)-coin tossing construc-
tion (or simply the coin tossing construction) in the tree (T, p).

In order to find the branch point where the spine to leaf ¥ leaves the spine to leaf
35, we apply (a, 0)-coin tossing sampling in the (a, 0)-string of beads (R1, 1) which
we have already embedded into (7, ). By the spinal decomposition theorem, we
conclude that the subtrees associated with that atom as branch point base point is a
rescaled independent copy of (T, 1), and hence we can apply the («, 6)-coin tossing
construction in this subtree to identifiy 5. Therefore, given the embedding of
(Rq, 1) into (T, p), we can embedd (Ra2, o) by identifying leaf o, and considering
w2 as the projection of the measure p onto Ro. It was shown in Pitman and Winkel
(2009), Corollary 21, that this method can be used to embed (Ry, i) into (7, p)
for all £ > 1.

Lemma 4.13 (Embedding of (Rg, k), Pitman and Winkel, 2009, Corollary 21).
For k > 1, given an embedding of (Ry, pi) into (T, u), perform the following steps
to embed (Ri+1, ftk+1)-

e Select an edge e of Ry proportionally to the mass assigned to e by .

e If e is an internal edge of Ry, pick an atom Ji from the mass measure piy
restricted to e; otherwise perform («,0)-coin tossing sampling (see Propo-
sition 5.2) in the string of beads (ux(e)~%e, ur(e) "L o) to identify Jy.

e Define the pair (Rg+1, ttk+1) by

Riv1:= Re U[[Jk, Bpgalls  prs1 7= Uryy -

4.2. The Branch Merging Markov Chain. We present a branch merging operation
on continuum trees, and use it as transition rule for a Markov process operating on
the space of continuum trees, the so-called Branch Merging Markov Chain.

Given a continuum tree, we pick two leaves independently from the mass measure
on the tree, merge the three branches of the arising reduced Y-shaped tree equipped
with projected subtree masses according to Algorithm 3.3, and replant the subtrees
on the created longer branch. This is in principle a simplified version of the more
elaborate and general branch merging operation presented in Section 4.3, and,
in contrast to Section 4.3, this branch merging operation is detached from leaf
embedding.

Definition 4.14 (Branch Merging Markov Chain). The Branch Merging Markov
Chain (BMMC) is the time-homogeneous Markov Chain (B, k > 0) on the space
of continuum trees which is defined via the following transition rule. Given a
continuum tree By := (T, d, p, ju), obtain a tree By := (T, d, p, ji) as follows.

()MC Start configuration. Pick two leaves ¥; and f)l independently by uniform
sampling from the mass measure p on T, and denote by ) the branch point
of the spines from the root p to ¥; and il. We write Ro = R(T, X1, il),
and obtain the three branches

b= [[mﬂ[[, E, ::]]9721[[7 Ej = [[Q7 i1[[ (4‘8)

Equip the tree Ro with the mass measure pg, capturing the masses of the
connected components S,z € Ra, of T\ Ra projected onto Re where S,
is the subtree of T rooted at x € Rg, i.e. ur,(x) = u(Sy).

(ii)MC Cut point sampling. Determine a sequence of cut points (Xj)x>1 for the
strings of beads (F;, ur, g,), ¢ € [3], as follows.
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o Set BV = E; i€ [3].

e For k£ > 1, conditionally given El(k

=

€ [3], sample X}, from the nor-

malised mass measure pg,(E*) lug, [pwm on BEF) = UiG[S] Ei(k).
Set

gD _ EX\ [[pi, Xa]] it Xp € B,
: E® if X, ¢ E®

K3
for i € [3] where p; is the left endpoint of E; in (4.8), 7 € [3].
(iii)MC  Tree pruning and spine merging. Merge the strings of beads (F;, ur, |&,),
i € [3], using the set of cut points T = {Xj,k > 1} (cf. Section 3.1)

obtain a merged string of beads (ﬁl, ,uﬁl) connecting the root p and the
leaf 3;.

Subtree replanting. Replant the trees Smm € Ro, at their root vertices
T € Rl to obtain the output tree By = (7'17d1,p,u1) where d; and i1
denote the metric and the mass measure on 7'1 pushed forward via this
operation.

(iV)MC

Remark 4.15. Note that, in the cut point sampling procedure (ii)MC, we subse-
quently cut off the bottom parts of the branches that are hit in the sampling pro-
cedure. This was presented in the context of (a,6)-strings of beads in Algorithm
3.3(i1)-(iii). In contrast to Algorithm 3.3, we work with general strings of beads
(not necessarily regenerative) and uniform sampling, corresponding to (1/2,1/2)-
coin tossing sampling.

)MC

The merging and replanting procedure (iii)MC—(iv can be defined explicitely

as follows. Define the merged branch R, via
7%1 = {p} U ( H‘J Ez) U {21},
1€[3]

where the operator |#) was given in (3.1), Section 3.1, and equip R, with the metric
dg, : Rax Ra = R, dg (2,y) == |dg, (p, ) — dg, (p,y)| where

A, (p,2) i= dyg(p,2) for o € R\ {51}, dg, (p, 1) = d(p, 51) + d(Q, 5).
We get the metric space (’7'1, Jl) where 7~'1 = 75,1 UUzeﬁl S, and Elvl : ’7'1 X ’7~'1 — Rar,

dg, (2,y) if 2,y € Ry,
iy, y) = dR( ) +d(x,2) +d(y, y) 1f;z;€8x,y68y/,m y 6721,:10 T
’ dg (z,9') +d(y,y') 1f:v€721,y68y,y € Ry,
d(z,y) if 2,y € Sy, 2’ € Ry.

(4.9)
Furthermore, define the mass measure fi; on (77, Jl) by
B oS, ifzeRy,
fi1(Tz) =  veTNRs B (4.10)
w(ToNSyr) ifx e Sy, € Ry,
where T, := {y € T1 : z € [[p,y]]}. Note that (4.10) uniquely identifies fi;.
We refer to Figure 4.3 for an illustration of the transition rule of the BMMC.
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Remark 4.16. In fact, the merging operation [t/ was only defined for intervals.
However, each E; = [[p;, pi]], © € [3], is isometric to the interval [0,d(p;, p})], i.e.
we write Lﬂie[k] FE; to mean that we apply the merging operation to the strings of
beads that we obtain when we consider the intervals [0, d(p;, p;)] with mass measure
pushed forward via the choice of class representatives.

>
Zl X5

x, SV

Branch merging

FIGURE 4.3. Transition rule of the BMMC. Reduced tree structure
with subtrees attached in the atoms. Strings of beads are merged
and subtrees are carried forward.

Lemma 4.17. The distribution of the Brownian CRT on the space of continuum
trees is a stationary distribution of the Branch Merging Markov Chain (B, k > 0).

Proof: Recall that, by Lemma 4.6, leaf labelling in the (1/2,1/2)-model is ex-
changeable, i.e. we can embed R;/ 21/2 by sampling two leaves independently from
the mass measure. The distribution of the mass split on the three branches of
the Y-shaped tree R;/2,1/2 is Dirichlet(1/2,1/2,1/2), and the three branches are
rescaled independent (1/2,1/2)-strings of beads when equipped with the restricted
mass measure (Proposition 3.2). We merge the three (1/2,1/2)-strings of beads to

obtain a (1/2,3/2)-string of beads (see Theorem 3.4). By the spinal decomposition
1/2,1/2

theorem, the subtrees rooted on R, which we carry forward, are rescaled in-
dependent Brownian CRTs, i.e. by Theorem 4.11 and Corollary 4.10, the merged
tree is a Brownian CRT. (]

We now study a discrete analogue of the BMMC, and use the framework of R-
trees with unit edge lengths. For n € N, let T9 be the set of rooted unlabelled
trees with n leaves and no degree-two vertices (except the root), and let T%° be the
space of binary rooted unlabelled trees with n leaves and no degree-two vertices,
i.e. T C T9. For T € T9, we consider the uniform probability measure on £(T)
by assigning mass 1/n to any of the leaves. Let (7%, k > 0) be a time-homogeneous
Markov chain operating on T¢ with the following transition rule. Conditionally
given 79 = T with root p, perform the following steps to obtain 7 = T.
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()4 Select one of the edges of T uniformly at random, and insert one leaf at
this edge to create the tree T, € Ty, according to the growth rule for
uniform binary tree growth processes (i.e. as in the (1/2,1/2)-tree growth
process), see Section 4.1.2.

(ii)? Sample two distinct leaves ¥, and ¥ from the empirical mass measure on
the set of leaves £(T 1) of T 1, as in (i)MC, and let Q be the unique branch
point of the reduced tree R(T1, X1, il)

(iii)4 Sample leaf labels 2, ...,n according to a uniform allocation onto the n — 1
unlabelled leaves (in the sense that leaves are sampled uniformly without
replacement). Define the set of cut points as in (iii)M®, and refer to the
labelled tree as T_IH.

(iv)d Consider Ry = R(Tjrl, %1,%1) and the pairs (F;, ur, g;), ¢ € [3], where
By =[p.Ql, E=)Q%1[, Es=[Q %[

Define the merged spine Ry and the tree 77 as in (iii)MC and (iv)MC to
obtain the output tree T' = T;.

Note that both in the BMMC and in the discrete version, we accept pr, (£2) > 0.
In this case, when the first part of E5 is not the first part of the merged string of
beads, in step (iv)4, we join the two atoms  and z for some x € Ro, and form
a larger atom with mass pg,(2) + pr,(x), see the convention from Remark 3.1.
Furthermore, when subtrees are carried forward, we join the trees S = (772)~1()
and S, = (772)~!(z) at their root vertices. We treat the case ug,(p) > 0 analo-
gously. Note that Te T¢ as we loose the leaf 1 under branch merging.

Theorem 4.18. Let n > 2, and consider the Markov chain (1x,k > 0) operating
on TC, with transition rule given by (1)4 - (iv)?. The space T%° is the only closed
communicating class of (i, k > 1), (Tk, k > 0) has a unique stationary distribution

7 which is supported by T%°, and the distribution of T, converges to m as k — oo.

Proof: Consider two trees T, Te T?. We have to show the following.
o If T € T, then

P (5, € T for all k > 1|7 = T') = 1. (4.11)
o If T,T € Tb®, then
P (Tk =T for some k > 1|7y = T) > 0. (4.12)

o If T € T2\ T%°, then
P (7, € T2 for some k > 2|7o = T') > 0. (4.13)

We use an induction on the number of leaves n. For n = 2, we have two possible
trees, a Y-shaped tree (say T3), and a tree with two leaves which are directly
connected to the root (say T»). Obviously, given 79 = T1, 71 = 11 with probability
1. On the other hand, to obtain 73 from 75, after the leaf insertion, assign label f]l
to the leaf directly connected to the root. This leaf gets lost in the branch merging
operation, and we obtain T7.

Now, assume that (4.11)-(4.13) hold for any 1 <m < n — 1 where n > 2.
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e Proof of (4.11). (4.11) is clear due to the nature of the leaf insertion

procedure: only edges can be selected (but no branch points), and, in the
binary case, there are no atoms in branch points. Hence, degrees of branch
points cannnot increase, and (4.11) follows.

Proof of (4.12). Conditionally given T' € T%°, we consider the two subtrees
T1 and T5 into which T splits at the first branch point. Let n; be the number
of leaves in T} (i.e. Ty has n — ny leaves). By the induction assumption,
for any T/ € Tb° and any T} € T, it holds that

n1 n—mnj
P (1, = T/ for some k > 1|ro =T;) >0, i=1,2.

Assigning label 2 to a leaf in T5, and restricting the remaining leaf insertion
and sampling procedure for the leaves Xy, f]l and the labels 3,...,n1 + 1
to the tree T7 (and swapping the roles of T} and T, afterwards), we obtain
positive probability to attain any tree T’ € T%° which splits at the first
branch point into two subtrees 77 and T4 of sizes ny and n—ny, respectively.

It remains to show that, for any 1 < n; < n — 1, we have positive

probability of attaining a tree 7' € T%° which splits into two subtress of
sizes n; + 1 and n — n; — 1 at the first branch point. This is easy to see,
e.g. consider the case when the leaf insertion takes place in the subtree 717,
label 2 is assigned to a leaf in T, and X, §~]1 as well as labels 3,...,n—n,
are all in Ty. This shows (4.12).

Proof of (4.13). For a tree T' € T2\ T%°, conditionally given that the degree
of the root is k, consider the subtrees Si,..., Sy of sizes ny, ..., ng in which
T splits at the root (taking one edge each as a root edge for S;, 1 <i < k).
First, we want to show that we have positive probability to decrease the
degree of the root vertex by one. Therefore, apply the following procedure.
In (i) insert the leaf in Sy to increase its size by one, assign label 2 to one
of the subtrees Ss, ..., Sk, and consider the subtree Sy in the following.

- At the first branch point €5 of S7, the tree splits into k; subtrees, say,
S1,1,---,51,k - Assign labels Zl,il to leaves in Si,1, Sik,, respec-
tively.

- Assign label 3 to a leaf in one of the subtrees S12,...,51 k1.

- Perform branch merging to obtain a tree S from S; whose size has
decreased by one, as leaf f]l gets lost under branch merging.

After branch merging, the tree T becomes a tree T € T9, which splits

no

at the root into subtrees S1,..., 5} of sizes n1 — 1,n9,...,ng_1,n + 1,
respectively. We perform this procedure n; — 1 times, and obtain a tree
T", which splits into subtrees S7, ..., S} of sizes 1, ng, ..., ng_1,np+n1—1.

Note that S7 consists of one single edge and one leaf. Now, perform the
leaf insertion in S}/, assign label ¥; to a leaf in S}/, label ¥, to the single
leaf in S, and label 2 to a leaf in one of the subtrees S%,...,S)/_,. After
branch merging, we only have a split into k — 1 subtrees at the root edge.
Clearly, we can perform this procedure another k — 2 times, and, eventually,
with positive probability, we obtain a tree with a root of degree 1, which
we denote by T. The tree T has one edge connecting the root and a branch
point at which the tree splits into m, say, subtrees S1,...,S,.

Next, we want to show that there is positive probability to obtain a tree
from T with root degree one and first branch point degree two. Therefore,
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repeat the procedure as above m — 2 times with Sq,...,S,,. Eventually,

with positive probability, we obtain a tree with a binary branch point, and

denote the two subtrees of sizes n; and n —ny by T and T, respectively.

We now use the induction assumption related to (4.13). Assigning label

2 to a leaf in Ty, and restricting the remaining leaf insertion and sampling
procedure for the leaves El,il and the labels 3,...,n1 + 1 to T, (and
swapping the roles of T'; and T afterwards), by the induction assumption,

we obtain positive probability to turn 7; and T into binary trees, and

hence, positive probability to turn T into a binary tree, i.e. (4.13) follows.

Hence, for any n € N, the Markov chain (7;,k > 0) on T? has exactly one
communicating class, namely T%°. For T € T, P(ry =T | 70 = T) > 0, i.e. the
chain is aperiodic. We conclude that (75, k > 0) has a unique stationary distribution
7, supported on T%°, and the distribution of 75, converges to 7 as k — oo. ([

Theorem 4.18 gives evidence that the Brownian CRT should be the unique sta-
tionary distribution of the Branch Merging Markov Chain.

Conjecture 4.19. The Markov chain (By, k > 0) operating on the space of contin-
uum trees has a unique stationary distribution given by the Brownian CRT, and the
distribution of By, converges to the distribution of the Brownian CRT as k — oo with
respect to the Gromov-Hausdorff topology (up to scaling distances by a constant).

Remark 4.20. Note that the R-trees we consider are compact, and hence, continuum
trees are of finite height. For ¢ > 0 fixed, any continuum tree By := T and any
branch point of By, we consider the subtrees attached of height > €. The probability
that, in the leaf sampling procedure, the two leaves ¥; and ¥, are in two distinct
subtrees of this branch point is positive, and the number of subtrees with height > ¢
is reduced by one after the branch merging transition. Eventually, the BMMC will
turn this branch point into a binary branch point (ignoring subtrees of size < ¢).
Subtrees of size < € do not matter for convergence in the Gromov-Hausdorff sense,
and hence we conjecture the convergence in distribution of the BMMC (B, k > 0)
to the Brownian CRT.

The process (B, k > 0) evolves in the space of continuum trees, an uncountable
and awkward state space for a Markov process. This makes it hard to provide a
rigorous proof of Conjecture 4.19.

4.3. General branch merging and the leaf embedding problem. We now turn to a
more general branch merging setting where leaf sampling is not based on uniform
sampling from the mass measure as in the BMMC. As a tree analogue of merging of
(o, 0;)-strings of beads, i € [k], in the special case when k =3 and 6; = 03 = 1—q,
03 = a, we introduce branch merging on Ford CRTSs, and give two applications.
This procedure will be more involved than the branch merging algorithm in
the BMMC. In order to define branch merging on general Ford CRTSs, using our
merging algorithm for strings of beads, we need a Dirichlet(c, 1 — o, 1 — «) mass
split between the three branches of the reduced tree structure. In general, this
cannot be achieved via uniform sampling of leaves from the mass measure, see e.g.
Pitman and Winkel (2009), Section 4.2. Therefore, we have to apply the (a, 1 — a)-
coin tossing construction in 7%~ (which corresponds to uniform sampling when
a = 1/2) to determine the start configuration. A similar generalisation is needed

for the partition sampling procedure in (ii)™°.
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It is a straightforward generalisation of Lemma 4.17 to conclude that Ford CRT's
are distributionally invariant under this general procedure. However, our goal is to
establish a coupling between the sequences of reduced trees related to the (o, 1—a)-
and the (o,2 — a)-model. The simple procedure involving two sampled leaves is
enough to relate RY' ™ and R~ but not to apply the procedure recursively,
and to couple the sequences (Ry"' ™% k > 1) and (R3*~ % k > 1). Tt is necessary
to find the bead of the second leaf on R$">™ to obtain a Dirichlet(a, 1 — o, 2 — )
mass split at the atom of label 2 in ﬁl which identifies the subtree we have to select
for the recursive application of the merging procedure. Therefore, it is crucial for
the recursive leaf embedding procedure to obtain successively finer allocations of
the non-embedded leaf labels, that is, after step k > 1, the labels {k+ 1,k +2,...},
onto the atoms of the mass measure Kz, on the reduced tree ﬁk.

4.3.1. Branch merging on Ford CRTs. To highlight the generalisations described
above, we first introduce the branch merging algorithm needed to embed the leaf
labels of the (1/2,3/2)-tree growth process in the Brownian CRT. In this procedure,
the (o, 1 — a)-coin tossing construction is not needed as, for a« = 1/2, this reduces
to uniform sampling from the mass measure.

In the Brownian case, by Lemma 4.6, leaf labelling in the (1/2,1/2)-tree growth
model is exchangeable, and hence, leaf embedding can be done via uniform sampling
from the mass measure. On the other hand, the Brownian CRT is the scaling limit
of the (1/2,3/2)-tree growth process in which leaf labelling is non-exchangeable.

We construct a Brownian CRT with leaf 1 embedded according to the (1/2,3/2)-
growth rule from a Brownian CRT equipped with the natural mass measure. In this
sense, uniform sampling from the mass measure on the Brownian CRT in combina-
tion with branch merging allows to embed the first leaf of the (1/2,3/2)-model by
using a much simpler approach than the (1/2,3/2)-coin tossing construction from
Lemma 4.12. In Section 4.3.2 we will explain the recursive leaf embedding algorithm
which allows us to obtain a Brownian CRT with all leaves of the (1/2,3/2)-model
embedded.

The leaf embedding algorithm can be directly obtained from Definition 4.14, in
particular by generalising (ii)MC in the sense that we use an i.i.d. allocation of the
leaf labels N>3 to determine the cut points on the reduced tree structure.

Algorithm 4.21 ((1/2,3/2)-leaf embedding in the Brownian CRT). Let (7,d, p, 1)
be a Brownian CRT with root p, mass measure p and metric d: T x T — R{.

(i)B Start configuration. Sample three leaves g, Q1,s independently from g,
and denote the first branch point of the spines from p to Qg, 21, Qs by Q.
We obtain the three branches

Eo =)0, Q0l], E1:=)Q, )], B =)0, Q)]
and define the start configuration (X1,%1,0) by

(Q2,Q0, Q) if EgnEy #0,
(2172179) =4 (21,Q0,9Q0) i Eg N Ey # 0,
(Q0, 0, Q) if By N By # 1,
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i.e. we choose (31, S, 0) such that € is connected to the root and the leaf
Y1 by one edge each, and to the two leaves §1 and © via another branch
point pg := 77%2(0).

Denote by Ro = R(T, X4, il) the reduced tree spanned by p, ¥; and
%1, and by S, := (7R2)71(z) the subtrees of T rooted at x € R, that is,
the connected components of T \ Ro completed by their root vertices on
Ra. We equip Ro with the mass measure g, capturing projected subtree
massees, l.e. pUgr,(x) = u(Sy), * € Ra. As illustrated in Figure 4.4, we
obtain a split of Rs into the four branches

Ey IZH,O,Q[[, Ey ::]]Qa El[[’ E, ::]]va@[[v E; ZZHP@, fJ1[[ (4'14)

(ii)® Partition and cut point sampling. Determine a partition {II,,z € Ry} of
the label set N>o = {2,3,...} via Il = {k : Yy, = 2} where Y5 = pg and
(Yi)k>3 are i.i.d. with distribution pg,.

Define a sequence of cut points (Xj)r>1 on E;, i € [3], as follows.
o Let BV = E;, i € [3], and set Jy = 0.
e For k > 1, conditionally given Ei(k),i € [k], let

Xy =Yy, Je=mf{j>Ji1+1:Y;€ EW}

where E*) = Ei(k). For i € [3], set

i€[3]
g+ _ EMN\ ([, Xi]] it Xp, € BEX,
: E® if X, ¢ B,

K2

where p; denotes the left endpoint of E; in (4.14), ¢ € [3], respectively.

(iii)B Tree pruning and spine merging. Merge the strings of beads (E;, ur, |£,),

i € [3], based on the set of cut points T = {X),k > 1}, and define the
merged branch R4 connecting the root p and the leaf ¥; via

Ry = [[p, Q[Ufpe} U | |4 E: | U{Z1}, (4.15)
1€[3]

where the operator i was defined in (3.1), Section 3.1. We obtain the
metric dz 7, on R1 by aligning the parts of Rl in the order given in (4 15).

¢ ) Subtree replanting. Attach the trees Sy to their root vertices = € R1, to
obtain a tree (Tl, dl) ie. T1 R1 U UzE’R S, and equip ’Tl with the mass
measure fi; pushed forward via these operations.

We provide explicit definitions of (iii)® and (iv)®. The metric dg, ¢ Ry xRy —
R on Ry can be defined by dz (z,y) == |dg (p;x) —dgz (p,y)| where

d(p, ) if z € [[p, Q[;
dz (p,x) = d(p, ) if z = po,
RPN 0, Q) + dyg(pe, ) itz € By UE,y U FEs,
d(p,Q) +d(pe, Q) +d(pe, X1) +d(Q, %) if z=3,.
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The metric space (7~'1, cil) is given by T =Ry UU..» Sz and di:TixTi — Ry,

TER,
dg, (2,y) if 2,y € Ry, N
iy, y) = dg, (2", y") +d(z,2") +d(y,y') if v €Sp,y€Sy,a’,y € R’ # )
ey dg (z,y') + d(y,y') ifme'/il,yesy/,;y’eRl,
d(z,y) if 2,y € Sprya’ € Ry.
(4.16)
The mass measure fi; on (71,d;) is obtained via
_ — = uS,) ifzeRr
i (Ta) 1= { ZpeTora HUS) o ERay (4.17)
w(TeNSy) ifxe Sy, 2 € Ry,

where T, := {y € 71 : « € [[p,y]]}. Note that (4.17) uniquely identifies fi; .

We now present the branch merging algorithm on Ford CRTs 71~ « € (0,1),
in full generality. We pick three leaves according to (a,1 — «)-coin tossing, and
then choose the cut points similarly to the transition rule presented in Algorithm
4.21. External edges determine (a, 1 — a)-strings of beads, where internal edges
are related to (o, «)-strings of beads. Therefore, on external edges, atoms have to
be selected according to («, 1 — «)-coin tossing sampling; on internal edges we use
uniform sampling from the mass measure which corresponds to («, a)-coin tossing
sampling.

Algorithm 4.21 is the special case & = 1/2 of the following algorithm.

Algorithm 4.22 (Branch merging on Ford CRTs). Let (7*'~% d, p, ) be a Ford
CRT with parameter o € (0, 1), root p, mass measure y and metric d: 7 x T — R

(i) Start configuration. Embed three leaves Qq,Q;,€s, ie. the tree RS,
into 7!~ by using the (a, 1 — a)-coin tossing construction.

Define the start configuration (X,%1,0), the reduced tree (R, iir,)
and the subtrees S,, z € R, as in Algorithm 4.21(i)B.

(ii) Partition and cut point sampling. Determine a partition {II,,z € Ry} of
the label set N>o = {2,3,...} via I, = {k : Y}, = 2} where the sequence
of random variables (Y})r>2 is determined as follows. Set Y2 = pg, and,
for k > 3, select one of the branches E;, i € [3], of Ry or the atom pg
proportionally to mass assigned by upg,. If pe is selected, set Vi = pe.
Otherwise, if a branch FE; is selected, proceed as follows;

e if E; is internal, i.e. i € {0,2}, sample Y, € E; from the normalised
mass measure g, (E;) 1 ur, [5:;

e if F; is external, i.e. i € {1,3}, select the top part ||Y; &, X5 [[ or the
bottom part E;\]|Y; , X5 [[ of E; proportionally to mass where

Yik = argmaxy< i<k —1:v; eEid(p> Yj)

is the element Y; € E; closest to the leaf ¥} in F; where ¥} = ¥, if ¢ =
1 and ¥} = ¥, if i = 3; if the top part is selected, perform (o, 1 — a)-
coin tossing sampling on (]|Y; k, X;[[, =, Iy, . xz) to determine Yi;
otherwise, sample Y} from the normalised mass measure on the bottom
part E;\|]Y; x, X;[[. Note that, if Y; ¢ FE; for all 2 < j < k — 1, then
the top part of E; corresponds to the full branch F;.
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Determine the sequence of cut points (Xj),>1 on the branches F;, i € [3],
as in Algorithm 4.21(ii)B.
(iii)-(iv) Tree pruming, spine merging and subtree replanting. Define the merged
spine R; and the tree (7~E, dy, i) as in Algorithm 4.21(iii)B—(iv)B.

Note that the only step which was directly carried forward from the transition
rule of the BMMC (i.e. without any generalisation) is (iv)MC=(iv)®=(iv).

5 8 '/21
1
X3 /

p

FIGURE 4.4. The reduced tree split into four branches with subtree
masses as atoms. First five cut points X1, ..., X5 are displayed.

Theorem 4.23 (The merged tree). The quadruple (ﬁ,dl,p,ﬁl) constructed in
Algorithm /.22, see Figure /.5, is a random R-tree with the following properties.

(i) Let Iz, denote the discrete mass measure on ﬁl obtained by assigning

mass 1(Sy) to x € ﬁl, where S, x € 7%1, are the connected components of
T1 \ R1, rooted at x € T respectively.

Then (R1 = [[p, E1llspg,) s an (a,2 — a)-string of beads.
(ii) Given (ﬁl,uﬁl), the trees
(Sasyﬁl(sz)_aczl 15,5 ps, =, 11(Se) fsl.) ; z € Ry,

are isometric to independent copies of (T =% d, p, ).
(iii) The tree (T1,d1,p, f11) is a Ford CRT with parameter o € (0,1), i.e.

~ = ~ d al—a d a,2—a
(Tisd, psfin) = (T dy py ) = (T2, d, p, ).
We prove Theorem 4.23 in a series of propositions.

Proposition 4.24. The leaf embedding procedure Algorithm /.22(1) induces the
mass split

(NRz (EO)MU’Rz (E1)7,UR2 (EQ)’M'R2 (E3)7M722 (P@))
~ Dirichlet (0,1 — a, 0,1 — ¢, 1 — @) . (4.18)
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Furthermore,

(bry(Eo)s iR, (p0), iRy (E1) + i, (E2) + pir, (E3)) ~ Dirichlet (o, 1 — a,2 — ).
(4.19)

Proof: We refer to Pitman and Winkel (2009), Section 3.5. It was shown that the
leaf embedding procedure on 7'~ yields a reduced tree R(T""l_o‘,Zhih@)
subject to a Dirichlet mass split with parameter « for each internal branch, and (1—
«) for each external branch. To see (4.18) note that the mass of the branch ||pe, ©]|
of R(T*1=* %1,%,0) corresponds to the mass of the atom pe on Ry. (4.19)

follows from the aggregation property of the Dirichlet distribution, Proposition
3.11(31). (]

Proposition 4.25. Let I, x € Ra, be the label sets from Algorithm /J.22(ii).
Furthermore, let (X, k > 1) be a sequence of leaves as in Theorem J.11. Then, for

any ¥ € Ry and S, = (7™2)~1(z), we have Hxi{k >2:%, €8}

Proof: This follows from Lemma 4.13. Given R(T*1~% X;,...,%) the selection
rule for the atom x which ¥y, is attached to, is such that an edge of the reduced
tree is selected proportionally to mass. If an external edge is selected, the (o, 1—a)-
coin tossing construction from Lemma 4.12 is applied. If an internal edge is selected,
an atom is chosen proportionally to weight. Projecting the labels of ¥y, k > 2,
onto R yields the claimed equality in distribution of the label sets, where we set
3o = 0. O

Proposition 4.26. Let A(ur,) := {x € Ra : ur,(z) > 0} be the set of atoms of
UR,- Conditionally given A(ur,), the quadruples

(Sm:U’(Sz)_ad rSI7pSI = x»/‘(sﬂﬁ)_lﬂ [81) y T € A(NR2)7
are isometric to independent copies of (T d, p, u1).

Proof: This follows directly from Theorem 4.11 in combination with Lemma 4.12.
O

Proposition 4.27. The atom pe splits Ry into ||p, pol[, pe, |lpe, S1[[ such that
(Hﬁl (e, poll), 1z, (po), uz, (lpe, 21[[)) ~ Dirichlet(a, 1 — ,2 — ). (4.20)
Furthermore, the pair
(12, (oo ) loer Sill g, (oo 5D iz, o) (42D
is an (a, 2 — «)-string of beads, and the pair
(Mﬁl (e, pelD) =N, poll, nz, (1ps poll) ™ g, mp,pem) (4.22)
is an (o, «)-string of beads. The strings of beads (4.21) and (4.22) are independent
of each other, and of the Dirichlet mass split (4.20).
Proof: First of all, recall the definition of E;, i € [3], i.e.

By =950 B =] pell, Es =llpe, Xul[;
and note that, as a consequence of the embedding procedure, K7, (E1)"“E;, i € [3],
equipped with iz (El')illl,le lg,, © € [3], are independent («, 8;)-strings of beads,
respectively, where 61 = 03 = 1 —a, 03 = «, see Pitman and Winkel (2009), Lemma
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3.2. Hence, by construction of ]]pe, £1[[C Ry using the operator ¢ from (3.1) and
Theorem 3.4, the pair

1z, Npe, T1lD ™ Npe, Tall, nz, pes Tal) ™ 1z, Mpe.mal)

is an (a,2 — a)-string of beads. On the other hand, the interval Ey =|]p, po]|
with distance d [}),, [ is not affected by Algorithm 4.22, in particular d [y
dﬁl Np.oll- Therefore,

ppel[=

(g, Ulos po D)~ Nps poll nz, Ups pol) ™ iz, Nippoll)
is an (o, «)-string of beads, cf. Theorem 4.11. By Proposition 3.2, the strings of
beads (4.21) and (4.22) are independent of each other, and of the mass split (4.20).
(4.20) is a direct consequence of the branch merging operation and (4.19). a

Lemma 4.28. The pair (ﬁl,uﬁl) is an (a, 2 — «)-string of beads.

Proof: By Proposition 4.27 we have a Dirichlet(e,1 — a,2 — «) mass split, an
independent (¢, a)- and an independent («, 2 — a)-string of beads as in Proposition
3.7, and we conclude that (R1, puz ) is an (o, 2 — a)-string of beads. O

Proof of Theorem /.23: Lemma 4.28 proves Theorem 4.23(i). For (ii), note that,
as an immediate consequence of the nature of the branch merging algorithm, the
rescaled subtrees [i1(S;)” %S, = 1, ()~%S;,x € 7%1, are i.i.d. copies of T 1~
see Proposition 4.26. (iii) is a direct consequence of the spinal decomposition the-
orem for § = 2 — «, cf. Lemma 4.12, and Corollary 4.9. (I

Branch merging
B ——

FI1GURE 4.5. Branch merging on Ford CRTs. Reduced tree struc-
ture with subtrees attached in the atoms. Strings of beads are
merged and subtrees are carried forward.
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4.3.2. Application: the leaf embedding problem. In order to apply the branch merg-
ing procedure to the leaf embedding problem we first describe how to apply the
branch merging procedure recursively on Ford CRTs.

Recursive branch merging. Let T*'~® be a Ford CRT for some a € (0,1)
as in Section 4.3.1. Consider (7~7€7d~k,p, ix), k € N, with leaves %,...,%; and
root p, denoting the random R-tree obtained by performing the branch merging
operation given by Algorithm 4.22 in (7%'=%,d, p, ), and in k — 1 subsequently
selected subtrees according to the following scheme, which explains how to obtain
(77€+1adk+17pvﬂk+l) from (ﬁvdkvp#]k)? k e N. "

Consider the subtree spanned by the leaves Xi,...,%k, denoted by Ry :=
R(7~7€, 1, .., Xk), which is equipped with a random point measure Pz, siven by

Pﬁk = Z 6(I7Sz7nz)

v€A(nz, )

where the mass measure Kz, 18 the push-forward of ji; via the projection
R T R, o — i)gkg (sup{t >0: i)g,kc),(t) € ﬁk})

mapping the connected components of ’ﬁ \7~Zk onto the closest point of the reduced
tree Ry, the set A(uz ) = {z € Ry : pg, (z) > 0} is the set of atoms of pj , and

é(p’“), : [0, d (p,0)] — ’7~7€, o€ ’7~7c, denote the unique geodesics associated with T
Suppose that the union of the sets II,, « € ‘A(“ﬁk)7 is N>gy1, le.

U T=Neep
zeA(pz, )

Recursive application of the spinal decomposition theorem for binary fragmen-
tation CRTs 7*!~% (Lemma 4.12) yields that the point process Pz, defines a
labelled bead space in the following sense (see also Pitman and Winkel, 2009, 2015
for subtree decompositions).

Definition 4.29 (Labelled bead (space)). Let (T*!=% d, p, 1) be a Ford CRT for
some « € (0,1).
(i) A labelled bead is a pair (S,Ils) where (S,ds) is a pointed metric space
with a distinguished vertex ps (the “root” of §) and equipped with a mass
measure ps, [Is is an infinite label set, and, for Ag := ps(S),

—« — d a,l—a
(SaAS dSapS7A51,uS):(T ! ,d,p,p).

(ii) A labelled bead space is a pair (R, Pr) where (R, dr) is a metric space with
a distinguished vertex pr (the “root” of R) and equipped with a discrete
mass measure g, and Pg is a point process of the form

Pr = Z (2,8, ,11,)
z€EA(pR)

where A(ug) is the set of atoms of the measure pgr on R, i.e. A(ugr) =
{r € R : pr(z) > 0}, such that (S,,I,) is a labelled bead for every
x € A(ur) with root ps, := z, distance ds, and mass measure pg, .
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In order to obtain the branch linking ﬁk and Yy choose the unique labelled
bead (S, II,) whose label set contains k+ 1, say (Sk,IIx). Note that d [s, = dy, Is,
and p s, = fir |s,, since each subtree related to a labelled bead on ﬁk was present
as a subtree of (Tx,dy, p) as well as in the initial CRT (71~ d, p).

‘We now consider the rescaled tree

(Skydsys pres fisy) 7= (Sky (Sk)™%d 15, P 11(Sk) " 1t 15 (4.23)

completed by the root pi := 7R (Sk) and equipped with the label set IT;. Since

5 ~ .\ d _
(SkvdswpkvlLSk):(Ta’l a,d,PaM)
we can apply the procedure of Algorithm 4.22 when interpreted appropriately.

(i) Choose the start configuration as in Algorithm 4.22(i) but label the three
selected leaves by (Spi1, Sri1, Ok) instead of (L1, 31, Oy), and the branch
point by 2 instead of 2.

Furthermore, consider the label set II; := {n;,7 > 1} where subscripts
are assigned according to the increasing bijection, i.e. n; = k + 1 and
n9 = k', where

kK :=min{n € N:n e\ {k+1}}.

Determine a partition of the label sets II; by considering a sequence
of random variables (Y}, );>2 taking values in R(Sk, Sgi1, Ski1) as in Al-
gorithm 4.22(i) by proceeding in increasing order of labels n;,i > 2. In
particular, set Y,,, = Yi» := pe, where pg, denotes the projection of Oy
onto the reduced tree R(Sk, Xg+1, ik.}rl), and assign the labels n;,i > 3, to
atoms Y, of R(Sk, Skt1, Ski1) as in Algorithm 4.22(i) .

Algorithm 4.22 applied to (Sk, Jsk,pk, s, ) yields a CRT incorporating
a spine transformation on the spine from pj to the leaf ¥; 1. We obtain a
labelled bead space (]]pk, Zx+1]], Pjow.2re))), 1-€-

P]]Pk72k+1]] = Z 6(-76750@71'11)’

€AW py, .54 1 11)

where fij],, s, )] denotes the mass measure on the merged spine |]px, X5 11]]
whose atoms are the connected components of Sg\]]pr, Zk+1]] projected
onto |]pk, Xk+1]], and

Al p 2ia1) = 1% €llps ral] : fiyjpp, 20 () > 0}

is the associated set of atoms. Note that the union of the label sets II,,
z €]|pk, Xk+1]], of the labelled beads aligned along || px, Xx+1]] is g\ {k+1}.

(ii) Denote the transformed, scaled back tree by (S, J&; s Pk ﬂisi-)' The reduced
tree spanned by the root p and leaves ¥y, ..., ¥k is obtained via

Rit1 = R pres Sia]]-

We replace the point (pg, Sk, k) by a new series of labelled beads aligned
along |]pk, Xk+1]] to update the point process Pz, and get

,Pﬁk+1 = Z 5(1,5‘@,1_[1«,)7
re€A(p=s )

Ri+1
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where A(ug, ) = {z € Ris1 uﬁkﬂ(m‘) > 0}, and /R, ., is uniquely
determined via
12y MokSeal= BlonSenlls PRy y 1R\ (e} = HRer PRy, (PR) = 0.

More precisely, we have PRo. = Pr, — O(ps,»Siole) T Pllox, S]] 1€

Pﬁk+1 = Z 5(9:7Sw,Hw) + Z 5@73%“”.

€ A(uz, )TFPS) €A pp,2p 1))

Informally speaking, we replace (Sk,d Is,,pr,t [s,) by attaching the
tree (S, dgi-’ Pk [t:g;) onto py, the branch point base point of the subtree
(Sk,d s, 1t [s,, k) on 75, where (S’/f’dgé’pk’ﬂi%) is obtained from the
initial subtree (Sk,d [s,, #t |s,,I1x) by incorporating the distance changes
related to the spine transformation and removing the two points €2; and
Yk+1 lost in the branch merging operation.
(iii) We define (Tg+1, di+1, p; k1) Dy
Tri1 := Ris1 U U Sz
xeﬁk+1
where the distance dj1 is the push-forward of dj, via the analogue of (4.16),
and the mass measure fip41 is induced by fix as in (4.17), see Algorithm
4.22 for the precise definition of dy41 and fir41 in the case k = 0, which
can be easily adapted to the general case k > 0.
Corollary 4.30. Let (T~ d,p,u) be a Ford CRT for some o € (0,1) as in
Algorithm /.22. The sequence of trees ((Tg, dy, p, fix), k > 1) constructed recursively

according to Algorithm /.22 and the recursive leaf embedding procedure, and the
sequence of leaves (Zg, k > 1) are such that

(R(Tis St -, Si) b > DL (REZPT K > 1),

where RZ"Q_O‘ is the almost-sure limit as n — oo of the trees R(T?~, [k]) scaled
by n~* associated with the (o, 2 — «)-tree growth process as in Proposition /.7.

Proof: We prove Corollary 4.30 by induction. By Theorem 4.23, R(’7~'1, 31) defines

an (a,2 — a)-string of beads and is therefore distributed as R$"*™. Now, let

k € N, and assume that R(Tx,31,..., %) is distributed as R?Qia. Using the
labelled bead space property, we conclude that the rescaled, transformed subtree

(Sllm /L(Sl/c)iadl R Pk :U'(Sk)ilﬂg,’c)
has the same distribution as (7~1, di, p, fi1), and that Xx14 is such that
R(1(Sk) ™" Sh B1) ER(T1, 5n).
Therefore, the subtree (Sk,azk ISy Pks Bk |s,) In Ty is replaced by (S;, d:s,;’pka ’13‘,;)
in order to obtain (741, dps1, p, fies1), and
Caor 1 d (= 5 -
(/U’(Sk> Sllmdig;capkmu(sk) 1/1‘:8):) = (ﬂadhp:ﬂ1> .

Since (ﬁ,&k,p, i) is such that R(’ﬁ,Zl,...,Ek) has the same distribution as
Rg’Q_O‘ by the induction hypothesis, and since, by construction, the projection
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of R(Trs1, 51, - -+, Skg1) onto R(Tig1s X1, - - -, Sk) is R(Te, B1, -+ ., k), the claim
follows. O

Remark 4.31. Note that by the refining nature of the branch merging algorithm,
dou (7~7~c+1,R (’7;@+1,21, cey Ek+1>> <dan (’fk,R (7~7f,21, 3 -,Zk))

for all £ > 1. By Corollary 4.30, the increasing limit

T = UR (TS0, 5)

k>1

is a random compact R-tree distributed as a Ford CRT (since this holds for the
increasing sequence (R{">~, k > 1)). By construction,

R(io,zl,...,zk):R(ﬁ,zl,...,zk). (4.24)

Hence, 7~'C>O is a Ford CRT with all leaves ¥,k > 1, embedded. By the nature of
the algorithm, (4.24) can be enriched by the corresponding point processes, i.e.

(R (Toor Tt 20) Prizesinsn)) = (R (TSt 50) Prizm,omn) ) -

Based on a generalisation of Miermont’s notion of k-marked trees (Miermont, 2009)
to oo-marked trees, it can be shown that 7~7< — ’7~'OQ a.s. as k — oo with all leaves
Yk, k > 1, embedded in Too. See forthcoming work (Rembart and Winkel, 2016+)
for different applications of co-marked trees.
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