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Self-similar real trees defined as fixed points and
their geometric properties”
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Abstract

We consider fixed point equations for probability measures charging measured com-
pact metric spaces that naturally yield continuum random trees. On the one hand,
we study the existence/uniqueness of the fixed points and the convergence of the
corresponding iterative schemes. On the other hand, we study the geometric prop-
erties of the random measured real trees that are fixed points, in particular their
fractal properties. We obtain bounds on the Minkowski and Hausdorff dimension, that
are proved tight in a number of applications, including the very classical continuum
random tree, but also for the dual trees of random recursive triangulations of the
disk introduced by Curien and Le Gall [Ann Probab, vol. 39, 2011]. The method
happens to be especially efficient to treat cases for which the mass measure on the
real tree induced by natural encodings only provides weak estimates on the Hausdorff
dimensions.
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1 Introduction

Since the pioneering work of Aldous [3, 5] who introduced the Brownian continuum
random tree (Brownian CRT) as a scaling limit for uniformly random labelled trees, simi-
lar objects have been shown to play a crucial role in a number of limits of combinatorial
problems that relate to computer science, physics or biology. These objects are real
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Self-similar real trees defined as fixed points

trees, or tree-like compact metric spaces (see Section 3 for a formal definition), and
they are usually equipped with a probability measure that yields a notion of “mass”.
They naturally appear when studying asymptotic properties of discrete combinatorial or
probabilistic objects that are intrinsically “branching” or recursive such as branching
processes and fragmentation processes. More surprisingly, further prominent examples
are that of random maps [17, 36, 40, 46] and of Liouville quantum gravity [23] that
would a priori not be expected to relate to tree structures.

In a number of cases, these continuous objects, or, more precisely, their distributions,
happen to satisfy a stochastic fixed point equation; such fixed point equations are often
formulated in terms of the distribution of functions (later referred to as height functions)
that encode the trees. One may think in particular of the Brownian CRT [6], of trees
that are dual to recursive triangulations of the disk [19], but also of the genealogies
of self-similar fragmentations [32]. We will be more precise about the equations we
consider shortly, but it is nonetheless informative to fix ideas: informally, a distributional
fixed point equation for a random variable (r.v.) X taking values in some Polish space $
of “objects” is an equation of the form

X L T((X))i»1,5), (1.1)
where (X;);>1 is a family of independent and identically distributed copies of X, T is a
suitable map, and = incorporates additional external randomness. (A precise formulation
of such an equation for random metric spaces is more involved. See display (2.4) below.)
The fact that natural objects satisfy equations such as the one in (1.1) raises many
questions about the properties of such equations and of their possible fixed points:

(i) Under which conditions does there exist a fixed point?
(ii) Under which conditions is this fixed point unique?
(iii) Can the fixed point be obtained by some iterative procedure?

The answers to these questions of course depend on the space $ that is considered, and
some special care is needed in specifying it.

One of the striking features of random real trees that appear ubiquitous is their
fractal nature. Among the most classical real trees one may cite the Lévy trees (including
the Brownian CRT and the stable trees), which are the scaling limits of rescaled Galton-
Watson processes, and whose fractal properties have been investigated by Duquesne and
Le Gall [25, 26] and Picard [44]. Another important example is that of the fragmentation
trees encoding certain self-similar fragmentation processes whose fractal properties
have been studied by Haas and Miermont [32] and more recently by Stephenson [47]. In
view of the recursive self-similarity of Equation (1.1), this raises an additional question
about the geometry of the fixed points:

(iv) Can one quantify the fractal dimensions of the fixed points?

Finally, observe that, for instance, the Brownian CRT is binary, in the sense that the
removal of any point disconnects the space into 1, 2 or 3 connected components with
probability one (the number of connected components is called the degree of the point
removed). This is to be compared with the classical decomposition of the Brownian CRT
into three pieces [2, 6, 18]. Another example we have already mentioned, dual trees
of recursive triangulations of the disk happen to have maximal degree three, while the
natural fixed point equation they satisfy only uses two pieces. These considerations raise
yet another question about the geometry of solutions to equations such as (1.1):

(v) Can one fully characterize the degrees of points in fixed points?
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Our aim in this paper is to provide answers to questions (i)-(v) in a general framework
in which the limit objects are (most often) some classes of measured real trees. This
framework allows for instance to deal with certain recalcitrant cases where the natural
height function for the tree is not a “good” encoding, in the sense that its optimal
Holder exponent does not yield the fractal dimension of the metric space (we will be
more precise shortly). At this point, let us mention that questions (i), (ii) and (iii) have
recently been studied by Albenque and Goldschmidt [2] for the specific example where
the fixed point equation is the one described by Aldous in [6] and that is satisfied by the
Brownian CRT. In passing, our results answer a question in [2] regarding point (iii) and
the convergence to the (non-unique, but natural) fixed point. Other applications of our
results concern trees arising as scaling limits in the problem of recursive triangulations
of the disk (see [19] and [14]), and but also other natural generalizations. Rembart and
Winkel [45] have also very recently studied questions (i), (ii) and (iii) for a decomposition
of the form (2.4) which is rather different from ours. See the remark at the end of
Section 2.3 for details.

Organization of the paper. The paper is organized as follows: In Section 2, we first give
the relevant background on the objects, metrics and spaces, and geometric properties we
use in the document; we then introduce the precise setting for the recursive equations
we consider, and the corresponding functional point of view. Section 3 is devoted to the
statements of our main results; it also contains a sample of applications and an overview
of the techniques we use. Section 4 contains the proofs of the results about existence
and uniqueness of solutions to our recursive equations, as well the behaviour of iterative
schemes. Section 5 contains the proofs of the geometric properties of the fixed points.
Finally, Section 6 is devoted to applications. Various proofs of technical results are given
in appendix.

2 Settings and preliminaries

2.1 Spaces, metrics and convergence
With the exception of Section 2.5, we assume throughout the paper that metric spaces

are compact. General references on the topics that we are about to discuss include
[15, 30, 31]. For measured spaces, we restrict our attention to probability measures.

The Gromov-Hausdorff-Prokhorov topology. For two compact metric spaces (X, d) and
(X’,d’), the Gromov-Hausdorff distance dgy((X,d), (X’,d’)) is defined as

dgn((X,d), (X", d")) = AL di (8(X), ¢ (X)), (2.1)

where the infimum is taken over all compact metric spaces (Z,d?), and isometries
¢:X — Zand ¢ : X' — Z. Here, d? denotes the Hausdorff distance in Z, that is

d%(A,B) = inf{e >0: AC B*and B C A%},

with A° = {z € Z : d?(x,A) < ¢}. If (X,d) and (X’,d’) are isometric, then
dgn((X,d), (X',d")) = 0. dgn induces a metric on the set K9 of isometry classes of
compact metric spaces and turns this set into a Polish space, see, e.g. [35, Theorem 2.1].

A compact rooted (or pointed) measured metric space (X, d, u, p) is a compact metric
space (X, d) endowed with a probability measure 1 and one distinguished point p. For
two such spaces X = (X, d, u, p) and X' = (X', d’, i/, p’), we define the Gromov-Hausdorff-
Prokhorov distance by

dono(X.X) = inf {a%(0(p),&/(¢)) + d(0(X), (X))

+ A% (hu (1), &, (1)) }-
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Here, the infimum is to be understood as in (2.1), ¢.(u) is the push-forward of p in Z,
and dg denotes the Prokhorov metric on the set of probability measures on Z, that is,

d%(v1, 1) = inf{e > 0: 11 (A) < 13(A%) + ¢ and v2(A) < v (A°) + e
for all measurable sets A C X'}.

We call X and X’ ghp-isometric if there exists a bijective isometry ¢ between X and
X' that maps p to p’ and such that ¢.(u) = p/. dgnp induces a metric on the set K9P
of ghp-isometry classes of compact rooted measured metric spaces that turns it into a
Polish space [1]. For a compact rooted measured metric space X (or an element of IK9"P),
we set | X]| = sup{d(p,z) : v € X'}.

The Gromov-Prokhorov topology. Analogously to the Gromov-Hausdorff~-Prokhorov
distance, for two compact rooted measured metric spaces X = (X,d, u,p) and X' =
(X' d, 1, p') t we define

dgp(%, %) = inf {d”(8(p), ¢'(¢) + &5 6+ (), #L(1))} -

We call X and X’ gp-isometric if dqp,(X,X’) = 0 which happens to be the case if and
only if there exists a bijective isometry ¢ : supp(u) — supp(y') with p/ = ¢(p) and
@ = ¢.(n). (Here supp(u) denotes the support of .) Endowed with dgp, the set K9
of gp-isometry classes of compact rooted measured metric spaces becomes a Polish
space [30, Proposition 5.6]. In general, gp-equivalence classes in K9 contain spaces
that are not ghp-isometric. But when both p and i/ have full support, then X and X’ are
gp-isometric if and only if they are ghp-isometric. Thus, if we denote by ]K?hp the set of
ghp-isometry classes of compact rooted measured metric spaces satisfying

(C1) supp(p) =X,

then, there exists a natural bijection : between the spaces lK?hp and K9. The set ]K?hp is
measurable, and ¢ bimeasurable so we can and will consider any random variable with
values in ]K?hp also as random variable in K9 and vice versa. (Proving these statements
makes use of Lemma 3.2 and Corollary 5.6 in [9] as well as the Lusin-Souslin theorem.
See Lemma 25 in the appendix for details.)

Remark. We occasionally use results from [15, 22, 30, 31] which only treat the case of
unrooted compact measured metric spaces. Incorporating a root vertex only generates
marginal modifications that we do not discuss in detail.

2.2 Real trees, continuum trees and recursive decompositions

We are mostly interested in a certain class of metric spaces that are tree-like.

Real trees. A metric space (7,d) is a called real tree if it has the following properties:
i) for every z,y € T there exists a unique isometry ¢, , : [0,d(z,y)] — 7 with
0z.4(0) = z and ¢, ,(d(z,y)) = y, (we write [z, y] := ¢, ,([0,d(z,y)]) for the seg-
ment between z and y in T),
ii) if ¢ : [0,1] — T is a continuous and injective map with ¢(0) = z,¢(1) = y, then
q([0,1]) = [z, y].
We denote by T9" the closed subset of K9 consisting of isometry classes of compact
real trees. For a compact real tree (7, d) and = € 7, we denote by deg(z) the number of
connected components of 7 \ {z}. We call x € T a leaf if deg(z) = 1, and abbreviate .Z

1When we do not introduce the components of X with a given decoration explicitly, we always suppose that
they would carry the same decoration as done here for X’.
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for the set of leaves. We call z € T a branch point if deg(z) > 3. By compactness, the
set of branch points & is at most countable.

Measured and continuum real trees. A compact rooted measured real tree T = (7, d, i, p)
is a compact real tree (7, d) endowed with a probability measure p and a distinguished
point p € T called the root. (Recall that we restrict our attention to the setting where the
measure is a probability distribution.) For x € T, the distance d(z, p) is called the height
of z and ||T|| := sup{d(z, p) : = € T} the height of T. By T9 C K9 we denote the closed
subset of ghp-isometry classes of compact rooted measured real trees. Spaces carrying
a measure with full support are particularly important, and we let TI"™ = K" n T9h»
and call elements in T?hp continuum real trees (or simply continuum trees). Note that
both K" and T are non-closed subsets of K9, In the literature on continuum real
trees, see, e.g. [2, 5], one often finds the following two additional conditions:

(C2) 4 hasno atoms and (C3) u(¥)=1.

All continuum trees playing a role in this paper satisfy both C2 and C3. However, we
emphasize the fact that we do not impose these conditions beforehand: they can be
proved to hold as a non-trivial consequence of our setting; see Proposition 7.

Real trees encoded by excursions. One natural way to define real trees is via an encoding
by continuous excursions (see e.g., [28, 35]). Let C be the space of continuous functions
on [0,1], which we always endow with the uniform norm || f|| = sup;co 1 |f(?)|- Let also
Cex denote the set of unit-length non-negative continuous excursions, that is, the set
of functions f € C such that f(0) = f(1) =0 and f(¢t) > 0forallt € (0,1). For f € Ce,
define the pseudometric d; by

de(z,y) == f(@) + f(y) = 2Inf{f(s) :x Ay <s <aVy}.

Let 7; = [0,1]/~ where = ~ y if and only if d¢(z,y) = 0. The compact metric space
(Tf,dy) is a real tree, which we call the real tree encoded by f; we will also sometimes
denote the continuous excursion f as being a height process for the real tree 7;. We use
Z; for the sets of leaves of 7.

As noted in [35, Remark following Theorem 2.2] (see also [24, Corollary 1.2]), for
every compact real tree (7,d), there exists f € Ce such that (7,d) and (7;,ds) are
isometric. Two real trees (7;,dy) and (74,d,), encoded by continuous excursions f and
g respectively, are isometric, if, for instance, f = g o ¢ for a continuous and strictly
increasing function ¢ : [0, 1] — [0, 1]. In this case, we call the encoding excursions f and
g time-change-equivalent or simply equivalent.

Let 4 : [0,1] — 77 be the canonical surjection. Then, we can turn the real tree (7, dy)
into a compact rooted measured real tree T; = (77, dy, iy, py) using the push-forward
measure jif := Leb ow}?l, where Leb denotes the Lebesgue measure on [0, 1], and the
root is ps := 7m¢(0). Then, py has full support, and thus ¥, satisfies C1. Finally, it is
well-known that the map between (Cey, || - ||) and (T?hp,dghp) that associates Ty to an
f € Ce is (Lipschitz) continuous [1, Proposition 3.3]). Hence, for any random variable
Z with values in Cgy, the corresponding (ghp-equivalence class of the) compact rooted
measured real tree Tz is a random variable with values in T ?hp.

2.3 Maetric spaces described by recursive decompositions

We now introduce a general framework for random compact rooted measured metric
spaces satisfying recursive distributional decompositions. A similar construction has
already been used in the specific context of the Brownian CRT, see for instance [6] and
[2].
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Let I' be a rooted plane tree? with K vertices, where K > 2. We call T the structural
tree of the recursive decomposition, and accordingly, the decomposition of a space (or
tree) will involve K subparts. We consider I' as a labelled tree upon labelling the root
by 1 and the remaining nodes in the depth-first order?. We write i < j if j lies in the
subtree rooted at i. (We always have i < i.) Fori € [K]:={1,...,K}, we set

I,={i<j<K:i<j}, and E;={1<j<i:j<i}. (2.2)

For i > 2, we denote by w; = max F; the label of the parent of node ¢. Next, fix « > 0, and
r,s € X = {(x1,29,...,7x) € (0,1)X : 2y + ... + x5 = 1}. We consider the following
construction (see Section 1.4 in [2] for a related construction): given compact rooted
measured metric spaces (X;,d;, i, pi), @ € [K], construct a compact rooted measured
metric space (X,d, u, p) as follows:

i) Independently sample points 7; € X;,i € [K], according to the probability measures
His

ii) Let X° = I_Ifil)(i denote the disjoint union of the &}, i = 1,..., K; let ~, be the
smallest equivalence relation® on X° for which p; ~, 7, foralli =2,..., K. We
define X as the quotient X°/~, and write ¢° for the canonical surjection from X°
onto X.

iii) Let d° be the maximal pseudometric on X° that is not greater than r*d; on X}, and
for which d°(z,y) = 0 if © ~, y; define d as the metric induced on X by d° under
°; (see Section 3.1.3 of [15], and especially Lemma 3.1.23, Corollary 3.1.24 and
Theorem 2.1.27 there which guarantee existence and uniqueness of d°.)

iv) Let p°(+) = Zfil sipi(- N X;) be the unique probability measure on X° that is
compatible with s;u; when restricted to A;; define u as the push-forward of u°
under ¢°.

v) Finally, let p = ¢°(p1) be the root.

Note that, because of the need to sample 7,...,nk, the ghp-equivalence class of the
resulting space X = (X, d, , p) is random. It is crucial to observe that it is a random
variable (Lemma 26 in Appendix) whose distribution only depends on the ghp-isometry
classes of Xi,...,Xx. Hence, denoting by M (K9P) the set of probability measures
on K9, the map ¢ : (K9"P)X x ¥2, — M, (IK9%) (where Y2 incorporates the choice of
(r,s)) whose image is described by the construction above is well-defined and continuous
when considering M, (K9) equipped with the Prokhorov distance. (For a technical
proof of continuity using the concept of correspondences and a coupling theorem due to
Strassen [48], we refer to Lemma 27 in the appendix.) For probability measures 7 on
Zﬁ( and X on K9P, we define the intensity measure

TR, 7)(A) :=E[Y(X1,..., Xk, R,S)(A)], ACK™™ measurable, (2.3)

where £((R,S)) =7, £(%1) = ... = £(Xk) =N and (R,S),X4,..., Xk are independent.
Here, and throughout the document, we use £(-) to denote the distribution of a random
variable.

2A rooted plane tree is a subset ¢ of U, > (IN \ {0})™, such that (a) if a word u € ¢ then all its prefixes also
are in t and (b) if ui € t then alsouj € t forj = 1,...,7 — 1. The depth-first order on ¢ is the order induced on
t by the lexicographic order.

3Formally, ~o can be defined as follows: first, set p; ~1 9w, and 1w, ~1 p; foralli =2,..., K. Then, for
x,y € X°, set x ~o y if and only if x = y or there exist k > 0 and z1,...,zx € X° such that x ~1 1 ~1
T2...~1 Tk ~1Y.
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Given I', @ > 0 and a probability distribution 7 on Eﬁ(, we are interested in non-trivial
laws ® € M (IK9"P) satisfying

N =0, 7). (2.4)

We refer to (2.4) as a stochastic fixed point equation at the level of compact rooted
measured metric spaces. Note that, while we have introduced the map V for distributions
on the space of ghp-isometry classes of spaces, in the same way, one can define ¥ relying
on gp-isometry classes, and we will occasionally use ¥ in this sense.

Figure 1: The construction of X with law (X1, Xo, X3, X4, R, S) with the structural tree
I shown in the middle. For simplicity, we have not rescaled any of the distances. An
excursion point of view is depicted in Figure 2. (For the sake of representation, we have
chosen the spaces to be tree-like.) Note that the roots ps, p4 are identified with the same
point v; in the parent space Xj.

Given I' and 7, not every « is admissible for (2.4) to have non-trivial solutions. The
parameter « is chosen as the unique value such that the height of an independent point
sampled according to p has finite mean, see the discussion of (2.6) below. Here, this
condition can be expressed as follows. Recall I'; defined in (2.2), and define o > 0 as the
unique solution to

E

> Rgﬂwepi}} =1 with P(J=j|R,8)=3S;, 1<j<K, (2.5)

1<i<K

Such an « always exists and lies in the interval (0, 1) by monotonicity and continuity in
a of the expected value and the values for o € {0,1}. From now on, unless specified
otherwise, we will always assume that o has been chosen to satisfy (2.5).

The height of a random point. In a random compact rooted measured metric space
X = (X,d, u, p), heights of points sampled according to x play an important role. Recall
FE; from (2.2). In our construction, with X (or, rather its distribution) satisfying (2.4) and
abbreviating Y := d(p, ¢) where (¢ has distribution x (given X), we have

K K
d o i a j d «@ i
YEY 1 [RIYD+ D RIYD T EN"2Y D, B =Rilyger,y, (2.6)
i=1 jJEF; i=1
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and YV ... Y are distributed like Y, and (J,R,S), Y, ..., Y are independent
with J as in (2.5). By [27, Theorem 2], the distribution of d(p, {) is uniquely determined
by (2.6) in the space of probability distributions on [0, c0) up to a multiplicative constant.
(To be more precise, in the notation of [27], we have* a = 1 and v/(1) < 0 and therefore,
as explained in the discussion following Theorem 2 in [27], the fixed points of (2.6) are
parametrized by their means provided their existence.) [27, Theorem 2] further implies
that, for any different choice of «, the random variable d(p, ¢) has either infinite mean,
or, almost surely, X = {p}.
Finally, we note that, from the last display, one can easily deduce that

P (d(p,¢) > 0) € {0,1}. (2.7)

Examples. 1) The most celebrated example of a random measured real tree that satisfies
a fixed point equation such as (2.4) is Aldous’ Brownian CRT [3, 5]. Its recursive structure
has been investigated in [6], where it has been proved that it satisfies a fixed point
equation of the type (2.4), with K = 3, I is the tree on {1,2,3} with 2 and 3 that are
children of 1, R = S = (51, S2,S3) ~ Dirichlet(1/2,1/2,1/2), and in this case, a = 1/2.

2) An instance has also appeared in the context of recursive triangulations of the
disk [14, 19]. There, K = 2 (and thus I is the tree on {1,2} where 2 is a child of 1),
S = (81, 8,) ~ Dirichlet(2,1), R = S and « turns out to be given by (v/17 — 3)/2.

3) Another tree related to 2) is given by K = 2, § = (S1,82) ~ Dirichlet(2,1),
R ~ Dirichlet(1, 1) independent of S, and for this case, one finds a = 1/3. The tree
has not been considered explicitly, but it appears in [14, 19] via one of its encoding
processes.

Remark. Recently, Rembart and Winkel [45] have also studied recursive constructions
of continuum random trees and the corresponding geometries using fixed points ar-
guments. The decompositions they consider amount to seeing the trees as a forest of
rescaled copies of random tree grafted on some segment (a so-called (random) string
of beads) rather than on a copy of the tree itself. They typically involve an infinite
number of pieces. Technically, Rembart and Winkel use a variant of the contraction
method relying on Wasserstein distances on (a slightly modified version of) K" N T9"
to verify uniqueness and attractiveness of fixed points. While both approaches rely on
recursive decompositions and contraction arguments, the results seem largely disjoint.
In particular many of the examples our results cover do not seem easily amenable to
a spinal decomposition (e.g. lamination of the disk), and conversely, many examples
covered by the results in [45] are not covered by our combinatorial decompositions.

2.4 Recursive decompositions: an excursion point of view

It is convenient to express the construction in Section 2.3 in terms of excursions. It
is important to note that the excursion point of view developed here forces the spaces
to be real trees, while in the previous section spaces were only required to be compact.
However, we will see later on that this restriction is an important technical ingredient:
we will prove that the support of the mass measure of any fixed point of the equations of
interest is actually almost surely a real tree, see Theorem 1 ii).

Let I' be as in Section 2.3, r,s € Yk and assume for now that o > 0 is arbitrary.
We now describe a decomposition of the unit interval based on the tree I'. Each node
of " will be assigned two intervals, except the leaves that will be assigned a single
one. In the following, we write OI" for the set of leaves of I' (the nodes i such that
I' = {i}), and I for I"\ OT". Set L := 2K — |0T'| and let wy,...,wr € {1,..., K} be the
sequence of nodes visited by the depth first search process upon counting only the

4The « in the paper [27] should not be confused with the one defined in (2.5).
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first and the last visit of a node. All nodes appear twice in this sequence except for
leaves which appear once. For i € [K], let V; be the set of times 1 < j < L with w; = .
More formally, for i € [K], we cansetv; =i+ #{1 < j <i:j & E; UOI'} and obtain

Vi = {vs, v; + 2|T;| — OT'; — 1}. Observe that V; contains a unique element if ¢ € 9I", and
two otherwise. For u = (u1,...,urx) € (0,1)X, there is a unique decomposition of the
unit interval into L half-open® intervals Iy, ..., I, (following the natural order on [0, 1]),
such that,

si= Y Leb(I;) foralli € [K], and u; =Leb(lminv,)/s; forallie I,
keV;

Then, define
A=) I and A —0,1] (2.8)
keV;
as the unique function which is bijective, monotonically increasing and piecewise linear
with constant slope. (Here, we A denotes the closure of a set A.) We can now define the

continuous operator ® : CE x ¥2% x (0,1)% — Ce, such that g = ®(fy,..., fx,r,s,u) is
the unique excursion satisfying
9(@) = g(y) =13, [fwe (o, (@) = fu, (0w, ()], (2.9)

forall1 < ¢ < L and z,y € I,. In other words, up to the scaling factor r{* in space, the
function f; is first fitted to an interval of length s; = Leb(A;) and then used on the set
A; (which may consist of two intervals). For an illustration see Figure 2 (and compare
it with the corresponding version involving trees on Figure 1). By construction, for
fis -, i € Cex, 1,8 € X and Z uniformly distributed on (0, 1)%, we have

2 (TqJ(fl,.‘.,fK,r,s,E)) = ,(/)(‘Iflﬁ e ,‘IfK,I',S>.

Thus, the distribution of the random compact rooted measured real tree (7z,dz, iz, pz)
satisfies (2.4) if

zLo(zW,... 25 RS =), (2.10)

where Z(1) ..., Z(K) are independent copies of Z, independent of (R, S,Z), Z and (R, S)
being independent and = = (&;,...,{) being uniformly distributed on (0, 1)%; of course,
in this case, « shall be chosen as in (2.5). The fixed point equation in (2.10) can be
expressed alternatively as

K
ZOEY R OZD (i) + D 1a,()0Z29() ]
=1

JET\ {4}

Let us also note that, when asking for tree solutions to (2.4), the excursion point of view
of the recursive decomposition is technically preferable since it grants access to random
excursions (and their corresponding encoded real trees) as well as to nodes sampled
independently according to the mass measure using canonical external randomness.

Examples. 1) An identity of the kind in (2.10) holds for the Brownian excursion e, and is
of course intimately related to the corresponding decomposition of the Brownian CRT.
By [6, Corollary 3], we have

eL (e e® e® A A E), (2.11)

5We call an interval half-open if it is of the form (a,b] with 0 < a < b < 1 or [0,a] with0 < a < 1.
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& il & le

(f1, f2, f3, f1, R, S, E)(2)

fa(z)

Figure 2: An example of the functional construction of Section 2.4: Here K = 4,
L = 6, the structural tree I'" is the tree shown in the center right. The functions
f1, f2, f3, f4 are composed into D(f1, f2, f3, f1, R, S, Z). In order to keep the focus on the
structure of the construction, we have not used scalings for the distances and the scaling
S = (0.35,0.20,0.30,0.15) for time. Observe that, in the tree encoded by f;, the point
corresponding to &; is not a leaf. The corresponding point of view using trees is depicted
in Figure 1.

with conditions as in (2.10), where A ~ Dirichlet(1/2,1/2,1/2), « = 1/2, and T is the
tree of size three with nodes 2 and 3 attached to the root.

2) The functional version of the fixed point equation appearing in Example 2) of
Section 2.3 concerns a certain process Z that satisfies

7 Lo(zW 7@ A A=) (2.12)

with conditions as in (2.10), where A ~ Dirichlet(2,1) and « = (/17 — 3)/2.
3) Similarly to 2) above, there is a functional version to Example 3) of Section 2.3.
The process 7 involved satisfies the following modified fixed point equation

A LoD, D A (W,1-W),E) (2.13)

with conditions as in (2.10), where A ~ Dirichlet(2, 1), W follows the uniform distribution
on [0,1], A, W are independent and o« = 1/3.

2.5 Fractal properties of metric spaces

Let (S,d) be a metric space. (In this section, we do not assume the space to be
compact.) For § > 0 and a non-empty relatively compact set B let Ng(d) be the smallest
number m such that there exist m open balls of radius § covering B. We define the lower
Minkowski dimension dim, (B) and the upper Minkowski dimension dimy,(B) by

B) =1 f ——— B) =1 —.
dim, (B) im inf — logd and dimpy(B) 11;15(1)1p ~Togd

If both values coincide, we simply call dimy, (B) := dim,(B) the Minkowski dimension of
B.
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The Hausdorff dimension of a set A C S is defined using the family of (outer)
Hausdorff measures (H*);>( given by

H*(A) = %i_r%{inf{zwiﬁ A C U U; and |U;| < 6 for all ¢ > 1}}

i>1 i>1

(The map H® : K9 — [0, 00| is measurable, see Lemma 29 in the appendix for a proof.)
Here, for aset U C S, we let |U| = sup{|x — y| : z,y € U}. The Hausdorff dimension of
A C S is now defined by

dimp(A) :=inf{s > 0: H°(A) = 0},

where one should notice that H*(A) < oo implies H*(A) = 0 for s > ¢t. We will need the
following version of the mass distribution principle (see, e.g. [29, Proposition 4.9] for a
formulation in R? which, together with its proof, applies analogously in any separable
metric space). Let B, (z) := {y € S : d(x,y) < r} denote the ball of radius r around .
Then, for a measurable set A C S, a finite measure v on S with v(A4) > 0 and ¢ > 0, we
have

limsupv(B,(z))/r® <c forallz € A = dimp(A4) > s. (2.14)
r—0
Lower and upper Minkowski dimension as well as Hausdorff dimension are invariant
under bijective isometries. Furthermore, for a non-empty relatively compact set B, we
have dimy(B) < dim,,(B) < dimy(B).
Recall that a function f : [0,1] — R is w-Hoélder continuous with 0 < w <1 (or Holder
with exponent w) if there exists a constant C' > 0 such that

|f(z) = fy)| < Clz—y/¥, 0<z,y< 1

For f € Cex, we let wy be the supremum of all Holder exponents over excursions which
are time-change equivalent to f.
Next, for p > 0, the p-variation [f],(¢),¢ € [0,1], of a function f € C is defined by

n—1
[flp(t) = sup{z |f(tiz1) — ft)P:n>1and 0 <ty <...<t, < t} .
=0

Note that [f], is monotonically increasing and, if [f],(1) < oo, then [f], € C. It is easy
to see that inf{p > 0: [f],(1) < oo} < w?l. Furthermore, if f is nowhere constant, the
converse inequality follows from Theorem 3.1 in [16]. Combining this with Theorem 3.1
in Picard [44] shows that, for any f € Cex which is nowhere constant, we have

T (T7) = wlf (2.15)

The last identity is used in Corollary 6.

3 Main results

3.1 Characterizations of solutions to (2.4) and (2.10)

Our first theorem clarifies the set of solutions to the fixed point equations (2.4)
and (2.10). Recall that these involve the structural tree I', a probability distribution 7 on
Y2 and the value a € (0, 1) satisfying (2.5).

Theorem 1. Let ¢ > 0. Then,
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i) there exists a unique continuous excursion Z (in distribution) that satisfies (2.10)
and E[Z(£)] = ¢ where £ follows the uniform distribution on [0,1] and Z,¢ are
independent;

ii) for any K9P-valued r.v. X satisfying (2.4) with E[d(p,()] = ¢, where ( is chosen
according to p (given X), the random tree ¥z encoded by Z, and (supp(u), d, i, p)
have the same distribution.

Furthermore, for all m > 1, we have E[||Z||™] < oo, and, almost surely,

iii) Z(s) > 0forall s € (0,1);

iv) Z is nowhere monotonic.

Some comments are in order. First of all, as motivated by the formulation of point ii),
there can exist further solutions to (2.4) which are not almost surely continuum trees,
see Proposition 3 below and the example discussed following Theorem 1.6 in [2]. Next,
there does not exist any random compact rooted measured metric space with values in
K9 or K9 solving (2.4) for which one would have E[d(p, ()] = co. Similarly, any solution
to (2.4) with values in K9 or ]K?hp satisfying E[d(p, )] = 0 must a.s. be the trivial space
reduced to {p}.

Albenque and Goldschmidt [2] show that, in the case of the Brownian CRT, the fixed
point in Example 1) of Section 2.3 is attractive with respect to weak convergence on
the space of probability measures on K9. They also raise the question whether this
was true with respect to the Gromov-Hausdorff-Prokhorov distance. Our next result
confirms that it is indeed the case, under certain moment conditions. (Note however that
the results in [2] are not directly comparable to ours since the trees there are unrooted.)

In the following, we let ¢gnp : M1 (KIP) — M, (KK9"P) be the map that to X € M (IK9P)
associates ¢gnp (N) = U(X, 7), where 7 is the given probability distribution on ¥%- and ¥ is
the map defined in (2.3). For n > 1, we write ghp for the n-th iterate of ¢gnp. Analogously,
we define ¢gp and ¢y, n > 1 for probability measures on K9. Finally, for v € M (KK9bP)
or M, (IK%), we write E, for the expectation with respect to spaces sampled from v.

Theorem 2. Fix ¢ > 0 and let Z be the unique continuous excursion (in distribution)
satisfying (2.10) with E[Z(£)] = ¢ from Theorem 1. Then, we have the following two
statements:
i) if v € M;(K9%) with E,[d(p, ()] = ¢, then the sequence of distributions (¢g,(v))n>1
converges weakly to the law of Tz.
i) if v € My (TI®) with E, [d(p,¢)] = ¢ and E, [||T|™] < oo, where

K
m:1+L1/aJ:min{mem:ZE[Rym]d}, (3.1)
i=1
then the sequence of distributions (¢, ())»>1 converges weakly to the law of Tz.
Note that the assumptions in Theorem 2 i) are rather weak as no conditions on
the probability distribution » are imposed apart from E, [d(p, ()] = c¢. For instance, if v
charges only two-point metric spaces {p, z} such that d(p, x) = ¢, the theorem applies.
Although the moment condition in Theorem 2 ii) is probably not optimal, one certainly
needs some condition as demonstrated by the following proposition.

Proposition 3. Let ¢ > 0. Fix I' and let n be a probability distribution on . Then,
there exists a distribution 7 on ¥% such that 7(Xx x -) = 7(-), and furthermore, with «
as in (2.5),
i) there exist infinitely many mutually singular fixed points of (2.4) on K9 including
some that are almost surely not real trees, such that, writing v € Ml(]thp) for such
a distribution, and X = (X, d, p1, p) distributed according to v, we have E, [d(p,()] = ¢
and E[||x[|'/*] = oo;
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ii) there exists v € M;(IK9") concentrated on T such that E,[d(p,()] = ¢,
E,[|Z||*/*] = oo and ( ghp(¥))n>1 does not converge weakly to the law of Tz with Z
as in Theorem 2.

Let us comment on ii) above: According to Theorem 2 i), under these conditions,
one has convergence in the sense of Gromov-Prokhorov to ¥z, where Z is the random
excursion of Theorem 2; however, as one iterates ¢gnp, the support of the mass measure
converges to Tz, but some of the branches of the tree are drained of their mass without
becoming shorter (see the proof on page 23 for details).

3.2 Geometry, fractal dimensions and optimal Holder exponents

It is informative to first present a heuristic argument that, at the very least, gives
an idea of the value of the Minkowski dimension that one should expect. Consider
T = (T,d, u,p) satisfying (2.4). In a covering of 7 by open balls, if one neglects the
contribution of the balls that might intersect more than one subtree in the recursive
decomposition, the fixed point equation (2.4) should imply that we approximately have

K K
N7(8) Y Ngar,(6) = > N7.(R;0). (3.2)
i=1 =1

In particular, if one roughly has Ny (4) ~ §~*° for some s > 0, then it should be the case
that 1 = Zfi 1 R§®, and thus the constant s should be given by s = a~!. We now provide
results that justify that this is indeed the case under some conditions which happen to
be satisfied in most examples.

In the following theorem and subsequently, we use the generic random variable
R which is distributed like R; with I independent of R and uniformly chosen among
1,..., K.
Theorem 4 (Upper bound on dimp,). Assume that T = (7,d, u, p) satisfies (2.4) with
values in T?hp. Moreover, assume that R admits a density on (0,1) (although an atom at
0 is allowed). Then, almost surely,

dimp (7) < 1/a.

Theorem 5 (Lower bound on dimy). Suppose that ¥ = (7,d, u, p) satisfies (2.4) with
values in T, that P(7 # {p}) > 0, and, for some § > 0, E[R °] < cc. Then

dimy (7)) > 1/c.

In the next result, recall that two excursions f and g are said to be equivalent if
f = go ¢ for a function ¢ : [0,1] — [0, 1] that is continuous and strictly increasing.

Corollary 6 (Optimal Holder exponents). Suppose that Z satisfies (2.10), that P(||Z]| >

0) > 0 and that the conditions of Theorems 4 and 5 are satisfied. Then, almost surely:

(@) dimy(7z) = dim,, (7z) = dimy(7z) = a™!;

(b) for any v < «, there exists a process Z which is equivalent to Z and has ~v-Holder
continuous paths.

(c) for any v > « and any distribution # on Ce such that, for 2(2 ) =7, Té and 7z have
the same distribution, Z has ~v-Holder continuous paths with probability zero.

Finally, we have the following results about the degrees in Tz. Recall that the degree
of a point in a real tree is defined as the number of connected components in which the
space decomposes upon removal of the point. Let Z(7z) be the (random) set of degrees
of Tz. Letalso (') = {1+ #{j : w; =i} : 1 <i < K}; Z(T) is the set of degrees in the
tree obtained from I" by connecting an additional node to its root. Observe that 1 € 2(T"),
but that it is possible that 2 is not an element of Z(I').
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Proposition 7. Let 0 < ¢ < oo and Z be the unique solution (in distribution) of (2.10) in
Theorem 1 with E[Z({)] = ¢ and consider Tz = (7z,dz, iz, pz). Then, almost surely,
i) the root pz is a leaf;
ii) a point sampled from pz is a leaf;
iii) pz has no atoms;
iv) the set 2(7z) of degrees of points in 7z is fully determined by Z(I'): we have

[ {1,2,3} if 2(I') = {1,2}
2(Tz) = { 2(T)U {2} otherwise.

3.3 A taste of applications

All applications in this work are discussed in detail in Section 6; they cover in
particular generalizations of the trees dual to laminations of the disk. Here, we only
state immediate consequences for the three trees encoded by the functions 2, 7 and
e that we have used as examples earlier (on page 9). Observe that, the structural tree
I' is fixed if K = 2, while for K > 3, in order to describe it, it suffices to specify the
parents ws, ..., wx of the nodes i = 3,..., K. Recall that continuum real tree refers to
an element of T9 or T?hp.

Corollary 8. Up to a multiplicative constant for the distance function, we have (unique-

ness being understood in distribution):

(a) The Brownian CRT (7, de, te, Te(0)) is the unique continuum real tree satisfying (2.4)
with K =3, w3 =1, a = 1/2, S=R=Aasin (2.11).

(b) The tree (T#,ds, us, 4 (0)) is the unique continuum real tree satisfying (2.4) with
K=2,8=R=A,asin(2.12) and o = (/17 — 3)/2.

(c) The tree (To¢, dsw, psw, 7 (0)) is the unique continuum real tree satisfying (2.4) with
K=2a=1/3,S§=A,R=(W,1-W) with AW as in (2.13).

Furthermore, these uniqueness results also hold in the spaces ]K?hp and K9,

The assertion concerning the Brownian CRT (in the unrooted set-up and using a
slightly different definition of continuum trees) in Corollary 8 is the main result in [2].
Similarly, the claim for the process 2 in Corollary 9 has already been given in [14] in
the space C under additional moment assumptions. In terms of processes, we have the
following

Corollary 9. Up to a multiplicative constant, we have (uniqueness being understood in
the sense of distributions):

(a) The Brownian excursion e is the unique continuous excursion satisfying (2.11).

(b) The process £ is the unique continuous excursion satisfying (2.12).

(c) The process 47 is the unique continuous excursion satisfying (2.13).

We now formulate the implications of results on the fractal dimensions of 7z, T »
and 7.. Note that the fractal dimension of the continuum random tree has already
been established in [4] (see also [25] for the more general case of Lévy trees) and the
Minkowski dimension of 7 in [14].

Corollary 10. Almost surely, for the processes e, % and 7 satisfying (2.11), (2.12)
and (2.13),

(a) dimy(7e) = dimy(7e) = 2.

(b) dimy(Tz) = dimy(Tz) = 2/(V17 - 3),

(C) dimm(T%O) = dimh(ij) =3.

3.4 Overview of the main techniques

Most of our proofs rely on an expansion of the fixed point equation (2.10). For fixed
point equations describing real-valued distributions, this idea is classical, see, e.g. [8,
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Section 2.3]. For the Brownian CRT 7, it was used in [18] as well as, in [2].
Let © = J,,5([K]" be the complete infinite K-ary tree and, for each n > 0, denote by
©,, = [K]|™ C © the set of vertices on level n in ©. Next,

{(R",8%):9 €@}, and {2¥=(&,...,6%):9c0}

be two independent sets of independent random variables where each (R”,S”) has
distribution 7 and each Z? is uniformly distributed on (0,1)%. The components of R”
and S” are assigned to the edges out of ¥ as follows: for the edge e?f between ¢ and
Vi, define R(e¥) = RY and S(eY) = SY. These edge-weights then induce values for the
vertices that we define multiplicatively: each node ¥ € © is assigned a length £(v}) and a
rescaling factor for distances V() which are given by

V@)= [ Rte) and L) =[] S(e), (3.3)

ecmy ecTy

where 7y denotes the set of edges on the path from the root () to ©). We can think of © as
providing the parameters that are required by the recursive decomposition.

In Section 4.2, we will see that, for any ¢ > 0, one can construct a family of random
excursions {Z” : ¥ € ©}, such that

2V =9(2",... 2% R, S =)
where, for all ¥ € O, the distribution of Z” does not depend on ¥, Z? is measurable with
respect to {(R?7, 877 =77 : ¢ € ©}, and E[Z?(¢)] = c.

It should be clear that, for any ¥ € © and n > 0, the unit interval is decomposed in
half-open intervals such that, for o € ©,,, 2?7 multiplied by (V(90)/V(¥))® governs the
behaviour of the process Z? on a set AV of Lebesgue measure £(J0)/L(9) composed of
a subset of these intervals. Let us give a precise formulation of this decomposition: first,
for all ¥ € © set Aj = [0,1] and j € [K], let the set A7 and the function ¢? be defined as
A; and ¢; in (2.8) using the vector (§?,=7). Then, given AY and ¢! for o € ©,,,n > 1, for
j €[K], let

—1 o
Ay = (e5) (A7), (3.4)

lea

and let <p§ ; be the unique piece-wise linear bijective and increasing function with constant

slope mapping ng onto [0, 1]. For n > 0, A? is the disjoint union of the sets AV ,w € ©,,.
In particular, A’,w € ©, is a partition of the unit interval. Throughout the paper, we
write Ay = Ag, ¥ € © and Z = Z° for the quantities at the root of ©. (No confusion

should arise in the notation as Z? is indeed the process from Theorem 1.)

3.5 Organization of the proofs

The remainder of the paper is organized as follows: In Section 4, we prove Theorems 1
i), ii), Theorem 2 and Proposition 3. Section 4.1 is devoted to showing that, up to a
scaling constant, there exists at most one solution to (2.4) in ]K?hp (or IK9P), In Section 4.2
this solution is constructed together with a unique continuous excursion satisfying (2.10).
Parts i) and ii) of Theorem 1 are proved at the end of this section. Section 4.3 contains
the proofs of Theorem 2 and Proposition 3.

Section 5 contains the proofs to the remaining statements presented in Section 3. In
Section 5.1, we start with the verification of Theorem 4. In Section 5.2, we give the proof
of the lower bound on the Hausdorff dimension of Theorem 5. In Section 5.3, we discuss
the proofs of Proposition 7 and the statements iii) and iv) of Theorem 1. Corollary 6 is
discussed in Section 5.4.
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Finally, Section 6 is dedicated to applications. We discuss the results formulated
in Section 3.3 for the processes e, 2 and 77 in detail in Sections 6.1-6.3. Section 6.4
contains new results concerning a generalization of the lamination model [14, 19].

4 Proofs of the existence and uniqueness results

4.1 Uniqueness of the encoding function

The proof of Theorem 1 consists of two steps. First, in Proposition 12, we show that,
in distribution, there exists at most one compact rooted measured metric space with full
support satisfying (2.4). Second, as in [14], we use a variant of the functional contraction
method developed in [41] to construct a solution to (2.10) whose supremum has finite
moments of all orders. We indicate how to obtain the statements i) and ii) in Theorem 1
from the next two results right after proving Proposition 13.

Forn € N = {O, 1,2,.. .}, let M,, = {(mij)ogingn My = My > 0,my = 0} be the
set of symmetric (n + 1) by (n + 1) matrices with non-negative entries and zeros on the
diagonal. We also write My for the set of infinite dimensional matrices satisfying these
properties. We always endow this set with the product topology and the corresponding
Borel o-field. For a fixed compact rooted measured metric space X = (X,d, u, p), let
(¢i)i>1 be independent and identically distributed (i.i.d.) test points with distribution
uwon X, and set (; = p. Observe that the distribution of the random infinite matrix
Dx = (d(,¢5))i,j>0 does not depend on the representative of the Gromov-Hausdorff-
Prokhorov (or Gromov-Prokhorov) isometry class of X. Hence, we can define the distance
matrix distribution v* € M;(My) for elements X of K9 (or K9)6. For a probability
distribution x € M (K9P) (or M;(IK9)), we also define the probability measure

Vi (A) = /uf(A)dm(x), A C My measurable.

The importance of »* and v* is highlighted by the following well-known proposition. For
gp-isometry classes, part i) is typically referred to as Gromov’s reconstruction theorem,
see Gromov [31, Section 3 1/2] or Vershik [50, Theorem 4]. Statements ii) and iii) (again
in the gp case and for unrooted structures) are covered by Corollary 3.1 in [30] (see also
[37, Corollary 2.8]). For ghp-isometry classes, these results immediately follow from the
bimeasurability of + discussed at the end of Section 2.1.

Proposition 11. We have the following results:
i) For fixed ¥1,%, € ]KgfJhp (or K9) we have v*' = p*2 if and only if X¥; = ¥».
ii) For k1, ks € /\/ll(lthp) (or M;(IK9)) we have v*t = v*2 if and only if k; = Ko.
iii) For probability distributions x and «,, n > 1, on K%, we have x,, — « weakly if and
only if v"» — " weakly.

With Proposition 11 at hand, we can now compare the distance matrix distributions of
two solutions of the fixed point equation (2.4). To this end, for a random variable X with
values in IK9" (or K9), set E[v¥] = v*(X), that is, E[v¥](A) = E[v*(A)] for a measurable
set A. Further, for n > 0 and fixed X € K9 (or K%), we write v;¥ € M;(M,) for the
distribution of the distance matrix induced by the first n + 1 points (g, (1,...,(,. The
quantities v# for a probability distribution x € M (K9®) (or M;(K%)) and E[;] for a
random variable X shall be defined correspondingly.

Proposition 12. Let X = (X,d, 41, p) and 4 = (U, ', i/, p') be KI™ (or K9?)-valued r.v.’s
satisfying (2.4) (in distribution) and E[d(p, ¢)] = E[d(p’, )] where ( (resp. ¢’) is chosen
on X (resp. U) according to p (resp. i'). Then, E[v*] = E[v*], hence £(X) = £(41).

6The map ¥ — v¥ is continuous for the Gromov-Prokhorov topology (via the equivalence with the so-called

Gromov-weak topology; see [22, 30] for details).
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Proof. Forn > 1, let D,, (resp. D!,) be a random variable on IM,, with distribution E[v]
(resp. E[v/}!]). Both D; and D) satisfy fixed point equation (2.6). As elaborated in the
discussion of (2.6) it follows from the results in [27] that D; and D) are identically dis-
tributed since both random variables have mean c. Our aim is to show by induction on n
that, for all n > 2, both D,, and D), satisfy the same stochastic fixed point equation known
to admit at most one solution. Taking that for granted for now, it follows immediately
that E[v¥] = E[v¥] for all n > 1; Proposition 11 ii) then proves the assertion.

Let A C M,, be measurable. With 7 = £((R,S)), N = £(X) and X4, ..., Xk i.i.d. with
distribution R, also independent of (R, S), we deduce from (2.4) that

P(D, € 4) = V(4) = !0 (4) = By 51379 ()]

=/, drs) /(]K) AR (.. o )Blpy T D)(4), (40)
K

where X*(x1, ..., 2, r,s) has distribution ¢(x1,...,zx,r,s). (Here, we could apply Fu-
bini’s theorem thanks to the product measurability of the map ¢ proved in the supple-
mentary material.) We now keep r = (r1,...,7x), s = (s1,...,8k) and z1, ..., xx fixed.
Let Z1,...,Zx be arbitrary representatives of z1,...,rx and write z; = (Z;,d;, fii, pi)-
Let 1;,4 € [K] be independent points on Z; with distribution fi;. Let z. = (2., dx, f«, px)
be the space constructed with the help of ', o, 1,8, 21, ...,Zx, M, ..., Nk following the
steps ii) - iv) on page 6. To sample independent test points ({;)1<¢<n, On z, according
to /1., we consider a family of independent random variables {¢; ; : i € [K],j =1,...,n}
which is independent of the glue points 7;, ¢ € [K], where each 6, ; takes values in Z; and
has distribution fi;. Let also J = (Jy, ..., J,) be a vector of i.i.d. random variables with
values in [K], independent of the remaining quantities, with P(J; = j) = s, for j € [K].
Define {; = ¢°(0,.¢), where ¢° is introduced in step ii) of the construction on page 6.

Then (¢;)1<i<n is a family of i.i.d. points with distribution y.. Set (o := p.. By construc-
tion, the matrix W, = (d(Ci,(;))o<i.j<n has distribution E[v; “***")]_(In particular,
its distribution does not depend on the choice of the representatives z1,...,Zx.)

We now decompose W,, by looking in which of the subspaces (or, more precisely,
their images under ¢°) the random points (1, ..., (, fall. In each space, the trace of the
paths induce a rescaled distance matrix with a potentially different number of points
which maybe the original points, the root of the subspace or glue points. To this end,
first recall that the root p. = (j is the (image of the) root p; of z;. Set jp := 1 and, for
j=(1,--rjn) € [K]"and i € [K] define L} = {0 < £ <n: j, = i}. Then, set £, = #L} —1
and, for 2 < ¢ < K define ¢; = #LJ;-. Further, for i € [K], let £f = ¢; + 1 if there exists
some 1 < ¢ < n such that j, € I'; \ {¢} and ¢; = ¢; otherwise. (¢; is the number of test
points falling in (the image of) z;, and ¢; accounts for the glue point »; which plays a role
if there is some segment [(,, (,] containing its image under ¢°.)

For j € [K]" let &3 be the event that J, = j, for all £ € [n]. For integers p > 1,i € [K],
we write Yl.(f’ ) for a generic random variable with distribution vji. Now note that,
on &, the distance matrix W,, has the same distribution as a linear combination of
deterministic linear operators evaluated at independent copies of Yx(e :),i € [K]. To this
end, for £ =1,2,...,n, lettk(¢{) ;== #{p € L"}k : 1 < p < ¢} be the rank of / in the set Lg-g,

and set rk(0) = 0. Then, for i € [K], we define operators GEJ) : My — M, in two steps.
Let A € My: and 1 < p,q < n. First, set

. Ark(p),rk(q) if p,q e L}],a
CI(A)pyg =< Aony  fpellj, ¢l (4.2)
AO,rk(q) if qc L‘;7jp ¢ Fz
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This does not define all the entries of ng)(A). For the remaining entries: if ¢; = ¢;, then

ng)(A)p,q = 0 for all p, ¢ which are not covered in one of the cases in (4.2); or else we
have ¢ = ¢; + 1, and then

. A ifpe Li‘»jq eI\ {i},
G (A)pg = Auqge: ifq€ L j, eTi\ {i}, 4.3)
Ao.e; if j, € Ty \ {i}, jq ¢ Ti or j, € Ty \ {i}, jp ¢ T,

and G(j)( )p ¢ = 0 for all p, ¢ which are covered neither in (4.2) nor in (4.3). Note that, if
¢ =0, we have G = 0.

The following observation is the crucial ingredient of the proof: When conditioning
on &4, as the points 0y ¢, £ =1,...,n, and 7y, are all independent and distributed on z;,
according to i, we may think of 7, as an additional test point on Z;. Thus, on &, we
obtain the following distributional equality

K

where the Ym(é :), 1 € [K], are independent. (For the sake of convenience, we agree to set
Yw(io) to be the matrix containing a single entry which is 0.)

The cases where ¢ = n for some i € [K| need to be considered in detail: indeed,
they are the cases that yield (n + 1) x (n + 1) distance matrices from the constituant
subspaces, and are thus crucial to the fixed point argument. To this end, we define the
following subsets of [K]|": C; = {(4,...,7)} and

K

Cr = U {(jh...,jn):jg:iforallf#k,jkEfi\{i}}7

k=1

aswellasC =CyU---UCkg and C* = Cf U ---UCj},. Then, for i € [K] we have ¢ =n
if and only if j € C; U C}. In the following, we distinguish these two cases. Recall the
definition of F; from (2.2).

a) If j € C};, the operator Gl(.j) is the identity and, as observed previously, GS) =0if
k ¢ E; U {i} since ¢} = 0. For k € E;, however, we have ¢} = 1 and G,(j) :M; — M, is
defined in (4.2) and (4.3). Thus, in this case, (4.4) can be written as

W Lrey® 4 S g e, (4.5)

where Y™, mk , k € [K]\ {i} are independent. As just observed, ¢; € {0,1} for all k # i.

b) For j € C7, letting k* # ¢ denote the unique value with I3, # (), we have ¢; = 1 for
all k € {k*} U (Ex~ \ {i}) and ¢; = 0 forall k ¢ {k*} U Ej-.

The operators Gg) for k # i are defined in (4.2) and (4.3). The operator Gl(-j) acts
on a matrix A € M,, by permuting the indices as follows: 0 — 0,k — rk(k) for k # m
and m — £} = n. As the distribution of Y;?)
random variable W,, satisfies (4.5).

Upon collecting our findings for the different cases and performing the integration
in (4.1), it follows that the random matrix D,, satisfies

is invariant under such permutations, the

L U.D, + V., (4.6)
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where U,, € [0,1], V,, € M,,, the (U,, V,,), D,, are independent, and we have

K
Un =) R Lyeciue (4.7)
=1
and
K K
a j k a j k
Vo= > L2 RE-GPD 4 Y LY RE-GPDE). @8
i=1jeC,UC; ki j¢cucr k=1
Here, recall that we have J = (J1,...,J,), where, given (R,S), the random variables

Ji,...,J, are independent and each J; is distributed as J in (2.5), and {ngk) 0</I<
n — 1,k € [K]} is an independent family of random variables, which is independent of
(R,S,J), where each Dék) is distributed like D,.

A random variable satisfying a fixed point equation of type (4.6) is called a perpetuity.
It follows from classical results on perpetuities, e.g. from [51, Theorem 1.5], that (4.6)
has at most one solution (in distribution). Repeating the arguments shows that D,
satisfies a distributional identity of the form D] = U] D) + V, with U/ = U,, and the
additive term V!, can be obtained from V;, by replacing each Dék) by a copy of D), while
maintaining the independence structure. Hence, by our induction hypothesis, (U,, V)
and (U/},V;) are identically distributed which shows that D,, and D), are identically

n? n

distributed and concludes the proof of the induction. O

4.2 Construction of a solution

In this section, we construct the family of processes {Z” : ¥ € O} mentioned in
Section 3.4 that plays a central role in a number of proofs later on. The following
proposition is a generalization of Theorem 6 and Theorem 17 in [14]. We keep the
presentation rather compact and refer to [14] for more details on technical points; this
applies in particular to a number of tedious but straightforward inductions occurring
throughout the proof. Recall that || - || denotes the uniform norm on Cex and the definition
of min (3.1). Fora > 0, let

M {MEMl ex) // (t)dtu(dz) = a and /||:UH'“ (dx) <oo}

Fix ¢ > 0 and let QY = c,¥ € ©. Recall the map ® defined in Section 2.4. Recursively, for
n>1and Y € O, define

QY =d(Q%,,...,Q RV 87 =Y. (4.9)

Proposition 13. For any ¥ € O, almost surely, the sequence QV defined in (4.9) con-
verges uniformly to a process ZY. For any ¢ € ©, we have, almost surely,

zV =@z, .. 29K RY SV =Y. (4.10)

Furthermore, £(Z?) is the unique solution to (2.10) in the set M€ and E[||2?||™] < oo
for allm > 1.

Remark 1. The proof of the proposition also shows the following: Let u € M€, and let
{¥? : 9 € ©} be a family of independent random processes with £()?) = y forall ¥ € ©
which is independent of {(R?,S?,=?) : 9 € ©}. Then, the sequence Q? initiated with
{y?: 9 € O}, that is, Qj = VY, converges almost surely uniformly to Z”.
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Proof of Proposition 13. First of all, note that, for n > 1, (4.9) says that, for all ¢t € [0, 1],

Qn(t) Zlm ) Qi (@ (1)) + Y (RDQLL(EN)| - (4.11)

JEE;

Throughout the proof, £ denotes a random variable with the uniform distribution on
[0, 1] which is independent of all remaining quantities. Recalling the choice of « in (2.5)
and the fact that E[Q}(¢)] = ¢, it follows by induction that E[QY(¢)] = ¢ for all n >
0. From (4.9) (or (4.11)), it should be clear that the sequences (Q}’;)nzo,ﬁ € O, are
identically distributed. (A formal proof could again be given by induction.) Next, set
AQY = QY. — QY for n > 0. From (4.9), we have for all ¢ € [0,1],

AQY(t) Z1Aﬂ (ROAQU () (1) + > (RN AQN 1 (€])] - (4.12)

JEE;

In particular, one finds AQY = h(Q%L,,..., QY% RY,S? =) for a suitable deterministic
continuous function h (see (4.12)). By 1nduct10n on n, it follows that, for any fixed n > 1,
the random variables AQ?, ¥ € O, are identically distributed.

Fori € [K], we now define gy = RY if ¢ € J, ., A} and 3 = 0 otherwise. The random
variable B? is distributed like §; defined in (2.6). From (4.12), using the independence
of (R”,S87) and Z¥ and the fact that, conditional on ¢ € A?, the relative position of ¢ in
this interval is uniform and independent of (R”,S?), it follows from the last display that
E[AQ?(¢)?] is equal to

K
> E[BE[AQ)_(6)?]
=1

K
3> E[Lu@®RI)NRL)TAQ (€1)AQIA (€)] -

=1 j1#£j2€E;U{i}

Here the A? have distjoint interior, and all the squared terms are collected in the first
sum (recall the definition of 3; from (2.6)). Conditional on ¢ € AY and on Rﬁ and R;Z,
the random variables AQW ! (5‘9 ) and AQM" (5}92) are zero-mean 1ndependent random

variables. Thus, the second term in the last display vanishes. Hence:
n—1

K
E[AQ; (€)% = D EISFIEIAQ; 1 (€)% = EIAQY (S (ZE62a> . (413)

Recalling that ¢, := Y., E[32%] € (0,1), this implies that E[AQ?(¢)?] < Cygy for
02 = 1/QQ.

Next, we aim at showing that, for all m > 1, we have E[|AQ?(£)|™] < C,.q%, for some
constants C,, > 0 and ¢,, € (0,1). The previous argument verifies this claim for m = 2
(and m = 1 by the Cauchy-Schwarz inequality). Let m > 3 and assume it is true for all
1<¢<m-—1andlet C, = max(C1,...,Cn-1), ¢ = max(q,...,q¢m-1) < 1. Then, again
from (4.12), we deduce that

K
E[AQ; (& Z BB AQ, _1(6)[™]
K
+30 3 E|1,(¢ H|AQM DI, (4.14)
i=1 j1,..0m
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where the inner sum of the second term ranges over all tuples (ji,...,jm) € (E; U {i})™
for which #{j1,...,jm} > 2. (Note that we have dropped some factors (R;?)a in the
product in the right-hand side.) Now, similarly to the argument above, on the event that
£ e Af, the random variables in the product on the right-hand side of the last display are
independent for different values of ji. Since no j; appears more than m — 1 times in the
product, we can use the induction hypothesis to obtain the loose, but sufficient, bound

E[|AQ}(6) ZE B TENAQ 1 (£)™]
K
+Y Y (Cugt U, (4.15)
=1 j1,emrhm
with j1,..., ., as in the sum in (4.14). From here, since m > 3 we have Zfil E[gm] <1

and a simple induction on n shows that E[|AQY(¢)|™] decays exponentially in n, as
desired.

The exponential decay for all moments at a uniform point £ can be bootstrapped to
yield exponential decay for sufficiently high (hence all) moments of the supremum. For
m > 1 it follows from (4.12) that E[||AQ”||] equals

m

E | max §|[(RY)*AQIL (#] (8) + Y (R))*AQLL(E])

JEE;

<E | max { (RO)™AQI ™+ > AQY,|*

1<i<K

H AQ™ (

J1s--sdm

with ji,...,jm as in the sum in (4.14), ¢; = #{1 < k < m: j; = i} and the product over
k only ranges over those values 1 < k < m with j; # i. (Observe that ¢; < m for all

i.) Bounding the maximum by the sum, abbreviating C., = max(Cy,...,C,,) and .. =
max(qi, - - -,¢m) and using the stochastic independence of AQUL ... AQUK, ¢V ... ¢V,
gives

E[IIAQﬂII"’]

K
<mew NAQL_ ™+ > E[AQY |I%](Crngls P

= =1 j1,.sJm

E[R7IE[|AQ) 1™ +Z Y ElAQL M ™ (Creal

=1 g1, Jm

<

= 1

©
I
—

where we used pf = #{jr : 1 < k < m,jr # i¢}. Recall m from (3.1); for m > m
we have Efil E[R"*] < 1 and a simple induction on n shows that E[|AQ?||™] decays
exponentially in n. From there, standard arguments (see, e.g. the proof Theorem 6 in
[14]) imply that, almost surely, QZ converges uniformly and, writing Z? for its limit, the
identity in (4.10) holds. Furthermore, the random variable || 27| has finite polynomial
moments of all orders.

It remains to show that the constructed process is the unique solution to (2.10) in
distribution in M¢. As this part does not require significantly new ideas, we remain
brief. Let 4 € M° and consider a set of independent random variables {),9 € O} with
£(VY) = pu that is independent of {(R?,S?,Z") : ¥ € ©}. Then, analogously to (4.9), for
n > 1 and 9 € O, recursively define

V=o(yUt, .. VK RY SV EY).
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By repeating the steps of the proof of uniform convergence of (Qﬁ)nzg, we find that
the sequence ()Y Jn>0 converges almost surely uniformly to a solution V7 of (2.10).
Furthermore, by following the same inductive arguments as before, one can show that
E[(QY(&) — VY (€))?] — 0 exponentially fast. (To be precise, we have the same bound
as in (4.13) for this term with E[AQY(¢)?] replaced by E[(JY(¢) — ¢)?].) The fact that
E[|QY(&) — Y?(¢)|™] — 0 exponentially fast for all 1 < m < m follows as in (4.14)
and (4.15). Based on this, the same steps as before yield that E[[|QY — Y7||™] — 0 for all
1 < m < m. Hence, Y = ZY almost surely. This concludes the proof. O

Proof of Theorem 1 i) and ii). The statement in ii) is an immediate consequence of Propo-
sition 12 and Proposition 11 ii) since E[yx} remains invariant upon replacing X by the
support of the measure. The uniqueness claim for the process in Theorem 1 i) can be
deduced as follows: Let Z be the process constructed in Proposition 13, and assume
that ) is a continuous excursion satisfying (2.10) with E[Y(§)] = E[Z(£)]. Then, by
Proposition 12, E[v32] = E[y,;”] for all n > 1. Let f,, : M;(M,) — M;([0,00)) be the
map that, to v € M;(M,,), associates the law of sup{A4y; : 0 < i < n}, where £(A) = v.
Then, as n — oo, we have the following weak convergences:

fu(Blrn]) = £(121), and fo(Elrs>]) = (Y]

Hence, £(||Y||) = £(||Z]]), and in particular, by Proposition 13, ||| must have finite
moments of all orders. The uniqueness statement under the finite moment condition in
Proposition 13 then implies that £()) = £(2). O

4.3 Attractiveness of the fixed points of (2.4)

In this section, we prove Theorem 2 and construct the counter-examples of Proposi-
tion 3. We start with the following lemma that provides a height function representation
of random elements in T?hp. For technical reasons, we work in the space D of caglad
functions f : [0,1] — R satisfying f(t) = limg f(s) for all ¢ € (0, 1] and for which the
right-hand limits f(¢+) = lim,, f(s) exist for all ¢ € [0,1). The set D is equipped with
the Skorokhod .J;-topology ([12, Chapter 3]). Let Doy C D be the set of non-negative
functions f € D with f(0) = f(0+) = 0and f(¢) — f(¢+) > 0 for all ¢t € [0, 1]. Analogously
to continuous excursions, every f € g, encodes a compact rooted measured real tree
(Tf,dy, 1y, py) satisfying C1 via the construction outlined in Section 2.2 ([24, Lemma
2.1]). The proof of the following lemma is found in the appendix.

Lemma 14. Let v be a probability distribution on T?hp. Then, there exists a probability
distribution 7 on Dey such that £(%z) = v for a random variable Z with law 7.

Proof of Theorem 2. i) For m,n > 1, write ﬁ,(fn ) for a generic random variable with

distribution z/ffm(”). Recall from the proof of Proposition 12 that, if ¥ satisfies (2.10),
then for n > 1, a r.v. D,, with distribution E[v;}] satisfies the fixed point equation (4.6),

that is, D,, 4 U.D,, +V,, where U, is a real-valued r.v. with U,, € (0,1) a.s. that is given
in (4.7), V,, is a random matrix with non-negative entries given in (4.8), and (U,, V,,), D,,
are independent. Since ¢! = ¢ o ™, the arguments from the proof of Proposition 12
show that

Dem) £ g, D 4 v m

where (Un,Vnm)) and DU are independent and V™ is given as Vj, in (4.8) upon

replacing each copy of Dék) by a copy of D&m) and maintaining the independence

between R, S, J and the copies of ng), o [);@1. The remainder of the proof consists in
showing that, in distribution (and in mean) for all n > 1, we have Df{") — D,, as m — oo.
By Proposition 11 (iii), this implies the assertion. The proof relies on a contraction
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argument. In the following, as matrices in IM,, are symmetric with zeros on the diagonal,
we use the natural identification of IM,, with R(":"). For p € N,p > 1, let M1(RP) be
the set of probability measures on R” whose max-norm || - ||« is integrable. Recall the
Wasserstein distance on M} (IRP) defined by, for p1, o € M1(RP),

O (s po) = inf {E[| X = Yleo] 1 £(X) = p1, £(Y) = pi2}-

For random variables X, Y in R?, we abbreviate ¢;(X,Y) := ¢;(£(X), £(Y)). We proceed
by induction on n > 1, and assume that, forall 1 <i < n, el(E§m>, D;) — 0 as m — oc.
First, observe that ||GJ,(A)||Oo < ||Al|s for all matrices A and linear operators Gf in and
around (4.2)-(4.3). Since the random variables R;,: € [K], lie in [0, 1], conditioning on
(R,S,J) shows that

61(D2m+1)a Dn) < E[Un} 2 (DSLm)7 Dn) + sup El(Dénl)a D/)

1<<n—1

From here, since E[U,] < 1 and 61(Dém), Dy) = 0forall 1 < ¢ <mn— 1 by the induction
hypothesis, it follows by induction on m that the sequence (El(DSLm), D,,))m>1, is bounded.

Taking the limit superior in the last display then shows that Kl(f)?({"), D,) = 0asm — oo
since E[A,] < 1. This concludes the proof of the induction step, and it only remains
to establish the base case n = 1. Note that, under our identification, ng) and D, are
real-valued and non-negative random variables. Distributional convergence DY’” — Dy
as m — oo follows immediately from Theorem 2 b) in [27]. Furthermore, by construction
¢™ preserves the expected distance between the root and an independent random point
and therefore E[D\™] = E[D,] for all m > 1. But convergence in ¢, for non-negative
random variables is equivalent to distributional convergence together with convergence
of the mean, see, e.g. [11, Lemma 8.3]. This concludes the proof of i).

ii) If v € Ml(T?hp) the claim follows easily from the proof of Proposition 13. Indeed,
by Lemma 14, there exists a probability distribution v* on D¢ such that the (isometry
class of the) tree encoded by a random variable with law v* has distribution v. Then,
for any n > 0, ¢™(v) is the distribution of the real tree encoded by QQL from the proof
of Proposition 13 when Q}), ¥ € ©,,, are i.i.d. with distribution v*; see Remark 1. (All
arguments in the proof of Proposition 13 apply analogously to caglad functions.) As we
have seen there, Qg converges almost surely to a solution of (2.4). (It is here where we
need the moment assumption on ||Z||.) This proves the claim. O

Proof of Proposition 3. i) The example we provide generalizes the one by Albenque and
Goldschmidt [2] in the special case of Example 1). Let 7 = £((S,S)) where £(S) = 7.
(In other words, we choose £(R) = n and the coupling R = S.) Let v, be the unique
law solving (2.4) in T?hp with E[d.(pe, (:)] = ¢, where (. is sampled according to p. on 7
and (7., d., tic, pc) has distribution v.. Such a solution exists by Theorem 1. The idea is
to construct another random compact rooted measured real tree in T9"P by appending
massless hair to a tree sampled from v..

Choose an integer x > 1. Let CS— be the set of all non-negative sequences converging
to zero. Let X = (X, d, u, p) be a fixed compact measured metric space. For a sequence of
points u = (u,)n>0 in X and s € ¢, let x1(u, s) be the isometry class of the space obtained
upon attaching x disjoint segments of length s; at the point u;, each by one extremity,
foralli > 1. As s € ¢}, the resulting space is compact. Hence, x; : XN x ¢f — K9 is
well-defined. The map is continuous as proved in Lemma 28 in the appendix.

Let P be a Poisson point process with intensity measure p ® s~ !~1/*ds on X x [0, 00).
P can be considered a (XN x ¢ )-valued random variable. The isometry class f(P) is a
random variable whose distribution does not depend on the choice of the representative
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of the isometry class of X. Hence, this operation defines a map v : K9 — M (IK9"P),
which is continuous (Lemma 28 in the appendix) and a version at the level of measures
Wy 0 My (K9P) — My (IK9PP) that is defined by

Ui (0)(4) = B[ty (V)(4),  with €)=,

The important observation is that, because of the choice of intensity measure with
exponent —1 — 1/« in the length, the effects of a multiplication of the mass by C' and of
a multiplication lengths by C'® are equivalent, and thus ¥ and ¥; commute. In other
words, for v € M;(K9P), we have

(W1 (v), £((S,5))) = V1 (¥ (v, £((S,5))))-

It follows immediately, that for any fixed point v of (2.4), the measure ¥, (v) also
solves (2.4). In particular, ¥, (v,) is such a fixed point and it charges only T9" \ T

Let ¥ = (T,d, i, p) be a random variable with distribution ¥, (v.). The height ||| is
at least as large as the length of the longest attached segment. Hence, for h > 0, we
have

P(|T]| = h) > P(Po(f,~ s7'71/*ds) > 1) = 1 — exp(—ah~1/), (4.16)

where Po()\) denotes a Poisson random variable with parameter A. Since m > 1/« (see
above (3.1)) it follows readily that E[||Z||™] = occ.

Furthermore, for different values of k the corresponding laws are mutually singular.
Finally, note that there is nothing specific to massless segments in the argument. Indeed,
we can replace the segments by loops, or equivalently identify the extremities of all the
segments together when « > 2. This proves that there exist fixed points which are real
trees with probability zero.

ii) The measure ¥, (v.) we have just constructed charges only spaces in T \ ']I‘?hlD
since the hair has no mass; we now provide a modified example where (a) the metric
part of the spaces is the unique (up to scaling) fixed point in T?hp on which we graft hair,
just as in i) before, but (b) we modify the mass measure so that it also charges the hair.
We then prove that the diameter of spaces obtained by iteration does not converge in
distribution to the diameter of T z.

Let X° = (X°,d°, u°, p°) be any fixed compact measured metric space where ;° has
no atoms; to fix ideas, one may take X° = [0, 1] equipped with the Euclidean metric, the
Lebesgue measure, and p° = 0. From X°, we construct the “hairy” compact measured
metric space (X, d, u, p) using the decoration by a Poisson point process as above. Here,
and subsequently, we focus on the case k = 1. Now, we construct a new measure pp
on X as follows. We first set up(X°) = 0. Then, for (u,s) € P, we associate a total up
mass min{s, 1}1/ e+l to the segment of length s attached to u; we distribute this mass
along this segment with density o - (1 4+ )~ - r1/“1 (o<, < dr if s < 1, and with density
677‘(1 - eir)ill{OST.Ss}dT if s > 1. Then,

o) 1 o)
Elup(¥)] = / min{s, 1}/ s~ (0F/0ds = / ds + / s~ (/g
0 0 1
=l+a<oo,

and it follows that up(X') < co almost surely. We let ;* be the unique probability measure
on X that is proportional to u + pp. For a random point (* sampled according to u*, we
have

Bld(p.¢)] < B | [ dlp.u)u+ i)
< Bld(p, ¢)] + B [ [ . u)m><du>] |
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and
E {/ d(p, ’LL),U/p(d’LL):| < IxX°+14 sup/ e (1 —e ") tdr = || X° + 2.
s>1J0
It follows that \* := E[d(p,(*)] < oo, so we may rescale the metric and define

d*(-,-) = d(-,+) x ¢/\*. Finally, let X* = (X,d*, u*, p) which satisfies E[d*(p,(*)] = ¢
and E[||X*||'/*] = cc. As for the function ¢/, in part i), technical proofs which we omit
show that the isometry class of X* is a random variable whose distribution only depends
on the ghp-equivalence class of X°. We denote this distribution by v* = v* € M, (KI™).
Note that it is not difficult to construct explicitly a random variable g € Cey in terms of
the points in P such that T, = X* (with respect to isometry classes).

Fix n > 1 and let X}, be a random variable with distribution ¢y, (v*). We now
study the diameter of X7. To this end, let © be the distribution of the isometry class of
X = (X,d, ", p) and X,, be a random variable with distribution Pgnp (7). As the rescaling
for distances is deterministic, in distribution, we obtain X} from X, by multiplying
distances in X,, by ¢/A*. We can think of the random variable X,, as constructed from a
family of independent copies {X” : ¥ € ©,,} of X relying on the family of independent
rescaling factors {(R”,S”) : ¥ € ©,,}, where glue points are chosen with respect to
the mass measures. (Formally, we can use the space SQ?L with Q?L from the proof of
Proposition 13 when Q},9 € ©,,, are i.i.d. copies of ¢ mentioned above.) Recall that the
distribution of P has been tailored precisely so that it is not affected by the rescaling:
the distribution of lengths of the segments on the union of the rescaled copies of the x?
is equal to the distribution of lengths of the segments on X 7. In particular, it follows that
the diameter of X,, is bounded from below in a stochastic sense by the largest segment
appearing in the Poisson process. From these considerations and (4.16), it follows that,
forz >0,

P(diam(X*) > X\z/c) = P(diam(%,,) > z) > 1 — exp(—az~/%).

As ||Tz|| has finite moments of all orders and the last display is valid for all n, it follows
that, for all z large enough, the left hand side of the last display does not converge to
P(diam(%¥%) > A*x/c). This concludes the proof. O

5 Proofs of the geometric properties

All arguments in this section rely on a generalization of the decomposition of the tree
Tz into K subtrees corresponding to 7z, ..., Tzx when the fixed point equation (2.10) is
developed for several levels. Throughout Section 5, let 7 = (77, d”, u?, p?) := Tz» with
Z" as in Proposition 13 where, for the sake of convenience, we assume fol E[Z27(t)]dt = 1.

The structural tree I" describes the way the trees 7',..., 7% (or rather, their images
under the canonical surjection ¢°), are arranged in 7 = 7z. Similarly, we introduce a
structural tree for the decomposition at level n > 1 as follows: Let I'” be the plane tree
on K™ nodes labelled with elements of ©,, that describes the adjacencies between the
subtrees at level n of the decomposition, that is, 7,9 € ©,,, when carried out up to this
level. We think of I'* as rooted at 1...1. Observe that I'” is a random object, since the
adjacency relations depend on the random points used to glue the trees. The tree I'"”
is measurable with respect to {(S?,=”) : 0 < || < n}. Analogously to the construction
on page 6, we shall consider 7 = 7z as the disjoint union Uyce, 7¥ upon identifying
each root of a tree 77,19 # 1...1 with the glue point on the associated parent tree. We
write ° : Llgco, TV — T for the corresponding canonical surjection. See Figure 3 for an
illustration.

"This is true, regardless of the fact that these segments may not be hair any longer in X, since the gluing
occurs after the rescalings.
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fay O,/

) T

Figure 3: The construction of ¥ from the first two levels of ©, and the corresponding
structural tree I'? on the right-hand side.

5.1 The upper Minkowski dimension: Proof of Theorem 4

In the following, for the sake of clarity, we write aX’ for the metric space (X, ad),
where a constant ¢ > 0 and a metric space (X,d). The approach here is to turn the
heuristic presented in (3.2) into a rigorous argument.

Given z > 0, the idea consists in (1) expanding the recurrence for each subspace
that has a scaling factor (for distances) greater than =%, until we are left with spaces
(potentially in different generations) with scaling factor no greater than z; (2) prove
that, with high probability and for any € > 0, we can cover the whole space by using a
single ball of radius x“~¢ per subspace, which ends up being a collection of no more
than z— !¢ balls, and finally (3) show that the bounds ensure that this occurs for all x
small enough with probability one. Let us move on to the details.

With x > 0 fixed, we first look for the suitable portion of the space that should
intuitively be covered with balls of size roughtly 2. For ¢ € © \ {@}, we let ¥ be the
direct ancestor (parent) of ¢ in ©. Let .2, := {¢¥ € © : V(¥) < 2, V(9") > z}. The set %,
separates the root @ from infinity, and no two elements of .Z, lie on the same ancestral
path. It follows that ;. ., V(¢) = 1 almost surely, and .Z, provides a natural partition
of the entire space 7. The cardinality of .4, has been studied finely by Janson and
Neininger [33]; we only need rather weak results: it turns out that under the conditions
of Theorem 4 (their Condition A), as one would expect, E[#.%,] = O(1/z) as x — 0, and
therefore, for any ¢ > 0, by Markov’s inequality,

P(% > 2 1% < Oaf,
for some constant C.
Now, for each ¥ € .%,, the corresponding portion of the space is stochastically smaller

(coupling of the scale factor) than xX, and since the height has moments of all orders,
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by choosing k as the smallest integer such that ke > 2, we have

P39 € 2 : V)T > 227 ¢) < P30 € L, : ||T7] > 27)
< Ca + a1 E[| | Flate
< Czxf 4 C'xte,

where the constant C’ only depends on e.

As a consequence, using balls of radius 2“~¢ centered at the roots p” for ¥ € .Z,,
it follows that Ny (z%~€) is such that P(Ny(z%¢) > 27 17¢) < C"2¢ for ¢ € (0,1/2).
Choosing x = 27", a straightforward application of the Borel-Cantelli lemma implies that
with probability one, N (2-"(¢=9)) < 27(1+¢) for all but finitely many natural numbers
n. This is then easily extended to any value of z by considering the unique n € IN for
which 27" < z < 27"*1, and the fact that one then has N7 (2% ¢) < N(27"). It follows
that with probability one,

1 a—e 1
lim sup g N7 (2°7) < te .
z—0  logl/xo—e a—€

Since € € (0,1/2) is arbitrary, this completes the proof of Theorem 4.

5.2 Lower bound on the Hausdorff dimension: Proof of Theorem 5

For a real tree 77 with f € Ce, natural candidates for measures giving lower bounds
on dimy,(7) using the mass distribution principle (2.14) are the push-forward measures
pr = ow;l of measures p* on [0, 1] under the surjection 7y : [0, 1] — 7. In our setting,
in the case R = S which covers both examples in (2.11) and (2.12), it is intuitive that
the Lebesgue measure on [0, 1], or, equivalently, the canonical measure on 7, leads to
an efficient choice. But when scaling factors in time and space are independent such
as in example (2.13), it turns out that one first has to find an appropriate time-change
on the unit interval in order to re-correlate the masses of fragments in the tree with
the extent of distances in the corresponding subtrees. Time-changes constructed in this
context are typically random, and one is led to construct the pair “tree+time-change”
simultaneously. It is this situation in which the almost sure construction in Section 4.2
turns out especially useful.

The construction of a suitable time-change is presented in the following proposition
which requires the introduction of additional notation. Let ®; be the analog of the
map P defined in (2.9) for a = 1 that combines functions of the space C; = {f € C :
f > 0,f(0) =0,f(1) = 1}. In other words: ®; : CK x ¥2. x (0,1)X — Cy, such that
g=9(f1,..., fk,r,s,u) is the unique function of C; for which

9(x) = 9(y) = Tw, [fuw, (Pw, () = fro, (0w, (¥))] s

foralll </ < L and x,y € I; (see around the definition of ® for the notation). Further,
for i € T° let AV~ and AV be the two half-open intervals forming A? where inf AV~ <
sup Af*. For the various quantities playing a role in the proposition, we refer the reader
to Section 3.4.

Proposition 15. Almost surely, for any ¥ € ©, there exists a probability measure ;¥ on
[0,1] = A, such that, for every o € O,

1 (A2) = V(o) /V(9).

The (random) distribution function F? of 1 is measurable with respect to {R?7, §?7 =V .
o € O}, and if ¢ is an independent random variable uniform in [0, 1], then E[F”(¢)] = 1/2.

EJP 26 (2021), paper 88. https://www.imstat.org/ejp
Page 27/50


https://doi.org/10.1214/21-EJP647
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Self-similar real trees defined as fixed points

All F?, 9 € ©, have the same law and satisfy
FU =a (F, ... F'K R 8% 27%). (5.1)

Furthermore, in distribution, ' is the unique continuous distribution function on [0, 1]
satisfying (5.1).

Proof. Let uz be the unique probability measure on [0, 1] which corresponds to the mass
distribution on the partition {AY : ¢ € ©,,} such that u?(AY) = V(Jo)/V(¥), and ul
has constant density on each of the sets Ag, o € 0,,. This construction is consistent
in the sense that, for m > n and ¢ € ©,,, we have u? (AY) = u?(A?). The measure p”
is constructed as the almost sure limit of the sequence of random measures (u2),,>o.
Denote by F the distribution function of ;. By construction, almost surely,

FV =& (F’,, ... F'K RV, 8%, =27). (5.2)
Note that {(FY),>0 : ¥ € O} is a family of identically distributed random variables.
The uniform convergence of F? is shown analogously to the convergence of Q¥ in
Proposition 13: write FV as a telescoping sum, prove almost sure convergence of the
corresponding series at an independent uniform point, and bootstrap to almost sure
uniform convergence; we omit the details. Here, it is important to note that, since
FP(t) =t for all t € [0,1], one can verify inductively that E[F?(¢)] = 1/2 for all n > 1.
The relevant constant that takes a value smaller than one, which allows to establish the
convergence of Y at a uniformly chosen point by a contraction argument is Zfi LE[87]
(this is similar to the constant in (4.13) with « replaced by 1, just as ®; is similar to ® with
« replaced by 1). From the convergence of F,f and (5.2), it follows that F'V satisfies (5.1)
and is a continuous distribution function. The induced measure ;" satisfies the desired
properties. O

In the remainder of the section (and here only), let i = u? o 72 with 4 as in
Proposition 15.

Lemma 16. Assume that E[R ~°] < oo for some § > 0 and let ¢ be drawn on 7 according
to p and ¢ be drawn according to i, where these random variables are independent
given ¥. Then, there exists an € > 0, such that,

max {P(d(p. ¢) < ), P(d(p,C) <), P(A(C,0) <)} = OG). 70,

Remark. In most classical examples, we have y = i and invariance by rerooting at a
random point distributed according to p. This applies in particular to T4 and %.. The
tree T, is invariant under rerooting but the time-change is non-trivial. The random
variable e(¢) has the Rayleigh distribution, thus P(e(¢) < t) =1 — e~ /8 = 12/8 + o(t?)
ast — 0.

Proof. Since the arguments are similar: we give all the details for the bound on d(p, ¢)
and only discuss the relevant modifications for d(p, ¢) and d(, ). Recall the construction
discussed at the beginning of this section involving the random tree I'" for n > 1.

i) The lower bound on d(p, (). Fix n > 1 and let ¢ be as in the lemma. We define I'*
as the set of nodes of I'" containing all vertices ¥ € ©,, such that ¢ (7") intersects the
segment [p, (]. Note that I'* forms a path in I'". By construction, N = #I'* is distributed
as the number of individuals in the n-th generation of a discrete-time branching process
with offspring distribution v = £(1 + #F;). Note that v»({0}) = 0 and v({1}) < 1. For
¥ € T'*, the contribution of the intersection of [p, (] with ¢¢(77) to d(p, () is distributed
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as a scaled copy of Y, the height of a random point (see around (2.6)). More precisely,
we have

Y £ 3 vw)ry?, (5.3)

yer=

with a family of independent random variables {Y"” : ¢ € ©,,} distributed as Y which
is independent of {(R”,S”) : |9 < n},I'*. (Note that I'* and {(R?,S”) : |J| < n} are
typically not independent.) Therefore, with m,, = min{V(¥9) : || = n} and ¢ > 0, we
obtain

PY<r) <P <Z e~cony? < 7’) +P (mn < efcn) .
er*

We now consider a crude (stochastic) bound on N which turns out to be sufficient: as
v({0}) = 0, we may alternatively think of the branching process as a path from the
root to a leaf in level n such that all nodes on the path produce additional offspring
in the next generation according to a copy of #F;, and all nodes created in this way
reproduce according to v. Upon keeping only a single node in the offspring of the
latter set of particles, we can bound N from below by a random variable with a binomial
distribution with parameters n and v([2, 00)) hereafter denoted by Bin(n, v([2,00))). Thus,
for 0 < v < v([2,00)), we have

P(N < [1n]) < P (Bin(n,v([2,0))) < [1n]) < Ce ",

for some C' > 0 and € > 0 both depending on 7. Next, choose § > 0 such that E[TZ*‘S] < 0.
Then,

P(im, <e ) < K"P <ﬁ R < em> < exp (n [log (KE[T?,*‘S]) - céD .

With ¢ large enough, the right-hand side is 0(6*5/”) for some 4’ > 0. Hence, with
n = [Clog(1/r)] and independent copies Y1, ...,Y, of Y, we obtain

[vn]
P (Y < ’I“) <P Z e~y < p |+ O(e_ min(é’,e)n)
=1
<P < recom)(’yn'l +0(e” min(é’,s)n)

< T—C’y log P(Y <e“cpl—ead) + O(Tc min(&',s)).

Choosing C' < (ac)~! the exponent in the first term actually tends to +oco as r — 0; hence
this yields the assertion for d(p, ().

ii) The lower bound on d(p, {). We proceed similarly and write I for the set of nodes on
the path in ' containing those ¥ € ©,, with ¢ (7") intersecting [p,(]. Let ¥* = 11...1
denote the root of I'". Upon disregarding the contribution of 77", we have the following
inequality which is the analogue of (5.3) (>p denotes stochastic order):

dp,Q) =p > V(®)Y”. (5.4)
Jel\{v*}

Let N = #I'— 1. Then, N is distributed as the number of particles of type 2 in generation
n in a two-type branching process, where each particle reproduces independently with
the following dynamics: the process starts at time 0 with a type 1 particle which
remains alive forever. We can think of this particle as the subtree in the decomposition
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whose corresponding image contains . Let J be a random variable satisfying P(J =
JjIR,8) =R, for j=1,..., K. In each generation, the immortal particle gives birth to
an independent number of type 2 particles distributed as #E; corresponding to those
subtrees intersecting [p, {] which do not contain ¢ and arise in the decomposition of the
subtree associated with the immortal particle. Finally, since particles corresponding to
(images of) subtrees intersecting [p, (] which were created on earlier levels are further
decomposed, every type 2 particle generates type 2 offspring according to v. (Type 2
particles do not generate offspring of type 1.)

Similarly to the bound on NV derived above, upon only keeping track of type 2 children
of the immortal particle, we can bound N from below by a random variable with a
binomial distribution with parameters n,P (E; > 2). As P(E; > 2) > 0, fory > 0
sufficiently small, we find that P(N < [yn]) decays exponentially in n. The claim now
follows as above.

iii) The lower bound on d((, (). Write I for the path of nodes in I'"* whose associated
subtree (image) intersects [¢,(]. Let 91,9, be the two (non-necessarily distinct) end-
points of IV, and 93 their highest common ancestor. Similarly to (5.3) and (5.4), we
have

¢, ze >, V)Y (5.5)

VET\ {92,093}

Describing N’ = #I"” — 2 now leads to a branching process with as many types as kinds
of portions of the path between ¢ and (, which correspond to rescaled copies d(¢, E)
(type 1), d(p, ¢) (type 2), d(p,() (type 3), and d(¢, () (type 4), where (' is an independent
copy of (. The initial particle has type 1; once it reproduces, type 1 never reappears and
there is an immortal particle of type 3; all other particles are of type 2 except the one
corresponding to the portion of the path in 3 which as type 4; hence the representation
in (5.5). Again, the number of children generated by the immortal particle up to time n
grows linearly in n except on an event of exponentially small probability. We omit further
details. O

The proof of Theorem 5 requires more details about the tree I'": For a node 9 € I'",
let C' (1)) denote the (random) set of its children in I'". By construction, if ¢ = ¢195...9,,
then C’(+}) only contains nodes of the form ¢, ... 9py1...1with0</{<nand2 <y < K
satisfying w, = ¥,41 where ¥ := 1 (that is, v is a child of ¥4, in I'). By C(¥}) C C'(¥) we
denote the subset of children of ¥ where, forany 1 < ¢ < n, ifd;...9,y1...1 € C'(¥) for
some v, we keep only that child with minimal +. (We also keep a child v1...1 with v > 2
in C(9) if it exists in C’(¥}).) From Proposition 7 iii), whose proof given in Section 5.3
does not make use of any results from the current section, we know that all the trees
corresponding to nodes in C(¥) are glued on the tree corresponding to ¢ at points that are
distinct with probability one. By construction, C(¢) is a maximal set with this property,
and #C(¥) < n. Informally, #C(J) counts the number of distinct “exit points” of the
subtree ¢¢ (7T") in the decomposition of 7, that is, the points distinct from the root 5 (p?)
where geodesics may leave ¢S (7). See Figure 3 for an illustration of the construction
and of the sets C(+)). In particular, in this figure, we have C'(12) = {13,21,41}, C(12) =
{13,21} while C’'(24) = C(24) = {31}.

Proof of Theorem 5. Fixn € IN and v < 1/a. We need to show that dim, (%) > 7 almost
surely. Let P = Uyco, 5 ({p"}). For z € T \ P let ¥(x) be the unique node in ' with
z € o2 (T?®). Set T(z) = TV(®). Furthermore, let H, = d(z, ¢%(p"®))) be the height of
z in (the image of) 7 (z) and E, = d(x, T \ ¢; (T (x))) the distance to exit (the image of)
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T (z) from z. With C(z) := C(¥(z)), for all = € T, we have

B - min,ce(q) d(z, ¢ (77)) ifd(z)=1...1
“ mingee(q) d(z, o5 (T7)) AN H, ifd(x) #1...1.

Recall that B,.(z) = {y € T : d(x,y) <r} forz € T,r > 0. Foranyx € T \ P and r > 0,
we have either B,.(z) C o2 (T (z)) or E, <r.

We aim at using the mass distribution principle with the measure i = u? o 7751
constructed thanks to Proposition 15. As in the previous proof, we let ( be a random
variable drawn on 7 according to ji (given ¥). Formally, we can let { = nz((F?)~1(¢))
for a random variable £ with the uniform distribution on [0, 1] which is independent of all
remaining quantities. As i has no atoms (F@ is continuous and Proposition 7 iii)), we
obtain

P(i(B,(C)) > r7) < P(a(en(T(C))) > r7) + P(Eg < 7).
For any 9 € ©,,, we denote by 0¢(?),...,0,_1(9) the potential elements of C(¥) where,
seen as words on (K], o,(J) and ¥ have a common prefix of length ¢. Then, abbreviating

¢ = 0(9(C)),

P(E;<r)<P(H;<7)+P (D {d(C,pn(T7%)) <00 € C(C)}> : (5.6)

£=0

Let ¢ = mz((F?)~1(¢") and ¢’ = wz(¢"), where ¢,¢” are independent random
variables with uniform distribution on [0, 1], independent of the remaining quantities.
Then, for ¢ € {0,1,...,n — 1}, we have

P (d(C,n(T7)) <100 € C(Q)) = PV((C))™ - d(C',¢") < 1,00 € C(Q))
¢ ¢

Similarly, H; is distributed like V(#(¢))* - d(p, ('), for ¢’ an independent copy of ¢. Let
1 € (0,1) be a parameter to be chosen later. Applying the union bound on the right-hand
side of (5.6) yields

)
+P(d(C,¢") <r' T}
As fi(¢2(T(€))) = V(9({)), combining the bounds and using Lemma 16, we see that there
exists universal constants £; > 0 and C' > 0 such that

P(i(B,(0)) > 1) < P (V(Q) > 17) + Cn {PV((Q) < r7/*) 475200 |

We now choose the parameters. Note that —log V(9(()) is distributed like the sum
of n independent copies of the random variable — log Zfil 17— R;; furthermore, as
R = Zfil 1;7-4R; is stochastically larger than R, the tail bound on R implies that
—log R* has exponential moments, and hence that the expected value ¢ := E[—log R 5] <
oo governs the asymptotics. First, let n € (ya,1). Then choose § € (v/q,n/(q)).
Finally, let n = n(r) = |—dlogr]|. Hence, by Cramér’s theorem for large deviations,
there exist C3,e5 > 0 (depending on the remaining parameters but not on r), such that
P(VW(()) > r7) < Cor®2 and P(V(I(()) < r"/®) < Cor®>. Summarizing, there exists
C > 0 (which may depend on all parameters but not on r), such that,

P(i(B,(C)) > ) < Clog(1/r) - (r*2 +r=10=M) 0 <r < 1.
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It follows that for r,, =277,

> P(u(B,,({) > 1) < oc.

n>1

Hence, by the Borel-Cantelli lemma, almost surely,

lim sup M < 2.
r—0 Y

Thus, denoting A = {z € T : limsup,_,o (B, (z))/r" < 2}, we have 1 = P (( € 4) =
E[i(A)] implying fi(A) = 1 almost surely. From (2.14), it follows that, almost surely,
dimy, (7)) > dimy, (A) > v which completes the proof. O

5.3 Degrees and properties of the encoding: Proof of Proposition 7

The proofs of the missing parts of Theorem 1, i.e., iii) and iv), rely on the dynamics
governing the number of points in the set C(¢) as ¢ follows a path in © away from the
root. The following lemma is straightforward from the construction, since the exit points
counted by #C(¥) are chosen on 7 according to the mass measure V. Recall that, for
¥ € O, we write £(¥) for the Lebesgue measure of the set Ay (see (3.3)). Recall also that
I'° =T\ JT, where OT is the set of leaves of I".

Lemma 17.1i) Let ¢1,e9,... € [K] and, for each n > 1, ¥, = &1...6, € ©,. Then,
L(Ony1) = L(Iy) - Sf;ﬂ. The sequence (#C(V,), £L(9,)),n > 0 is a Markov chain on IN x

[0, 1] starting at (0, 1), whose evolution can be described as follows: given (#C(9,,), L(U5)),
we have

(#Cwn—&-l)vﬁ(ﬂn—o—l)) = (1{an+1€1“"} + Bin(#c(ﬂn)vsg:ﬁ_l)aEwn) 'S;?:H)'

ii) Let & be uniformly distributed on [0, 1], independent of all remaining quantities and,
for n > 0, let J € ©,, be the unique node with ¢ € Aj. Define (C,, L,) := (#C(0,), L(9)).
Then, the sequence (én, lfn), n > 0 is a homogeneous Markov chain on IN x [0, 1] starting
at (0,1), whose evolution can be described as follows: given ((fn7 ﬁn), we have

(Cn-‘rla En-&-l) = (1{J,L+1€FO} + Bin(CN’rL7Sn+1 )7 En ' Sn+1 )7

Jnt1 Jn41
where (S™),,>¢ is a family of independent copies of S and P(.J,, 1, =i|S"t!) = S

Proof of Proposition 7 i), ii) and iii). We start with the proof of i). Let A = {s € [0,1] :
Z(s) = 0} denote the zero-set of Z. For n > 1, let A = Ay, where ¥,, = 1...1. Then
for every n > 0, ©° (7 ) is the subtree that contains the root p of . Furthermore, A"
is the union of #C(¥,) + 1 disjoint intervals. Clearly, (A"),>1 is decreasing and we set
A :=(),>; A". Since E[S;] < 1, Lemma 17 i) and a routine drift argument (see, e.g.,
Chapter 8 of [39]) shows that, almost surely, #C(vJ,,) = 1 infinitely often, and thus A"
consists of only two intervals for infinitely many n. As {0,1} € A, for any n > 1 with this
property, we have

A" C0,inf{t >0:t¢ A"} U[sup{t <1:t¢ A"}, 1].

Since L£(¥,,) = Leb(A™) — 0 with probability one, it follows that A = {0, 1} almost surely.

Now, for any s &€ A, there is some n large enough for which s ¢ A™ and A™ consists of
two intervals. Then, since the path between p and the projection of s in the tree must
cross % (T"), Z(s) is at least a rescaled copy of Z(¢), for a uniform random variable
¢ which is independent of Z. However, in the context of fixed point equation (2.6), we
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have already seen that Z(£) > 0 almost surely (see (2.7)). It follows that A C A, and
since A = {0, 1} the root p of ¥ is a leaf.

ii) Since pz has full support, this reduces to showing that for a random point ¢
sampled from pz and any € > 0, with probability one, there exists some =z € 7 = Tz
such that ( lies in the subtree of T rooted at =, namely 7 '(z) := {u € T : = € [p,u]}, and
pz(TT(z)) < e. To prove this, we choose ¢ = mz(¢) with ¢ as in Lemma 17 ii), and follow
(¢ in the refining decomposition of the tree according to ©,,, as n increases. For n > 1, let

U, € O, be as in Lemma 17 ii). In particular, ¢ € ¢;, (74, ). Thus, C lies in the subtree of

T rooted at ¢S (p’»), and thus it suffices to show that for any & > 0,
A. =inf{n >0: ug(gpfl(f;n)) <ep<oo.

Observe that, if £, = pz(en(T; ) < € and C, = 0, then A, < n. As in the proof of

i) above, since E[S} ] < 1, a classical drift argument shows that (C,),>0 is positive
recurrent, and in particular, én = 0 infinitely often. Then, for some subsequence (n;);>1
with n; — oo, we have (fm. = 0. But, by Lemma 17, Zn — 0 almost surely, so that there is
an ig for which /jn,. < e forall i > ig. One then has A, < n,, < co, which completes the
proof.

Finally, we consider iii). Since d(p, ) > 0 almost surely, no mass can add up at exit
points in the construction of the excursion Z in (2.10). Hence,

E| sup pz({rz(t)})| < Emax(Si,...,5x)] E| sup pz({mz()})].
te[0,1] te[0,1]

It follows that the left-hand side is zero which concludes the proof. O

Proof of Theorem 1 iii) and iv). The point iii) was established in the proof of Proposi-
tion 7 i). The argument we have used above for the proof of Proposition 7 ii) also
implies iv), that is, almost surely, Z is nowhere monotonic: indeed, if this were not the
case, then, with positive probability, a randomly chosen point would be contained in an
interval where Z is monotonic. In particular, for some £ > 0 and a uniformly chosen
point &, Z(¢) would fall in a interval of length at least € on which Z is monotonic with
positive probability. Recall the quantites Y, and C, from the proof of Proposition 7
ii). Let I C N be the (a.s. infinite) set of indices n for which @ = 0. Forn € I, the
set Ay C [0,1] consists of a single half-open interval, and { € Aj . For every n € [

large enough, we have £(¢,) < £/2. But Z is non-monotonic on A; since { € A; and
Z(infAy ) = Z(supAy ) < Z(§) almost surely by Theorem 1 iii). This concludes the
proof. O

Proof of Proposition 7 iv). Let ¥ = ¥z. First note that 2 € 2(7) almost surely since
has no atoms, the set of branch points of 7 is at most countable, and 7 is not reduced
to a point. Further, since Z is nowhere monotonic, there exist local minima, and hence
branch points. It follows that the maximum degree of 7 is at least 3 (and, a priori,
possibly infinite).

Next, for every k € 2(T'), k > 3, almost surely, there exists a point « € T with degree
k. This follows immediately from the fixed point equation satisfied by ¥ and the fact
that the root has degree 1 and p is concentrated on the leaves (see parts i) and ii) of
the proposition). For example, if a € I' has degree k, then (the image of) the root of
Tat1 is a point in 7 with degree k. The main part of the proof consists in showing that,
ifk+1¢ 2(),k > 3, then there do not exist points in 7 with degree k + 1. To this
end, let (U;);>1 be a family of independent r.v. with the uniform distribution on [0, 1]
and (; = mz(U;) be the corresponding test points on 7. Further, let Uy = 0 and {, = p.
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Since p has full support on 7, if there exists z € 7 with degree k + 1, then all connected
components of 7 \ {z} have positive mass. In particular, with positive probability, any
two of the segments [(;,(;], 0 < i < j <k, intersect at a point with degree k + 1. Let Z
be the collection of points in 7 that are contained in some intersection [{;, {;] N [¢ir, ¢5¢],
for distinct elements 4,4, 4,5 € {0,...,k}. Let T > 1 be the minimal integer such that,
for some pairwise distinct nodes ¢;,i = 0,...,k in ©7, we have U; € A,,,¢ = 0,... k.
Clearly, T' < oo almost surely as max,co, £(0) — 0 almost surely. Let us denote the most
recent common ancestor of the nodes o;,7 = 1,...,k by ¢*. (That is, ¢* is the node of
maximal depth such that all o;,7 = 1,..., K are contained in its subtree.) Write ¢* = "¢
with 6* € ©7_; and € € [K]. 7 is a singleton if and only if the nodes ¢;,i = 1,...,k
lie in subtrees of pairwise distinct nodes of the form *v, where w, = . In particular,
z is equal to the roots of trees 7,,0 € {*y : w, = ¢} under the canonical surjection
Usco,To — T. As roots have degree 1 and the mass measure is concentrated on the
leaves, the degree of x must be equal to the degree of € in I'. In particular, the degree of
x lies in the set 2(I"). Summarizing, almost surely, the set Z does not exist of a singleton
with degree k + 1 ¢ 2(I") which concludes the argument. sup 2(7) < oo almost surely
can be deduced easily. For, if this was not the case, for any natural number L > 3, the
above construction with k£ = L — 1 would show that, with positive probability, there exists
L’ > L such that 7 is reduced to a singleton of degree L' € 2(I"). Choosing L strictly
larger than the maximal degree in I' contradicts this fact. It remains to prove that, if
max Z(I') > 4 and 3 ¢ 2(I'), then, almost surely, there are no nodes of degree 3 in 7.
Set Z = [¢1, 2] N [¢1,¢3] N [¢2, (3] Almost surely, 7 is a singleton, say z. There exists a
node with degree 3 in 7 with positive probability if and only if, with positive probability,
x has degree 3. Let 91,92 € [K] such that U; € Ay,,i = 1,2. Let o* be their most recent
common ancestor. If Uy, Us € A,~, then let U] = ¢« (U;), where ¢, is defined in (2.8). If
Uy € Ay~ and Uy ¢ A,-, then set U] = ¢,+(U;) and US = £,~. Proceed analogously if the
roles of U, U, are interchanged. Note that, given that one of these cases occurs, the
random variables U7, U} are independent, uniformly distributed on [0, 1] and independent
of {(R?,87,2%) : |9| > 0}. Let (| = 7.~ (U}),i = 1,2,3, where U} = 0. Note that, = has
degree 3 if and only if the node [¢1,¢5] N [¢1,¢5] N [¢5, ¢5] in 7o+ has degree 3. By the
same arguments as above, if Uy, Us ¢ A,«, then the degree of x is equal to the degree of
o* in I" and therefore at least 4. It follows that

P (deg(s) = 3) = P (deg(x) = 3) (1 - P (U1, Uz ¢ A,-))
As P (U1,Us ¢ Ay+) > 0 it follows that P (deg(x) = 3) = 0 which concludes the proof. O

5.4 Optimal Holder exponents

The proof of Corollary 6 merely consists in putting together the information we have
gathered in previous sections.

Proof of Corollary 6. (a) Note that under the conditions of Theorem 4, E[TQ*‘S} < oo for
any § € (0,7). Thus the conclusion of Theorem 5 holds. On the one hand, we have
dim,,(7z) > dimy(7z) > o~ ! because of Theorem 5; on the other hand, dimy(7z) < oL

(b) By Theorem 1, Z is nowhere constant, hence (2.15) holds and o« = wz. By
definition of wz, for any v < wz = «, almost surely, there exists a process Z time-change
equivalent to Z with y-Holder continuous paths.

(c) This follows immediately from part (a) since the existence of a process Z’ whose
sample paths are y-Holder continuous with positive probability for v > a would contradict
the statement there. O
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Figure 4: On the left, a lamination and the corresponding rooted dual tree. Distances in
the tree correspond to the number of chords separating the fragments in the lamination.
On the right, an example of 3-angulation, together with its dual tree. The tree is rooted
at the node containing the point (1,0) € 0%. The shaded portions correspond to the
triangles inserted, while the white portions are essential fragments, i.e. the regions of
the disk with a positive Lebesgue measure on the circle.

6 Applications

In the first three sections, we discuss the corollaries stated in Section 3.3 concerning
the processes e, 2, and 7. Then, in the fourth section, we study a new application.

6.1 The Brownian continuum random tree

The Brownian CRT 7, encoded by a Brownian excursion is a fundamental tree arising
as scaling limit for various classes of random trees. We quote the classical case of
uniform random labelled trees [4, Theorem 2], but also binary unordered unlabeled
trees (Otter trees) [38], random trees with a prescribed degree sequence [13], general
unordered unlabeled trees (Pdlya trees) [42], unlabeled unrooted trees [49], and random
graphs from subcritical classes [43] to name a few examples. (See also [35].)

Theorem 18 (Aldous [4], see also [35]). Let T}, be the family tree of a critical branching
process with offspring mean one and finite offspring variance o2 conditioned on having n
vertices. Let d,, denote the graph distance on 7;, and u,, the uniform probability measure
on the leaves. Then, as n — oo, in distribution with respect to the Gromov-Hausdorff-
Prokhorov distance,

(T § 1Y 2dp, i, pr) = (Tes de, i, pe)-

Corollary 8 (a) and Corollary 9 (a) follow immediately from (2.11) and Theorem 1. Sim-
ilarly, Corollary 10 (a) follows from Theorems 4 and 5 noting that R has the Beta(1/2,1)
distribution with density 3¢=1/21 1;(t).

6.2 Random self-similar recursive triangulations of the disk

The processes Z and 7 arise in the problem of random recursive decompositions
of the disk by non-crossing chords [14, 19]. They encode the trees that are the planar
dual of the limit triangulation in the same sense that the Brownian CRT is the dual of the
limit uniform triangulation of the disk studied by Aldous [6, 7]. We now proceed to the
precise definitions.

The unit disk 2 := {z € R? : ||z|| < 1} is decomposed at discrete time steps as
follows: At time n = 1, a chord is inserted connecting two uniformly chosen points
on the boundary 0%. Then, given the configuration at time n, at time n + 1: pick two
independent points on the circle % uniformly at random; add the chord connecting
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Figure 5: A comparison of the processes 2 and .7#. On the left, the process Z° encoding
the dual tree of the self-similar recursive triangulation of the disk. On the right, the
process 57 encoding the dual tree of the homogeneous recursive triangulation of the
disk. (The scales are not given since they are irrelevant.)

them if it does not intersect any previously inserted chord, otherwise reject the points
and continue. This procedure yields an increasing sequence of non-intersecting chords
(L,)n>1, also called a lamination. For each n > 1, 2\ L,, consists of a finite number
of connected components, and by 7;,, we denote the discrete tree which is planar dual
to the decomposition (nodes correspond to connected components, and two nodes are
adjacent if the corresponding connected components share a chord). The tree T, is
rooted at the node corresponding to a fragment containing a fixed point on the circle,
say (1,0). (See Figure 4). It has been proved in [14] that T;, suitably rescaled converges
almost surely towards a limit tree encoded by a certain random process which satisfies a
fixed point equation of type (2.10). More precisely, for 3 := (v/17 — 3)/2, with respect to
the Gromov-Hausdorff distance and as n — oo, we have

(T, B2d,)) — (T, d ), (6.1)

for the unique random excursion £ satisfying (2.12) with E[Z(¢)] = x > 0, where &
denotes a scaling constant whose value is irrelevant in the present context. (It is given
in Theorem 3 in [14].)

Corollary 8 (b), Corollary 9 (b) and Corollary 10 (b) follow from (2.12), Theorems 1, 4
and 5 since R has the uniform distribution on [0, 1].

For any v < 3, by Corollary 6, there exists a process equivalent to 2 with y-Holder
continuous paths. Moreover, for v > (3, no equivalent process can be y-Hélder continuous
with positive probability. Indeed, by Theorem 1.1 in [19], the process £ itself has -
Holder continuous paths for any v < 8 and is therefore optimal with respect to regularity.
Z is a good encoding of the real tree T4 since its fractal dimension corresponds precisely
to what should be expected from the regularity of %. (The fact that the rescaling of T},
is n=A/2 in (6.1) rather than n—? is reminiscent of the number of chords in L,,, which is
only of order /n, so T, has only order /n nodes, see [14, 19].)

6.3 Homogeneous recursive triangulation of the disk

We have a completely different situation if we consider a partition of the disk Z using
random chords, but this time, the chords are inserted using a different strategy that is
homogeneous: in each step, given the current configuration, one connected component
is chosen uniformly at random and split by the insertion of a chord linking two uniformly
random points on the boundary conditioned on splitting the chosen component. Now,
there is no rejection, and at time n we have a collection of chords L" consisting of n
elements. As before, we can define a tree that is dual to the lamination, and we denote it
by T,’[ (the discrete tree Té‘ has n + 1 nodes). It has been proved in [14] that a suitably
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rescaled version of T converges: in distribution with respect to the Gromov-Hausdorff
distance and as n — oo, we have

(T£L7n71/3dn) - (Tﬁf7dﬁf) 5 (62)

where /¢ is the unique random excursion satisfying (2.13) and E[5#(£)] = 1/I'(4/3). (No
characterization of J# was given in [14]; one is given in Corollary 9 (c).) The rescaling
n~1/3 in (6.2) suggests that the limit tree 7, should have fractal dimension 3. However,
a first natural grasp that one has on the tree 7., is the encoding excursion /#, but a
quick look at Figure 5 suggests that some trouble is around the corner since % does
not look Holder with exponent 1/3 — ¢ for ¢ > 0 arbitrary.

It is precisely in this kind of situation that our general framework is most useful,
since it permits to verify that 7, indeed has fractal dimension 3, and more precisely
that dimpy, (T») = dimy(T») = 3 with probability one. This is reminiscent of the fact
that, for any v < 1/3, there exists excursions equivalent to % that have -Ho6lder
continuous paths. As expected, unlike the process 2, J# is suboptimal with respect to
path regularity: the following proposition is given for the sake of completeness, and its
proof can be found in the supplementary material.

Proposition 19. Let p =1 — %ﬂ = 0.057... Then, almost surely,
sup{vy > 0 : S is y-Holder continuous} = .

Corollaries 8 (c), 9 (c) and 10 (c) follow as in the recursive case discussed in the
previous section.

6.4 Recursive k-angulations

In this section we consider a generalization of the lamination process described
in Sections 6.2 and 6.3, where, for some fixed k£ > 2, in each step, one adds the k-
gon connecting k points sampled on the circle (for a precise definition, see below).
Certain quantities in this model were studied by Curien and Peres [20]. Again, we
are interested in non-intersecting structures and investigate both the recursive and
the homogeneous model. Of course, for k = 2, we recover the processes studied in
Sections 6.2 and 6.3. The techniques in [14] and [19] yield detailed information on the
height processes of the corresponding dual trees and their limits. For example, in [14],
we gave explicit expressions for the leading constants and rates of convergence for the
mean functions. Furthermore, the limit mean function had already been obtained in
[19] (up to a multiplicative constant). Most of these results do not play a significant role
in proving convergence of the dual trees or determining the fractal dimensions of the
limiting objects. (The leading constants in Propositions 20 and 21 could be given by
lengthy implicit formulas but they are of no particular relevance.)

The recursive k-angulation In the recursive framework, in each step, we choose k
points uniformly at random on the circle and insert the corresponding k-gon if none of
its edges intersects any previously inserted one. The dual tree 7, is defined analogously
to the case k = 2 upon identifying fragments in the decomposition with nodes in 7,. It
is endowed with the graph distance d,,. The mass of a fragment in the decomposition
of the disk is the one-dimensional Lebesgue measure of its intersection with the circle.
Fragments with positive mass will subsequently be called essential (all fragments are
essential for k£ = 2.) See Figure 4 for an illustration. Keeping the notation introduced
in [14], we denote by C,,(s) the depth of the node associated to the fragment covering
the point s in the tree 7,. Here, and subsequently, we identify the unit interval with
02 through s — (cos 2ws, sin 2ws). (We do not indicate k in the notation for the height
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functions.) Denote the first inserted & points in increasing orderby 0 < U; < ... < U <1
and define Ay = 1 -Up + Uy, A; = U; —U;—1,2 < i < k, as well as & = Uy /A;.

Furthermore, let I,, = (L(ll), e I,(Lk)), where I,(f) is the number of attempted insertions up
to time n in the fragment of mass A;. Given (Uy,...,Uy), for any 1 < i < k, the random

variable L(f) has the binomial distribution with parameters n — 1 and Af In particular,

we have, almost surely,

I,
- - (AR AR, (6.3)

Proposition 20. Let k£ > 2 and N,, be the number of inserted k-gons at time n. Then, as
n — oo, we have n~'/*N,, — ¢, in probability and with respect to all moments, where
ci > 0 is a constant.

Proof. Let 7, 79,... be the times of homogeneous a Poisson point process with unit
intensity on R*t. We consider the continuous-time analogue of N,,,n € IN denoted by
Ni,t > 0 where, for all times 7;,i > 1, a set of k independent points are drawn at
random on the circle and the corresponding k-gon inserted if the decomposition remains
non-crossing. In other words, N; = N; for t € [r;,7;41) where 7y := 0. It is easy to
see and explained in detail in [19] for £ = 2, that this process can alternatively be
obtained without the necessity of rejecting any k-gons as follows: starting with the disk
at time t = 0, add a k-gon chosen uniformly at random after an exponentially distributed
time with mean one. Then, independently on the k essential sub-fragments, run the
same process with times slowed down by a factor z* where z denotes the mass of the
fragment. The masses of essential fragments at time ¢ > 0 in this process constitute a
conservative fragmentation process with index of self-similarity k£ and reproduction law
Dirichlet(1,...,1). Hence, by Theorem 1 in [10], we deduce ¢t~ /¥, — ¢;, in probability
and in Ls, with ¢, as in the proposition In particular, 7, 1 k./\/m — ¢j, in probability as
n — oo. In order to obtain moment convergence, note that, for any £ > 0, by monotonicity
and since N,, < n almost surely,

Tn_Q/kan < ((1 - g)n)_Z/k (21+5)n + Tz_Q/kl{\Tnfn\¢(76n,sn)}~

By the L, convergence for the continuous-time process and the concentration of 7,
(which has a Gamma(n) distribution), the right hand side is uniformly integrable. Hence,
Tn Y kNTn — ¢k in Lo. Since 7,,/n — 1 almost surely and with convergence of all moments
and 7,,, NV, are independent, we obtain the convergence in probability and in L,. Finally,
let N, = n=YkN,,. Then,

< d e v ()
No =1+ Z n lef)’
=1

where (N,(Ll))nzl, ce (N,(Lk))nzl are independent copies of (N,,),>1, independent of I,,.
Using (6.3), it is easy to prove that N,, is bounded in L,,,m > 1 by induction over m
since we have already shown it for m =1, 2. O

By construction, the random process (Cy(s))seo,1) Satisfies the following recurrence in
distribution on the space of cadlag functions endowed with the Skorokhod J;-topology:

p . U
Cn(-) :1[0,U1)(')C§i1)) <A1> + 1[Uk,1](')cji1)> ( A k)

k—1
o (- — Uiz .
> Lww() (C;(} ( A 1) +C) (¢ )) : (6.4)
i=2 '
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Here (Ci(l)('))izo, e (Ci(k)(-))izo are independent copies of (C;(-));>o independent of
(Uy,...,Uk, I,). The first step of our analysis is to investigate C,,(£) for uniformly chosen
point £. In [14], an explicit expression for the mean was obtained by solving the
underlying recursion. Here, we proceed as in [19] relying on results from fragmentation

theory. Subsequently, let oy, € (0, 1) be the unique solution to

g(x) = E[AT] + (k = D)E [Lir, 1) (§) A3]
kT (z 4 2) (k— DEIT(x + 2)

Fk+x+1) Mk+2+2)
(Note that gx(x) decreases in z, g;(0) > 1 and gx(1) < 1. Thus, o) exists.)

Proposition 21.Let £ > 2. As n — 00, in probability and with convergence of all
moments, we have n=*/*C, (¢) — X}, for some random variable X; with mean x;, :=
E[X)] > 0.

Proof. We use the same continuous-time model as in the previous proof. Let C;(£) be the
height of the node associated to ¢ in the dual tree at time ¢ and E;(¢) be the number
of essential fragments associated to nodes on the path from 0 to £&. For & > 3, we
have C;(§) = 2(E:(§) — 1). As explained in [19] in the case k = 2, the sizes of essential
fragments form a non-conservative fragmentation process with index of self-similarity &
and reproduction law £((A1, 1y, v,)(§)As2, ..., Ly, _,.v,)(§)Ar)). Hence, by [10, Theorem
1], as t — oo, t—/FE [E;(€)] — ki /2 for some ki > 0. Furthermore, by [10, Theorem 5],
there exists a random variable X}, such that, t—“k/’fEt(g) — X in Lo. With X, = 2X7,
the claim follows by standard depoissonization arguments as in the previous proof. O

Let V,,(s) = Cn(s)/E[Cn(£)]. We expect that, as n — oo, we have n~**/*E [C,(s)] —
my(s) for some continuous excursion my, € Cex with E [my(§)] = ki. Thus, from (6.5), it
follows that, if Y, (s) — Z(s) for some continuous process <, then the limit should have
mean function my/ky and satisfy

d o : o - = U
Z() =1y (AT (A )+1[Uk,11(')A1 W <A )
1

1

k

+ ; Ly, () <A?’“§f(’) (AUI) + Az (g*)) ,  (6.5)
where (1) (.),..., ¥ (.) are independent copies of Z(-) independent of (Uy,...,Uy).
This fixed point equation is of type (2.10) where K =k, L =k+1,w3=...=wp =1,R =
S ~ Dirichlet(2,1,...,1). Let 2 be the unique process (in distribution) solving (6.5) with
E [Z(£)] = Kk, whose existence is guaranteed by Theorem 1. (We use the same notation
for the limit process as in Section 6.2 without indicating the choice of k.) The verification
of V,, — Z in distribution in the space of cadlag functions can be worked out by the same
arguments as in [14, Section 3] relying on the contraction method both for real-valued
random variables and for regular processes. Here, starting with an independent family
(Ul(l), cey U,E,’)),i > 1 of copies of (Ui, ..., Uy) one constructs the sequence ), and its limit
% satisfying (6.5) on the same probability space and shows convergence in probability.
The steps are very similarly to the arguments in the proof of Proposition 13. First, one
shows the convergence Y, () — Z(v) in Lo, where v corresponds to the point £* in
the coupling. From the last proposition we know that this convergence also holds in
L,, for all m > 1. Finally, one shows that E[||},, — £||™] — 0 for all m > 1. (The almost
sure convergence in [14] relies on a convergence rate for the mean of ), (£). We do
not pursue this line here but note that, sufficient rates in the continuous-time case can
be extracted from [10], compare the discussion of Theorem 1 there.) Summarizing, we
obtain the following result.
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Theorem 22. Let k£ > 3. In distribution with respect to the Gromov-Hausdorff topology,
we have

(Tr,n = %d,) = (T, d).

In distribution, the process £ is the unique continuous excursion solving (6.5) up to a
multiplicative constant. Almost surely, dimm(7%) = dimy(7z) = o '. For any v < ay,
almost surely, there exists a process 2 equivalent to 2 which has y-Ho6lder continuous
paths.

Remark. 1) For k& = 2, almost surely, the process 2 has y-Hoélder continuous path for
any v < ag = 5 [19, Theorem 1.1]. We think that this remains true for all £ > 3, that is,
the function % is a good encoding of the tree. However, we do not pursue this here.

2) Let L, be the set of chords inserted at time n. By Proposition 7, 2(T%) = {1,2, k}, and
it is not hard to see that  J,,~, L, is indeed a k-angulation of the disk: every connected
component in its complement is a convex k-gon with vertices on the circle.

For k > 3, we have no explicit expression for m;, = E[Z(¢)]. It follows from (6.5)
that my is the unique continuous excursion on [0, 1] with E [m(£{)] = xi such that
my(t) = E[®(mg,...,mg, A AE)E)],t € [0,1]] where K =k, L=k+1l,w3=...=wp =1
and A ~ Dirichlet(2,1,...,1).

Using this observation and some geometric arguments relying directly on the con-
struction of the process, one can show that my is infinitely differentiable on (0, 1),
symmetric at ¢ = 1/2 and monotonically increasing and concave on [0,1/2]. Since we do
not use these observation, we omit the details and the proofs.

The homogeneous k-angulation In the homogeneous setting, in each step, one
essential fragment is chosen uniformly at random and % uniformly chosen points se-
lected to create a new k-gon. At time n this leads to a decomposition of the disk into
1+ (k — 1)n essential fragments and n non-essential fragments. The definitions of
TR Ch U, U AL =1 - U, + UL, A = Uy —Ui_1,2 < i < K, & = U /A as well
as I, = (L(Ll)7 . 7L(Lk)) should be clear by now. By construction, the random variable
I,, is independent of (Uy,...,Us) and grows like the vector of occupation numbers in
a Polya urn model. It is well-known that, almost surely, I,,/n — (Aq,...,Ay), where
A = (Ay,...,A}) ~ Dirichlet(1/(k — 1),...,1/(k — 1)). By construction, the random
process (Cl(s))se(0,1) satisfies a recursion analogous to (6.4), the only difference being
the distribution of (U, ..., U, I,,).

Proposition 23. Let £ > 2. As n — oo, almost surely and with convergence of all
moments, we have n~'/(**1¢cl(¢) — X} for some random variable X} with mean
ki = E[X} > 0.

Proof. In the standard continuous-time embedding of the process, every essential frag-
ment splits into k£ essential subfragments at unit rate, independently of its mass. Hence,
the number of essential fragments N, ¢ > 0, forms a continuous-time branching process
with offspring distribution §;. It is well-known that e **~YA;, ¢ > 0, is a uniformly
integrable martingale with mean one converging almost surely to a limiting random
variable denoted by N having the Gamma((k — 1)~!, (k — 1)~!) distribution. For the time
of n-th split 7,, in the process, since N, = 1+ (k — 1)n, by the optional stopping theorem,
it follows that (k — 1)ne~ (=1 — A almost surely and in mean. Similarly, the number
of essential fragments on the path from 0 to ¢ in the dual tree denoted by E(¢) forms
a branching process with offspring distribution £(1 + 11y, 1,)(£)). Again, the process
e tk=D/(k+1)ph(£) ¢ > 0, is a uniformly-integrable martingale with unit mean and we
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denote its almost sure limit by £. Writing
e—Tn(k—l)/(k-i-l)Eﬁ” (&)
= e /0D (= 1)) VD (= 1)) DB (6),

and noting that the random variables 7,,, E" () are independent, it follows that ((k —
Dn)/FHDER (€) — £ a.s. and in mean where £ = &N/ (+1)_ The claimed convergence
follows from the identity C"(¢) = 2(E" (¢) —1). Convergence of moments can be deduced

as in the recursive model. O

For s € [0,1], let Y (s) = CI(s)/E[C'(¢)]. A limit 2#(s) of V" (s) should satisfy
E[J7(¢)] = k} and

X ~ . ~ . — U
LAY <1[0,U1)(')ffh’(1) (A) + 1, () 20 <A k)) (6.6)

1 1

k
_ Ui _ X
# Y T () (B0 200 (L2 A 20 ).
1=2

where 2(1) . 2" ((*) are independent copies of .7 independent of (Uy,...,Us), A.
This fixed point equation is of type (2.10) where K = k,.L =k + 1,w3 = ... = wy =
1,R ~ Dirichlet(1,1,...,1) and S ~ Dirichlet(2,1,...,1), and R and S are independent.
(We use the same notation for the limit process as in Section 6.3.) As in the recursive
model, one can prove the following theorem.

Theorem 24. Let k£ > 3. In distribution with respect to the Gromov-Hausdorff topology,
we have

(ﬁhvnil/(k+1)d2) - (Tﬁfvd}f)

In distribution, the process 7 is the unique continuous excursion satisfying (6.6) up
to a multiplicative constant. Almost surely, dimpy(7;+) = dimy(72+) = k + 1. For any
v < 1/(k + 1), almost surely, there exists a process A equivalent to . which has
~v-Holder continuous paths.

A Continuity and measurability statements

Lemma 25. The set ]K?hp is a measurable subset of K9 and the bijection : between
K™ and K9 is bimeasurable.

Proof. For any § > 0, the quantity xs(X) = inf{u({y € X : d(z,y) < 6}) : * € X}, only
depends on the ghp-equivalence class of X. Moreover, KI"™ = {X € K9 : x5(X) >
0 for all ¢ > 0}. A straightforward application of the Portemanteau lemma shows that
ks is upper semi-continuous with respect to dgn,. (The details are given in the proof
of Lemma 3.2 in [9].) It follows easily that ]K%I P is a measurable set. The map ¢ is
continuous since convergence with respect to the Gromov-Hausdorff-Prokhorov topology
implies convergence with respect to the Gromov-Prokhorov topology. Its inverse (~! is
not continuous, and the space ]K?hp (considered as subspace of K9?) is not complete.
Nevertheless, it is important to note that, by [9, Corollary 5.6], ]K?hp endowed with the
relative topology generated by dgnp is Polish. It follows from the Lusin-Souslin theorem,
see, e.g. [34, Theorem 15.1], that .~ ! is measurable. (We thank Stephan Gufler for
pointing out the short argument showing the measurability of ¢ ~1.) O

Proof of Lemma 14. Let (T,d, u, p) be a compact rooted measured real tree. We borrow
notation from [24]. Recall that 4 denotes the set of branch points of 7. Let o € #* :=
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2% U {p} and note that the degree of a point o € %* is at most countably infinite. For
o€ %, let

0 if deg(o) =1,
I, =< {1,2,...,deg(o) — 1} if1 < deg(o) < o0,
N\ {0} if deg(o) = oc.

Further, let C, be the set of connected components in 7 \ {o} which do not contain p.
The cardinality of C, is given by the cardinality of Z,. Fix a bijection p, : Z, — C, (e.g. by
considering the order in which the elements of C, are visited by a fixed dense sequence
in 7). Let D = {(0,k) : 0 € #*,k € T,} and U be the set of elements u € [0,1]P such
that u; # u; foralli # j, i,j € D. Foro,0’ € T,seto < ¢’ if o € [p,0'] and ¢/ < o if
o' € [p,o]. Otherwise, denoting by v = o A o/ € %* the most recent common ancestor of
o and o’ (that is, the unique node satisfying [p, o A o'] = [p, o] N [p, o’]), and assuming
that o # v # o/, there exist 1 < i # ¢/ such that o € p,(i) and ¢’ € p,(¢’). Set 0 < ¢’ if
Uy,psy (6)) < Uy,po (i) and ¢’ < o otherwise. By Proposition 2.4 in [24], < is a total order
on 7 satisfying the following two properties:

(Orl) Foro,0' €T, o € [p,0'] implies ¢ < ¢’.

(0Or2) For o1 < 03 < 03 and « defined by [p,7] = [p,01] N ([p,o2] U [p, 03]), we have
v € [p, o2].

Note that, by Lemma 2.5 in [24], for v € %* and two connected components C,C’ € C,,
we have either 0 < ¢’ foralloc € C,0’ € C'oro’ <o foralloc € C,0’' € C".

Next, let < be a total order on 7 satisfying (Orl) and (Or2). We construct a
function h € D¢y such that T;, = T (with respect to isometry classes). First, set m(o) =
w({o’ € T : ¢ < o}). By construction, m : 7 — [0,1] is monotonically increasing
with respect to the order <. As p has full support and upon setting ¢ < ¢’ if ¢ < ¢’
and o # ¢, m is strictly increasing; in particular, m(y) > 0 for all y # p. For o # p,
we have m(o—) = m(o) — p({o}) = limy' 5 0'<o m(c’). For o ¢ %* we also have
m(o) = limy/ 0,050 m(c’). For u({p}) <z < 1, let m~(z) = sup{c € T : m(o) < z}
be the generalized inverse of m. For x < u({p}), set m~1(x) = p. Finally, let m=1(1) =
lim, 1 m~*(z). Then, m™(z) = limy_, y<o m~ ' (y) and m™(z+4) = limy—zy>a m ™ (y).
Set h(z) = d(p,m~(x)),x € [0,1]. It immediately follows that h € Dex. Further, T and
%}, are ghp-isometric via o — 7, (m(c)), where 7, is the canonical surjection from [0, 1]
onto 7. From the point of view of measurability, the important observation is that the
map which assigns to u € U the function h constructed from the order induced by u is
continuous. This follows from the fact that, for any € > 0, there exist only finitely many
points o € #* such that two distinct elements of C, have mass or diameter exceeding
€. We omit a formal proof. Let 5 be the distribution of the random variable » when
choosing u uniformly at random, that is, following the distribution Leb®”. Note that,
formally, 7 may depend on 7 and the choice of the bijections 7,,0 € #*. Thanks to
the symmetry of the distribution Leb®? under permuting entries, however, it follows
that 7 only depends on the ghp-isometry class of . Therefore, we shall denote this
distribution by 7(%). The corresponding map 7 : T — M, (De) can be shown to be
continuous, hence measurable. Now, for a random variable ¥ on T?hp with distribution v,
the annealed measure 7(-) = E[77(%)(-)] is the desired probability distribution. O

The following three lemmas concern continuity of functions arising in the definition
of ¥ in Section 2.3 and in the proof of Proposition 3. The proofs rely on the concept of
correspondences and have many ideas in common. In our presentation, we focus on a
detailed proof of Lemma 27 and sketch the arguments needed to prove continuity of ¢,
in Lemma 28. The remaining statements have simpler proofs, and we omit them.
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Lemma 26. Letr,s € ¥ and X4,..., Xk be compact rooted metric measured spaces.
Let x : X} x...x X — K9 be the map which assigns to each (z1,...,75) € X1 x...x Xk
the space X when the construction described on page 6 is carried out with these values
r,s and the glue points n; = z; for 1 < < K. Then x is continuous.

Lemma 27. The map v : (K9?)K x 32— M, (K9'") defined in Section 2.3 is continuous.

Lemma 28. The functions x; : AN x ¢ — K9 and v; : K9 — M;(K9P) defined in
the proof of Proposition 3 are continuous.

Proof of Lemma 27. Lete > 0 and X;,...,Xk,X],..., X} be compact rooted measured
metric spaces. Let (Z;,d?!), ..., (Z;,d?*) be compact metric spaces such that X;, X! C Z;
and d%: = d; on X; and d% = d; on X/ foralli =1,...,K. (Such spaces exist. One can,

for instance, choose Z; = X; U Xi’ .) Further, assume that,
i) df (X, X)) <e, dZ(p;, p}) < e, and dZ (u;, pf) <eforalli=1,..., K,
i) r,r',s,8" € ¥g with max{|r — /||, ||s —s'||} <e.

(X ik is endowed with the Euclidean distance.) Finally, assume that the constructions of
the spaces X = (X,d, u,p), and X' = (X', d’, 1/, p’) described on page 6 are carried out
with fixed glue points 7;, 7, satisfying d%i(n;,n}) < e foralli = 1,..., K. Below, we show
that

/ Ea .
dgnp(X,X7) < (K + 1) <5+211Sniz%>§{||%2). (A.1)

Taking this deterministic statement for granted, we can argue as follows to conclude the
proof: First, we keep the compact rooted measured metric spaces fixed and choose the
glue points randomly. Then, by the previous lemma, (the equivalence classes of) X and X’
are K9"P-valued random variables. Further, by a coupling theorem due to Strassen [48,
Page 438], we may sample the pairs of gluepoints (1;,n}) on X; x X/ in such a way that
£(ni) = i, £(n}) = pt and P(d%i(n;,n}) > ) <eforalli=1,..., K. Using this coupling
and writing ~ for the right-hand side of (A.1) yields P(dgnp(X,X’) > v) < Ke. Hence,
again using Strassen’s theorem, it follows that d,(£(X), £(X’)) < ~. Since 7 can be made
arbitrarily small by choice of € > 0, this implies the claimed continuity. (The remainder
of the proof also shows that, for fixed r,s, the map 1) with domain (IK9")X is uniformly
continuous.)

It remains to show (A.1). To this end, we recall the well-known characterization of the
Gromov-Hausdorff distance using correspondences: for two sets S, 7, aset R C S x T is
called a correspondence if for all s € S there exists t € T with (s,t) € R and vice versa.
For metric spaces (S, ds), (T, dr), the distorsion of a correspondence fR is defined by

dis(R) = sup{|ds(s,s’) — dr(t,t)] : (s,t), (s, 1) € R}.

Define the Gromov-Hausdorff distance between compact rooted metric spaces (5, dg, ps),
and (T, dr, pr) using the notation from Eq. (2.1) by

dgn((S, ds; ps), (T dr, pr)) = inf ‘max {dZ(6(8),¢(T)),d” (6(5),¢'(T))} .

It is standard ([see, e.g., 15, Theorem 7.3.5] in the unrooted set-up) that, for compact
rooted metric spaces (S, ds, ps) and (T, dr, pr), we have

dgh((Sa dSa pS)a (T7 dTv pT))
1
=3 inf{dis(R) : R is a correspondence with (pg, pr) € R}. (A.2)
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It easy to construct optimal correspondences explicitly: Fori = 1,..., K, we can set
R = {(z,y) :x € X,y € A/, d” (z,y) < e}.

By the triangle inequality, we have dis(R;) < 2. Recall the projections ¢°, (¢°)’ in step
ii) of the construction and define a correspondence for X and X’ by

K
R= U{(W(fﬂ),w"(x')) H(x,27) € R}

(Note that the roots are already identified in the fR;.) From (A.2), we see that
dgn((X,d, p), (X',d',p')) < idis(R). In order to extend the result to the Gromov-
Hausdorff~-Prokhorov distance, we consider a specific embedding of the spaces. The
following construction is standard, see, e.g. the proof of Theorem 7.3.5 in [15]. Let
Z=XUX andsetd? =don X?,d? =d on X' x X' while, for x € X,y € A’, define

d?(z,y) = inf{d(x, 1) + d'(x2,y) : (v1,22) € R} + %dis(iﬁ).

Finally, for x € X',y € X, set d?(z,y) = d?(y,x). A straightforward computation shows
that dZ is a metric on Z. Further, by construction, dZ((X,d, p), (X', d’, p')) = d?(p,p’) =
1dis(R). To study the Prokhorov distance between p and 4/, let (0;,0}),i = 1,..., K
be pairs of random variables on &; x X with £(0;) = p;, £(0)) = p} and P(lo; — o}| >
¢) < e. By our assumptions on s, s’, there exists a pair of random variables (J, J') with
P(J=i)=s,and P(J  =4i) = s, foralli =1,...,K and P(J # J') < Ke. Note
that £(¢°(0s)) = p and £((¢°)'(0;,)) = (/. Hence, as d? (z,y) < ¢ for z € X,y € X/
implies d? (¢°(z), (¢°)'(y)) < 1dis(R), it follows that P(|¢°(0,)—(¢°) (/)| > 3dis(R)) <
(K + 1)e. Thus, dp(p, 1) < max{3dis(R), (K + 1)} and the same bound applies to
dghp (X, X').
It remains to find an upper bound on dis(R). We have

dis(R) = 1<§1;2Ksup{\d(¢°(x)7 ©°(y)) — d' (%) (=), (°) (v')| :
(z,2") € Ry, (y,9') € Ry}

For (z,2'), (y,y') € R;, it follows that under our imposed assumptions, we have

|d(e°(2),0°(y)) = d'(¥°(2), @°(¥))] < 22 + ]| X4]].

An application of the triangle inequality shows that
dis(R) < K(25 +&% max ||%1H),
i=1,...,K

which completes the proof. O

Proof of Lemma 28. We only sketch the arguments necessary to prove of continuity of
11 which go beyond the details presented in the previous proof. Fix X € K9, Let ¢ > 0
and X’ € K9 with dghp(X,X’) < e. Let (X, d, u,p) and (X’,d’, i/’ p') be representatives
of these classes embedded in the same compact metric space (Z,d?). For n € Z,
let I, = [2=(»*1) 27") We can construct coupled Poisson processes P on X x [0, c0)
and P’ on X’ x [0,00) by superposing coupled independent Poisson processes P,, on
X x I, and P}, on X’ x I, as follows: first, independently for different values of n, let
(Ul(”), Si")), (UQ("), Sén)), ..., be a sequence of independent and identically distributed
(X x I,,)-valued random variables, where U™, S are independent, U™ is distributed
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according to u and Sgn) follows the distribution of a non-negative random variable
with density s~1~/* conditioned on taking a value in I,,. As dZ(p, i) < e, for any
n € 7, we can construct a sequence of independent and identically distributed X’-valued
random variables V™, V\™ ... such that P(a? (U™ V") > ) < e forall i > 1. Let
Np,n € Z, be a family of independent random variables which is independent of all
previously defined quantities, where N, follows the Poisson distribution with parameter
J; s717Veds = a2n/*(21/* — 1). The sets of points (U™, 8"y 1 <ie N,} and
{(Vi(”),Si(")) : 1 < i < N,} constitute Poisson processes P, on X x I,, and P), on
X' x I, respectively. Upon superposing the processes for different values of n, we obtain
the sought coupled processes P and P’. It should be clear and can be shown using
correspondences that, for any 6 > 0, supy: P (dgnp(f(P), f(P')) > 6) — 0 as ¢ — 0, where
the supremum is taken over all ¥’ € IK9'? satisfying dghp (X, X’) < e. (Recall that X is kept
fixed.) Thus, supy, dp(£(f(P)), £(f(P’)) — 0 as ¢ — 0 showing the claimed continuity. O

Lemma 29. For any s > 0, the map H* is measurable for dg,, and thus dimy, as well.

Proof. For fixed § > 0, let

H(A) := inf{z U;|* : AC | JU; and |U;] < 6 for all i > 1}.

i>1 i>1

Then, H® = lims o H§ and it is enough to prove the measurability of H : K9 — [0, o]
for fixed § > 0. To this end, we show that the function is upper-semicontinuous. Let
0 >0,s>0and X, X;,X,,... be compact metric spaces with dg,(X,,%X) — 0. Fore > 0,
by compactness, there exists a natural number N and sets Uy, ..., U, with |U;| < § for all
i=1,...,N such that ¥ C UV, U; and H(X) > SN, |Ui|* —e. Now, let 0 < &’ < ¢ be
sufficiently small such that |Uf,| <dforalli=1,...N. Choose n large enough such that
dgn(%,,%X) < ¢//2. We may assume that X,, and X are embedded in a compact metric
space (Z,d?) such that dZ(X,,, X) < '/2. Then, H{(X,) < 2N, U |* < (1+¢)H§(X)+2e.
As this inequality is true for sufficiently large n, we can take the limit superior on the
left-hand side. Then, letting ¢ — 0 on the right-hand side shows the claim. Finally, it is
easy to deduce measurability of dimy, e.g. from the representation

{X e K™ : dimy(X) >t} = | [) (X € K" : Hj(X) <&}, >0,

a>te>06>0
where ¢, ¢, 6 take rational values. O

The proof of the next lemma runs along the same lines as the proof of Lemma 29.
(Technically, N.(6) plays a very similar role as Hj(-).) We omit the details.

Lemma 30. Let § > 0. The map from K9 to IN that to X € K9 assigns Nx(6), the
smallest number of open balls of radius § needed to cover X, is upper-semicontinuous In
particular, the maps dim,,, dimy, : K9 — [0, oo] are measurable.

B Holder continuity of 7

Proof of Proposition 19. The positive result for a < p follows from bounds on the mo-
ments of .77 provided in Lemma 31 and Kolmogorov’s criterion. Next, recall from [14]
that h(t) := E [ (t)] = '\/t(1 —t) for some £’ > 0. Let o < a < 7. With Q? defined
in Eq. (4.9), where Qg = h, the uniform almost sure limit X of QQ in Proposition 13 is
measurable with respect to {(R?,87,Z7) : o € ©}. Thus, since y-Holder continuity is
a tail event of this o-algebra, by Kolmogorov’s zero-one law, it suffices to show that X
fails to be y-Hoélder continuous with positive probability. For n > 1, let C;, = Ujy|—,0Ay.
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Observe that, for some r > 0, we have |h(y) — h(z)| > r|ly — z|? for all z,y € [0,1/2]
and z,y € [1/2,1]. Fix 9 € ©y. Let x,y € Ay with (z,y) N Cy = § and denote by =z, y,
their relative positions inside Ay, that is 2y = (x — inf Ay)/L(+¥), analogously for y,. If
xe,ye € 10,1/2] or ¢, ye € [1/2,1], then

V(ﬁ)1/3 > [2—(¥£(19)(x
implies

Q0 (y) — QY (@) = V() *|h(ye) — h(ze)]
> 7L hlye) — hae)| = 1027y — x|y — x>,

As Ay is the union of at most ¢ + 1 intervals, we can find z,y € A(9), (z,y) N Cy = 0
satisfying the latter inequality with |y, — z¢| > 1/(4¢) where x,,y, € [0,1/2] or x;,y, €
[1/2,1]. Hence, for these =,y we deduce

00— O > Y2

Q7 (y) — Qp ()| > 716/7" .

As n — oo, almost surely, the maximal distance between consecutive points in C,
converges to zero. Hence, X is not v-Holder continuous if there exists n € IN and an
infinite path ¥ = 165 ... such that, for all k € IN, with ¢,, = &1 ...¢,,

V() /? > (kn)>~ L (k)"

Below, we will show that this event has positive probability for some n € IN (in fact, for
all n large enough). For 9,0 € O, let

[ V(Wo)V/? 9_o L(Vo)™
4= S = o e |

Let N := 2" and ©* be the complete N-ary tree with nodes on level k£ denoted by
O,n. Moreover, let S be the random subtree of ©* in which a node ¥* = 97 ... 9}, with

97,...,0; € ©, onlevel k exists if, forall 0 < i < k£ — 1, the event Agifr occurs. By
construction, for fixed n > 1,

{(1,4:3)06@” : ) €Ok, ke NU {0}}

is a family of independent and identically distributed random vectors. Thus, S is a
branching process with offspring mean

Y puah)=Y P (vw)l/?’ > n2_°‘£(19)0‘).
YEO, JEO,,

By the elementary formula P (AU B) =P (A) + P (B) — P (AN B) it is easy to see that

> Pl =2p (H W > n2e ] W?) :
YeEO, =1 i=1

where W, W,...,W,, W, are independent and identically uniformly distributed on the
unit interval. We may assume « < 1/3. Let 6 > 0 and Ey, F4,..., E,, F,, be independent
standard exponentials. Then, by an application of Cramér’s theorem for sums of inde-
pendent and identically distributed random variables with finite momentum generating
function in a neighborhood of zero, for all n sufficiently large,

p (ﬁ Wil/g S p2-a ﬁW?) >P (i (aFi — %Ez) > (5n>

i=1 i=1 i=1

— exp(ff((s)n + O(TL)),
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where I(z),z € [& — 1/3,00) denotes the large deviations rate function of the random
variable aF} — E1/3 (see, e.g., [21]) given by

I(x)= sup szx—1lo 3 ! < iwf Io 3 !
_—3<s£1/a g3+81—8a_a —3<s<1/a g3+sl—sa
_ T o 12a
o« & (Ba +1)2°
Thus, for all n large enough,
24
> P(AD) = (26(1+0(1))", e= e

2
YEBO,, (3a + 1)

Since a > p, upon choosing ¢ > 0 sufficiently small, we obtain ¢ > 1/2. Thus, for all n
sufficiently large, with positive probability, there exists an infinite path ¥775... in ©*
with 97 € ©,, such the events Aﬁf? occur for all i € NU {0}. Along this path written as
¥ =e1e2..., we deduce

V(0hn) > n R LOL)" > (kn)? O L(kn)®.
for all £ € IN. This concludes the proof. O

The final lemma generalizes Proposition 4.1 in [19] to non-integer values of p.
Lemma 31. Forall ¢ > 0 and p € [0,00), there exists K > 0 such that, for all z € [0, 1],

E[ (2)?] < K(x(1 — x))*/0+8)—<

Proof. We provide the minor modifications necessary to extend Proposition 4.1 in [19]
to the non-integer case without presenting tedious calculations. First, by Jensen’s
inequality, since E [7#(z)] = £'y/x(1 — z) with ¥’ = 1/T'(4/3), we have

E [ (2)"] < ()P (x(1 - 2)P?, 0<p<1, (B.1)

E[A(2)"] > () (x(1 - 2))"*, p=>1. (B.2)
Thus, for 0 < p < 1, the assertion follows immediately from (B.1). For p € (1,00), we
do not have a integral recursion for m,(t) = E [#°(¢)?] such as (17) in [19] unless p
is integer. However, applying the inequality (a + b)? < a? + b + Cy(aP~1b + abP~!) for

a,b > 0 and some C; = C1(p), to the stochastic fixed point equation Eq. (2.13), we have,
in a stochastic sense,

H(t)P

< Loy (YW (A D) (At) + L,y (WP (D) (ZAz)
1

1

+ 1[U1,U2)(t) <(1 _ W)p/?»(%@))p (tUl> + Wp/3(%ﬂ(1))p (5))
2
+ 10w () (Cl(l W=D/ (D (’5—AU1> e (§)> (B.3)
2
+ 1[U1,U2)(t) <Cl(1 _ W)l/Sw(p—l)/3(%(2)) (t —AUl) (%(1))1)—1 (5)) : (B.4)
2

with conditions as in Eq. (2.13) on the right hand side. Subsequently, we consider
0 <t < 1/2 which suffices by symmetry. With ¢ = 3/(3 + p), taking the expectation on
both sides of the last display leads to

my(t) < 2¢(1 — t)2/0 my(x)(1 — z) " *de + 2qt2/t my(x)x 3 dr + 5, (t),
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where sp(t) is the sum of the expectation of (B.3) and (B.4). As in the proof of Proposition
4.11in[19], relying on first, Lemma 4.2 there for .7# instead of M, and second, a stochastic
inequality inverse to the display above based on (a + b)? > a? + b? for a,b > 0, one can
show that the first summand has negligible contribution as ¢ — 0. In other words, for
any ¢ > 0, there exists ty such that, for ¢ < ¢y, we have

1
my(t) < 2(1 + §)gt? / my(x)z " 3dx + 2s,(t). (B.5)
t
Furthermore, for some Cy = Cs(p, to,d) > 0,
to
mp(t) < 2(1+ 5)qt2/ my(z)x 2 dx + 25, (t) + Cot?.
t

Now, if we were to drop s,(t), then, by applying Gronwall’s lemma to the function
m,(t)t~2, we could deduce
my(t) < OStQP/(P+3)*5q

for all ¢t € [0, 1] and some C5 = Cs(p, tg, d). This would give the assertion as § was chosen
arbitrarily. For a rigorous verification, we start with the case 1 < p < 2. Then, a direct
computation shows that, for some Cy = Cy4(p), we have s, (t) < C4tP+2)/2_ Thus, by (B.2),
sp(t) is asymptotically negligible compared to m,(t). Using (B.5), for any ¢’ > 0, upon
decreasing tg if necessary, we have

my(t) < 2(1+6)(1+ 0 )gt? /1 my )z dx.

As indicated, the claim now follows from Gronwall’s lemma with a suitable choice of §
and ¢’. For p > 2, we proceed by induction. We may assume that ¢ > 0 is chosen small
enough such that 3/2+2(p—1)/(p+2) — ¢ > 2. By the induction hypothesis, there exists
Cs = Cs(p), such that s,(t) < Cst3/2T2=1)/(+2)=¢ Thus, s,(t)t~2 is bounded on [0, 1]
and the result follows as indicated from inequality (B.5). O
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