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Abstract

We define some new sequences of recursively constructed random combinatorial trees,
and show that, after properly rescaling graph distance and equipping the trees with
the uniform measure on vertices, each sequence converges almost surely to a real tree
in the Gromov-Hausdorff-Prokhorov sense. The limiting real trees are constructed
via line-breaking the half real-line with a Poisson process having rate (¢ + 1)t‘dt, for
each positive integer ¢, and the growth of the combinatorial trees may be viewed as
an inhomogeneous generalization of Rémy’s algorithm.
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1 Introduction

Understanding the structure of large random trees and graphs is an important
topic of much recent interest in mathematics, statistics, and science. Random trees
appear in population genetics and computer science, and statistical data with network
structure is now generated in many fields. One important approach to studying a large
random discrete structure is to determine limiting behavior as its size tends to infinity,
in particular the structure may converge in a suitable sense to a limit object. Two well-
known illustrations of this approach are the classical functional central limit theorem
and the recently developed notion of dense graph limits (so-called graphons). In this
paper we are interested in a third setting that has been an important and active research
area for the last 25 years: continuum tree limits of combinatorial (i.e., graph-theoretic)
trees; here trees are viewed as measured metric spaces and convergence is in the
Gromov-Hausdorff-Prokhorov (GHP) topology. Necessary background on GHP topology
is provided in Section 2, but roughly speaking, two measured metric spaces are close in
the GHP topology if each can be isometrically embedded into a common metric space
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so that both of their Hausdorff distance and the Lévy-Prokhorov distance between the
push-forwards of their measures are small.

To clarify the upcoming discussion, we first mention how trees are viewed as metric
spaces; see Evans [16] for a more thorough treatment. Throughout the article, trees are
not embedded in the plane (i.e., they are unordered). A compact metric space (7, djen)
is a real tree if the following two properties hold for every z,y € T.

1. There is a unique isometric map f, , from [0, dien(,y)] into 7 such that f, ,(0) =«
and fﬂc,y(dlcn(l'a y)) =Y.

2. If g is a continuous injective map from [0, 1] into 7 such that ¢(0) = xz and g(1) = vy,
then we have ¢([0,1]) = f..4([0, dien (2, y)]).

We call the metric dje, the intrinsic length metric on 7. For every z,y € T, we call f, ,
a (non-graph-theoretic) path in 7, and denote by |f; | == dien(z, y) the intrinsic length
of the path. For ease of notation, write 7T, instead of (7, djen ), for a real tree. A leaf of a
real tree 7T is a point z € 7 such that 7 \ {z} is connected.

To emphasize the difference from real trees, we call graph-theoretic trees combina-
torial trees. Given a combinatorial tree T, let v(T") be the vertex-set of T, denote by d,
the graph distance on T, and view T as the metric space (v(T’),dg,). All edges and paths
in a combinatorial tree are of graph-theoretic sense (i.e., an edge has length 1, and the
length of a path is the number of edges in it). We often consider rooted trees which are
pairs (T, u), where T is a combinatorial (resp. real) tree, and u is a distinguished vertex
(resp. point) of T. We call u the root of (T, u).

The fundamental results for tree convergence in our setting are due to Aldous [4, 5, 6],
who constructed and studied a limit object now called the Brownian continuum random
tree (BCRT). Aldous showed that the BCRT is the

1. limit as the number of vertices tends to infinity of certain random combinatorial
trees with rescaled edge-lengths (more specifically, the combinatorial trees are
those formed from a critical Galton-Watson branching process with finite variance
offspring distribution and conditioned on their numbers of vertices),

2. limit of a Poisson line-breaking construction,
3. real tree with contour process equal in distribution to Brownian excursion, and

4. real tree having a certain finite-dimensional distribution on k-leaf trees obtained as
subtrees spanned by the root and k leaves chosen independently according to a
mass measure.

There has been an enormous amount of literature extending, generalizing, and em-
bellishing the results of [4-6]. One direction of extension is showing convergence of
other families of rescaled combinatorial trees to the BCRT; see, e.g., Haas & Miermont
[20], Kortchemski [22], Marckert & Miermont [24], Rizzolo [34]. Another type of exten-
sion, and that considered in this paper, is constructing and studying other continuum
random trees (CRTs) via some analog of part or all of Items (1-4) above. Well-known
examples are the inhomogeneous CRT; see Aldous & Pitman [8, 9], Aldous, Miermont &
Pitman [10]; the self-similar fragmentation trees; see Haas & Miermont [20]; and stable
trees; see Duquesne & Le Gall [15], Goldschmidt & Haas [17]; see also the references in
those papers.

The general versions of the constructions of Items (1) and (2) are most important
for this paper. Focusing on Item (1), an important class of combinatorial trees that
converge to CRTs are those given by various recursive constructions. In these models,
a growing sequence of random combinatorial trees (T(n) : n € IN) is defined so that
T(n + 1) is constructed conditionally on T(n) by adding vertices and edges according
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to specified random rules. Examples of such constructions are Rémy’s algorithm for
recursively constructing uniformly chosen leaf-labeled full binary trees; [32]; Marchal’s
generalization of Rémy’s algorithm; [23]; Ford’s a-model and generalizations; Chen,
Ford & Winkel [12]; and others: Haas & Stephenson [21], Pitman & Winkel [29], Pitman,
Rizzolo & Winkel [31], Pitman & Winkel [30], Rembart & Winkel [33].

The (sometimes Poisson) line-breaking constructions of Item (2) starts with a se-
quence of growing random real trees (7 : k € IN), and then a real tree is defined to be
the closure of the union of the sequence. The sequence is recursively constructed: given
Tx, we create 741 by attaching the end of a branch of a random length to a randomly
chosen point of 7;. To describe the Poisson line-breaking construction of the (scaled)
BCRT, let (4, Cs, ... be the points of an inhomogeneous Poisson process on (0, co) with
intensity measure 2tdt. Then we set 7; to be a single branch of length C7, and recursively
construct 71 from 7 by attaching the end of a branch of length Cy1 — C to a uniform
point of 7.. The closure of this sequence is a compact metric space with a measure sup-
ported on the leaves that is the weak limit of the uniform measure on the sequence trees.
An important remark for our purposes is that it is possible to embed Rémy’s algorithm
into this Poisson line-breaking construction of BCRT, and this embedding can be used to
show that uniformly chosen full binary trees with rescaled edge-lengths converge to the
BCRT as the number of vertices goes to infinity. Similarly, Marchal’s algorithm can be
embedded into a line-breaking construction of stable trees, and this embedding can be
used to show convergence of Marchal’s trees with rescaled edge-lengths to continuum
stable trees [17].

In this paper, we extend these ideas by defining a new family of sequences of growing
recursively constructed combinatorial trees in the spirit of Rémy’s algorithm and show
these sequences of trees can be embedded into appropriate Poisson line-breaking
constructions. We use this embedding to show that the sequence of combinatorial trees,
equipped with the uniform measure on vertices, almost surely converges in the GHP
topology to the closure of the union of the line-breaking constructed trees equipped
with a probability measure supported on the leaves. Curien & Haas [13] recently
systematically studied the trees that appear as limits, and determined useful properties
regarding compactness, boundedness, asymptotic height, and Hausdorff dimension. See
also the recent works of Amini, Devroye, Griffiths & Olver [11] and Haas [18] for related
constructions and discussions.

1.1 Main result

Foreach ¢/ € IN:={1,2,3,...}, we define a sequence of growing random combinatorial
trees endowed with the uniform probability measure and a real tree limit. To ease
notation, fix £/ € IN.

Construction of the combinatorial trees

Consider growing a sequence of random combinatorial trees (T(n) : n € IN) in the
following inhomogeneous manner. Let T(0) be a single (graph-theoretic) edge, call one
endpoint a leaf, denoted by L;, and call the other endpoint the root of T(0), denoted by
vg. For each n € IN, given T(n — 1), insert a new vertex v,, in the interior of a uniformly
chosen edge of T(n — 1). If £ divides n, then, at the same time as v,, appears, insert an
edge connecting v, and a new leaf, denoted by L, z. The resulting tree T(n) is rooted
at vg. Note that for £k € IN, T(k¢ — 1) has k leaves and T(k¢) has k + 1 leaves. In addition,
for all n € IN, let v, be the uniform probability measure over v(T(n)). Note that for £ > 2
there are degree-2 vertices in the trees and that the case ¢ = 1 coincides with Rémy’s
algorithm [32].
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Construction of the limiting real trees

The limiting real trees have been recently studied [13] and are generalizations of the
line-breaking construction for the BCRT described above and due to Aldous [6]. Given
a = (a; : k € N) C Ry, we construct a sequence of random real trees (7,2 : k € IN) by
starting with 7%, which is made of a single branch of length a;. For integer k£ > 2, we
recursively construct 7% from 7,% ; by attaching the end of a branch of length a;, to a
point chosen uniformly from 7;* ;. For all k € N, root 7,* at an arbitrarily fixed end of the
initial branch. Furthermore, let 7¢ be the closure of 7;* as k — oco. Next, write Cy = 0,
and let C1,Cy, ... be the times in (0, c0) of an inhomogeneous Poisson process of rate
(¢ +1)t‘dt. For all k € IN, write Tj, = ﬁ(ci_ci’l:iem). Finally, let 7 be the completion of 7,
as k — oo, which is a random real tree with intrinsic length metric dj.,. Curien & Haas
[13] show that the limit tree 7 is almost surely compact and has a natural “uniform”
probability measure supported on the leaves; see Theorems 1.5 and 1.7 below. Note that
£ =1 corresponds to line-breaking construction of the BCRT.

We can now state our main result. For any a > 0, write a - d,, for the metric so that
(a-dg)(x,y) = a-dg(z,y). For the remainder of the paper, define

ga
(41

a=af) and c=c({) =

Tt
Theorem 1.1. There is a probability space where we can construct copies of (T(n) :
n € IN) and (7 : k € IN) such that the following holds. There almost surely exists a
probability measure . supported by the leaves of T such that

(U(T(n)), = dy, yn) 5 (T, diens 1)

almost surely for the Gromov-Hausdorff-Prokhorov topology as n — oc.

The proof of Theorem 1.1 follows from three main steps. First, we can embed
the combinatorial trees into the Poisson line-breaking trees (Proposition 1.2). The
embedding follows from beta-gamma algebra and is similar in spirit to that described
in [17, Proposition 3.7] for Marchal’s algorithm. Second, we can use the embedding
to show that for Ty (n) defined to be the subtree of T(n) spanned by the root and the
first k leaves, Ty (n) is close to T even for growing k (Proposition 1.3). Essentially this
requires careful analysis of distances and masses in the combinatorial tree, which in turn
boils down to understanding a time inhomogeneous Pdlya urn model studied by Pekoz,
Rollin & Ross [27, 28], where distributional convergence results complementary to this
paper are derived. Note also that once the correspondence to the urn model is made (in
Section 5.1), the choice of the scaling constant c agrees with that of [28, Proposition 2.1];
in our work, c is chosen to cancel the leading term in (4.7). Finally, we show what is
left over in T(n) outside of Ty (n) is sufficiently small (Proposition 1.4). This tightness
argument requires careful analysis of two Pélya urn models and an understanding of
exchangeable random “decorated” masses.

The layout of the remainder of the paper is as follows. We present the three key
propositions and a detailed proof outline in the last subsection of this introduction. In
Section 2, we provide necessary background on GHP convergence, and then we prove
the three propositions in Sections 3, 4, and 5. We conclude this subsection of the
introduction with a few remarks contextualizing our result and discussing further work.

For related work, as previously discussed, there is much interest in limits of recur-
sively constructed trees. However, typically the models considered have some nice
consistency properties such as Markov branching (see [19] for a recent review), perhaps
with some consistent leaf-labeling, e.g., a regenerative structure as in [31], or having
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fully exchangeable leaf-labels. By consideration of small cases, it is clear that the leaf-
labeling in our models is not exchangeable and the combinatorial trees do not have the
Markov branching property so we cannot directly apply the general theory developed
for such models. Also, it is unusual for recursively built combinatorial tree models of
the kind studied here to allow for degree-2 vertices and this case is excluded from some
studies. Having GHP convergence results for an example falling outside the general
theory is interesting in its own right, but may also lead to further natural classes of
models and general theory.

There are many avenues for future study. The most obvious open problem is to provide
a description analogous to Items (3) and (4) above for the limit trees. Moreover, there
are many other decompositions and properties of recursively defined trees and their
limits that are important and appear in the CRT literature — what are the analogs of these
in our setting? Note that our combinatorial trees provide one path to understanding
properties of the limit trees.

1.2 Proof outline of Theorem 1.1

First, we examine the topologies of the combinatorial trees and the real trees. The
idea is to embellish the real trees with random vertices so that the resulting trees,
equipped with the graph distance, have the same law as the combinatorial trees.

Embellished trees

Write 7(0) = 7;. Foreach k € Nandi € {1,...,£—1}, let T((k—1){+1) be obtained from
inserting a vertex at a random point uniformly chosen with respect to the normalized
Lebesgue measure over 7 ((k—1)¢+i—1). Let 7, be formed by inserting a vertex uniformly
in T((k—1)¢+ ¢ — 1) and define T (k¢) by attaching a branch of length Cj;1 — C, to this
last inserted vertex. We call 7(1),7(2),... the embellished trees, rooted at the same
point as 7;. This construction is analogous to that of the combinatorial trees.

All vertices inserted in the above manner are called the embellished vertices. For
all k € Nand i € {1,...,¢ — 1}, if we forget about the embellished vertices, then
T ((k — 1)¢ + i) with the intrinsic length metric has the same law as the real tree 7;. A
leaf of the embellished tree 7 ((k — 1)¢ + 1) is the corresponding leaf of 7. A vertex of
the embellished tree 7 (n) is either an embellished vertex, a leaf, or the root. Denote
by v(7(n)) the set of vertices of 7(n). We view T (n) as the union of the (non-graph-
theoretic) branches and the vertices, i.e., a hybrid of the real tree and the combinatorial
tree.

For all integers n, k with n > (k — 1)/, let T(n) be the subtree of the embellished tree
T (n) spanned by the root and the first k leaves (in the order of appearance). Analogously,
write T (n) for the subtree of T(n) spanned by the root and the first & leaves.

The embellished trees give a way to couple T(n) and 7 (n) as follows. Recall that we
often write Ty (n) = (v(Tk(n)),dg) and T = (Tk, dien)-

Proposition 1.2. There is a probability space where we can construct copies of (T(n) :
n€N), (T(n):n €N), and (T : k € IN) such that

(v(Ti(n)), dgr) = Ti(n) and (Ti(n),dien) = T,

for all integers k,n with n > (k — 1)¢, equalities considered up to isometry-equivalence.

The proof of Proposition 1.2, given in Section 3, relies on that when vertices are
inserted into the embellished tree, branches are fragmented into Dirichlet-distributed
lengths.

Proposition 1.2 gives us a direct coupling to compare the rescaled graph-theoretic
path-lengths of Ty (n) and the corresponding intrinsic path-lengths of 7, which leads to
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our next result showing that the combinatorial trees spanned by a subset of leaves and
the analogous subtree of the limit tree are close.

Before stating the result, we need some facts and notation. Firstly, as discussed in
greater detail just below and in Section 2, all the metric spaces appearing in this paper
are compact, and so in fact we can define a distance on such metric spaces (modulo
isometry-equivalence), denoted dgyp, which induces the GHP topology. Next, for all
k € IN, let u be the normalized Lebesgue length measure on 7. For all integers k,n
with n > (k — 1)¢, write vy ,, for the uniform probability measure over v(Ty(n)). For two
sequences g(n), f(n), write g(n) = Q(f(n)) if there exists C' > 0 such that g(n) > Cf(n)
for all n, and g(n) = o(f(n)) if g(n)/f(n) — 0, as n — co.

Proposition 1.3. Suppose k : N — N satisfies k(n) = Q ((logn)!°) and k(n) = o (n'/1°).
In the probability space where the equalities of Proposition 1.2 hold, almost surely as
n — oo,

dgup ((U(Tk(n) (’I’L)), % : dgh Vk(n),n)7 (77c(n)7 dien;, ,U/k(n))) — 0.

The proof of Proposition 1.3 is given in Section 4 and relies on a concentration result
(Lemma 4.4 and Corollary 4.5), which says that the number of vertices along a path in
Tj(n)(n) has order ¢ 'n® times the Lebesgue length of the path, and that the vertices
are regularly distributed.

Next, to ensure that Tx(n) is close to T(n), we need a tightness property of the
sequence (Tx(n) : k € N,n > k/), i.e., the Hausdorff distance between T}, (n) and
T(n) is diminishing, and the Lévy-Prokhorov distance between their uniform probability
measures also vanishes in the limit. Recall that v, is the uniform probability measure
over v(T(n)).

Proposition 1.4. Suppose k : N — N satisfies k(n) = Q (n'/1%°) and k(n) = o (n'/?) and
assume now ¢ > 2. Then, almost surely as n — oo,

damp ((U(Tk(n)(n)), n% - dges Viny ) (V(T(1)), — - gy, un)) 0.

n

Note the restriction in Proposition 1.4 to ¢ > 2, which stems from Lemma 5.4 and
in particular the proof of Lemma 5.12. The restriction is due to balancing asymptotic
terms and probably some version of the proposition and these lemmas hold for ¢ = 1, but
convergence in this case is well-covered in the literature and so it is enough for us to
consider ¢ > 2. All other lemmas and propositions in the paper hold for £ = 1.

To establish Proposition 1.4, we deduce a height bound for the subtrees of T(n)
pendant to Ty, (n), and we also show that subtrees pendant to Trn) (n) are “uniformly
asymptotically negligible” (a similar property is used in Addario-Berry & Wen [3], Wen
[36]). That is, Lemmas 5.1 and 5.2 imply that with 1 — o(1) probability, the maximal
height of the subtrees of T(n) pendant to Ty,)(n) has order o(n®) (yielding GH con-
vergence) and Lemma 5.12 implies that the maximal size of the subtrees has order
o (n - k(n)~8/BU+1)) By projecting the masses of pendant subtrees onto Ty ,)(n), we
can deduce a bound on the relevant Lévy-Prokhorov distance. Details are given in
Section 5.

As shown in the next several results of [13], 7 is almost surely compact, which allows
for the convergence to hold in the GHP topology instead of, say, the local GHP topology.

Theorem 1.5. ([13, Theorem 11]). Suppose that there exists o’ € (0,1] such that for
a = (ay : k € N) C Ry we have a;, < k= t°(1) and Zle a; = k=o' +°() a5 k — co. Then
T® is almost surely a compact real tree.

Fact 1.6. ([13]). Ifay = Cy — Cx_1 for n € N, then almost surely a = (a; : k € IN)
satisfies the assumption in Theorem 1.5 for o/ == -~

{+1°
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Theorem 1.7. ([13, Theorem 4]). Almost surely, there exists a probability measure p
supported by the leaves of T such that p; — p weakly as k — oo.

With these results we can now prove Theorem 1.1.

Proof of Theorem 1.1. The case ¢ = 1 is just the well-known almost sure GHP conver-
gence of uniform ordered binary trees with uniform measure to the BCRT (e.g, Curien &
Haas [14, Theorem 5]), so we assume ¢ > 2. We work on the probability space where the
equalities of Proposition 1.2 hold, and condition on the a.s. event that 7 is compact and
1 exists, where p is the uniform probability measure supported by the leaves of 7.

Let k : N — IN be such that k(n) = Q (n'/1%°) and k(n) = o (n'/!°). For all n €
N, write T(n) = (0(T(n)), =% - dge, ), Thtny = (0(Th) (1)), 25 - dars Vigmyn)» Tkin) =
(E(n), dien, Hk(n) ) and T = (T, dien, ,u). Note that

deup ('f(n),T) < dgup (T(n),'fk(n)) +dgup ('Tk(n),'rk(n)) +daup (Tkm), T) - (1.1)

By Propositions 1.3 and 1.4, a.s. as n — o0,
daup (T(ﬂ),'fk(n)) + dgnp (Tk(n)77-k(n)> — 0. (1.2)

Furthermore, since 7; = (Tk,dien) is separable, the weak convergence of mea-
sures, i.e., ur — u (a.s. exists by Theorem 1.7), is equivalent to the convergence of
measures in the Lévy-Prokhorov metric, i.e., dp(ug, ) — 0, where dp denotes the
Lévy-Prokhorov distance (defined in Section 2) on 7 := Uk €N T (a.s. compact by Theo-
rem 1.5), and yuy is viewed as the measure on 7 such that u (7 \ 7%) = 0. It follows that
a.s. dgup (Tk(n), T) — 0. Together with (1.1) and (1.2), this completes the proof. O

2 Gromov-Hausdorff-Prokhorov topology

In this section we review the definition of GHP distance and the topology it induces,
referring the reader to the papers by Miermont [26, Section 6.2] and Addario-Berry,
Broutin, Goldschmidt & Miermont [2, Section 2.1] for greater details and further refer-
ences.

We first give the standard and intuitive definition of GHP distance. A measured metric
space is a triple (V,d,v) where (V,d) is a metric space and v is a finite non-negative
Borel measure on V. Let Z := (Z,0) be a metric space. Given non-empty A C Z and e > 0,
the e-neighborhood of Ais A® == A5 = {x € Z:3y € A,d(z,y) <e}. The Hausdortf
distance 6y between two non-empty subsets X,Y of Z is

m(X,)Y)=inf(e>0: X CY" Y C X%) .

Next, denote by P(Z) the collection of all finite non-negative Borel measures on the
measurable space (Z, B(Z)), where B(Z) denotes the Borel c-algebra of Z. The Lévy-
Prokhorov distance dp : P(Z)? — [0,00) between two measures v and v/ on Z is

dp(v, V') =inf{e >0:v(A) <V(A%) +ecand V' (A) < v(A®) +&,VA € B(Z)}.

We can now define the standard metric used to define the Gromov-Hausdorff-Prokhorov
topology. For two measured metric spaces V = (V,d,v) and V' = (V',d', /'), define

aup(V, V') = inf max {3u (o(V), ¢"(V")), 0p (pur, 0l1/) }

where the infimum is over all metric space Z and all isometries ¢, ¢’ from V, V' into Z,
and where ¢, v and ¢/,v" denote push-forward measures. On the space of measured metric
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spaces modulo isometry-equivalence (measured metric spaces (V,d,v) and (V/,d’, V') are
isometry-equivalent if there exists a measurable bijective isometry ® : V' — V' such that
d.v=1"), d¢gp is a metric that induces the GHP topology.

The definition above can be difficult to use, so we now state some alternative notions
and results for showing GHP convergence. For (V,d) and (V',d') two metric spaces, a
correspondence between V and V' is a set R C V' x V' such that for every x € V, there is
z’ € V' with (x,2’) € R, and vice versa. We write R(V, V") for the set of correspondences
between V and V'. The distortion of any R € R(V, V') with respect to d and d’ is

dis (R;d,d") = sup {|d(z,y) — d'(z',y")| : (x,2") € R, (y,y') € R} .

Furthermore, let M (V, V") be the set of finite non-negative Borel measures on V' x V.
Denote by p and p’ the projections from V' x V' to V and V’, respectively. Let v and v’ be
finite non-negative Borel measures on (V,d) and (V’,d’), respectively. The discrepancy
of m € M(V,V’) with respect to v and v/ is

D (m;v,v") = |lv = parrl + [V = plr]),

where || - || denotes the total variation for a signed measure. Given measured metric
spaces V = (V,d,v) and V' = (V',d’,'), we define the Gromov-Hausdorff-Prokhorov
distance by

daup(V,V’) = inf max {; ~dis(R;d, d'), D(m; v, I/,),W(RC)} ,

where the infimum is overall R € R(V,V’) and 7 € M(V,V").

Writing KK for the set of all compact measured metric spaces modulo isometry-
equivalence, (K,dgpnp) is a Polish space; see Abraham, Delmas & Hoscheit [1]. GHP
convergence refers to convergence in this space. (It can be shown that d¢,;p and dgup
induce the same topology on K.)

The Gromov-Hausdorff distance between two metric spaces (V,d) and (V’,d’) is given
by deu ((V,d), (V/,d')) = inf § - dis(R; d,d’), where the infimum is over all R € R(V, V).

3 Coupling between combinatorial trees and real trees

We prove Proposition 1.2 in this section, starting by recalling some basic facts
about Dirichlet distributions. Let a = (ai,...,a,) € R’}. The Dirichlet distribution

with parameter a, denoted by Dir(a), has density ’f(xl, ce,Xpia) = ﬁ [T, a2,

for #1,...,2, > 0 with > , z; = 1 and B(a) = M Let G; ~ Gamma(a;) be
i=1 "

. . . . ) el G N

independent variables for ¢ = 1,...,n. It is well-known that <Z£;1 G T qu)

Dir(a), and this is independent of " | G; ~ Gamma (>, ;).

Lemma 3.1. ([17, Lemma 2.2]). Suppose that (Xi,...,X,) ~ Dir(1,...,1). Let J

have the conditional distribution P (J =j | X1,...,X,) = X;. Then P(J =j) = 1.

Furthermore, conditioned on J = j, (X1,...,X,) ~Dir(1,...,1,2,1,...,1). Finally, if U
——

j—1 n—j
is an independent Uniform(0, 1)-variable, then, conditioned on J = j,

(X1, 0, X; 1, U-X;,(1=U)- X5, Xj41,...,Xn) ~Dir(1,...,1).
——
n+1
Fact 3.2. Fix k € N and let B ~ Beta(k,1). If (Xy,...,Xy) ~ Dir(1,...,1), independent
of B, then (B - X1,...,B- X;,1— B) ~ Dir(1,...,1).

EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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Recall that the real trees 71, 75, ... are constructed by aggregating random intervals
of lengths C1,Cs — (1, . .., for which we derive the following representation.

1
Fact 3.3. Let Fy, Es, ... be independent Exponential(1)-variables, and let C, = E{™".
Let C4, By, Bo, ... be independent variables such that By, ~ Beta(({+ 1)k, 1) for all k € IN.
For all integers k > 2, let

Ch

Ch=5%—5—:
B, -- Br .

(3.1)
then C}, has the same distribution as (E;+- - -+Ek)f+%, and is independent of By, ..., Bp_1.
Moreover, (Cy, : k € ) are the points of an inhomogeneous Poisson process on (0, 00)
with intensity (¢ + 1)tdt.

Facts 3.2 and 3.3 follow from standard calculations, so we omit the proof.
Remark 3.4. In the sequel, we use the representation (3.1) of Cj for all integer k& > 2.

Next, recall the definition of the embellished tree 7 (n) from Section 1. A (non-graph-
theoretic) path, S, in an embellished tree 7 (n) is defined as the corresponding path in
the underlying real tree, and the path-length, |S|, is equal to the intrinsic length of S. An
edge in an embellished tree is a path between two adjacent vertices, and the edge-length
refers to the path-length of the edge. We show that the rescaled edge-lengths of the
embellished tree 7 (n) are Dirichlet distributed.

Recall that, for all £ € IN, 7/ is the embellished tree 7 (k¢) without the latest branch
(i.e., the (k+1)-th branch, of length C}1 — Cy), but it includes the the embellished vertex
to which the (k 4+ 1)-th branch is to be attached. Forall k € Nand i € {0,...,¢ — 1}, let
Eri(0),..., E((k—1)(¢4+1)+1) be the edge-lengths of the embellished tree 7 ((k—1)¢+1i),
in the order of appearance. For i = ¢, let Ey ;(0),..., E,;((k — 1)(¢ + 1) 4+ ¢) be the edge-
lengths of 7;/. Finally, let Ejy1,0((¢ + 1)k) = Cx41 — Cy. If two edges appear at the same
time, the one closer to the root has a smaller index.

Lemma 3.5. Forallk € N and: € {0,...,¢},

Cik (Bpa(0)s .., Boa((k — 1)(€+1) + 1)) ~ Dir(L,..., 1).
Proof. We prove by induction on ¢ and k. Let U ~ Uniform(0,1), independent of
everything else. For k¥ = 1 and ¢ = 1, we may assume that F;;(0) = C1U and
E11(1) = Ci(1 = U). So & - (E11(0), E1 1 (1)) ~ Dir(1,1).

Now suppose that the claim holds for some ¥ € IN and i € {0,...,¢ — 1}. We are
about to insert a vertex uniformly over 7 ((k — 1)¢ + i), for the normalized Lebesgue
length measure. Let V' ~ Uniform(0, 1), independent of everything else. Conditioned on
selecting the edge with length Ej ;(j) to insert such a vertex, for an appropriate j, by
Lemma 3.1 we have that the (k — 1)(¢ + 1) + ¢ + 2 dimensional vector

Cik “(Er,i(0), - B () Vs By () (1= V), .., B (k= 1) (£ 4 1) +14)) ~ Dir(1,..., 1).
The above holds regardless of the choice of j, so it also holds without conditioning and
the claim follows for k£ and ¢ + 1.

Next, we show that the claim holds for ¥ + 1 and 7 = 0 as well. Recall that 7 (k¢) is

obtained from attaching a branch of length Cyy1 — Cj to 7;. So

(Ert1,0(0)s - s Exgro((C+ 1)k)) = (Exe(0), ..o, B o((E = 1)(£ + 1) +£),Cry1 — Ck) .

It follows from Fact 3.3 that we may write Cy = ByCyy1 for By ~ Beta((¢ + 1)k, 1),
independent of Cx41. So Cx11 — Cx = Ci11(1 — By) where 1 — By, ~ Beta(1, ({4 1)k). We

EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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have proved that the claim holds for k and ¢ = ¢:

E.¢(0) Ere((k—1)(f+1)+¢) .
(k(i e, k.t Ch )NDlr(l,...,l).

Then by Fact 3.2,

1 .
C . (Ek7g(0), ey Ekyg((k‘ — 1)(€ + 1) + f), Ck+1(1 — Bk>) ~ DlI‘(l7 Ceey 1).
k—+1 S——
(L+1)k+1
The lemma follows by induction. O

Recall that v(7(n)) is the union of the embellished vertices, the leaves, and the root,
and recall the definition of the combinatorial tree T(n) from Section 1.

Lemma 3.6. There exists a probability space where
((v(T(n)),dgr) : m € N) = ((v(T(n)),dgr) : n € N) = (T(n) : n € IN), (3.2)
considered up to isometry-equivalence.

Proof. We prove by induction on n. For n =0, (v(7(0)),dg:) = T(0) (both consist of an
edge). Now assume that, for n € IN such that ¢ does not divide n, (v(7(n —1)),der) =
T(n—1). We are about to insert a vertex into 7 (n— 1) and T(n — 1) respectively. It follows
from Lemmas 3.1 and 3.5 that the new vertex has equal probability to land on any edge
of 7(n — 1). This holds true for the insertion into T(n — 1) as well, by construction. It
then follows from the induction hypothesis that (v(7(n)),ds) and T(n) have the same
law. We may and shall assume that (v(7(n)), dg:) = T(n).

Next, we show that the claim also holds for n € IN such that ¢ divides n, assuming
that (v(7(n—1)),dg) = T(n— 1). After inserting a vertex into both 7(n—1) and T(n —1)
as above, we additionally attach a new branch to the last inserted vertex. The resulting
trees are 7 (n) and T(n). It is easily seen that their laws are the same, and we may view
them equal. The lemma then follows by induction. O

This lemma immediately yields Proposition 1.2. Recall that 7;(n) is the subtree of
T (n) spanned by the root and the first & leaves.

Proof of Proposition 1.2. By the constructions above, (75 : k¥ € IN) has the same dis-
tribution as ((7x((k — 1)¢),dien) : k € IN) = (T ((k — 1) +1),djen) : kK € N) = ... We may
and shall assume that

(Tk(n), dien) = T (3.3)
for all k,n € N with n > (k — 1)¢. In the product of the probability spaces where (3.2)
and (3.3) hold respectively, the proposition easily follows. O

4 Almost sure convergence for subtrees with finite leaves

Hereafter, we work in the probability space where the equalities of Proposition 1.2
hold. In this section we prove Proposition 1.3, which requires the following lemmas.

Lemma 4.1. For all integer k > (7/3)*, P (|Cy ™ — k| > k%/4) < 2e=k?/4,

Corollary 4.2. Let k : N — IN be such that k(n)® = o(n®~'/*) and k(n) — co. Then
(/2]
for sufficiently large n, with probability greater than 1 — 2

m=k(n)
1

Cie(my — k(n) 77| < 10k(n) 7775 and (2)" (£ — Br) < S0 < (2)" (2 + 229).

[e3% [e3%

12
e~™ /4 we have
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We defer the straightforward proofs of Lemma 4.1 and Corollary 4.2 to Section 6.

For all £ € NN, let B: be the Borel o-algebra of 7 (i.e., of (Tx(n),den), in view of
Proposition 1.2). Note that conditioned on 7;, we do not know any information of the
embellished vertices. Given S € B}, write |S| = px(S) - Ck; is the
intrinsic path-length. For all integer n > (k — 1)¢, let M (S, n) be the number of vertices
of 7i.(n) on S, and write

C

M(S,n) = o M(S.n).

Fact 4.3. Fixk € N and S € B;. Then for all integer j > k, given T, and Cj,
M(S,j¢) — M(S,(j — 1)¢) ~ Binomial (ﬂ, |g|> ,
J

and given Cy, Cky1, . .., the variables (M (S, j¢) — M(S,(j — 1)) : j > k) are independent.
We first define a nice event, then prove an exponential bound given such an event.
For all k,n € IN with n > k/, define the event F}, ,, as

Ln/f]

o= {8 2 < (0 (o) oo

m=k

< 10kz+%*%}. .1)

Given k : IN — IN such that k(n) — oo and k(n) = o(n'/?), by Corollary 4.2, with
sufficiently large n,
Ln/t]
P (Fa) >1-2 3 e ™/ 4.2)
m=k(n)

Given an event F', the notation F'¢ denotes the complement of F'.

The next result is the key to the results of this section, which says that the rescaled
number of vertices falling into a subset S of the tree has the same asymptotics as |5].
Lemma 4.4. Let k : N — IN be such that k(n ) Q((logn)'°) and k(n) = o(n'/?). Then

for sufficiently large n, for e = €,, > 80ak(n )f+1 n~1/%, and for all S € Bk(n),

o 2, «
P(’M(S,H)ISI‘ > &, Fy(mm >s2exp L (4.3)
’ 32ck(n) &1

it follows that

E {1? (‘M\(S,n) . |5|] > ¢

2« 1
Tk(n))] <2exp | —— ) 4R (4.4)
32¢k(n) =1

—km'* comes from {IP ( k(n),n

where the second term e

)} not depending on €.
Proof. Let n € N be sufficiently large (to be made precise) and write k = k(n), € = &,.

Conditioned on 7, fix S ¢ B,:r. To ease notation, assume that ¢ divides n. Write
M = M(S,n). By Markov’s inequality, for any ¢ > 0,

77€> S E |:€t]W . 1Fk n]

Now we take a closer look at the bound (4.5). Write My = M (S, (k — 1)¢), and for integer
k < m < n/l, write By, = M(S,mt) — M(S,(m — 1){); so given Cy,...,C,/, Fact 4.3

P (M > 2 (18] +€), Fyn (814 (4.5)

ne
c

7%]~6
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implies the B,,’s are independent Binomial(¢, CS )-variables. Then M = M, + Z“/ ¢

Forte (0,1], ¢t —1 <t 412 andlog{1+%(et—1)} < Bl(et 1), s0

n/t

E [6tM.1[Fk1n] Tas Mo, G, . ., Cn/@] — 1 - H E[ Chy--,Cne

= l[F ] . etMO ZZW/@ 108’{1+ = (Et—l)}

< 1[F ] . etMo . ee(t+t2)zzl/:@k %

— k,n .

Note that My < (¢ + 1)k and 1, ) < 1. Together with (4.1) and (4.5), by averaging over
Ck; -+, Cyy¢, we have

P (M > —(|S|+¢), Frn

n
c

Tk) <1 e<6+1)tk+e<t+t2)\s\(%)‘*(g+n15/4)—tz“(\5|+5)
k,n .
(4.6)

Recall that ¢ = 45 and o = 755, so £t[S| (%) 2 — ©25|S| = 0. Hence, by rearrangement
and cancellation, the exponent of (4.6) is 51mp11ﬁed as follows:

(0 + 1)tk + £(t +12)|S] (%)a (1 G2

o nl/4

a—1/4 5[5l L 2pe . 15|
c

t o3
) - (S| +¢) (4.7)

o, £

=+ Dtk +(t+tHn —tn

c

Furthermore, since |S| < Cj, k = k(n) = o(n}/?), and ¢ = &, > 80ak(n)71n=1/4,
there exists ny € N such that for alln > ny, (£ + 1)k c<n®- 6 , and, on the event Fk .
n‘*_1/4~5|5|a<n(*_1/4~10kﬂ%a<n“ ;son®- £ — (0+1k-c—n>" 4. 5a|S| > n*
Below we assume 7Ty, is given and Fj, ,, holds Assume n > ni, and take

1 n%-¢/2—({+1k-c—n>"Y*. 5al8|
t = min .
8’ ne - |S| 4+ no=1/4. 5a|9|

%% _ P 0(71/4.
It follows that 0 < t < 1. We first consider the case 1 >t = " E/ja_(‘g}r),fac_lﬁ,5a|s|5a‘s‘:

the last equality immediately yields (¢ 4 1)tk + (t + t*)n®—1/%. @ +t2ne . @ =tn®- 5,
so we easily obtain that

55| S € €
(0 + 1)tk + (t + t2)po— /4. SIS + tn “-u—tn“-f:—tna~—. (4.8)
c c 2¢
o, _ . a—-1/4 g . . .
Moreover, given that § > ¢t = =~ E/Tfa_(‘g}r)fac,lﬁ =TS SRS ;nf‘/;l, by increasing n if
necessary, we have t > 2”0'7?/;' > 88 > —=1—. So the right-hand side of (4.8) is upper
k 16k 7+T "
_e%n~ _ 1 n®-e/2—(+1)k-c—n>"1/*.50|8)|
bounded by o Next consider the case t = 1 < e[S Tne—T/T5a]F] < 2‘5‘

in this case |S| < 4¢ and, by substituting ¢ = g and using the inequality (/+1)k-c < n®- g
again,

(0 + 1)tk + (t + t2)no— /4. W + 20 IS e €
g”a'&ﬂla v 694 20§a ”a'&_"a'i
= e B e B _32’52;; .
EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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Together with (4.6), for sufficiently large n we have

2«
Tk)SeXP<— 5711 )
32ckw+1

Tk> < exp (— e’n? > (4.3) then

P<M€z (IS|+€). Fin

né
Cc

Similarly, we deduce that P <":S| - M > ”—:5, Fin .
32ck T+1

follows by the triangle inequality.
Finally, by averaging over all 7, it follows from (4.2) that, by increasing n if necessary,

n/l
E)] =P (Fls,n) <2 Z €7m1/2/4 < e,kl/e.’

m=k

E [P (Ff,

where the last inequality is because k = k(n) = Q((logn)'?). Then it follows by (4.3) that

")

E {1? (W(s,n) . \S|] > ¢

Tkﬂ <E {IP (‘1\7(5, n) — |S|’ >e, Fpn
e[e (5.

2, a
< 2exp (— = T ) —|—e_k1/3.
32ck T

kY

Notice that the second term ¢*""* in the bound does not depend on ¢. O

Lemma 4.4 easily leads to the Gromov-Hausdorff (GH) version of Proposition 1.3; see
(4.9) for an argument. To extend the result to GHP convergence (see Section 2), we need
to consider the measures on the trees. First we simplify notation; given appropriate
k :IN — IN, write

T" = Ti(ny (n)-

We need to bound the minimal discrepancy with respect to the uniform probability
measures Vj(n),, on (v(7"),dy) and g,y on (7", dien). To accomplish that, we show that

Vk(n),n and pig(,) are close.

Corollary 4.5. Fixe > 0. Let k : N — NN be such that k(n) = Q ((logn)'°) and k(n) =
o(n'/19). Then for all S € B,j(n), asn — oo,
77c(n)>] = 0(77'73)7

Proof. Fix sufficiently large n € IN and write k = k(n). Let S € B;. Recall that
[S] = ux(S) - Ck, [VE,n(v(S))] <1, and

3

P <|Vk(n),n(v(s)) - uk(n)(sﬂ > W

E

where the rate of decay does not depend on §S.

M(8,n) = - M(S.n) = — - v (0(S)) - [o(T™).

Next, note that, conditioned on 7, the event {|vy ,,(v(S)) — ux(S)| > 2¢} is a subset of

{ Vi (0(S)) c lo(T™)] _Mk(s).‘ > 6} U{

Ch, n<
EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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On the event Fj, from (4.1), we have C); > 1, and from this fact and the triangle
inequality, it follows that
w)

< E {IP (‘J/W\(S,n) - \S|’ >e, Fyn
e[ (|
nDA

2«
< 4dexp (—6 " ) + 2
32ck 1

B[P (I (0(5) - pn(5)] > 2

o
E)] +92F [IP (F,S’n

— Ckl| > g, Fk,n

7))

the last inequality follows by applying Lemma 4.4 twice. Now, replacing ¢ by
911k 7TT

in the above inequality and noticing that given the event F} ,, £ satisfies the
assumption in Lemma 4.4, we obtain e
€ —ein® R
b []P ('Vk’"(v(s)) ~ (Bl > 11Kzt 77% = dow (32 22112 ckeil> e
The lemma then follows from that & = k(n) = Q((logn)'°) and k(n) = o(n'/10). O

It may be helpful to recall the definitions relating to GHP convergence in Section 2
before reading the next proof.

Proof of Proposition 1.3. For most part of the proof we fix a large enough n and write
k = k(n) for simplicity, unless we consider varying n. Let ¢, = k7. Since the total
length of 7" is Cy,, we may cover 7" by M,, := [, 'Cy| balls, denoted by B, 1,..., Bn a,.
each with diameter at most ¢,,. Let 4,,1 = Bn 1,andfori >1,let A, ; = By, \ Uz ! B,,
Then {A, 1,...,An ., } is a covering of (77, djen) by disjoint sets of diameter at most an.

Next, define S,, = Uf\i’i v(Apn) X Ay, then S, is a correspondence between v(7")
and 7. Moreover, for each 1 <1i < M,, let w; be the element of v(A4,, ;) such that w; is
closest to the root of 7". Write d,, = ;% - dg;. The distortion of S,, can be bounded as
follows:

dis,, == dis(Sy;dn, dien)
= sup{|dn(z,y) — dien (2", ¥")| : (x,2") € Sy, (y,9') € Sn}

_ . _ / ! . / 3 X ! . .
= Jex, sup {|dn (@, y) — dien (2", ¥")| : (z,2") € v(Apn;) X Anis (1, ¥') € v(An,j) X Anj}

IN

ISZ%?%(JWH sup {‘dn(wu wj) - dlen(wi7 ’LU])| + dn(wia 'T) + dn(wja y)

+ dlen(wivfl) + dlen(wja y/) : (I,x/) € U(An,i) X An.i, (v, y/) € U(An,j) X An,j}

IN

2c
(e |y, (Wi, w5) — dien (wi, wj)| + i [v(An,i)| + 2¢en.

Now, given z,y € v(T™), write [z,y) for the path in 7™ from z (included) to y (excluded).
So d,,(z,y) = M([z,y),n) and djen(x,y) = |[z,y)|. Together with the triangle inequality,
we have

dis,, < max

— 2c
(wis ), m) = [fws, )| + 5 mase M(Auiom) + 22,

< max A(An,ia 77,) - |An,z‘ + 2e, + 25,

M ([wiy ), m) = |fws, wy)l| +2  max

EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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Recall the definition of the event Fj, ,, from (4.1) and note that on this event, we have
My < my o= [ k77 (1410674)] = [k7H (14108 3)]. Then for any & > 0, it
follows that

P (dis, > 4e, + 3¢) < P (dis,, > 4e,, + 3¢, Fi,) + P (Ff,)
P

< (19%15_1%(1\/[” M ([ws,wj),n) — |[wi,wj)\‘ > €, Fkn)
P M(Ani,n) — |An P (F¢
+ (1%?25\(@ M(An,in) — [Anil| > ¢, Fkn> + P (F¢,)

<E Z IP(’]\/Z([w“wj)m)—\[wi,u)j)w > g, Fk,n)
1<i<j<Mn

+E| Y P ([M(Annm) ~ Al

1<i< M,

> e, Fk,n) +P(FE,)
Applying Lemma 4.4 with S = [w;, w;) and S = A,, ; yields that
2« .
P (dis, > 46, +3¢) <dmZexp [ —— | 4 e R
32ck(n) &1

Noting that &, — 0, k(n) = Q((logn)™®), k(n) = o (n'/1?), and m,, < 11k(n)71, it is
easily seen that ) |, P (dis, > 4e, + 3¢) < oo, and so by the Borel-Cantelli lemma,

dis, — 0 a.s., 4.9)

and the GH convergence is shown.

To show GHP convergence, we follow [2, Proof of Proposition 4.8] and define 7, on
the product space v(7™) x T™ as follows. Given 1 < i < M,,, for Borel sets X C v(4,,;)
of (v(T"),d,) and Y C A,,; of (T™,den), define

Vk:,n(X) C Mk (Y)
max {vg,n (V(Ani)), o (Ani)

For i # j, let 7}, (v(An,), An,j) = 0; so

m(X,Y) =

n

72(5¢) = 0. (4.10)

Such rectangles X x Y form a w-system generating the product o-algebra, so 7, extends
uniquely to a measure m, on the product c-algebra of (v(7™),d,) and (7", djen)-

Now we derive the discrepancy D,, := D(my; Vg n, i) of m, with respect to vy ,, and
. Note that 7, (v(An,i), Ani) = min{vg ,(v(Ani)), 1k (Ay,:) . Writing p and p’ for the
projections of v(7™) x T™ to the first and the second coordinates respectively, an easy
calculation shows that

D, = ||Vkr,n — paTnl| + || 12k _p;ﬂ'n”
M,

= > [ (0(An)) — min {vgn (0(An)), i (Ani)}]

=1

S

n

+ [Mk(An,i) - min{Vk,n(U(An,i)),Uk(An,i)}]

i

M,
= 3 Ik (0(An)) — s (A )]

Il
_
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’7-];: >
M,

€
1iar, <m) ZIP (|Vk’n(U(An’i)) - /lk'(An’i)‘ > m7n7 Fen
=1

Note that on the event Fy, ,,, M,, < m,, so for any € > 0,

P (D, >¢) <E +P(FE,)

")

We now use the notation k(n) to emphasize that k(n) changes with n and note that
my, < 11k(n)77 and k(n) = o(n'/1?). Summing over n € N and applying Corollary 4.5
then yields that

My,
P (Z [V (v(An,i)) — k(Ani)| > € Fin
i=1

<E +P(F,) -

E

M,
1iar, <mon) ZIP (‘an(U(Anl)) — p(Ani)| > e/Mp, Frn 776)‘| < my, - O(nig)»
i=1

and so this combined with Lemma 4.4 to bound P (F,g‘n) yields

S Py >e) <Y (mncoln ) +e M) <o
nelN nelN

Hence,
D,, — Oa.s. (4.11)

Finally, note that for all n € N,

dGHP ((W(Tn% d7L7 Vk(n);n) 5 (Tnv dlena ,Uk(n))) < max {dis"l/Qv D7L7 Trn(S'rCL)} :
It follows from (4.9), (4.10), and (4.11) that, a.s.,

dGHP ((U(Tn)a dna Vk(n)m) ’ (Tn7d1env/}¢k(n))) — 0.

Since we are working in the probability space where the equalities of Proposition 1.2
hold, the proof is completed. O

5 Tightness property

In Section 5.1, we describe how the combinatorial tree T(n) relates to an infinite-
colors Pélya urn, which helps us analyse the heights and sizes of subtrees in T(n). In
Section 5.2, we establish Proposition 1.4, with the proofs of several lemmas deferred to
the subsequent subsections.

5.1 An infinite-colors Pélya urn

At time 0, an urn contains only one ball of color 1. At time n € IN, pick a ball from the
urn uniformly at random, return the ball to the urn along with another ball of the same
color. In addition, if ¢ divides n, and if the urn contains balls of colors 1,...,k — 1, then
an additional ball of color k& is added to the urn. For n, k € IN with n > (k — 1)¢, let Uy (n)
be the number of balls of color k at time n, and let My(n) = Uy(n) + ...+ Ug(n). Note
that at time k¢, there are (¢ + 1)k + 1 balls of colors 1,...,k + 1 (the extra 1 accounts for
the initial ball of color 1), and there is only 1 ball of color k£ + 1.

Recall the construction of the combinatorial tree T(n) from Section 1. For all k£ € NN,
vge is @ branchpoint, i.e., a vertex with degree at least 3. For all k,n € N withn > (k—1)¢,
we call the (graph-theoretic) path in T(n) from v, to the leaf Ly, branch k. The length
of a path in T(n) is the number of (graph-theoretic) edges in it. Note that the lengths of
branches 1,. ..,k in T(n) have the same law as (Ui (n), ..., Ux(n)), and (Mi(n), ..., My(n))
have the same law as the number of edges in (T1(n),..., Tx(n)). We may and shall use
Ui(n) to denote the length of branch k in T(n).

EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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5.2 Outline and proof for Proposition 1.4

We first outline the essential step to prove the GH version of Proposition 1.4: to obtain
a height bound for the subtrees of T(n) pendant to Ty(n), where T (n) is the subtree
of T(n) spanned by the root and the first k leaves. To accomplish this, we express the
height bound of the subtrees in terms of Z}"ﬁjn J;Jlrl w in Lemma 5.1; then
deduce a bound for this sum, in Lemma 5.2. Write F;, ,, for the o- algebra generated by

C 7--~7C[n/éj+17Uk+1( )’..-’ULn/eJ+1. For all i € IN write AC; = C; — C;_1.

Lemma 5.1. Fix n,k € IN with n > k¢, and let uw be a uniformly chosen vertex from
v (T(n)) \ v (Tx(n)). Then for positive A < {maxy1<i<(n/e|41 Us(n)} ",

LZ]+1
E [exp (X - dgr(u, Tk (n ‘ Fi n] <exp | M+5A Z %U()
i=k+1 ¢

Lemma 5.2. Let ¢ € (0,1). Let k : N — IN be such that k(n) = Q (/%) and k(n) =
o (nﬁ) Then

3)+1

A
Z n-P Z k(n —-AGUi(n) >1or max U;(n) > n%k(n)~*" | < oo.
nelN i=k(n)+1 Cl k(n)+1SiSL%J+1

We defer the proofs of Lemmas 5.1 and 5.2 to Sections 5.3 and 5.4, respectively.
They lead to a tightness property of (Ty(n) : k € N,n > kf), i.e., the GH version of
Proposition 1.4. To wit, for all k,n € IN with n > k/, let

C
Dy = —5 -max {dg: (w, Ti(n)) : w € v(T(n)) \ v(Tw(n))} .
It follows from the definition of GH distance that

dn ((v(Tu(n).

c

= - dgr), (o(T(n)), n% .dgr)) < Djon.

We use Lemmas 5.1 and 5.2 below to show that for an appropriate sequence of increasing
k(n), Di(n),n — 0 a.s.; details are given in the proof of Proposition 1.4.

Next, we take the measures into consideration and prove Proposition 1.4. We start by
stating a fact about the GHP distance between subspaces that follows in a straightforward
way from constructions and definitions; more general statements appear in [3, Fact
6.4] and [36, Fact 6.6]. For all k,n € IN with n > (k — 1)¢, let Ty, be the projection of
the uniform probability measure v, of v(T(n)) onto v(Tx(n)), i.e., for any w € v(Tk(n)),
write w for the maximal subset of v(T(n)) such that the removal of w disconnects
@ from Ty(n), and let Ty, (w) = v,(@ U {w}). Write T(n) = (v(T(n)), % - der, vn),
Ti(n) = (0(Tr(n)), % - dge, Trn), and Ty(n) = (v(Tk(n)), % - dgr, Vi)

Fact 5.3. Forall k,n € N withn > (k — 1),

danr (T(n), Te(n)) < Din.
Upon showing that Dy ), — 0 a.s. for an appropriate k = k(n), to prove Propo-

sition 1.4 it suffices to bound dgup (Tk(n), ’i‘k(n)). Note that T (n) and Tj(n) differ

only in their measures, so dgup (Tk(n), ’f‘k(n)) = din(Vk,n, Vk.n), where dj, ,, denotes the

Lévy-Prokhorov distance on the metric space (v(Tg(n))
lemma in Section 5.5.

< - dg). We show the following

) no
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Lemma 5.4. Let k : N — IN be such that k(n) = Q (n'/1%°) and k(n) = o (n'/3) and
assume { > 2. Then, almost surely as n — oo,

dk(n),n (pk(n),ru Vk(n),n) — 0.

We can now make the discussion above into a precise proof.

Proof of Proposition 1.4. Fix a sufficiently large n and write k = k(n), until near the
end of the proof when we let n vary. It then follows from Fact 5.3 that
denp (T(n), Tk(n)) < dgup (T(n)7Tk(n)) +dgup (Tk(n)7r/1\‘k(n))
< Dk‘,n + dk’,n(ﬁk,na Vk',n)~ (5.1)

Now, we deduce a bound for Dy, ,,. Set ¢ = «/4, and define the event

L3l +1
__ACiUi(n) _

En: ko a#<1 g < n°k a+te .

> e =1 {kﬂggfﬂﬂ Ui(n) < n }

i=k+1

Choose u uniformly at random from v (T(n)) \ v (Tx(n)), and take A(n) = n=%k*"¢ > 0
~1

in Lemma 5.1, noticing that, on the event E,,, A\(n) < {maxkﬂgiﬂ%ﬁl Ul(n)} . Recall

that our choice of n is large enough, so A(n) < 1. It then follows from Markov’s inequality
and Lemma 5.1 that

P (dge(u, T(n)) > nk~=*2¢) < P (dg(u, T(n)) > nk~ "%, E,) + P (EY)
E [1[% E [exp (A1) - dge(u, To(n))) \ fk,nﬂ

< P (ES

- exp (A(n)nok—at2e) +P(E)
An)L+ 5A(n) - n®k~te

e (L + B k)

exp (A(n) - nok—a+2e)

<exp(l+5—k%)+P(E;).

Recall that ¢ = /4, so —a/2 = —a + 2¢. It then follows from a union bound that
P (Dkyn > k*a/Q) <E 3 P (dg (w, T (n)) > n®k=°+2)

wev(T(n))\v(Tk(n))
<2n-{exp({+5— k) + P (E;)}.

Now we use the notation k(n) and sum over n on both sides of the above inequality:

Yop (Dk(n),n > k(n)*aﬂ) <> 2 {exp (£ +5— k(n)*) + P (ES)} .
nelN nelN

Since k(n) = Q (n'/190), 3=« n-exp (€ +5 — k(n)*) < co. Moreover, Lemma 5.2 implies
that ) _nn-P(E;;) < oo. It then follows from the Borel-Cantelli lemma that Dj,,),, — 0
a.s.. Together with (5.1) and Lemma 5.4, we may conclude the proof. O

We only have left to prove Lemmas 5.1, 5.2, and 5.4, which we do in the forthcoming
Sections 5.3, 5.4, and 5.5, respectively.
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5.3 Height bound

In this subsection we prove Lemma 5.1. Recall from Section 1 that, 7, is obtained
from inserting ¢ vertices uniformly over 7 ((k—1)¢), i.e., T/ is T (k¢) without the (k+1)-th
branch. Now, for all k¥ € IN, let X}, be the last inserted vertex of 7;; so X}, has the uniform
law over 7,/ with respect to the Lebesgue measure.

Next, we construct a sequence of new embellished trees (7,0 : k € IN), coupled with

a sequence of vertices (X} : k € IN), such that (7>, X}) 4 (7, X%). Our construction is a
variant of the one in [13, Section 1.2].

A coupling. Let (Wj,V;, : k € IN) be i.i.d. Uniform(0, 1)-variables. We construct 7;° by

(1) inserting ¢ — 1 vertices at uniform points over a branch of length C4; and
(2) letting X7 be the point at distance V;C; from a fixed endpoint X of the branch.

Given the pairs (7;°, X7) fori = 1,...,k for some k € IN, we construct (7,2, X7, ) as
follows. Note that, before (7’ ,, X ) is constructed, we do not know yet whether to
view X, as a vertex (in the upcoming case (a)) or just a point (case (b)). The reason to
emphasize the difference between vertices and points is to align with the distribution of

+, which is viewed as a union of a real tree and vertices, and the last ¢ vertices in 7
each has 1/¢ probability of becoming a junction vertex in 7 (k¢) (forgetting the order of
those ¢ vertices), but a random point has 0 probability of becoming a junction. Recall
that ACx41 = Cr41 — Ck.

(@) If Wi < C"“ , then let 7,2, ; be obtained from 7,> by

(1) attaching a branch of length AC}41 to X;
(2) inserting a vertex, denoted X, 410 the latest branch at distance ACj1Vit1

from X7; and
(3) inserting ¢ — 1 vertices at random points of the existing tree, uniform for the

Lebesgue measure.

We view X,‘; as a vertex in this case.
() If Wi

«r1 be obtained from 7,7 by

(1) inserting a vertex at a random point of 7,°, uniform for the Lebesgue measure;
(2) attaching a branch of length AC}; to this last inserted vertex of 7,°; and
(3) inserting ¢ — 1 vertices at random points of the existing tree, uniform for the

Lebesgue measure.
Let X;,, = X}, viewed as a random point rather than a vertex.

Note that the projection of X7 to 7,7 is X} for all integers j > k > 1.
Lemma 5.5. For all k € N, X} and X, are respectively uniform over 7,> and 7, for the
Lebesgue measure, and (T2, X2) < (T{, Xx).

Proof. First note that Xj, the last inserted vertex of 7, is uniform over 7, for the
Lebesgue measure. Next, we show by induction on £ that X has the uniform law over
T, for the Lebesgue measure. Base case k = 1 is trivially verified. Given that X,
uniform over 7;> for some k € NN, since X, has AC probability of landing on a
uniform location of branch k + 1, with the complement probablhty of being X; which
is uniform on 7,7, it is clear that X}, has the uniform law over 7’ , for the Lebesgue
measure.

Furthermore, it is easily seen that the (k 4 1)-th branch is attached to a uniform point
of 7,7, for the Lebesgue measure, for all £ € IN (step (1) of case (a): X} is uniform over
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T ; step (2) of case (b): the last inserted vertex of 7, is uniform over 7;’). Moreover,
given 7,°, the first vertex to be inserted has %’:1 probability of landing on a uniform
location of the (k + 1)-th branch (step (2) of case (a)), with the complement probability
of landing on a uniform point of 7,° (step (1) of case (b)). Also, the next ¢ — 1 vertices

to be inserted are uniform over the existing tree (step (3) in both cases). We thus have

d

el 4 Tiy1- It follows by induction that 7, = 7,/ for all £ € IN. Since both X} and

X} are respectively uniform over these two trees for the Lebesgue measure, we have
(T2, X7) = (T X). O

For ease of notation, fix k,n € IN with n > k/, and let m be the largest integer such
that n > m/{. For all integer 1 < i < m, given that W; < AC;’L', write S; for the path
(X7 1, X?)in 7, and write M°(S;, m) for the number of vertices on S; in 7,>. Let 7,0,
(resp. U,m) be the subtree of 72 (resp. 7,,) spanned by the root and the first & leaves.
Denote by E° the event that X?, ¢ ’Efm and analogously denote by E the event that
X & Tiom

Recall from Section 5.1 that U;(mf) has the law of the number of vertices in the i-th
branch in 7,;, (it can also be viewed as the number of balls of color ¢ at time m/ in the
Pdlya urn model therein). Let L. denote law.

Lemma 5.6. Conditioned on E, dg, (Xm, k’m) < > | ViUis(me)] - Ly, <20y when

i

m = k the summation is 0.

Proof. Without loss of generality, assume that m > k. It follows from Lemma 5.5 and the
constructions of 7, and 7;?, that

L (dgr (X Tim) |E) = L (dgr (X500 Tim) [E°) (5.2)

Moreover, it follows from the construction of 7jc°m that, conditioned on E°,

dgr (X:m 77;),771) g Z MO(SZ" m) : 1[W1§ACI] (5.3)
i=k+1 ’

Now, due to the definition of U;(-) and that the X? are placed uniformly according to
normalized Lebesgue measure, we have

. m d m
(1[Wz.<ﬁ£wM <Sz‘vm>) T <1[w7-,<%% Wi“'(mm) |
i i=k+1 % i=k+1
Together with (5.2) and (5.3) we may conclude the proof. O

Proof of Lemma 5.1. This proof is an easy generalization of the argument in [13,
Section 1.2]. Note that A\-U;(m/f) < 1forall k+1 < i < m. Using the bound e —1 < x+22
for 0 < z < 1, we have I [exp(\ - V;U;(m¥))] = % < 1+ X-U;(mf). Then,
applying Lemma 5.6 yields that, for A > 0,

i=k+1
m A AC
- 1_ Ci C’.e)‘.(l—l—/\-Ui(mg))
C; Ci
i=k+1
i=k+1
EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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Notice that 0 < A < 1,s0 e* —1 < A4+ A2 < 2\ < 2AU;(m/) and Ae* < 3\. Thus, the above
quantity is bounded by

SANAC;U; (md " ACU;(mt
[T (1422080 <o (32 37 2C00),

i=k+1 i=k+1 ¢
Finally, for a tree T, write e(T") for the set of edges of 7. Given the event F, it follows
from Lemma 3.5 and the first assertion of Lemma 5.5 that X,, is on an edge uniformly
chosen from e(7,;,) \ e(7y ,,,)- Now, recall that u is uniform over v(T(n)) \ v(Tx(n)), where
T(n) = (T(n),dg). Since n < mf + ¢, it follows that that

st
I—(dgl(UTk ’Fkn)\l—<€+dgl<X’m’ﬁm )E‘Fkn)7
st
where < denotes stochastic domination. The lemma easily follows. O

5.4 Moment bound for Pdlya urn

In this subsection, we prove Lemma 5.2 under the framework of Section 5.1. Denote
by P( ) the distribution of white balls in a classical Pc')lya urn after m completed
draws, starting with b black and w white balls. Denote by P{. ( . ;m) the number of white
balls after m completed steps in the Pdlya urn with immigration, starting with b black
and w white balls: at the nth step, a ball is picked at random from the urn and returned
along with an additional ball of the same color; additionally, if n is a multiple of ¢, then a
black ball is added after the n-th draw and return. We use the notation L (-) to denote
the law of some random variable.

Lemma 5.7. ([27, Lemma 2.2 with s = m, = 1]). For all k,n € IN withn > k¢,

M ( ) Phn( €+1)k’ 71€€>
and
L (Ux(n)| My (n)) = P(*EDED My (n) — (k= 1)(0+1) —1). (5.4)
Lemma 5.8. Fix k,n,q € IN with n > kf. There is a constant ¢ > 0 depending only on ¢, ¢

such that
E [My(n)(My(n) +1) - (My(n) + q(£ + 1) — 1)] < ckin?’. (5.5)

Proof. From [27, Lemma 4.1], for Y ~ Phn( ) and integer q > 0,

(+1) t—1
N o i q(f+1)
E[Y(Y +1) (Y +q(f+1) ~ 1)] ££< +”l£o+w+1+iuua)

Setting T’ = [ 5} |, we calculate

EYY+1)-- (Y +ql+1)—1)]

q(+1)—1 t—1
. q(t+1)
= 1
jl;[o erj)EJ( +w+1+z’+Lz‘/1€J
q(+1)—1 T-16-1 i1
pr— 1 S
jl;[o (w+3)gg( w+1+ +M+1 pl—[IT w+1+p+T

q—2 T+q—1¢-1 (f—l—l)
=w[Jw+1+e+50+1) J] Jw+1+i+r(+1) H (1+q>

7=0 r=T =0 p=LT w+1+p+T

£
sw+@—nw+nWw+«“4H4W+”W<“Hwﬁﬁ;a+n)’
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where for the last equality we have rewritten the denominator double products as

T—1/4-1
ITIJw+1+i+rE+1)
r=0 =0
q—1/¢—1 T—14—1
= (w+1+k+jiC+1) [ []w+1+i+rE+1)
j=0k=0 r=q =0

Hq(é’+1)—1(w +5) T—q—140-1

B H?:§<1Ju:+11+e+j(f+1)> Uo H)(w+l+i+(r+q)(€+l)),

made cancellations, and reindexed. Now setting w = (¢ + 1)k and ¢ = n — k¢ and noting
that with this choice of parameters,

w+T(£+1)<1+(n—1)“71+£,

we find
E [My(n)(Mg(n) +1) - (Mg(n) + q(¢ + 1) = 1)]

q? ¢
S((Z—I—l)(k—s—i-Q))q(1+q(£+1)+€+n€+£1> (1—1—1_‘_(1((51_11))”1) . O
4

Lemma 5.9. Fix k,n,q € IN with n > k{. There is a constant ¢ = ¢(q,¢) > 0 such that for
all positive integer j < q(£ + 1),

E [Mk(n)J] < ckd/ (D) it/ (E+1)
Proof. For j < q({+ 1), Jensen’s (or Holder’s) inequality implies

E [My(n)'] < (B [Mk(n)"“*”])j/(qw” . (5.6)

Using (5.5) now implies
E [My(n)(My(n) +1) - (My(n) + q(f +1) — 1)] < ckin9,
and the result for j < ¢(¢ + 1) easily follows from this and (5.6). O

Lemma 5.10. Fix k,n,p € IN with n > k{. There is a constant ¢ = ¢(p, ) > 0 such that

B < (1)

and

E [(ACkUk(n)>p:| < P/ (1) f—p(2641)/ (£41)
Ch -

Proof. Recall from (5.4) of Lemma 5.7 that
L (U (n)|My(n)) = P(EDED AL (n) — (k= 1)(0+1) —1).

Let the random variable B ~ Beta[l, (k — 1)(¢ + 1)] be independent of Mj,(n). Conditional
on B and My (n), let X(My(n), B) be binomial with parameters My(n) — (k—1)({+1) —1
and B. By the de Finetti representation of the classical Pdlya urn, we have

L (Uk(n)|Mi(n)) = L ((1 + X (Mx(n), B))|Mk(n)). (5.7)
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Holder’s inequality implies that for non-negative z, y and positive integer p, (x + y)P
2P=1(2P + yP), and so starting from (5.7), we have

B [Ux(n)? | Mi(n)] < 27" (14 E[X(Mi(n), BY)). (5.8)

Now note that, if L (Y) = Binomial(¥,¢), then for positive integer p, and denoting
Stirling numbers of the second kind by {;’ } (and note these are non-negative),

P

B =3 (LBl -0 -+ 1)< 3 {"hovay.

Jj=0 Jj=0

where the inequality follows from the binomial distribution falling factorial moment
formula E[Y(Y —1)---(Y —j+1)]=N(N —1)--- (N — j+)¢’. So from (5.8), condition
on My (n) (noting that My (n) is independent of B) to find

E [Uy(n)?| My (n)] < 1+ Z{ } n)’E[B7] | . (5.9)

j=
Standard formulas for beta moments imply

G+ +(k-1)(0+1))

—J
Motk D) O o190

E [B/] =

where ¢ = ¢(/, j) is a constant. Taking the expectation on both sides of (5.9), together
with Lemma 5.9 and (5.10), yields that, for some ¢ = ¢(p, ),

B (U (n)7] < 201 1+Z{} ny| B [B7]

2/ (+1)
< i/ ()= it/ (ex1) < o (TP .
C;Jk: n (k)

To deduce the last inequality, note that, under the notation of Fact 3.3,

ACkgl_<E1+ -+ Ejp_

o P —— )”1 ~1—Beta((£ + 1)(k — 1),1) ~ Beta(l, (£ + 1)(k — 1)).

»
(5.10) then leads to & [(AC’“> } < ck~?P. By the Cauchy-Schwarz inequality and the

inequalities in the previous two displays,

o [(2952) ]« (=] (52"

Proof of Lemma 5.2. Recall that o = ¢/(¢ + 1). For sufficiently large n, the event

1/2
e/
-E[Uk(n)zp}> < ck™ p(k>p t +1).

[Z7]+1
ST ppes AGUO)

aCi
i=k(n)+1

is a subset of the union of the events {AiaiUC(") > cai‘“‘”f/z}, over the indices i =
k(n) +1,...,[%] + 1 and for a sufficiently small constant c,. This is because on the
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complement of this union, the sum is no greater than one. Next, we use Lemma 5.10,
noting that k(n) = O(n?/(2¢t1), to find for integer ¢ > 2/(c(¢ + 1)),

) 40D
B AGT) 13 1+1 E[(Ai’féf ) ]
Z P iUq > Cai—a71+6/2 < Z
neC; Q(£+1)i(—a—1+5/2)q(€+1)

i=k(n)+1 i=k(n)+1 Ca
[7]+1
<ec Z jat1-e/2)q(t+1)—q(264+1) _ ) (k(n)—sq(€+1)/2+1> :
i=k(n)+1

where c is a constant depending only on ¢, . Multiplying by n both sides of the above
inequalities and then summing over n € IN yields

[#]+1
AC U
Z n-P[Ekn)** Z %An) >1]=0 (Z n? - k(n)_E’I(“l)/QH) . (5.11)
neN i=k(n)+1 L neN

Since k(n) = Q(n'/1%°), we choose g large enough so that 3°,, i n2k(n) ~=1H+D/2H1 < o0,
Furthermore, using a union bound, Markov’s inequality, and Lemma 5.10,

#1+1

P ( max Ui(n) > n“k(n)_a+8> < Z P (Ui(n) > n®k(n)**e)

k(n)+1<i<| 27t |41

i=k(n)+1
L¢]+1
E [UZ (n)p] 1—pe
S DL manmy e S k)T
i=k(n)+1
for any p € IN and some a = a(p, /). Now take p large enough to get
Z n-P ( max Ui(n) > no‘k(n)o‘“) < 0. (5.12)
k(n)+1<i<[n/€]+1
nelN
The lemma then follows from (5.11), (5.12), and the triangle inequality. O

5.5 Convergence of measures

In this subsection, we prove Lemma 5.4. Fix k,n € IN with n > (k—1)¢ unless specified
otherwise. Recall from Section 1 that v; denotes the vertex inserted in a uniform edge
of the combinatorial tree T(: — 1), and, if ¢ divides 4, v; is a branchpoint (i.e., there is a
new edge attached to v; at the time v; appears). Note that {vg, v1,...,0%¢, L1,..., Lk} C
v(Tx(n)), where vy is the root, L1, ..., Ly are the first k leaves. Hereafter, conditioned on
|[v(Tk(n))| = (+1)k+m+1 for some appropriate integer m := m(Tx(n)), list the internal
vertices of Ty (n) as (vi,...,Vke, vy, - .., ;, ), in the order of appearance; the other k + 1
vertices of T (n) are the leaves and the root. For convenience, denote iy = k/.

Given w € v(T(n)), recall that w is the maximal subset of v(T(n)) such that the
removal of w disconnects w from Ty(n); so for 1 < i < k¢ — 1, v; = (). For all integer
0 < j < m, let T;, be the subtree of T(n) restricted to 7;, U {v;, }, and let

ni; = [v(Tij)|-

If ¢ divides i, then v;; # () and n;, > 1, otherwise, 7;, = () and n;, = 1.

Next, list the vertices v, v;,,...,v;,, in breadth-first search order of Ty(n), as
Wp, W1, - .., Wn,. So there is a bijection f : {ig,...,im} — {0,...,m} such that, in Ty (n),
v, is identified with wy(;,) and T;; is attached to wy(;,). Now, let 0 == (0 (i;) : 0 < j < m)
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be a uniformly chosen random permutation of ig,...,%,. We construct a random tree
T(n,o) by identifying the vertex w; of Ty(n) with the vertex v,(;,) of T, for each
0 < j < m. Since each v, is inserted in a uniform edge of the existing tree Ty (i; — 1),
uniformly permuting the attaching locations of 7;, does not change the law of the re-

sulting tree. It thus follows that T(n,0) < T(n). Write |y, snlo = (Z;” 073, 2)1/2 and
N, =|v(T(n))| = n+ |n/f] + 2. Recall that m := |v(Tx(n))| — L+ 1)k — 1is the number

of the internal vertices of T (n) except for {v,..., vge}.
Lemma 5.11. Let k : IN — IN be such that k(n) = Q((logn)'?) and k(n) = o(n'/?). For all

n € N, denote the event
< 10k(n )%‘i}ﬂ{ <1}

Fix a sufficiently large n and write k = k(n), m = m(n) = |v(Tk(n))| — (¢ + 1)k — 1. Then
forany V C v(Tg(n)) and t > 4c({ + 4) - nokT,

2t
r) =l ()]
m,R,mn|2

Proof. For the duration of the proof, let V- C v(T(n)), and write V' =V ({viy, ..., vi,, },
N = N,, = [v(T(n))|. Recall that o = (0(i;) : 0 < j < m) is a uniform permutation of

C

E, = {‘Ckm) — k(n)7

Jo(Thny ()] = Crn)

nOé

2t
P (P2n(V) = V)] > 3

n

Q0. -.,im. Write o; = o(i;) for each 0 < j < m. By definition,
2 i VAV Y g, VAV 2 o(Te,) [+ VAV
B (V) _ v,;jEV’ d vUJEV . UUJEV’
Vin = N = N = N R

where the second equality follows from the fact that T(n, o) 4 T(n), s0 >, cyr i, 4

> . cv’ No;- Note that, exchangeability resulting from the uniform permutation o only
935

exhibits through (n,, : 0 < j < m), but not V.\ V'. Letn' = 7" jn;; = N — (£ + 1)k.
To use exchangeability to deduce the tail bound for |7y ,,(V) — vy, (V)|, we first show
Z'UngV’ ’ﬂaj |V/|

n’ m—+1
latter. Indeed, by the triangle inequality, writing M = M,, = |v(Tx(n))| and noting that
ven (V) = % we have

that it is close to , and then employ exchangeability to bound the

1

Zkn(V) = v (V)]

‘Zvajev/ ng, +|V\ V| V|

N M
o | Zeeve e v oy (VA W 4 .
- N n' m+1 M m4+1 N|
Hence, even conditionally;,
_ 2t
P ’ukvn(V) - uk,n(V)’ > 2 F,
N
N, [V’ t
<P ‘ Roi _ LlE, .
< > = o] Rl B2 (5.13)
vajEV'
VAV v VI
P ‘ 5.14
+ ( N M "m+1 N N ( )
We now compute (5.14). It is convenient to keep in mind that we have chosen n
sufficiently large, and the variables & = k(n), M = M,, = |[v(Tx(n))], m = m(n) =
EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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M—-({+1)k—-1, N=N, =|v(T(n))|, depend on n. Note that |V \V'| < ({+ 1)k + 1 and
t>4dc(f+4)- nokT, s0 t > 2|V \ V’| for large enough n. It follows that

VAV v VI et
N M m+1 N|°N
VAVt Wi v ot
C{ v o UM et v oy
N , n' t
_ REAT Ll 1
oU{|v1- 37 -7 22| > 5 5.15)

Given the event F),, it is easily seen that - - nekTT < M < 2. n®k71. Also, we have
N=N,=0(n)andn' =N — ({+ 1)k, so

/ J—
N _ n N-((+Dk _ N (£+1)kn

M Sm+1 M-({+0k =M MM-((+Dk)

Note also that |[V\V'| < ({+1)k+1, |[V'|<M—({+1)k,and N <n(l1+1/¢)+2, it then
follows by the triangle inequality that on the event F},,

N .o N . N . (¢ + 1)kn
|V'M_V|'m+1’—‘|v|'M_|V'M+|V|'M(M—(£+1)k)
N (¢4 1)kn
=|V\V|- V|-
VAV =V st om

N  (+1kn

< Dk+1) = 4 27

< (L+DE+1) TR

< (20+3)- an < 2¢(20+3) - n' kT,

where the last inequality is due to M > i - n®k7T on F,. Since t > 4c({ + 4) - nokT,
we thus have

N / ¢
{’|V| : M|V’|~mT:_1’ >3 } c {20(2é+3)~n1*%% >2c(e+4)-nake%} =0,

where the last equality is due to the fact that a > % and when a = % we have ¢/ = 1.
Combined with (5.15), we have

N M m+1l N

/ / li
(AL WL VL LR o (5.16)

It remains to bound (5.13), shown below. The rest of the proof follows a similar
argument as in [3, Lemma 5.3], so we only point out the differences, and refer the reader

to that work for omitted explanations. Let rg, ..., 7, be independent random variables
with uniform law over {ig,...,i,}. Recall that n’ = Z;":O ni;. It follows by symmetry
that
S V'l
/ / / ! li
E Z ng |n|=E Zn“ Ap,evy || =n “P(v,, €V')=n"- 1
Vr; ev’ 7=0

Taking a :— I At B and applying Markov’s inequality as in [25, Theorem 2.5] gives a
m,k,n(2

EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
Page 26/35


http://dx.doi.org/10.1214/17-EJP101
http://www.imstat.org/ejp/

Scaling limits for some random trees constructed inhomogeneously

Hoeffding-type inequality for qu(, cyr o, forany t >0,

ne;  |V'| t _ ;v
A T ) B D S e e R
Vg, €V’ v €V’
V|
<e . ( ‘ - /|7D F
<e exp | a ng:V/ng] n 1 n
L oj
V|
< —LLt.]E <.‘ o /. ‘ ’) F
<e exp (a UZEVIRTJ n mal n
L T

2t2
=2k [eXp (‘ nﬂﬂ ;

the first inequality follows from Markov’s inequality; the second one is due to [7, Propo-
sition 20.6] and [35, Theorem 2]; the last inequality follows from a straightforward
calculation as in [25, Lemma 2.6]. Together with (5.13) and (5.16), we may conclude the
proof. O

Given a graph G and a subgraph G’ of G, write G — G’ for the set of components
obtained by removing all edges and vertices of G’ from G. For all k,n € IN with
n> (k—1)¢ let

Sk =S (Tr(n)) =max{|v(T)|: T € T(n) — Tr(n)}. (5.17)

Lemma 5.12. Let k : N — IN be such that k(n) = Q (n'/1%°) and k(n) = o(n) and restrict
¢ > 2. There is a constant a = a(¢) > 0 such that, for sufficiently large n,

P (Sk(n),n >n- k(n)_3<fil>> <a-n2.

The proof of Lemma 5.12 is deferred to Section 5.6.

Proof of Lemma 5.4. Foralln € N, lete, = k(n)~ =70 and

(o3

M, = [6,:1 . ni |o(Tr(m) ("))ﬂ .

In the remaining proofs we fix a large n € IN and write k£ = k(n), unless we consider
varying n. With a similar argument as in Proposition 1.3, we find a covering, denoted
by {Bn1,. .., Bnu, }, of (v(Tr(n)), ;% - dgr), with diameter at most ¢,,. Let A1 = By 1,
and fori >1,let A, ; = B, ; \ U;;ll B, ;. Then {4, 1,..., A, u, } forms a disjoint cover
of (v(Tx(n)), -5 - dgr), with diameter at most ¢,.

This paragraph follows a similar argument as in [3, Corollary 6.2], and we refer the
reader to that work for omitted details. Recall that dj ,, denotes the Lévy-Prokhorov

distance on (v(Tk(n)), ;% - dg). We claim that,

En
M,,

{dikn (Tkns Vi) > en} C {|uk7n(An7j) — Uk n(Ap )| > forsome 1 < j < Mn} ;

a quick proof is provided as follows. Suppose that di », (Uk,n, Vk,n) > €n. Then there exists
a set S C v(Tk(n)) such that either Ty, ,,(S") < vk o (S) — €p OT Vg (S°") < Tk (S) — €0
Since {A, 1,..., 4, um, } is a disjoint cover of Ty (n), there exists j such that either

Pk’n(SE" n An’j) < u;m(S n An’j) — En/Mn or
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I/k,n(SE" N Anyj) < Pkm(S n A”J) — En/Mn.
SoSNA,;# (. Since the diameter of A, ; is at most ¢,,, we have A4,, ; C S°~. So, either
ﬁk,n(An,j) < Vk,n(An,j) - 571/Mn or Vk,n(An,j) < vk,n(An,j) - 5n/Mn

Hence the claim.
Next, let as before

1 C
Fo = {|Criny — blm) — [Ty ()] = Cmy

nOé

<10k(n)e+%—i}ﬂ{ <1},

and note that it follows from Lemma 4.1 and Lemma 4.4 that, for sufficiently large n,

1-n“®

P(F,)>1—2ekm'"?/4 _gexp [ -—— "
32ck(n) &t

> — e kY S _9e=km)? (5 18)

We now easily obtain that
P (dk,n (vk,na Vk,n) > En, Fn)

< P (|Vk:,n(An,j) — U n(Anj)| > J\EJL for some 1 < j < M, Fn) . (5.19)

On the event F,, we have
M, < m, = [5;1 {1 + k(n)F (1 + 10k(n)—%) H -0 (eglk(n)ﬁl) .
Furthermore, let N,, = [v(T(n))| = n+ [n/¢] +2, m = m(n) = |v(Tk(n))|— (¢+1)k—1, and
1/2
write |n, |, = (ij:O nfj) ; n, hereis n,,  , in Lemma 5.11. Set ¢t = % and note that

since k(n) = o(n'/3), it is easily checked that t = © (n : k(n)fﬁwzrl)) > 4e(0 4 4)nokt/ D)
for large n and so satisfies the assumption in Lemma 5.11. Applying the bound on M,
and Lemma 5.11 to (5.19), it follows that

P (d @ )>en | F, ) < my 2B 26, Ny (5.20)
n),n Vk,n, Vkn En n| > My €x — T %5 5 . .
k), fo T P I, |3 - 4m32

Now bound

|nn‘§ < = T OS?;arJr)L((n) T <n- Sk(n),na

where Sj(n),n = MaXg<j<m(n) Ni; + 1. Thus,

g2 N? ( e2n > n - k(n)” 5@
o —(——— =0 ——— . (5.21)
0, |3m3 Sk(n),nm?2 Sk(n),n

Since F}, and Si(,),, are independent, it then follows from the triangle inequality, (5.20),
(5.21), and Lemma 5.12 that

i (dk(n),n (ﬁk(n),nv Vk(n),n) > En, Fn)
<P (dk(n),n (vk(n),na Vk(n),n) > €n, Sk(n),n <n- k(n)is(gil)v Fn)
+ P (Siny.n = 1+ K(n) 30 )
7
-k T30FD
O | my, -exp —% +0 (n_2)
n - k(n)_m

1

=0 (mn - exp (—k:(n) 3D )) +0(n7?).
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Together with (5.18), we further deduce

P (dk(n),n (?k-('n),n, Vk(n)m) > €n) <P (dk(n),n (Vk-(n),n, Vk(n),n) > e, Fn) +P (F,f)
=0 (mn - exp (7]{(71)%) + 7172 + 6,]6(”)1/3) '

Finally, recalling that m,, = © (k(n) 12(1511)) and k(n) = Q (n'/1%?), summing over n and
applying the Borel-Cantelli lemma yields the almost sure convergence. O

5.6 Maximal occupation of an infinite-colors Pdlya urn

In this subsection we prove Lemma 5.12, by viewing sizes of the subtrees as the
occupations of a modified version of the infinite-colors Pélya urn, introduced below.

At time 0, the urn contains b € IN black balls and w € IN balls of color 1. At time ¢ € N,
a ball is chosen at random from the urn and returned along with an additional ball of
the same color. Additionally, if ¢ divides ¢ and the urn has black balls and balls of color
{1,...,p}, then (i) if the chosen ball is black, add a ball of color p + 1; or (ii) if the chosen
ball is non-black, add a ball of the same color as the chosen ball. For each i € N, let
U;(t; b, w) be the number of color-i balls and let U (¢; b, w) be the number of black balls in
the urn after ¢ € IN draws. Let M;(t;b, w) = U (t;b,w) + - - - +U;(t; b, w), noticing that the
sum does not include Uy (t; b, w). Let S;(b, w) be the random time that color ¢ appears.

Recalling the definition (5.17), the key relation between this urn model and the
quantities appearing in Lemma 5.12 is

Skn =max {|v(T)|: T € T(n) — Tr(n)} 4 I}lezlll\)I( Ui (n—kb; (04 1)k, 1).

We prove the lemma by deducing moment bounds of Sj, ,, from moment bounds of the U;.
For the moment-bounds on U;(t; b, w) (and M;(t; b, w)), we consider the following
auxiliary 2-colors Pdlya urn, which is equivalent to the above urn by regarding color
1 as white and {2,3,...}-colors as black. At time 0, the urn contains b € IN black balls
and w € IN white balls. At time ¢ € N, a ball is chosen at random from the urn and
returned along with an additional ball of the same color. Additionally, if ¢ divides ¢, then
an additional ball of the chosen color is added. Let W (¢; b, w) be the number of white
balls in the urn after ¢ draws.
Fact 5.13. Fix b, w,i € IN. Write M]() = ./\/lj('; b, w), uj() = Z/{j('; b, U}), and Sj = Sj(b, w),
for all j € N. Given S;, for integert > S;,

E [M;(£)|S5,Uo(Si), Mi(Si)] £ W (t — Si;Un(Si), Mi(Sy)) (5.22)

and
d

E [U; (8)| M (t), Mi(Si)] = W (Mi(t) — Mi(Si); Mi(S;) — 1,1). (5.23)
Fact 5.13 can be shown similarly as for Lemma 5.7 so we omit the proof.

Lemma 5.14. Fix b,w € IN. For all non-negative integers t and p, there is a constant
fp,e > 0 not depending on b, w such that

E[W(t; b, w)P] < fpe-w? - (1 + a(bt—i-w)) : {1 + log (1 + a(bt—l—w))} =d;,. (5.24)

Proof. Write n; =b+w+ j+ |j/¢] and W; = W(j;b,w) for all non-negative integer j.
Since for all ¢ € N,

Wiy
P (W, = Wit + 1+ 1 [Weea) = L= P (Wy = Wi [Wi) = ——,
t—1
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it follows that, for all p € IN and some positive constants e;,, e, only depending on p
(noting that W; > 1 for all ¢),

E W7 [ Wi
Wi_ Nneg_1 — Wi_
i 11 AW+ 17 Ay + (Wit +2)7 - Ly} + % Wi
Wi_ neg_1— Wi_
- nt 11 Wit + 1P + Lpgpg - {(Wiemr +2)P = (Wit + )P} + Hniltl Wi
t— t—
WP
< WP+ n:,ll AWimr + DA+ 1/ W )P " 4 p Ly - (L4 2/Wemy)P 7 = Wil )
WP p— 1 e/ 6/
< WP, 4+ =L W+ 1) (1 PR L) —W,_
< WP+ s (Wi1+1) +Wt ) +Wt2, +p - Ly Wt71 -1
1+1 _
< th—l 1+ w + th—ll . Ep . (525)
Ng—1 Nt—1

Next, we use induction on p to prove the bound (5.24). Clearly (5.24) is true for p = 0.
Now assume that it holds for p — 1 where p € IN and for all non-negative integer t. We
are to show that it also holds for p. Averaging (5.25) over W;_; and using the induction
hypothesis yields that, for all ¢t € IN,

recalling the definition of d;_ ;1 from (5.24). For m <1, let

t—1

1+ 1
Y1 =[] (1 + PL* L) WHM)) ;

j=m "
where Hi:() := 1. Applying the inequality above recursively, we find

t— 1

E[W?] < w? + wp1% (5.26)
[ ] Y0,t—1 ; i — — Yi+1,t—1-

To bound and simplify v, ;—1, write ¢’ = [£], m’ = [ %] and using the inequality 1+ < e”
forallz € R,

~+

-1

p(1+1;
v T (120 b
j=tm’
t’ t' -1 »
< 1+ 1+ -
< Tm,( b+w+r(€+1)>sl:[n,j_1( b+w+s(£+1)+y>
t’ t P -1
< 1 1+
- ( +b+w+r(€+1> H/( b+w+s€+l)+1>

r=m’ s

IN

s=m/'

t/
1 1
2 (¢ —1)
P pzb+w+r(£+1) exp | 2l Zb+w+s(£+1)+1
t/

1 -
o (o041 3 s

N
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Since fo 7+5I =1 log (1 + %) t <3 t and (using b+ w > 1) there is a constant f; not
depending on b, w, m,t such that

alb+w)+m ,
SerHTR <
alb+w) +m! = Tr:

the inequalities above give, for some positive constant fl’) o

/ p P
brwtt(U+ D\, (abtw)+i)" (5.27)
b+w+m/(f+1) " \a(bt+w) +m

Ymt—1 < f;/;,z : <

Now, since n; =b+w + ¢+ [i/¢] and

. p—1 .
dip_1= fr_1s" p—1 (1 v -1 1 v
i, p—1 fp 1,0 w < + O[(b+w>) Og < + a(b+w) )

we have
t—1
d; e
Zpilp%ﬂt 1
‘ n;
1=0
p t—1 log (1+
ab+w) g( MHMJ
!
< (fp—l,@epfp,[>-wp- <1—|— ) ;( b+w +Z> T,
t t
< ~ P Yew? (14— ) 5.28
(fp 17¢epfp>f) w ( + alb+ )) Og( * alb+ )) ( )

where we have used again log(1 + x) < z and that the sum is bounded by the appropriate
integral. Combining (5.26), (5.27) with m = 0, and (5.28) implies that there is a constant
fp,e such that

and now (5.24) follows by induction. O

Lemma 5.15. Fix b, w,p,i € IN. There is a constant g, , > 0 independent of b, w,t such
that fort > ¢

alb+w) —1+¢\"
alb+w)—14+1if

Proof. Write M;(-) = M;(:;b,w), U;(-) = U;(-;b,w), and S; = S;(b,w), for all j € IN. It
follows from (5.23) and (5.24) that for all ¢ > 1 (note that the inequality trivially holds
fort < §;),

]E[Ui(t)”f/\/li(t)ﬁu/\/l( i), U (Si)}

;o (M) N
S 9ot (Mi(si)> 7

where the last inequality follows from a < 1/2 and M,(t) > M;(S;), log(z) < /x for
z > 1, and g;)g > 1 (WLOG) is a constant. Averaging over M;(t¢) and using Jensen’s
inequality then yields

EM@@MH<%[(

p+1/2

E [ui(t)p|827 Mz(Sz)auo(Sl)] < g;)’g

IS & A . +1
< Mi(‘s‘i)p+1/2 ]E|:Mz(t)17

81 Mi(S1), U (Sy)]
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Furthermore, applying (5.22) and (5.24), we have fort > S,
E[Mi(t)pH‘Si, Mi(Si),Z/IO(Si)]

p+1 t_Sl "
< fp+1 L M ( ) * (1 + O[(UO(SZ) +M1(Sl))>

X (1 + log (1 + a(uo(sf)_JrS/i\/li(Sv:)))) .

Now, since S; > i¢ and Up(S;) + M;(S;) = b+ w + S; + | S;/¢] is the total number of balls
in the urn at time S;, we have for ¢ > i/ and some positive constant g;]’, o

a(b+w)1+t>p+3/2

(+)P+1
E {Ml(t) alb+w)—1+il

S0 M(S).Un(S)] < g Mt

Altogether,

E [t (£)? | S5, Uo (S:), Mi(S3)]

p+1/2
+3/2 p+1
S GVHTSE Y (CCRRUES SR
= M;(S)pt/2 alb+w) -1+l
alb+w) —1+¢\"
= Ipit ab+w) -1+
Since the bound does not depend on S;, Uy(S;), or M;(S;), the lemma follows. O

Proof of Lemma 5.12. Given b,w,p € N, it follows from a union bound, Markov’s
inequality, and Lemma 5.15 that for any = > 0,

Diew B [Ui(t; b, w)P]

. . > <
P <rirg\)]<uz(t,b,w) > t/m) <

tr/xp

P ab+w)—1+t\?
) e 1<z§L:t/eJ <a(b+ w)=1+ ig)

P (alb+w) — 148t ot !
< gplt?‘ 7 /0 ( (b+w)_1+x)p+1dm
< g, <b+w>f1+t><< (bt w) =1t + 1)
= gp,z (a(b+w))
< gpi” P (o (b+w)_1+t)ép + (a(b+w)) )P

Next, note that for any k,n € IN with n > £/,

Skn = max {|[v(T)| : T € T(n) — Tp(n)} < maxl; (n — k6 (€+ 1)k, 1).

Then, for any p € IN and for sufficiently large (n — k¢), taking t = n — k¢ and = = |;5TD
in the above inequalities and recalling that & = o(n) yields

P (Sk,n > M) =0 (kz(f%nfp - n)
k3@
Now using that k(n) = Q (r1/1%?), £ > 2, and fixing p > 9000(¢ + 1), we have

P (Stinyn = k() 0 ) = O(n"2). 0
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6 Proofs for generalized gamma distributions

Proof of Lemma 4.1. For all ¢ € (0,3/7], —5 + % - % <5+ THF
2 £
%"‘%"‘"':ﬁS%,50(1—6)7k=67k10g(178)= <

—k —klog(14¢) k(—€+§—£+“') k(—€+%)
and (1 4+¢)™ % = e7%°8 =e 3 <e . Next, let Fy, Es,... be
independent Exponential(1)-variables. For k& € IN, we may write C, = (E; + -+ + Ek)f%l.
By Markov’s inequality and the previous derivation, for all £ € IN and ¢ € (0,3/7],

et B )"

- — ock—k (1—¢e)*
(&

P (O —k>ek) <

< e—&‘k)—&‘Qk . esk+352k/4 _ 6—52k/4

L 0+1 esF (Ble—<1])* k—e2k —k
Similarly, for e € (0,3/7], P (k—C. "' > ¢k) < e < e TR (1) <

ke L omekt3e’k/4 — o—"k/4_ Now, take ¢ = k~1/4. For k = =4 > (7/3)*, the bounds
above and the triangle inequality imply P (|Cy ™ — k| > k%/4) < 2e==k/4 = 9e—K?/4

Corollary 6.1. For large enough k € N, with probability greater than 1 — 2¢=%"/*/4,

, 2 1 , 2
k—m-<1 kz—i)<<k—z+1-<1+ k:‘).

e Cy (+1
Proof. By Lemma 4.1, for large enough k € N, P (|C;T — k| > k3/%) < 2e=k'?/4, S0
with probability greater than 1 — 2e=k'"?/ 4,

ISE

T 1 _1 _ -
<—<k4+1-<1—k1/4) .
Cr

ko (1 + k*l/‘*)

Taylor expansion then yields that

-7 1 1 1 E—1/2
1— k*1/4) R A N [
( T trea\Uti)

For large k, (14 ¢5)k~!/* < 1. It follows that (1 — k=1/*)" ™" < 14 27 .k~ '/4. Similarly,

(I+ &Y > 1 25 k74 m

Proof of Corollary 4.2. 1t follows from Lemma 4.1 that, for large enough n, with prob-
ability greater than 1 — 2¢~*("*/4 we have ‘Cﬁ(*nl) - k(n)’ < k(n)3/4, so

1

Cr(n) < (k(n) + I<:(n)3/4)ffT1 _ k(n)@%(l n k(n)_1/4)<2+%7

and

Cr(n) > (k(n) - k(n)3/4) = k()T (1 = k(n) /4y

Using the same logic as in the proof of Corollary 6.1, we have (1 + k(n)*l/‘*)ﬁll =
1+ mgk(n) Y4+ 25 (i — 1) LI MR 14 10k(n)~3; similar for the lower bound.

/+1 {+1 2!
ln/f] 172
Together with Corollary 6.1, with probability greater than 1 —2 > ™™ /4, for
m=k(n)
EJP 23 (2018), paper 5. http://www.imstat.org/ejp/
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1

sufficiently large n we simultaneously have ‘Ck(n) — k(n)w%l < 1014:(71)@71_i and

/el [n/¢) 1 5 Lt 1
m—zic:(m Cm i m—%:m)m“ . “lm—zlc:(n) e
> o AWED) -rr} - gy o ()T ke
> (E) - (13D
and 3,000 - < & (13D + 2= ([8)™ O
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