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Geometry of weighted recursive and affine preferential
attachment trees
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Abstract

We study two models of growing recursive trees. For both models, the tree initially
contains a single vertex u; and at each time n > 2 a new vertex u,, is added to the tree
and its parent is chosen randomly according to some rule. In the weighted recursive
tree, we choose the parent uy of u,, among {u1,u2, ..., un—1} with probability propor-
tional to wy, where (wn)n,>1 is some deterministic sequence that we fix beforehand.
In the affine preferential attachment tree with fitnesses, the probability of choosing
any uy, is proportional to ay + deg™ (ux), where deg™ (uz) denotes its current number
of children, and the sequence of fitnesses (an)n>1 is deterministic and chosen as a
parameter of the model.

We show that for any sequence (a»)n,>1, the corresponding preferential attach-
ment tree has the same distribution as some weighted recursive tree with a random
sequence of weights (with some explicit distribution). We then prove almost sure
scaling limit convergences for some statistics associated with weighted recursive
trees as time goes to infinity, such as degree sequence, height, profile and also the
weak convergence of some measures carried on the tree. Thanks to the connection
between the two models, these results also apply to affine preferential attachment
trees.
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1 Introduction

The uniform recursive tree has been introduced in the 70’s as an example of random
graph constructed by addition of vertices: starting from a tree containing a single
vertex, the vertices arrive one by one and the n-th vertex picks its parent uniformly at
random from the n — 1 already present vertices. Many properties of this tree were then
investigated due to its particularly simple dynamics: number of leaves, profile, height,
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Geometry of WRTs and PATs

degrees, size of subtrees and others. We refer to the survey [52] and the more recent
book [15, Section 6] for an overview of the results obtained for this model.

We consider a generalization of the uniform recursive tree called the weighted
recursive tree (WRT), which was introduced in [8] in 2006. In this model, each vertex
is assigned a non-negative weight, constant in time. When a newcomer randomly
picks its parent, it does so with probability proportional to those weights. Most of the
contributions concerning WRTs are very recent, see e.g. [34, 24, 25, 20, 33]. In [34]
those trees are studied because of their connection to a model of random walk with
preferential relocation (a.k.a. “monkey walk”). The authors prove some limiting results
for the distribution of the weight of vertices at different heights in the tree, for different
assumptions on the weight sequence which cover a wide range of behaviours. The two
papers [25, 20] study the properties of some more general models of increasing trees,
and their results apply to WRTs when the sequence of weights is i.i.d. and identify in that
case the asymptotic degree distribution in the tree. Finally [33] studies the behaviour
of the maximal degree, also in the i.i.d. case, for different tail behaviours of the weight
distribution.

In this paper, we prove asymptotic results for this model concerning the degree
sequence, the height, the profile and the convergence of some probability measures
carried on the tree, mainly under some assumptions that ensure that the sequence
(wn)n>1 describing the weights of the vertices in order of creation behaves roughly as
a power of n. Our deepest result is the one that concerns the asymptotic behaviour of
the profile of the tree, which is the function that maps each integer k to the number
of vertices in the tree at height k. Both the statement and the proof of this result are
inspired from the work carried out in the last 20 years for different models of logarithmic
trees, see [9, 10, 53, 50, 29]. They rely on the study of the Laplace transform of the
profile using tools that ultimately date back to Biggins [5] in the context of the branching
random walk, together with a Fourier inversion argument, which in our case is handled
by a very precise theorem of [29]. The rest of our results and proofs on WRTs are less
involved and mostly rely on more elementary arguments, as well as a connection with
Pemantle’s time-dependent Pélya urns, introduced in [43].

We also consider another model of trees which we call the affine preferential attach-
ment tree (PAT) with fitnesses. In this one, every vertex has a fixed fitness, and the
probability of picking any vertex to be the parent of a newcomer is proportional to its
fitness plus its current number of children.

The term “preferential attachment”, coined by Barabasi and Albert in [2], refers to
the property that a vertex in the graph that has a high degree tends to increase its
degree even more over time, also referred to as a “rich-get-richer” effect. Many different
preferential attachment mechanisms have then been studied in the last two decades
because the degree distribution that emerges from this type of construction shares some
quantitative properties with real-world networks, see [54, 37] for good overviews of the
vast literature on this subject.

One of the original motivations of this paper comes from the fact that PATs arise in the
analysis of some growing random graphs, studied in the companion paper [51]. The class
of models that we study there is designed to encompass Rémy’s algorithm, described in
[47], which creates a sequence of binary trees, and a lot of its natural generalizations,
studied separately in [19, 35, 11, 22, 23, 48]. In particular, we show that the sequences
of graphs obtained using these constructions, considered as metric spaces, almost surely
converge in the so-called Gromov-Hausdorff~Prokhorov scaling limit towards a limiting
random continuous metric space. This proof relies on a decomposition of our graphs
along the structure of a tree, whose evolution is that of a PAT. Notably, a crucial result
that is needed in this argument is a uniform control over the degrees of all the vertices
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in the tree, which we prove in this paper.

Note that only a few contributions in the literature concern this particular version
of the model, where the fitness can depend on the vertex. In the case where the
fitnesses are i.i.d., the model is considered for the first time in [17] and the first rigorous
mathematical result can be found in [4]. Recently, still in the case of i.i.d. fitnesses, it
has been studied in more detail in [32] along with some other similar models. In [32]
the authors study the asymptotic degree distribution and maximum degree in the tree
and show that these can exhibit different behaviours depending on the tail of the fitness
distribution, which the authors classify as weak, strong and extreme disorder. A result
from [25] also applies in that case and also identifies the limiting degree distribution.
Even more recently, the local weak limit of this model has been investigated in [31],
and the limit is expressed as the so-called w-Pdlya point tree. We also mention two
models that do not fall in our setting but are somewhat related, studied in [13] and
[7]1, in which the reinforcement is affine in the degree of the vertices but there is some
inhomogeneity between vertices. Instead of coming from different fitnesses associated
to vertices like in our model, the inhomogeneity is introduced using a random initial
degree, or respectively a random time of creation.

Our approach for studying this model relies on the connection between the PAT and
the WRT models (this was already known in the field in the case of constant fitnesses
but stated in a slightly different form, see [7, 3]). Indeed we shall see that using a
de Finetti-type argument, a PAT can be seen as a WRT with a random sequence of
weights that almost surely decays like a power of n. This enables us to translate all
of the results obtained for WRTs to corresponding results for PATs, and hence prove
asymptotics for degrees, height and profile of the tree. In particular, we prove the
almost sure scaling limit convergence of the sequence of degrees of the vertices in order
of creation in an /? norm. For some regular sequences of fitnesses, we can explicitly
describe the distribution of the limiting sequence using Beta, Gamma and Mittag-Leffler
distributions. This relates in various ways to other results that can be found in the
literature associated to preferential attachment trees or to urn models, contained in
[36, 27, 41, 26, 42, 40, 39, 1].

1.1 Two related models of growing trees

Definitions. For any sequence of non-negative real numbers (wn),,,zl with w; > 0, we
define the distribution WRT((w,),>1) on sequences of growing rooted labelled trees!,
which is called the weighted recursive tree with weights (w,),>1. We construct a
sequence of rooted trees (Tn)n21 by starting from T; containing only one root-vertex wu;
with label 1 and letting it evolve in the following manner: the tree T, is obtained from
T,, by adding a vertex u,, 1 with label n + 1. The parent of this new vertex is chosen to
be the vertex with label K,,,, where the random variable K, is such that

VkE{l,...,’n}, P(Kn+1:ki‘Tl,Tg,...Tn)O(U)]C. (1.1)

Remark that this conditional distribution does not depend on the evolution Ty, Ts,... T,
up to time n, which ensures in particular that the random variables K5, K3,... are
independent. In this definition, we also allow sequences of weights (w,,),>; that are
random and in this case the distribution WRT((w,,),>1) denotes the law of the random
tree obtained by first sampling the random sequence (w,,),>1, and then running the
above process conditionally on (wy,),>1.

Similarly, for any sequence (ay),>1 of real numbers, with a; > —1 and a,, > 0 for
n > 2, we define another model of growing tree. The construction goes on as before: P

1In fact, in the rest of the paper we see them as plane trees, see Section 1.2.2.
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contains only one root-vertex u; with label 1 and P, 1 is obtained from P,, by adding a
vertex u,; with label n 4+ 1 and the parent of the newcomer is chosen to be the vertex
with label J,, 41, where now

Vke{l,...,n},  P(Joy1=Fk|P1,Ps,...,P,) o degg (up)+ a, (1.2)

where degpt (-) denotes the number of children in the tree P,,. In the particular case
where n = 1, the second vertex us is always defined as a child of u;, even in the case
—1 < a; < 0 for which the last display does not make sense. We call this sequence of
tree an affine preferential attachment tree with fitnesses (a,),>1 and its law is denoted
by PAT((an)n>1)-

Notation. Here and in the rest of the paper, whenever we have any sequence of non-
negative real numbers (z,),>1, we write = (z,),>1 in a bold font as a shorthand for
the sequence itself, and (X,,), >0 with a capital letter to denote the sequence of partial
sums defined for all n > 0 as X,, :== Y. | z;, where the empty sum is interpreted as
0. This ensures that we can write (z,)n,>1 = (X,, — X»—1)»>1 and hence that defining
(Xn)n>1 is equivalent to defining (x,),>1. In particular, we do so for sequences of
fitnesses a = (ay)n>1, for deterministic sequences of weights w = (w,),>1 and for
random sequence of weights w = (wy, )p>1.

Representation result. The following result gives a connection between these two
models of growing trees. It is an analogue of the so-called “Pélya urn-representation”
result described in [3, Theorem 2.1] or [7, Section 1.2] for related models, which already
cover the case of constant sequences a.

For a,b > 0 the distribution Beta(a, b) has density FF(Eg;rfg) 21— ) Lp<a<ny
with respect to Lebesgue measure. If b = 0 and a > 0, we use the convention that the
distribution Beta(a, b) is a Dirac mass at 1.

Theorem 1.1 (WRT-representation of PATs). For any sequence a of fitnesses, we define
the associated random sequence w* = (w23),>1 through its partial sums (W2),>1 as

n—1
=1 and Wn>2 Wi=][[8"
k=1

where the (f1)r>1 are independent with respective distribution Beta(Ay, + k, ar+1). Then,
the distributions PAT(a) and WRT(w?) coincide.

The result of the theorem is obtained by studying the evolution of the degree of fixed
vertices in the preferential attachment model (P,,),>;. The key argument lies in the fact
that we can describe the whole process (P,,),>1 using a sequence of Pélya urns, related
to the degrees of those vertices. The connection of the evolution of the degrees to Pdlya
urns in the context of preferential attachment models is well-know and was observed for
the first time in [36]. It explains why Beta-distributed random variables appear in the
limit. In our case, the theorem relies on applying the de Finetti theorem to this sequence
of urns and on proving that those urns are jointly independent.

The result stated in the theorem can be made a bit more precise than an equality
in distribution as soon as the sequence a is chosen in such way that almost surely the
degree of the first vertex deg;“n (u1) tends to infinity as n — oco. It is easy to check that
the condition A,, = O(n) is sufficient to ensure this behaviour, and in this case we can
state the following corollary.
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Corollary 1.2. For a sequence a such that A,, = O(n), we can construct the sequence
w? from (P,,),,>1 in such a way that for all k > 1:

a ) deg;rn(uk)
wyp = lim —*——=

almost surely. (1.3)
n—oo degg (u1)

The obtained sequence w® = (w?),>1 has the distribution described in Theorem 1.1 and
conditionally on w?, the sequence of trees (P,,),>1 has distribution WRT(w?).

In fact, and this is the content of Proposition 1.3 below, if A,, grows linearly as some
¢ - n for some ¢ > 0, then the sequence (W2),,>1 almost surely grows as some power of n
whose exponent depends on c. This is achieved through moment computations, using
the explicit definition of (W2),,>1 given by the theorem. In the rest of the paper, we
investigate several properties of WRTs under this type of assumptions for the sequence
of weights, such as convergence of height, profile and measures carried on the tree.
Thanks to this connection, our results then also hold for PATs under the assumption that
A, grows linearly.

Assumptions on the sequences. For two sequences (x,) and (y,) we say that

z, >y, ifandonlyif >0, z, = y, (1+0(n"°)).
n—oo

n— oo

Our main assumption for sequences a = (a,),>1 of fitnesses is the following (H.), which
is parametrised by some positive ¢ > 0 and ensures that the fitness of vertices is ¢ on
average

A, D1 c-n. (H.)

n—oo
For sequences of weights w = (w,),>1, we introduce the following hypothesis, which
depends on a parameter v > 0

W, a cst-n?, (4d,)

n— oo

where the symbol “cst” denotes an unspecified positive constant. The following proposi-
tion ensures in particular that our assumption on sequences of fitnesses a translates to a
power-law behaviour for the random sequence of cumulated weights (W2),,>; defined in
Theorem 1.1.

Proposition 1.3. Suppose that there exists ¢ > 0 such that a satisfies (H.), then the
random sequence (w2),>1 defined in Theorem 1.1 almost surely satisfies (C,) with

¢
c+1°

’y:

If furthermore a is such that a,, < (n+1)¢+°(1) for some ¢ € [0, 1), then almost surely
w2 < (n+ 1)0,’$+°w(1), where 0¥ (1) denotes a random function of n that almost surely
tends to 0 as n — oo.

Convergence of degrees using the WRT representation. In the WRT with a deter-
ministic sequence of weights w that satisfies
W, ~ C-n”
n—roo
for some v € (0, 1), the degree of a fixed vertex evolves as a sum of independent Bernoulli
random variables and it is possible to handle it with elementary methods and obtain that

a.s. forall k > 1,
W

~ —_— N
n—oo C(1—7)

deg;rn (ug) L=,
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Further calculations allow us to improve this statement to an almost sure convergence

1
C(1-7)

in the space /P of p-th power summable sequences for some p > 1, for weight sequences
w that satisfy some additional control. A precise version of this statement is given in
Proposition 2.1.

Suppose that a satisfies (H.) and consider (P,),>1 which has distribution PAT(a).
Then, according to Theorem 1.1 and Corollary 1.2, we know that conditionally on the
sequence w® = (w2),>; obtained as in (1.3), the sequence (P,),>1 has distribution
WRT(w?). Also, thanks to Proposition 1.3, we know that there exists some random

variable Z such that W}, ~ Z - n” almost surely as n — oo, with v = ;. This motivates

n~ 7 (degf (uq), degf, (up),...) = (wi,w, ) (1.4)

the introduction of the following random sequence

1 a c+1 a
m . (Wn)ﬂle = 7 . (Wn)nZl a.s.. (15)

Applying the convergence (1.4) conditionally on the sequence (wZ%),>1 (or equivalently
conditionally on (m2),,>1) yields an almost sure convergence in the product topology on
sequences, which can be improved to an /P convergence if a satisfies some additional
control. This is stated below as a theorem.

(M3)n>1 1=

Theorem 1.4. Suppose that a satisfies (H,.). Then for a sequence (P,),>1 ~ PAT(a) we
obtain the following almost sure convergence in the product topology

n” T - (degi (), degyl (ug),...) — (m3,m3,...). (1.6)

n—oo

Furthermore, if a,, < (n+ 1)6/“’(1), for some 0 < ¢ < C% the previous convergence also

takes place in the space ¢P of p-th power summable sequences, for all p > ﬁﬁ)d

Note that the function max : /Z — R that outputs the maximum of a sequence is
a continuous function, so that the scaling limit of the maximal degree in the tree P,
is ensured by the theorem whenever the appropriate condition on the sequence a is
satisfied. Convergence of the rescaled degree of fixed vertices in preferential attachment
trees is a well-know phenomenon in the case a preferential attachment trees with
constant fitnesses, as is the convergence of the maximum of that sequence, see [36].
However, to the best of the author’s knowledge, Theorem 1.4 is the first result that
ensures an almost sure convergence of the rescaled degrees as a sequence in such a
topology. This improves the ¢ convergence proved in distribution in [40] for a related
model, which we treat in Proposition 5.5.

The distribution of the limiting sequence (m2),,>1 can be characterized, and even has
a reasonable description for certain regular sequences of fitnesses a, as it is explained in
the following paragraph. This result is actually related to the study of some urn models
like the Pélya urns with immigration of [42] or the periodic Pdlya urns of [1] and allows
us to provide some alternative proofs and complete some of the known results about
those processes. This is developed in Section 5.2.

Distribution of the limiting chain. Let us say a word on the properties of the non-
decreasing sequence (M2),,>; that corresponds using our notation to the partial sums of
the sequence (m?2),,>1 defined in (1.5). Using the random variables (8, ),>1 defined in
Theorem 1.1, we can write for any n > 1,

n—1

a C+1 —1
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but then, since the random variable Z depends on the whole sequence (3,),>1, the
sequence (M2),,>1 is not just an iterated product of independent random variables, as it
was the case for (W2),,>1. Nevertheless, the sequence still has the nice property of being
a time-inhomogeneous Markov chain with a simple backward transition, characterised
by the equality
M?z = By - M:+1a

where 3, is independent of M? , ; and has distribution Beta(A, + n,a,+1). This is the
content of Proposition 4.2.

For some specific choices of sequences a, the distribution of the chain (M2),,> is
explicit. Whenever a is of the form

a=a,bbb,... witha > —1and b > 0,

we retrieve Goldschmidt and Haas’ Mittag-Leffler Markov chain family, introduced in
[21] and also studied by James [26].

The other case where the chain is explicit is when a is periodic starting from the
second term, of the form

a=a,bl,bg,...,bg,bl,bg,...,bg,bl,bg...,

where a > —1 is a real number and b4, bs, ..., by are non-negative integers such that at
least one of them is non-zero. Then the sequence (M2),,>; has an explicit distribution
defined using products of Gamma-distributed random variables. We discuss this in
Section 5.1.2.

1.2 Other geometric properties of weighted random trees

We now state the convergence for other statistics of weighted random trees, namely
profile, height and probability measures. Here (T,),>1 denotes a sequence of trees
evolving according to the distribution WRT(w) for some deterministic sequence w and
state our results in this setting. Our results also apply to random sequences of weights
w that satisfy the assumptions of the theorems almost surely, they hence apply to PATs
with appropriate sequences of fitnesses, thanks to Theorem 1.1 and Proposition 1.3.

1.2.1 Height and profile of WRT
We define

L,(k):=#{1<i<n|ht(uw) =k}

the number of vertices of T,, at height k. The function k — L, (k) is called the profile
of the tree T,,. The height of the tree is the maximal distance of a vertex to the root,
which we can also express as ht(T,,) := max {k > 0| L, (k) > 0}. We are interested in the
asymptotic behaviour of I,, and ht(T,,) as n — oc.

In order to express our results, we need to introduce some quantities. For v > 0, we
define the function f, : R — R as

fyizm folz) =14y (e® —1—ze?).

This function is increasing on (—oo, 0] and decreasing on [0, c0) with f,(—oc0) =1 —7
and f,(0) =1 and f,(c0) = —oo. We define z; and z_ as

—00 ify <1,
zy :=sup{z € R| fy(2) >0} and z_:= ] (1.7)
! ! log((y —1)/7) ify>1.
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We assume that we work with a sequence w that satisfies the following assump-
tion (%) for some v > 0 and p € (1,2],

2n
W, nzqoo est -nY and Z wf < pit(r=Lpt+o(l) (Dg)

i=n
Thanks to Proposition 1.3, this property is almost surely satisfied for v = C% by the
random sequence w? for any sequence a of fitnesses satisfying 4,, >~ c¢-n and
n—oo
an < (n 4 1)°W,

Theorem 1.5. Suppose that there exists v > 0 and p € (1,2] such that the sequence w
satisfies ((JF). Then, for a sequence of random trees (Tn)n>1 ~ WRT(w), we have the
almost sure asymptotics for the profile

n 1 [(k—~vlogn 2 n
L,(k) = ——— —— | —= +0(— |, 1.8
(k) n—oo /21 logn exp{ 2 ( vvlogn ) logn (1.8)
where the error term is uniform in k > 0. Also for any compact K C (z_,z,) we have
almost surely for all z € K

1 loglogn

L, ([ye* logn]) = nf*( =3 +0(mw) (1.9)

)

where the error term is uniform in z € K. Moreover, we have the almost sure conver-
gence

ht(T,,)
—
logn n—oco

ceft, (1.10)

The proof of this result follows the path used for many similar results for trees with
logarithmic growth (see [9, 10, 30]): we study the Laplace transform of the profile
2 Y o e**1L,,(k) on a domain of the complex plane and prove its convergence to some
random analytic function when appropriately rescaled. Then, we apply [29, Theorem
2.1], which consists of a fine Fourier inversion argument and hence allows to obtain
precise asymptotics for IL,,. The application of [29, Theorem 2.1] in its full generality
proves a so-called Edgeworth expansion for IL,,, which we express here in a weaker
form by equations (1.8) and (1.9). The convergence (1.8) expresses that the profile is
asymptotically close to a Gaussian shape centred around - log n and with variance logn,
so that a majority of vertices have a height of order vlogn. The second equation (1.9)
describes the behaviour of the number of vertices at a given height, for heights that
are not necessarily close to ylogn (for which the preceding result ensure that there are

of order \/k?ﬂ vertices per level). According to this result, at height |ve® logn| for any

z € (z_, z4+) there are of order

v (2) .
n2 _ vertices.

logn

Remark that the exponent fv(gz) is continuous in z and tends to 0 when z — 2.
Although this does not directly prove the convergence (1.10), it already provides a
lower-bound for ht(T,,) since it ensures that asymptotically there always exist vertices
at height Lfye(ZJr‘E) logn], for any small e > 0. The convergence of the height (1.10) can
then be obtained by proving a corresponding upper-bound, which can be done using
quite rough estimates.

This result includes the well-known asymptotics ht(T,,) ~ elogn as n — oo for
the uniform random tree, proved for example in [14, 46]. Using the connection from
preferential attachment trees to weighted recursive trees given by Theorem 1.1, it also
includes the case of preferential attachment trees with constant fitnesses, for which
similar results were proved, in [46] for the height and in [30, 29] for the asymptotic
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behaviour of the profile (1.8). This type of asymptotics for the profile in the case of
non-constant sequences of fitnesses is new. In a subsequent work [38], Pain and the
author studied the corrective terms for the asymptotic behaviour of the height (1.10)
and proved that

3
ht(T,) = ye** logn — — loglogn + Op(1),
22+

adapting techniques that were originally developed in the context of branching random
walks.

Remark 1.6. Remark that (1.9) can only make sense whenever fv(z) > (. Since in the
case v > 1, the function f, tends to 1 — v < 0 as z — oo, it is understandable that the
asymptotics (1.9) cannot be valid for values of z below a certain threshold. Nevertheless,
one can check that f,(z—) > 0 and wonder about what part of the proof breaks down
below z_. In fact, we could (and it would be easier to) prove an analog of Theorem 1.5
for the the weighted profile of the tree, which corresponds to the total weight of vertices
at every height instead their number, and a statement similar to (1.9) would hold for
every z such that f,(z) > 0. What breaks down when z is below z_ is that the number
of vertices at height |ye®logn| start behaving differently from their total weight, which
in our proof is reflected in the fact that the Laplace transform of the profile and its
“weighted” counterpart do not share the same asymptotics.

As a complement to this result, we mention that there is another case where we
can compute the asymptotic height of the tree, which corresponds to sequences w that
grow fast to infinity. For any sequence of weights w, a quantity of interest is Z?:z {;”V ,
which is the expected height of a vertex taken with probability proportional to its weight
in T,,. When this quantity grows faster than logarithmically, we have the almost sure

convergence (see Proposition 3.16 in Section 3.3)

ht(T ht
lim n<7nu)7 = lim n(iunu)j = ].7
n— o0 i—2 VI/’;, n— 00 Zi:Z VVi

which indicates that vertices are always added close to the tip of the tree.

1.2.2 Convergence of the weight measure

We study the convergence of some natural probability measures defined on the trees
(Tn)n>1.- Some of those results are used in the proof Theorem 1.5 and others are
motivated by applications developed in the companion paper [51], in which they allow to
improve a Gromov-Hausdorff to a Gromov-Hausdorff-Prokhorov scaling limit convergence
for some randomly growing graphs.

Plane-tree framework. To express these results it is easier to work with plane trees.
We introduce the Ulam-Harris tree U = |J;_,IN", where N := {1,2,...}, with the
convention that N’ = {(}. Classically, a plane tree 7 is defined as a non-empty subset of
U such that

(i) ifv € T and v = ui for some 7 € IN, then v € 7,

(ii) for all u € 7, there exists deg/ (u) € INU {0} such that for all i € IN, ui € 7 iff
i < degl (u).

We choose to construct our sequence (T,,),>; of weighted recursive trees as plane trees
by considering that each time a vertex is added, it becomes the right-most child of its
parent. In this way the vertices (uq, us . ..) of the trees (T,),>1, listed in order of arrival,
form a sequence of elements of U. In fact, from now on, we always assume that we use
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this particular embedded construction, both for the WRT and the PAT. Note that with
this representation as unlabelled subsets of U, the tree T,, itself, for any n > 1, does not
contain information relative to the labelling (hence the weight) of its vertices, but this
piece of information can be read from the sequence (T1,Ta,...,T,).

We also denote U = NV, which we can be interpreted as the set of infinite paths
from the root to infinity, and write U = U U 9U. We classically endow this set with the
distance

AP (4, v) = {0’ fu=v, (1.11)
exp(—ht(u Av)), otherwise,
where u A v denotes the most recent common ancestor of v and v, and the height ht(u) of
a vertex u € U is defined as the only n such that « € IN”. Note that even when u,v € 9U,
their most recent common ancestor u A v belongs to U, as long as u # v. Endowed with
this distance, U is then a complete separable metric space.

In the paper, except when proving results related to the weak convergence of mea-
sures, for which we use the topology generated by d*P, we consider U as a graph and
we compute distances between vertices using the corresponding graph distance, which
we denote d. In particular, the height ht(u) of a vertex u is always its graph distance
d(0,u) to the root .

Convergence of measures. For every n > 1, we define the measure u,, on U, which
only charges the set {uy,...,u,} of vertices of T,,, with forany 1 < k <mn,

pn () = 357 (1.12)
We refer to u,, as the natural weight measure on T,,. The following theorem classifies
the possible behaviours of (u,,) for any weight sequence, and is, in a way, an extension
to the case of trees of a theorem of Pemantle [43] for time-dependent Pdlya urns.

Theorem 1.7. The sequence (ji,,)n>1 converges almost surely weakly towards a limiting
probability measure ;1 on U. There are three possible behaviours for jui:

(1) IfY ;2 w; < oo, then y is carried on U.

2
(i) IfY ;2 w; =coand ) o, (éﬂv) < oo, then p is diffuse and supported on OU.

2
(i) If>52, (%) = oo then p1 is concentrated on one point of OU.

This convergence can be extended to other natural measures on the tree, such as
the uniform measure on T,,, or some “preferential attachment measure” which charges
each vertex proportionally to some affine function of its degree. This is the content of
Proposition 2.4. Note that in our case of interest, when the sequence w satisfies the
assumption (L) for some v > 0, we are in case (ii) of the theorem.

In the specific case of a WRT (resp. PAT) with a sequence of weights (resp. of
fitnesses) that is constant starting from the second term, the measure p has an explicit
description: for any u € U, writing T'(u) := {uv | v € U} for the sub-tree descending
from u, the sequences

<M(T (ui))
(T (u))
are independent and have an explicit GEM distribution (see [45] for a definition). Fur-
thermore, the corresponding sequence of trees, conditionally on y, can be described as
a split tree. This result, along with other properties of these families of growing trees
can be found in [28].

) , foruel,
i>1
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1.3 Organisation of the paper

The paper is organised as follows.

We first investigate some properties of weighted random trees (T,),>1 with a deter-
ministic weight sequence w. In Section 2.1 we first prove Proposition 2.1 which states
the scaling limit convergence of the degree sequence using elementary methods. Then
in Section 2.2, we prove the weak convergence of the weight measure u,, to some limit
w1 and describe three regimes for its behaviour. We also study other natural measures
related to the sequence of trees (T,,) and prove that they also converge towards . For
all these measures, our main tool consists in introducing martingales related to the mass
of a subtree descending from a fixed vertex. This is the content of Theorem 1.7 and
Proposition 2.4. In Section 3, we prove Theorem 1.5 about the convergence of the height
and the profile of WRT. This is achieved by first proving the uniform convergence of a
rescaled version of the Laplace transform of the profile on a complex domain, which is
the content of Proposition 3.1. This ensures that we can use [29, Theorem 2.1] for the
convergence of the profile. This convergence provides a lower-bound for the height of
the tree; we then prove a matching upper-bound to obtain asymptotics for the height.
We also prove Proposition 3.16, which identify the asymptotic behaviour of the height of
the tree in the case where the weights increase very fast.

Then we switch to studying a sequence (P,),>1 of preferential attachment trees with
sequence of fitnesses a. In Section 4, we present a proof of Theorem 1.1 and Corollary 1.2
using a coupling between the preferential attachment process with a sequence of
Pélya urn processes and this establishes that (P,,),>1 can also be described as having
distribution WRT(w?) for a random sequence w?; we then prove Proposition 1.3 which
relates the properties of w? to that of a. We finish the section by stating and proving
Proposition 4.2 which states that the sequence (M2) defined in (1.5) as some random
multiple of (W?2) is a Markov chain. In Section 5, we identify in Proposition 5.1 the
distribution of the chain (M?2) for particular sequences a using moment identifications.
We then present two applications of this result, one concerning a model of Pélya urn
with immigration and the other concerning another model of preferential attachment
graphs, in Proposition 5.5.

Some technical results can be found in Appendix A.

2 Measures and degrees in weighted random trees

In this section, we work with a sequence of trees (T,),>1 that has distribution
WRT (w) for some deterministic sequence w. We start with two statistics of the tree
that are quite easy to analyze, namely the sequence of degrees of the vertices of the tree
and also some natural measures defined on the tree.

2.1 Convergence of the degree sequence

We start the section by proving convergence for the sequence of degrees of the
vertices in their order of creation in the WRT model. We suppose here that the sequence
of weights w is such that there exists constants C' > 0 and 0 < v < 1 for which

Wi ~ C-K. (2.1)
k—o0

We write deg{ (ux) for the out-degree of the vertex uy in T,. For a fixed k > 1 remark

that, as a sequence of random variables indexed by n > 1, we have the equality in

distribution

i=k ‘

n—1
(deey, (uk))nzl @ (Z 1{Ui<“’k }) ’ (2.2)
B n>1
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with (U;);>1 a sequence of independent uniform variables in (0,1). With this description
of the distribution of the degrees of fixed vertices, only using some law of large numbers
for the convergence and Chernoff bounds for the fluctuations we obtain the following
result.

Proposition 2.1. For a sequence of weights w satisfying (2.1), the following holds.

(i) We have the almost sure pointwise convergence

1

n— (=7 . (deg_‘r"n (u1), deg-}: (u2),...) n:; m

'(’LUl,'lUQ,...). (23)

(ii) If the sequence furthermore satisfies wy < (k + 1)7*1“'*0(1) for some constant
0 < ¢ < 1—+, then there exists a deterministic function of k which goes to 0 as

k — oo, also denoted o(1), such that all n large enough, we have for all k > 1
degf, (ux) < n'™7 - (k4 1)), (2.4)

and the convergence (2.3) holds almost surely in the space (P for all p > ﬁ
Proof. To prove (i), first remark that for any & > 1 such that wy # 0, thanks to (2.1), we
have

nt Wi Tlli7

— 0~ Wg -

= Wi n—oo Fo(i-9)
Using a version of the Borel-Cantelli lemma (see Lemma A.1 in the appendix), we get
that almost surely

. n—1 n—1 Wi nl_,y
= =

and hence n=(=7) - deg{ (uy) — T %5¢- For the indices k for which wy = 0, we of course

have deg{ (ur) = 0 almost surely for all n > 1, and so the convergence also holds. This
finishes the proof of (i).
For the second part of the statement, we first compute

n—1 n—1
_ W
exp (;I{Uﬂ;"v’j})} _g<l+( 1)W1)
< exp <(6 — Dwg i: V;) ;

E [exp (deg,}: (uk))} =K

i=k

where we have used the inequality 1 + = < ¢®*. Now let C’ be a constant such that
for all n > 1, we have Z;L:_ll Wl, < C’ - n'~7 (such a constant exists because of the
assumption (2.1)). For all k£ > 1, we introduce the following

& = max (20’(6 — Dwy, k771 10g2(k + a)) ,

where the real number a > 0 is chosen in such a way that the function z — 27~ log(z + a)
is decreasing on (0,00). Using the definition of C’ and of &, together with Markov’s
inequality, we get that for any integers k£ and n such that n > k

n—1
1
P (degf, (ur) > & -n'7) <exp <_5k ' (e = Dwg Y >
i=k

W
< _1 I—y
<exp|—5 & :

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 12/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

Using a union bound and the fact that deg;fn (ux) = 0 for any k > n, we get that for all

n>1,
- 1
P (Hk >1, deg;rn(uk) > & nl_“’) < Zexp (—2 & -n1_7>
k=1
- 1 —17..2 -
< exp —§~kV log“(k+a) -n 7
k=1

1
<n-exp (—2 log®(n + a)) .

The last display is summable over all n > 1 and hence using the Borel-Cantelli lemma,
we almost surely have for n large enough

vk > 1, deg;r”(uk) <nlTY &

We can conclude by noting that under our assumptions we have &, < (k + 1)7*1“’*0(1).
The convergence in (* for p > ;—— is just obtained by dominated convergence using
the componentwise convergence (2.3) and the /? domination (2.4). O

2.2 Convergence of measures

The goal of this section is to prove Theorem 1.7, which concerns the convergence of
the sequence of weight measures (11,,) seen as measures on U. One of the key arguments
is the fact that the weight of the subtree descending from a fixed vertex can be described
using a generalised Pélya urn scheme, as studied by Pemantle [43]. We also prove
Proposition 2.4, which states the weak convergence of other measures.

Time-dependent Pdlya urn scheme. We start by describing an urn process, following
Pemantle [43]. Let a,b be two non-negative real numbers, with a +b > 0, and k£ > 1 be
an integer and (s, ),>k+1 be a sequence of non-negative real numbers. We refer to the
following process as a time-dependent Pdlya urn starting at time & with a red balls and b
black balls and weight sequence (s,,)n>k+1:

o At time k, the urn contains « red balls and b black balls?.

e Then at every time n > k + 1, a ball is drawn at random and replaced in the urn,
along with s,, additional balls of the same colour.

For any n > k we call R,, the proportion of red balls in the urn at time n. We can easily
check that (R,,), >\ is a martingale in its own filtration, with values in [0, 1]. As a result,
it converges as n — oo a.s. and in L! towards some random variable R..

Characterization of the convergence of probability measures over U. Recall
from the introduction the definition of the Ulam-Harris tree U = [J;- ,IN" and its
completed version U = UUJU, which is endowed with the distance d**P defined in (1.11).
Recall that (U, d**?) is a separable and complete metric space.

For any u € U, we write T'(u) := {uv | v € U} the subtree descending from u. In U
there is an easy characterisation of the weak convergence of sequences of probability
measures defined on the Borel-o-field associated to d**P, which a direct consequence of

the Portmanteau theorem (see e.g. [6, Theorem 2.1]):

2Those numbers of balls are not required to be integers.
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Lemma 2.2. Let (7,),>1 be a sequence of Borel probability measures on U. Then
(mn)n>1 converges weakly to a probability measure « if and only if for any v € U,

mm({u}) = 7({u}) and 7, (T(u)) = n(T(u)) as n — co.
We provide a proof of this lemma for completeness.

Proof. We can check that the sets of the form {u} for u € U, or T'(u) for v € U, are clopen
(closed and open) for the topology generated by d**, so by the Portmanteau theorem
this already proves the “only if” part of the lemma. Now reciprocally, suppose that the
condition on (m,),>1 is satisfied. We can check that every open set O can be written as
a countable disjoint union of these clopen sets (see for example [49, Lemma 1.2] for a
similar statement for the topology of 9U), which we write O = | |,~; Ox. Then, using
Fatou’s lemma and the o-additivity of measures we get B

liminf 7, (0) = lilnl}iorgf kz T (Ok) > Z hm 1nf Tn(Ok) = kz m(Of) = w(0)
—1 =1

n—oo

We conclude using the Portmanteau theorem again. O

2.2.1 Proof of Theorem 1.7.

We apply the criterion given in Lemma 2.2 to our sequence (i, ),>1, which, we recall,
is defined in such a way that for all n > 1, the measure u,, charges only the vertices
{u1,uz,...,u,} of the tree T,,, and such that for any 1 < k <mn,

i ({wr}) = 57 (2.5)

Proof of Theorem 1.7. We can already see that if (W,,),>1 is bounded and hence con-

verges to some W we have pi,({ux}) — 7% as n — oc. In this case it is easy to verify

that (u,) weakly converges to the measure p which is such that p({u}) = 7= for all
k>1and u(U\ {u,us,...}) = 0. In this case p(U) = 1 and so p is carried on U.
From now on, we assume that W,, — oo as n — oo and show that in this case,

ltn, converges weakly to some limit y that is carried on QU. In this case we have
pn({ur}) = 7= — 0 as n — oo. We denote for every integers n,k > 1,

M) = (T (ur)),

the proportion of the total mass above vertex u; at time n. Remark that this quantity
evolves as the proportion of red balls in a time-dependent Pdlya urn scheme with weights
(w;)i>k+1, starting at time k£ with Wj,_; black balls and w, red balls. Hence for all & > 1,
the sequence (M,(Lk))nzk almost surely converges to a limit Méf). Also, for any u € U such
that u ¢ {u1,us, ...}, the sequence (1, (T(u)))n>1 (and also (u,({u}))n>1) is identically
equal to zero. Hence we have convergence of (u,({u}))n>1 and (u,(T(w))),>1 for all
ue U.

The last step in order to prove the weak convergence of (u,),>1 is to prove that the
quantities that we obtain in the limit indeed define a probability measure on U. If for all
u € U we have .

lim g, (T(u)) = z_:nlgréo i (T (ud)), (2.6)

n—00

then it entails that u,, — u, where p is the unique probability measure on U such that
n—oo

forallu € U,
p({u}) =0 and p(T(w) = lim p,(T(u)).

n—roo
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The existence of such a measure p is ensured by the Kolmogorov extension theorem on
the product space 9U = NV,

For any u ¢ {uj,us,...}, the equality (2.6) is immediate, so we focus on proving it for
all u for k > 1. For any n,k,i > 1, let

MED = o (fun)) + D7 (T (urg)) = o (D)) = 3 o (T (urf))
j=i+1 i=1

Using the right-hand-side of the last display, and the fact that we already proved the a.s.
convergence of the sequences (1, (T (v)))n>1 for all u € U, we know that for any k, i, the
quantity M,(L’“) almost surely converges as n — oo to some limit Méf’z). Proving (2.6)

then reduces to proving that for any £ > 1, we almost surely have Méf %) — 0. By
71— 00

construction, the sequence (Méf’i)),-zl is non-negative and non-increasing, hence it
converges almost surely, so it suffices to prove that its almost sure limit is 0.

We define (%)) := inf {n >1|wu, =ugi}, the time when the vertex u; receives its
i-th child in the growth procedure. Conditionally on the event {T(k’i) = t}, the process
(M,(Lk’i))nzt evolves as the proportion of red balls in a time-dependent Pélya urn scheme,
starting at time ¢ with wy, red balls (that correspond to the weight of uy) and (W; — wy,)
blacks balls (that correspond to the total weight of other vertices in the tree), and
weights (W, )m>¢+1. Hence we have

B [MED | 700 = o] =B [ | 700 =] = ZX.
Wi
On the event {7(¥") = oo}, we have M\ = 0 for n < k and M = p,,({ux}) for

n > k, which decreases almost surely to 0, so Méff’i) = 0 a.s. on that event.
Using the crude bound 7(k9) > which entails that W_.»y > W; almost surely, we get

ki) _ ki _ (ki) _ Wk
B 2] = B (M1 1y = B [ ] =B [t
Wy
<— =0
- Wi 71— 00 ’

hence Méf’i) — 0in L', so its almost sure limit is also 0. In the end, by Lemma 2.2,
11— 00

the sequence of measures (u,,) almost surely converges weakly to a limit x, and this
measure only charges the set JU.

We just finished proving that, for any sequence of weight w, the sequence (1,,)n>1
almost surely converges weakly to a probability measure p. Furthermore, we proved
that u is carried on U when (W,,) is bounded and carried on U when W,, — co. The
proof is then finished by applying the lemma stated below. O

Lemma 2.3. Suppose that ) .~ w, = oo so that u is carried on OU. Then either

2 2
> <;‘[’,“ ) < oo and then y is almost surely diffuse, or > -, ({}”V“ ) = oo and then p

is carried on one point of OU.

Proof. For any k > 1 the process (u, (T (ux))n>k evolves as the proportion of red balls
in a time-dependent Pélya urn started at time k& with w; red balls, W;_; black balls
and a weight sequence (w,)n,>k+1. By the work of Pemantle in [44], if we assume

2
S (%) = oo then the limiting proportion (7' (ux)) almost surely belongs to the

set {0, 1}. This translates into the fact that u(7'(u)) € {0, 1} almost surely for any u € U,
which entails that i is almost surely carried on one leaf of OU.
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2
On the contrary, we now assume that > (;”V—) < oo and prove that this entails

that the limiting measure 4 is diffuse almost surely. Consider the function (‘A-) : UxU —
U which associates to each couple (u,v) their most recent common ancestor u A v in
the completed tree U. This function is continuous with respect to the distance d**.
Then, since u,, — p almost surely weakly, we also get the following almost sure weak
convergence of the push-forward of the product measure pu,, ® 11, on U x U by the function

(A
(A D)slpin @ prn) = (A )u(p @ p). (2.7)

We fix n > 1 and conditionally on (T;,Ts,...,T,), let D,, and D/, be two independent
vertices taken under p,. Then, an argument taken from the proof of [12, Lemma 3.8] in
a slightly different setting ensures that

P (D, A D!, =uy) = (%)2 ﬁ (1_ (‘140/2)2)

i=k+1

2 o] 2
Wi, Wi
— o= () - [[ [1-(%) |-
E—so0o0 pk) (Wk) i:k-l—l < (Wl) )

2
« with probability (W—) , we have D,, = D/, = D, A D', = uy,

The argument goes as follows:

2
* with probability 1 — ({j{,ﬂ) , it is not the case, and we can check that conditionally
on this event, the vertices [D,,|, _, and [D},], _, defined as the most recent ancestor
in T,,_; of respectively D,, and D/, are independent and taken under the measure

fn—1, and that D, A D), = [D,],, _, A [D;,]

n—1°
It suffices to then apply this in cascade to get the last display.

2

Note that thanks to the summability condition, the infinite product HZ’; (1 — (%) )
is non-zero, and this suffices to ensure that the obtained sequence (py)x>1 is a probability
distribution. Thanks to the weak convergence (2.7), it corresponds to the (annealed)
distribution py = P (Do A DL, = uy), where D, and D/ are two independent points

taken under the measure (, conditionally on (T, ),>1. Now we can write

P (d™P(Do, D) < €*) =P (ht(Dos ADL) 2 k) < > pi,
i=k+1
where the inequality is due to the fact that the vertices ui,us,...,u; have a height
smaller than k. Hence P (d”P(Du, DL.) =0) < limjyoo P (d™P(Doo, Do) < e7F) = 0.
So, almost surely, two points taken independently under p are different, and this ensures
that p is diffuse. O

2.2.2 Convergence of other sequences of measures.

In the last part of this section, we study two other sequences of measures (7,,) and (v,,)
carried on the Ulam tree U. For every n > 2, these measures only charge the vertices

{u1,uz,...,u,} in such a way that for any 1 < k < n,
by + degi (ug) 1
=——n 7 and =—
M ({ur}) By +n—1 vn({ur}) n
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where (b,,),>1 is a sequence of real numbers such that b; > —1 and b, > 0 for all n > 2.
We write B, := >, _, by. We suppose that B, = O(n) and that there exists ¢ > 0 such
that b,, = O(n1_€). The assumptions on the sequence (b,,),>1 are chosen such that they
are satisfied by a sequence (a,,),>1 of fitnesses that satisfies (H,) for some ¢ > 0.
2

Proposition 2.4. Under the assumptions ., w, = oo and Y ., (%) < oo, the
sequences (n,),>1 and (v,),>1 converge almost surely weakly towards the limiting
measure p on JU that is defined in Theorem 1.7.

The convergence of the uniform measure (v,),>1 is used in the proof of Theorem 1.5,
and the case of (1,),>1 is mostly motivated by the applications carried out in [51]. The
rest of this section is devoted to proving Proposition 2.4. We treat the two sequences of
measures separately. We use the notation F,, = 0(T1,Ta,...,T,,) forall n > 1.

The degree measure. Consider the sequence (7,),>1 on U. Since the sequence
(Wyn)n>1 tends to infinity, we have 7n,({u}) — 0 for every v € U. Indeed, using the
equality in distribution (2.2) and Lemma A.1 in the appendix, it is easy to see that
either 37, W, " < oo in which case the degrees deg; (uy,) are eventually constant as
n — oo; or Y .o, W' = 0o, in which case we have the almost sure asymptotic behaviour
degf (ur) ~wy - Y0y, W, !. Trivially in the first case and by Cesaro summation in the
second, for all k > 1, we have n~! deg{ (u;) — 0 almost surely as n — occ.

For all k& > n, we keep the notation M\" = tn (T (ug)) introduced in the proof of
Theorem 1.7 and let

Nr(zk) = UWL(T(Uk))-
We can check that

(k) 1

n+l — B 1 +n : ((Bn +n— 1) Ny(zk) + (bn-l-l + 1) ' 1{un+1€T(uk)}> :

Now, using that P (u,11 € T'(ux) | Fn) = MY and that E [Mr(jjr)l ’ ]-"n} = MP, we get

B,+n—-1 X
E |:N(k) _ M(k) ‘ n} _n . N(’f) M(k) _ M(k)
ot ne1 | F Bpi1+n wo Bpy1+n " "
_Butn-1 (Nm _ Mm) ,
Bhy1+n " "

Hence, if we denote Xr(lk) =(B,+n-1)- (N,(lk) — Mﬁk)) then the last computation shows

that (X,(lk)) is a martingale for the filtration (F,),>1. More precisely we can write

n>k

) W,
Xr(ﬁr)l - X’r(Lk) = ((1 + bn+1) - W, 111 (Bn+1 + ”)) . (l{un+IET(Uk)} - M’I(Lk)> ;

Cn

hence we have
2
E X%, - x( ‘ F|=0 and E [(ijﬂl - x) } <
Then, using [18, Chapter VII.9, Theorem 3], we get that if

oo
> nPcl < oo (2.8)
n=~k
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x (k)
then ==
n

case, we can verify that (2.8) holds. Indeed, we have

— 0 a.s. as n — oo, which would prove that Ny(lk) — Mo(f) as n — oo. In our

2
_ _ Wn,
n QCEL =n"2 <(1 + bn+1) W +l (Bn+1 + n))
n+1

2
<n7?%.3 <1+b721+1+ <;U;H(Bn+1 +n)) )
n+1

2
<3072 432, ,n "% + cst- (w’“’l) :
Wn+1
and thanks to our assumptions, each term in the last display is that of a summable series.
In particular, for the second term, this can be proved using the fact that B,, = O(n) and
bpt1 = O(nlfe), through a computation similar to that of (A.4) in the appendix. In the
end, using Lemma 2.2, we have the almost sure convergence

Nn — weakly.

The uniform measure on the vertices of T,,. Consider the sequence (v,,) on U. Fix
k > 1. For any n > k we can write v, (T (uz)) = 2 37 | 1(y,e7(uy)}- Forany i > k+ 1, we

n

have p; := P (u; € T'(ux) | Fi—1) = pi—1(T'(ux)), which tends a.s. to some limit p(7 (ux))
as ¢ — o0o. Using Lemma A.1 in the appendix, we have

Z'{L 1 . oo
=kt L {wi€Tlur)} 1 5. on the event Z Pi =00 p,
D imkt1 Pi o i=k+1

and also
n oo
Z 1{u,er(u,)} converges a.s. on the event { Z pi < oo} )
i=k+1 i=k+1
In both cases we get v, (T'(ur)) — lim;_ oo p; = (T (ug)) almost surely. We also have
n— oo

forany k > 1,

vn({ug}) = 1 — 0 and Vu ¢ {uj,us,... ,Vn > 1, v,({u}) = v, (T(u)) =0,

n n—oo

so we can conclude using Lemma 2.2 that almost surely v,, — u weakly.
n—oo

3 Height and profile of WRT

The main goal of this section is to prove Theorem 1.5 which gives asymptotics for the
profile and height of the tree. Recall that we denote

L,(k):=#{1<i<n|ht(uw) =k},

the number of vertices at height k& in the tree T,. In order to get information on the
sequence of functions (k — L, (k)),>1 we study their Laplace transform

(oo} n
Z ZIL,L(k)ekZ = Ze“‘t(“i) =n / ey, (u), (3.1)
k=0 i=1 v

where the last expression is given using an integral against the probability measure v,
defined in Section 2.2 as the uniform measure on the vertices of T,,. The key result in
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our approach is to prove the convergence of this sequence of analytic functions when
appropriately rescaled, uniformly in z on an open neighbourhood of 0 in the complex
plane. It then allows us to use [29, Theorem 2.1] and hence derive a convergence result
for the profile. We actually start in Section 3.1 by studying the asymptotic behaviour of
the similarly defined sequence of functions

n

z »—>/ eth(“)dun(u) = &e’"ht(“’?), (3.2)
U o Wn

where we integrate with respect to the weight measure pu,, instead of the uniform
measure v, as before. This one is easier to study because for every fixed z € C, it defines
a martingale as n grows, up to some deterministic scaling. Then in Section 3.2, we make
use of this first result and show that up to some deterministic multiplicative constant,
the two sequences of integrals appearing in (3.1) and (3.2) are almost surely equivalent
when 7 tends to infinity.

We fix the value of v > 0 for this whole section. Throughout this section,
we always work under the assumption that ([1,) holds for the sequence w. For
some results, we additionally assume that their exists p € (1, 2] such that the stronger
condition (D?Y) holds, i.e.

2n
W, b cst-n?  and Y wh <p!tOTprel)
" oo n —

1=n

We let ¢ : z +— ~(e* — 1) be a function of a complex parameter z and let z — N,,(z) be
the following rescaled version of the Laplace transform of the profile

Np(z) = n~TEN N, (k)e. (3.3)
k=0

The proposition below ensures that the sequence (z — N,,(2)),>1 converges uniformly
on all compact subsets of some complex domain ¥, i.e. an open, connected subset of C,
to some limiting function z — N4 (z) which does not vanish anywhere on the set Z N R,
along with some more technical statements.

Proposition 3.1. Suppose that the weight sequence w satisfies (L}7) for some v > 0 and
some p € (1,2]. Then there exists a domain 2 C C such that 7 N R = (z_ ,z,) where
z_ < 0 and z4 > 0 are defined as in (1.7), such that the following properties are satisfied:

(i) With probability 1, the sequence of random analytic functions (z — N, (2))n>1
converges uniformly on all compact subsets of &, as n — oo, to some random
analytic function z — N4 (z) which satisfies P (N (z) #0 forall z € (z_,z4)) = 1.

(ii) For every compact subset K C % and r € IN, we can find an a.s. finite random
variable C . such that for alln € IN,

sup [N, (2) — Noo(2)| < Ck(logn)™".
z€K

(iii) For every compact subset K C (z— ,z1), every0 <a < mandr € IN,

sup | e—(1+9() logn/
zeK a
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Under the results of Proposition 3.1 we can apply [29, Theorem 2.1] whose con-
clusions for the sequence (k — L(k)),>1 are the following. For any £ > 0, n > 1 and
z € (z—,z4+), we denote
k — ve*logn

Vyerlogn

Then, for every integer r > 0 and every compact subset K C (z_,z;), we have the
convergence

xn(k;2) =

T

—1z,(k;z 2 - .
- sup sup QZk*(1+¢(Z))10gn]Ln(k) o NOC(Z)e 2 ( ) G] (ln(k, Z), Z) i} O,

kEN z€K V2mlogn = (logn)i/2 n—00

r+1

(logn) ™

where for all j > 0, the (random) functions G;(z, z) are polynomials of degree at most 3
in x and are entirely determined from ¢ and N, with Gy = 1, see [29, Equation (16)] for
their complete definition. The asymptotics (1.8) and (1.9) stated in Theorem 1.5 follow
from the last display. Indeed, (1.8) is obtained by letting » = 0 and z = 0 and using the
fact that N, (0) = 1 almost surely. For (1.9), we let r = 0, and use k = |ve* logn|.

In Section 3.3, we complete the proof of Theorem 1.5 by computing the asymptotic
behaviour of the height of the tree. Since the convergence of the profile already ensures
that there almost surely are vertices at height ye(*+~¢ log n for € > 0 small enough and
all n large enough, it suffices to prove a corresponding upper-bound in order to finish
proving the convergence (1.10) in Theorem 1.5.

3.1 Study of the Laplace transform of the weighted profile

The goal of this section is to study the sequence (z =y V“[j—iez ht(“”) o We give
here a brief summary of the work presented in the section. The results to wﬁi_ch we refer
in the following paragraph are the ones that are later used in Section 3.2 to ultimately
prove Proposition 3.1.

First in Section 3.1.1 we write Y ", e (") = C, (2)- M, (z) for some deterministic
C,(z) and a martingale M, (z). We analyze the behaviour of C,,(z) in Lemma 3.3. Then
in Section 3.1.2 we study the asymptotic behaviour of M, (z) as n — co and we prove
Proposition 3.6 which states that for z in open set ¥ C C, we almost surely have the
convergence M,(z) — My (z) as n — oo, and this convergence is uniform in z on
every compact set and happens at a polynomial speed in n. Lemma 3.5 identifies the
intersection of ¥ and the real line. The main ingredient for the proof of Proposition 3.6
is Lemma 3.7, which concerns the moments of |M,,(z)| and |Mas,(z) — M, (2)|, and this
result is also used in the next section. Section 3.1.3 then aims at showing that z — M. (2)
has no real zero, which is the content of Lemma 3.9.

3.1.1 Definition of M, (z) and C,(z)

The following lemma is the starting point of our analysis. We use the notation F,, =
O—(TlvTQa s aTn)‘

Lemma 3.2. Forall z € C and alln > 1, we have

_ 2 Wn+1 — w 2 ht(u;)
Fal =11 -1 . — .
] ( + (e )WIL+1> Z Wne

i=1

n+1

Z Wy e? ht(u;)
= Wt

E

Proof. Recall that conditionally on F,,, the (n + 1)-st vertex u,4+1 of T,41 is a child of the
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vertex ug, ,,, where P (K, 1 = k | 7,) = . We compute
L n
n+1 W, n
Wi ewu) — W NS Wi Wt et y)
— Wi Wit = W Wit

Taking conditional expectation with respect to F,, yields:

n+1 " W, n W w n W
E 7lezht(ui) F | = n_ 4 6zht(ui) + nt+l oF . 4 62ht(ui)
i—1 Wn+l " WnJrl ; Wn Wn+1 =1 Wn
n
o Wnt1 Wi ht(u;)
=(1+(e—1 ”+). Wi oz .
< ( )WnJrl i=1 Wn
This concludes the proof. 0

Let J be an integer that we are going to fix later on. The last result ensures that if
z € Cis such that Vi > J, 14 (e* — 1)33+ # 0, then we can define for all n > J

n

& w;y 1 w;
Cn(z) :== (1 + (e =1 Z) and M,(2):= —L e ht(w)

and the sequence (M, (z)),>, is a martingale. If J is fixed, then there exist parameters
z with Im(z) = # mod 2= for which the sequence (C),(z)),>, takes the value 0. Under
the assumption ([J,) on the sequence w, we know that % — 0 as n — oo. If we restrict

ourselves to values of z that belong to a set of the form {{ € C | Re(§) < =} for some
x > 0, then

Wn 21—(ea”+1)-ﬂ - 1>0,

n W,, n—oo

>1—1|e*—1]-

‘1+(6Z1);’j

n

hence it suffices to take J large enough in order for the sequence (C,(z)),>; to only
take non-zero values for all z € {£ € C | Re(¢) < 2} and all n > J. In what follows we
work on the set

&={z€C|Rez <z},

where z, is as defined in Proposition 3.1. For technical reasons, we also sometimes
consider the larger set

&' ={2€C|Rez<2z;}.

Using the preceding discussion, we fix J > 1 such that the sequence z — (C,(2))n>s
does not have any zero on &”, so that z — (M, (2)),>, is well-defined for all z € &”.

We introduce the following notation. Let F(z,n) and G(z,n) be two functions of a
complex parameter z and an integer n € IN. For any subset of the complex plane S C C
(we don’t require it to be open nor connected) we write

F(n,z) = Og(G(n,z)) (resp.  F(n,z) = 0s(G(n,z2))) (3.4)

to express the fact that F(n, z) is a big (resp. small) o of G(n, z) as n — oo, uniformly on
every compact K C S. Note that later in the paper, we also use this notation for random
functions of z and n when such a comparison holds almost surely.

Now, we derive some information on the asymptotic behaviour of C, (z).
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Lemma 3.3. Suppose that w satisfies (L,). Then there exists ¢ > 0 and an analytic
function z — ¢(z) on &’ such that

Ch(2) = exp(¢(z)logn + c(z) + Og (n™°)).
Remark that the lemma implies that for any 2z € &, we have

Co(2) ~ e . ?(?)

as n — oo. It is also immediate that E [ZZ:1 e ht(“k‘)} = E[M;(z2)] - Cn(2) satisfies
the same asymptotics up to a constant, as soon as z is such that E [M;(z)] # 0.

Before proving the lemma, we state the following result which follows from elemen-
tary calculus. Its proof can be found in the appendix.

Lemma 3.4. Suppose that w satisfies (LJ,). Then there exists ¢ > 0 such that

+oo 2 n

; <11/IU/ZZ> =0(n"°) and also ; % =vlogn +cst+0(n™°).

Proof of Lemma 3.3. We write Log for the principal value of the complex logarithm. For
n—1

z € C such that |z| < 1 we have Log(1 + z) = > .7, (_12 z". If for every i > J and

z € &', we let

1.9 = Lo (14 - D) - - 5

2
which is well-defined thanks to our choice of J, then |A(i, z)| = Og ((;A", ) > is summable

in 7 and the rest of the series is

oo [e%s} oo ) 2
Zh(m) < Z |h(i, z)| = Og <Z (;"V) ) =0g(n7°), (3.5)

i=n v
for some ¢ > 0, thanks to Lemma 3.4. Then we write

Cr(2) = H (1 + (e* — 1);];) = exp ((ez -1) Z iv + h(i,z))
i : i -

i=J i=J i=

g

S

which yields using (3.5) and Lemma 3.4

Cn(z) = exp ((ez —1)(vlogn + cst+0g (n™°)) + Z h(i,z) — Z h(i, z))
i=J

i=n+1

=exp| ¢(z)logn + (e — 1) - cst + Z h(i,z) + Og (n~°) |,
i=J

c(z)

and ¢(z) is an analytic function of z, which finishes the proof. O

3.1.2 Asymptotic properties of the martingale (1/,(2)),>1.

Note that when the parameter z is a positive real number, the sequence (M,,(2))n>1
is a positive martingale and so it converges almost surely to some limit. In fact, we

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 22/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

\\
~—_
\ 7 o } 7 q=2

/-2
/
/
/

/
f

(@y=2 b)y=3

Figure 1: The boundary of the connected component of ¥, that contains 0, for some
values of ¢ € (1,2], plotted for v = 2 and v = 3.

want to prove that these martingales converge almost surely (and also in L') for the
largest possible range of parameters z. For the rest of Section 3.1 and also in the
subsequent Section 3.2, we assume that the weight sequence w satisfies (L)
for some fixed parameters v > 0 and p € (1,2].

We align our notation with the one used in [10, Theorem 2.2] which states something
similar to our forthcoming Proposition 3.6 for another model, the binary search tree. For
any z € & and ¢ € (1,p|, we let

9(2,q) == ¢(qRez) — qRe(p(2)) — g+ 1 =7(e?™°* — 1 — qRe(e”) +q) — g+ 1.

For any ¢ € (1,p], let ¥, = {z € & | g(z,q) < 0}, and denote

o — U Yy (3.6)

As we prove below in Proposition 3.6, this set ¥ is our set of interest, on which we can
prove that the martingales (M,,(z)),>, converge nicely. Before stating anything about
convergence of martingales, we state and prove an easy lemma about the intersection of
¥ and the real line.

Lemma 3.5. The set ¥ is open and contains the open interval of real numbers I, :=
{r e R|y(xe® —e* +1) — 1 < 0} which contains 0.

Proof. Of course 7 is open as a union of open sets. For any real « we have g(z,1) = 0.

So, if g—g(m,n < 0 then there exists ¢ > 1 for which g(z,q) < 0. Since ig(x,l) =
~v(ze® — e + 1) — 1, the set ¥ contains the interval I, in the statement of the lemma.

Since 3£(0,1) = —1 < 0, we have 0 € I,. O

Note that the interval I, contains the interval (z—, z4+) defined in (1.7) and this will
be particularly important later on for the proof of Proposition 3.1. We now turn to the
next proposition, which justifies our definition of 7.

Proposition 3.6. The sequence of functions (z — M, (z)),>s converges uniformly al-
most surely and in L' towards an analytic function z — M., (z) on every compact subset
of ¥'. Furthermore, for any compact subset K C ¥, there exists a real ¢(K) > 0 such
that almost surely

IMy(2) — Moo (2)] = O (n—dK)) .
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The proof of the proposition follows from the next lemma, together with Lemma A.3,
stated in the appendix.

Lemma 3.7. For any q € (1,p| and z € & we have
E [|M(2)|%] = O (novg%ff”%(l)) . 3.7)
and also
B [|Man(2) = My (2)|'] = Og (n(1- Vol tor 1)) (3.8)

We first prove Proposition 3.6, assuming the lemma and then proceed to prove the
lemma.

Proof of Proposition 3.6. Let K C ¥ be a compact set. Without loss of generality, we can
assume that K C ¥ for some ¢ € (1,p]. Indeed, if that is not the case, by compactness
we can write K C Ule Vg, with & finite and ¢1, g2, .. . & € (1,p], and separately consider
the compact sets

k
K=K\ |J%
=1

i#]
which are such that K; C 7, forj = 1,2,... k.
The convergence result is then an application of Lemma A.3, on the set ¥ with
a(z) = 0 and, say 6(z) = —1g(z,q) > 0. The limiting function is analytic as a uniform
limit of analytic functions. O

Proof of Lemma 3.7. For any ¢ € (1,p] and n > J, we write

Cn(z> > 1 Wn+1 ht
M1 (2) — Mo(2) = Mp(2) [ 2220 1) 4 = Wbl eht(uns),
+1(2) (2) ( )<Cn+1(z) Cryi1(2) Wit

Taking the ¢-th power of the modulus on both sides and using the inequality |a + b|? <
24 (|a|” +[b]7), we get

E (| My11(2) = Mn(2)[]

Cn (Z> K 1 ( Wn+1 ) ! ht( )
_ + 24 B DN R (3.9)
Cri () e ) Bl ]

Using Lemma A.2 in the appendix, we have for any n > J,

< B[|M ()] -2¢ -1

E[[Mnt1(2)["] S B[ Mn(2)|"] + 27 B[|Mpy1(2) — Ma(2)]].
Using the last display and equation (3.9), we get a recurrence inequality of the form
E[[Mnt1(2)] < (1+ an(2)) - B[|Ma(2)["] + bn(2), (3.10)

where

Cn(2)
Cn+1 (Z)

Applying (3.10) in cascade we get

-1

an(z) = 2%

" |Cn+1(z)|q Whtt '

B M ()] < [0+ =) - (E 1M, ()7 + me)) . (3.11)

i=J i=J
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Now notice that from our assumption on the sequence (wy,),>1 we have

q
o Wn+41
_Og(<Wn+1> ) (3.12)

On the other hand, since z € & then qRe z € &’, so we can use Lemma 3.3 to get

3 Wk (qRez)ht(ur)
W,

q

q ::22q 1

1+ (e — 1)713”%?1

Ch(2)

-1
Cny1(2)

an(z) = 2% -1

n+1 n

a
bn(z) = cst - (w"“> NCnp1 (2)| 7 - e1Re5 B

k=1
q
— <;"VN+1 ) - Op (n—q Re(¢(Z))) O (n¢<q Rez))
n+1
_ <wn+1 )q 0 (ng(z,q)qu) _ (3.13)
Wn+1

We conclude using the following lemma which is an application of Holder’s inequality
using the assumption (D?;).

2n ) q
Lemma 3.8. For any q € (1,p] we have Z (;j;) < pl-ato(l)
i=n i

Together with (3.12), this proves that (a,(z)),>1 is summable and so [[;° ;(1+a;(z)) =
Og(1). Also

2n
> " bi(2) = Os (ng<z,q)+og<1)) 7
i=n

and so 3.1 b;(2) = Og (n0V9(=:0+es (1)) Replacing this in (3.11) finishes to prove (3.7).
In order to prove (3.8), we use Lemma A.2 again and write

E (| M2n(2) — Ma(2)|") < 27 z_: E[|Mi1(2) — Mi(2)[]

i=n
2n—1

< Z (ai(z) -Og <nOVg(27Q)+Oé"(1)> + bz(z))

(3.7), (3.9) P

2n—1

q
Z (’LUH—I ) (Og’ (nOVg(z,q)+0g(1)) + Og (ng(z,q)—1+q)) .
Wit

<
(3.12), (3.13)
=n

Using Lemma 3.8 we get E [|Ma,,(2) — M, (2)|] = Og (n(1-9V9(=:a)+os (1)) which finishes
the proof of the lemma. O

3.1.3 The limit M, (z) does not have real zeros

Now that we have proved that their almost surely exists a limiting function z — M (2)
defined on the set ¥/, we are interested in the possible location of the zeros of this
random function. In fact, the function z — M (z) is related to the function z — N (2)
of Proposition 3.1, for which we aim to prove that it has almost surely no zero on some
real interval (z_ , z4) which contains 0. We state a similar result for z — M, (z). Recall
the definition of the interval I, in Lemma 3.5.

Lemma 3.9. The function M. (z) has almost surely no zero on 1.

The rest of Section 3.1.3 is devoted to proving Lemma 3.9. We start by stating and
proving the following weaker statement.
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Lemma 3.10. For all z € I, we have almost surely Mo (z) > 0. As a consequence, the
number of zeros of the map (z — My (z)) on the interval I, is almost surely at most
countable.

Recall from (1.1) the definition of the sequence of independent random variables
(K2, Ks,...) that is used in the construction of the trees (T,),>1. The main argument
in the following proof consists in checking that an event of interest is measurable with
respect to the tail o-algebra for the sequence (K>, K3, ...) and applying Kolmogorov’s
0—1law.

Proof of Lemma 3.10. Fix N > Jand z € I, and foralln > N, let

n
(N) () = Wi zd(u;Tx)
MM (2) = o) ; Wne ,
where d denotes the graph distance in U, and the distance between a vertex and a subset
of vertices is defined the obvious way. The idea behind the introduction of (Mr(LN)(z))nZ N
is that, up to a positive multiplicative constant (i.e. a deterministic constant that depends
on N and z but not on n), it has the same distribution as the sequence (M, (z))n>7
associated to the growth of the tree that one informally obtains by contracting all the
vertices {u1,usg,...,un} into one. The growth of such a tree can be described as that
of a weighted recursive tree with weight sequence (Wx, wn1,Wn+2, ... ), which shares
the same asymptotic property (L)) as the original sequence (Wp)n>1-
We claim the following:

(i) Due to the above remarks, (MfLN)(z))nz ~ is a positive martingale that satisfies
the same assumptions as (M, (z)),>n so it converges a.s. and in L' towards a

non-negative limit, MéoN)(z), thanks to Proposition 3.6, which we can apply here
because z € I, C 7.

(i) We have (1 A e*)N MM (2) < M, (2) < (1V )N MM (2).

(iii) The sequence (MéN)(z))nzN, hence also its limit MCECN)(Z), is independent of the NV
first steps of the construction, and is hence a measurable function of the sequence
(Kn)nZN—I-l-

Using all these observations we deduce that for any N > J we have the equality of
events { M (z) > 0} = {MéCN)(z) > 0}. This proves that { M (z) > 0} is measurable with
respect to the tail o-algebra generated by the sequence (X,,),>2, which is a sequence
of jointly independent random variables. Kolmogorov’s 0-1 law then ensures that this
event has probability 0 or 1. By L' convergence we have | [M,(z)] = E[M;(z)] > 0 and
this proves that P (M (z) > 0) = 1. It follows immediately that the limit z — My (z)
can only have finitely many zeros in any compact subset of I, almost surely, because
otherwise, by analyticity of z — M. (z) on the connected component of ¥ that contains
I, the function would be identically 0 on I, with positive probability. This ensures that
the total number of zeros in I, is at most countable and finishes the proof. O

Now, in order to prove Lemma 3.9, we use an argument of self-similarity: essentially,
if we take two vertices u; and u; in the tree, then conditionally on the sequences of
vertices that are respectively added above u; or above u;, the subtrees above u; and
u; evolve as two independent weighted recursive trees. Using Proposition 3.6 and
Lemma 3.10, the normalized Laplace transform of the weighted profile of each of those
two subtrees should almost surely converge to some random analytic function on 7,
which is non-negative on I, and has at most countably many zeros on this interval. Since
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the two are independent, their zeros should not overlap and hence the sum of their
contribution should result in a function that is positive on I,.

Proof of Lemma 3.9. Let us formalise this line of reasoning. First, recall from Theo-
rem 1.7 the definition of the measure y on OU and the fact that under our assumption ()
for the weight sequence w, it is almost surely diffuse. This allows us to define

I =inf {i > 1| w(T(u;)) € (0,1)}
and
I® =inf{i > I | u; ¢ T(uz,) and p(T(us)) € (0,1)},

and those two random variables are almost surely finite.

Consider the sequences (l{u eT(u (‘))}) for j € {1,2}, which record the times
n 10 1

n>
when a vertex is added to T'(u;u)) or T(uje)). We work conditionally on those two

sequences for the rest of the proof. For j € {1,2}, we define
n
=1, ND =Y 1ger,y  and Vel n =it {n=1| NO =k},
€T (uy
i=1

which record respectively the number of vertices among {uj,us,...,u,} that are in
T(u;)) and conversely, the k-th time where a vertex is added to T'(u;(;)) in the construc-
tion of (T,,),>1. We let w,(j) = w, )y and W,Sj) =3 w,(j), and also u,(j) =G We
also define for k > 1
Téj) = {U eU ‘ UrHU € TTli_i)} >

the subtree hanging above u;(;) at the time where it contains exactly k vertices (trans-
lated to the origin in so as to be considered as a plane tree).

Let us state the following intermediate result, which we prove at the end of the
section. Note that the random sequences (N\)),>1, (7)1 and (w(?),>; for j € {1,2}

can be read from the two sequences (1{u eT(u (}))}> for j € {1,2}.
n 77 nzl
Lemma 3.11. The following holds.
(i) Forj € {1,2}, we almost surely have N ~ w(T (uzih)) - n.

n—

(ii) Forj € {1,2}, the sequence (w,(cj))kzl satisfies ((0F) almost surely.

(iii) Conditionally on the two sequences (l{u eT(u (1))}) and (l{u eT(u (2))}) ,
" I n>1 " I n>1

the sequences of trees (Tg))kzl and (Tgf))kzl are independent and have respective
distributions WRT ((w\")>1) and WRT((w{*)x>1).

Recall the discussion before Lemma 3.3. For j € {1,2}, let J) > 1 be the smallest

. ()
integer such that for all k > 1) and for all z € &” we have 1+ (¢* — 1), 55 # 0. Then we
k
can define for k > J),
k() . k (7)
i 1 w; €)] i w,
M,i])(z) = — Z iz d(u;) ) with C,gj)(z) = H (1 +(ef —1)—- ) .
C;ij)(z) i=1 W/SJ) i=J @ Wi(j)

These processes are the martingales associated to the weighted profile of the trees
(T,(j))kzl for j € {1,2}. Thanks to Lemma 3.11(iii) those trees have respective distribution

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 27/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

WRT((w,g))kzl), for j € {1,2} and thanks to Lemma 3.11(ii), those weight sequences
satisfy ([JF) almost surely. This allows us to apply Proposition 3.6, which entails that for

j € {1, 2}, the sequence of functions (z — Méj)(z))kZJm converges almost surely to an
analytic limit z — Méé)(z) on the set 7. Now we can write, for n sufficiently large

1 " w;
Mn _ v zht(u;)
(2) AEPS Woe
W ()W @, (2)- W
NV N ont(un 1 NS N& ht(u 2
> G, M G G, e M ()

(3.14)

Using Lemma 3.3, we have almost surely for j € {1, 2},
o9 (2) = exp(qS(Z) log k + ¢\ (2) + oéa(1)) as k — oo.

Using the asymptotics N9 = w(T(uri)) -n- (14 0(1)) from Lemma 3.11(i) we get

— 00

o)

01 (2) = exp (6(2) og n -+ 6(2) log (T (ug))) + V) (2) + 0s(1))

From the a.s. convergence of the sequence of measures (i, ),>1, see Theorem 1.7, we
also get
(7)
Wi
W’!L
which entails that for j € {1, 2}, uniformly on all compact subsets of &, we have the a.s.
convergence

= (T (o)) = #(T(wr)) >0,

W(j) C(j) (2)

e oy e M) = () - exp (6(2)og((T (g ) ¢ (2) = ef2))

where the limiting function z — A;(z) is analytic and only takes positive values on & N R.
Then, for any z € ¥ N R, taking the limit n — oo in (3.14) yields

Moo(z) > P m) A (2) - MO (2) + 2Pt @) - Ay (2) - M) (2).

Now, thanks to Lemma 3.10, the function z — M(%)(z) can only have at most countably
many zeros on [, C ¥ N R and for any z € I,, we have Mg)(z) > 0 almost surely.
Then, if we condition on the location of the zeros 21,25 ... of Méé) on I,, since Még) is

independent of z1, z5 ..., we have Méf)(zl) > (0 for all 7 > 1 almost surely. Hence M, has
almost surely no zeros on I,. O

We now prove Lemma 3.11, which we used in the preceding proof.

Proof of Lemma 3.11. Point (i) follows just from Theorem 1.7 and Proposition 2.4 and
the fact that for j € {1,2} we have N = vy (T(urG)))-
We now prove (ii). In order to do that, we first prove that for j € {1,2}, we have

pn(T(urn)) e p(T(ur))  and 79 g (T (ugn)) ™t - n. (3.15)

n— oo
We conclude from here: using the fact that w satisfies (0,), we get
W9 =W - (T(upn)) 0 est-(r) - u(T(upwn)) < eston?,
Tn Tn n—oo n—oo
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with a positive constant. We also have

()

2n ‘ Ton
Yoy = Z w )" < 2 w?.
k=n (J)

e
Because of (3.15), we have the following almost sure convergence (j) —2asn — oo,
()

hence almost surely for n large enough we have T(j ) <4ty

, SO
7_25:1) 47_(1') 27.(3') 47.(1')
S b < Z W< S b+ Z WP < (7D HE=Dr() | (97())1+(G=Dpto()
= = =) imar)

< pltO=bptoe()

where in the two last inequalities we used the fact that w satisfies (L)) and the almost

sure linear growth of T, (3) ensured by (3.15).
So it remains only to prove (3.15). Recall the proof of Theorem 1.7. For all k£ > 1 the
process (un (T (ug)))n>k is @ martingale and almost surely we have

Wn 41 Wn+41
‘/jfn+1(T(uk)) - ;ufn(T(uk))l = Wn-i—l : ‘1{7Ln+16T(Uk)} - Nn(T(uk))| < Wn—‘,—l.

Using successively Lemma A.2 and then Lemma 3.8, where the latter applies because w

satisfies (D’;), we get

B [ pion (T (ur)) — pn (T (u)) "] < 2P - i (;/{)p _ O(nl—p—i-o(l)) _

1=n+1

Using then Lemma A.3 with ¢ = pand @ = 0 and § = (p — 1)/2, we get that, for some
tn (T (ur)) — p(T(ug))| = O(n~°) almost surely. Since this is true almost surely
for all k > 1, we use it with k& € {I(V) T(®}. As by definition for j € {1,2} we have
w(T (uziy)) > 0, we conclude that p, (T (u;i))) e w(T(upi))-

Then, for any k > 1, consider the process (nv,(T'(ux)) — > i)y Mz(T(Uk)))n>k It
is easy to verify that this process is a martingale in its own filtration and that its
increments are bounded by 1. Using again Lemma A.3 with ¢ = 2 and a« = 1 and
§ =1, we get that ™! nuy, (T'(ur)) — Yo7 1i(T(ug))| = O(n=°) for some € > 0. Using
again that for j € {1,2} the value u(T(u;)) is almost surely positive, we can write
N = nvp (T(upe))) el w(T(uri)) - n. Using the definition of 7, we can check

that this entails that /) w(T(uyi)))~! - n almost surely. This concludes the proof
of (3.15) and so, (ii) is proTCZ?f.

We now prove (iii). For any k > 1, we consider the sequence (1{y,er(u,)}), >, that
encodes the labels of the vertices above u;. Note that the limiting mass (T (uz))
can be computed from that sequence. Now, we sequentially reveal the sequences
(1{un€T(u1)})n21 , (1{un€T(“2)})n21 ey (1{uneT(uk)})n21 , ... until we get to a k for which
u(T(uy)) € (0,1). By definition, the first index k for which it happens is k = IV,

Then we continue revealing the sequences (1{y,ecr(u)}), s, for k& > IV but only
for the k’s such that u; ¢ T(u;0)) until we get to a k for which u(7T(uy)) € (0,1). By
definition, this second index k is k = I(?). Remark, and this is the key in this argument,
that after determining /) and 7(® in this way, the only information that we have about
T(ury) and T'(uze ) is the list of labels of the vertices that belong each of them (and the
position of u;) and ujy)).
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Now, conditionally on all this information, it is straightforward to see from the
attachment dynamics that for any j € {1,2}, when the (i + 1)-st vertex attaches

above uj;) at time T»(] )1, the label KT(j) of the vertex to which it attaches is cho-

v 141
sen among 7-1(]),7—2(] ). ..Ti(] ) with probability proportional to their respective weight
W_(5), W Gy W_(5), independently for different choices of i > 1 and j € {1,2}. This
1 2 [3
ensures that those trees evolve as independent weighted recursive trees and finishes

the proof of (iii) and hence that of the lemma. O

3.2 From the weighted to the unweighted sum.

Now we want to transfer these results of convergence to the Laplace transform
of the “true” profile. Recall from (3.3) the definition of the sequence of functions
(z = N,(2))n>1. We still assume until the end of Section 3.2 that w satisfies (OF) for
some vy > 0and p € (1,2].

We introduce the following quantity, for n > J,

Xo(2) = n!T9G) N, (2) — € i Cr(2)My(2)
k=J

n n—1 k
= zht(us) _ 2 Wi 2 ht(us)

i=1

The goal of this subsection is to show that the quantity X, (z) is negligible as n — oo
compared to any of the two terms in the difference, for z contained in some subset of the
complex plane. This way we transfer the asymptotics that we have proved for M, (z) and
Cn(z) in the last section to asymptotics for N, (z), which is the quantity that we want to
study in the end. We start by stating and proving a lemma.

Lemma 3.12. The process (X,(2)),> ; is @ martingale with respect to the filtration (F).
Furthermore, for all g € (1,p],

E[|Xon(2) = Xa(2)["] = O (n! @ Ree@)Volae ) ros 1))

Proof. This process is of course (F,)-adapted and integrable. For the martingale prop-
erty we compute

E[Xn1(2) | Fol =E [Xn(z) —e*Ch(2)M,(2) + e? ht(uni1) ‘ ]:n}

= X, (2) — €2C(2) M (2) + € %gzht(w) = X, (2).
i=1 "

For z € & and ¢ € (1,p], we make the following computation, using Lemma 3.3 and
Lemma 3.7,
]

=7 <€qR”Cn(Z)|qE (1M, (2)] ] + €77 "

E [|Xn+1(z) - Xn(2)|q] =E H_eZCn(Z)Mn(Z) + eth(u%‘Fl)

Z %eht(ui)q Re z] )

i=1
— O (nq Re ¢(z)+0\/g(z,q)+og(1)) 4 0. (n¢(q Rcz))

=Og (nq Re ¢(2)V(qRe ¢(2)+9g(2,q))Ve(qRe Z)-‘r()g(l))
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and the last exponent reduces to ¢Re ¢(z) V ¢(qRez) because (¢Re¢(z) + g(z,q9)) =
?(qRez) +1—¢q < ¢(qRez). Hence, using Lemma A.2, we get

2n
E[| Xan(2) — Xn(2)|9] < 29 ZE [1Xis1(2) — Xi(2)|7] = O (nlJr(qRe(¢(z))v¢(qRez))+og(l)> ,

which finishes the proof of the lemma. O

Recall the definition of z; and z_ in (1.7). We define the domain Z to which we refer
in the statement of Proposition 3.1 as the connected component of

¥ N{ze€C|1+Re(p(z)) > 0}

that contains 0, where 7 is defined in (3.6). In this way, Z is a domain of C and
2NR = (2_,24). Indeed, first, 2 is open and connected by definition. Then re-
call from Lemma 3.5 that N R contains I, = {z € R|1+~(e® —1—ze”) >0} an
open interval which contains 0 and has z; as its right endpoint. Now just check that
{z € R |1+ Re(¢(z)) >0} = (2 ,00) and that z_ € I,.

For technical reasons, we also introduce the following subset of C, here identified as
R xR,

D" = (2_,2z4) x (0,2m),

on which the process (z — M,,(z)),>s, and hence also (z — X,,(2)),>s, are well-defined.
We further decompose 2’ into a union of open sets

9 = U 2, where 7, ={z¢€2'|g(Rez,q) <0}.

1<q<p
Lemma 3.13. The following holds.

(i) For all compact K C 2 there exists e(K) > 0 such that almost surely
n~(+Re4() X, ()] = Ok (n—e(K)) _
(ii) For all compact K C &', there exists ¢(K) > 0 such that

n—(1+6(Re2)) . — Ok (nfeuo)

i=J

(iii) For all compact K C &', there exists ¢(K) > 0 such that almost surely

n-(HoRe2) 1 x ()| = Ok (n—e(K)> .

Proof. We start by proving (i). For that, we first prove that the statement holds for all
compact K C ¥ N{z € C|1+ Re(¢(z)) > 0} hence that will also be the case for K C 2.
First, we use the same compactness argument as in the proof of Proposition 3.6 to
ensure that it suffices to prove the statement for compact sets K such that K C #; N
{z € C |1+ Re(é(z)) > 0} for some g € (1,p]. Then, for such a compact set K, the result
is ensured by an application of Lemma A.3 on the open set #;N{z € C | 1 + Re(¢(z)) > 0}
with a(z) = 1+ Re(¢(z)) > 0 and 6(z) = min(q — 1, —¢g(z,¢)) > 0, which we can apply
thanks to Lemma 3.12.

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 31/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

We now prove (ii). For any ¢ € (1, p], thanks to Lemma 3.7, on the open set 7, C &
we have E [|Ma,(z) — Mn(z)|Q] _ O@fl (n(l—q)\/g(zﬂ)-i-o%(l)) and

9(2,9) = q(¢(Rez) — Re ¢(2)) + g(Rez,q).
N——

>0 <0

Applying Lemma A.3 for the sequence of functions (z — M, (z)),>, on any compact
subset K C 7, with a(z) = ¢(Rez) — Re¢(z) > 0 and 6(z) = min(—1 + ¢ + g(¢(Re z) —
Re(4(2))), —g(Rez,q)) > 0 yields:

n—¢Re2)+Re ¢(2) Mn(Z) = Ok (nfe(K)> .

Using the estimates of Lemma 3 3, we have |C,,(z)| = Ok (nf°?®)), and so |C;(2) M;(z)| =
OK( (Rez)— e(K)) Hence Z |C (2)M;(z)| = OK( 0v(1+¢(Rez)— e(K))) which finishes the
proof of (ii).

Last, in order to prove (iii), we use Lemma A.3 on %, for the sequence (z — X,,(2))n>s
with a(z) = 1+ ¢(Rez) > 0 and 6(z) = min(—14+¢+q(¢p(Rez) —Re(é(2))), —g(Re z,q)). O

In order to conclude, we also need the following lemma, which is a direct consequence
of Lemma 3.3.

Lemma 3.14. For any compact K C & N{z € C |1+ Re(¢(z)) > 0}, there exists ¢(K)
such that

ec(2)
n= 1) LS 02
oo

Proof. On any compact K C & N{z € C |1+ Re(¢(z)) > 0}, using Lemma 3.3 we write
C’,L(z) — ec(z) . nff’(z) . (1 + OK (nfe))’

= Ok (n_E(K))

so that

n—1 n—1 n—1

Z Ci(z) = e“*) . Z i) 4 ecl2) Z %) O (i7°)

i=J i=J i=J

() p1+6(2)
= S (14 Ok (7)) + O (M=),
T3 (LT Ox())+0x

where in the second line, we use the fact that inf,cx (1 + Re¢(z)) > 0, and we define
e(K) :=eAN1Ainf,cx(1+Reg(z)). This proves the lemma. O

We can now prove Proposition 3.1.

Proof of Proposition 3.1. We start by proving simultaneously that for any z € 2, we
almost surely have
N i N eerc(z)
~l(2) = llm N,(z) = ——F— -
() 1= lim No(2) = 15
and also that both points (i) and (ii) of the proposition hold. Let K C & be a compact set.
For z € K, we write

Moo(z), (3.16)

eerc(z) B
Nal#) = gy Mee3)| < [n 70X (2)
_(146(2) zz":C u ez te(2) M
n e i\Z i\Z) — < M2
D CHlME) = Ty M)
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The first term is Ox (n*E(K)) thanks to Lemma 3.13(i). For the second one, we re-
write the term M;(z) appearing in the sum as M;(z) = My (2) + (M;(2) — Moo (2)), then
re-arrange the terms and use the triangle inequality to get the following upper-bound

Ok (n<)
| Moo (2)] - €] - n~(1+6(2)) | ZC C(z)‘
(1+¢(2))
n—1
+n WFROE) 62|y 7 |Ci(2)] - [Mi(2) — Moo (2))].
i=J

OK(Z'Re d)(z)fe(K))

In the above display, we used Lemma 3.14 for the first term and then Lemma 3.3 together
with Proposition 3.6 for the second term. Note that here we slightly abuse notation
and use the same symbol ¢(K) for different positive quantities. In the end, the whole
expression is O (n~“(%)), for yet another value ¢(K) > 0. From (3.16), it is clear that
the limiting function z — N (z) is analytic and has almost surely no zero on (z_ ,zy)
because of Lemma 3.9. For (iii), we prove the stronger statement: for any compact
subset K C (z—,z4) and 0 < a < 7, there exists (K, a) > 0 such that almost surely,

Ze(x+zn) ht(u;) O(n—e(K,a)) ]

i=1

sup sup n-(1+o@)
zeK a<n<m

For this, we write

n

E (z+1in) ht(u;)

n— (1t < p— (o |X (z +in)|

n—1
Z Ci(z +in)M;(z + in)|.
i=J

4 - (1+6()

We apply points (ii) and (iii) of Lemma 3.13 to the compact K X [a, 7] and get the desired
bound. O

3.3 Height of the tree

In this section, we study the behaviour of the height ht(T,,) of the tree T,,, which is

defined as the maximal height of the vertices of T,,, i.e.
ht(T,,) = 1r£néigxn ht(uyg).

We start by showing that under the assumption (Dg) we have the convergence (1.10).
Then, for the sake of completeness, we also study the simpler case where logn =
0(2?21 W )

One key argument in our proofs is the following equality for the annealed moment
generating function of the height of uy, for any fixed £ > 2, which can be seen as a
corollary of Lemma 3.2

k—1
E {ezht(uk)] = 7. H (1 + (ez _ 1);;[”;) X (3.17)
J

j=2

Some elementary computations using the Chernoff bound and the last display yield the
following lemma.
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Lemma 3.15. Suppose that the sequence of weights w satisfies

n

lim su —<u€ 0,00).
n_wop logn W ( )

Then almost surely we have

ht(T’fl) < uez+(u)7

lim sup
n—oo og

where z, (u) is the unique positive root of u(ze* —e*+1) —1 =0.

Proof. Using the expression (3.17) for the moment generating function of ht(u,,) we get,
forany z > 0and n > 2

E|:zhtun):| H(1+elmj)<exp 1+6712
j=2 2

J

< exp ((logn) - (u(e* —1) +o(1))),

where we use the inequality (1 + z) < ¢* and the assumption on w. Then, for any z > 0
and n > 1, we use Markov’s inequality to get

P (ht(uy,) > ue*logn) < e~%*¢ lognf [ez ht(“")} <exp(—ulogn(ze®* —e*+ 1+ 0(1))).

If we take z > 0 such that u(ze® — e* + 1) > 1 then the right-hand-side is summable
and hence using the Borel-Cantelli lemma shows that for all n large enough, we have
ht(u,,) < ue®logn. Letting 2 \, 2T (u), we get the result. O

We now prove the last claim (1.10) of Theorem 1.5. Here we suppose that the weight
sequence w satisfies ([J5) for some v > 0 and some p € (1,2].

Proof of (1.10). Recall the asymptotics (1.9) in Theorem 1.5. It ensures that there almost
surely exist vertices at height |ye*logn|, for any fixed z € (z_ , z;) and n large enough.
Hence the height of the tree T,, satisfies

ht(T,,
lim inf Q

> yett.
n—oo logn

For the limsup, we use Lemma 3.15 with u = v (this is justified by Lemma 3.4), which

yields lim sup,, hlt)(g n) < yert. O

To finish the section, we state a proposition.

Proposition 3.16. Let f(n) := ZZ’:_; w-. Iflogn = o(f(n)) then we have the almost
sure convergences

ht(T,, ht(u,,
lim (T7) = lim (un)

n—o00 f(n) n—s00 f(n)
Proof. As we can check from its moment generating function (3.17), for n > 2 the

random variable ht(u,) — 1 is a sum of independent Bernoulli random variables, with
expectation f(n). Using standard bounds for sums of Bernoulli random variables yields

P (|ht(un) — 1~ f(n)| > ef(n)) < 2exp (—€*f(n)/3),

which is summable in n for any ¢ > 0. The result of the proposition is then obtained
using the Borel-Cantelli lemma. O

=1
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4 Preferential attachment trees are weighted recursive trees

In this section, we study preferential attachment trees with fitnesses a as defined
in the introduction. First, in Section 4.1, we prove Theorem 1.1 which allows us to see
them as weighted random trees WRT(w?) for some random weight sequence w?. Then
in Section 4.2 we prove Proposition 1.3 which relates the a.s. asymptotic behaviour of
w? to the behaviour of a. Finally, in Section 4.3 we prove Proposition 4.2, which ensures
that the sequence m® obtained as the scaling limit of the degrees can be expressed as
the increments of a Markov chain.

4.1 Coupling with a sequence of Pdlya urns: proof of Theorem 1.1

Here we fix an arbitrary sequence a such that a; > —1 and Vn > 2, a,, > 0. We recall
the notation, forn > 0,

n
An = E a;,
i=1

with the convention that Ay = 0. We consider a sequence of trees (P,),>1 evolving
according to the distribution PAT(a) and we want to prove Theorem 1.1, namely that
there exists a random sequence of weights w? for which the sequence evolves as a
WRT(w?). The proof uses a decomposition of this process into an infinite number of
Pélya urns. This is very close to what is used in the proofs of [3, Theorem 2.1] or [7,
Section 1.2] in similar settings. The novelty of our approach is to express this result
using weighted random trees, since it allows us to apply all the results developed in the
preceding section.

Poélya urns. For us, a Pélya urn process (Urn(n)),>0 = (X (n), Total(n)),>o is a Markov
chain on E := {(z,2) € [0,00) x (0,00) | < z} with transition probabilities given by the
matrix P where for all (z,z) € E,

Z—XT

P((z,2),(x+1,2+1) = g and  P((z,2), (¢, 2+ 1)) = —
The quantities X (n) and Total(n) represent respectively the number of red balls and
the total number of balls at time n in a urn containing red and blacks balls where at
each step, a colour is chosen at random proportionally to the current proportion in
the urn and a ball of the drawn colour is added to the urn. Starting at time 0 from
the state (a,a + b), i.e. with a red balls and b black balls, it is well-known that the
sequence (AX(n)),>1 = (X(n) — X(n — 1)),>1 of random variables is exchangeable,
and an application of de Finetti’s representation theorem ensures that it has the same
distribution as i.i.d. samples of Bernoulli random variables with a random parameter
B, which has distribution Beta(a,b), where we use the convention that Beta(a, b) = §; if
b=0.

Note that the process (Urn(n)),>o is entirely determined from (AX(n)),>: and that
the random variable § is a measurable function of the sequence (Urn(n)),>o because it

X(n)

can almost surely be obtained as 8 = lim;,, ;0 =~

Nested structure of urns in the tree. For all £ > 1 we define the following process
inn>k
k
Wi(n) = Ay + > _ degf (u:),

i=1
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the “total activity” of the vertices {u, us, ..., ux}, for which we remark that for any £ > 1
we have
Wk(k)ZAk-f—k—l and Wi(k+1)= Ak + k.

Imagine that P, is already constructed and that we add a new vertex u, 1 to the tree.
We choose its parent in a downward sequential way:

* we first determine whether the parent is u,,, this happens with probability

an + degpt (un> -1 Wn—l(n)
Wi (n) B Wa(n) ’

—_1(n)

e then with the complementary probability % it is not, so conditionally on this

we determine whether it is u,,_1, this happeﬁs with (conditional) probability

Qo1+ degd, (un1) | Waa(n)
anl (TL) anl (ﬂ) .

¢ then with the complementary probability %’”:fézg it is not, etc... We continue this

process until we stop at some wu;.

Now we fix £ > 1 and introduce the following time-change: for all N > 0, we let
Op(N):=inf{n > k+ 1| Wis1(n) = Agy1 +k+ N},

be the N-th time that a vertex is attached on one of the vertices {u1, ..., ux+1} after time
k + 1, where by definition, we have 6;(0) = k + 1. Remark that it can be the case that
0r(N) is not defined for large N, if there is only a finite number of vertices attaching to
{u1,...,up+1}. We ignore this possibility for the moment, and only consider sequences a
for which A4,, = O(n), for which this almost surely does not happen. In this case for all
N > 0 we set

Urng(N) := (Wi (0 (N)), Wit 1 (0k(N))) = Wi (0k(N)), Agt1 + k + N).
Now, the three following facts are the key observations in order to prove Theorem 1.1:

(i) for all k > 1, the process Urny = (Urny(N)) - has the distribution of a Pélya urn
starting from the state (Ay + k, Ag+1 + k),

(ii) those process are jointly independent for £ > 1,

(iii) the whole sequence (P,),>1 is a function of the trajectories of the processes
(Urng, k> 1).

Point (i) already follows from the discussion above. A moment of thought shows that (ii)
holds as well: of course the processes (Wj(n), Wii1(n))n>k+1 for different k are not
independent at all but the point is that they only interact through the time-changes
(0x(-),k > 1). Last, for (iii), note that we can reconstruct the tree P,, at time n from
the random variables (W;(k))1<i x<» and that these random variables can be entirely
determined using the system of equations below

Wk(n) = Urnk(WkH(n) — (Ak-i-l + k)), forl1 <k<n-—1,
Wo(n)=A4,+n—1.
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Reversing the construction and using the exchangeability. We now reverse the
construction and start with an independent family (Urng, k¥ > 1) of processes that have,
for each k > 1, the distribution of a Pélya urn starting from the state (Ay + k, A1 +
k), so that they have the joint same distribution as the ones described in (i) and (ii).
From what we did above, the sequence (P,),>1 that they determine through (iii) has
distribution PAT(a). A moment of thought shows that this argument actually still holds
for a completely arbitrary sequence of fitnesses a.

Now, using de Finetti’s theorem, each of the processes Urn;, can be produced by
sampling B ~ Beta(Ay + k,a;4+1) and adding a red ball at each step independently
with probability 5, and a black ball with probability 1 — §;. This is of course done
independently for different £ > 1.

In terms of our downward sequential procedure defined above for finding the parent
of each newcomer, it amounts to saying that each time that we have to choose between
attaching to uk1 or attaching to a vertex among {uy,...,ux}, the former is chosen with
probability 1 — 5, and the latter with probability 8. Let us verify that the law of (P,,),>1
conditionally on the sequence (8;)r>1 can indeed be expressed as WRT(w?) where the
random sequence of weights w® = (w2),,>1 is defined from the sequence (5j)r>1 as

n—1
vn>1, Wai=][8" and wi=W2-wi,
=1
with the convention that W§ = 1 and W§ = 0. We reason conditionally on the sequence
(Bk)k>1 (or equivalently the sequence (w2),>1). When determining the parent of w1,
whose label we denote J,, 1 as in (1.2), we successively try to attach to u,,,u,—_1, ... until

we stop at u,,,. Using the independence, we get that for every k € {1,2,...,n},

WE — Wiy Wi

P (Jps1 =k |P1,...,Pn, (Bi)i>1) = Bn-1Bn—2... B(1 — Br—1) = —wa wa
This proves Theorem 1.1. Let us explain how Corollary 1.2 follows from the proof

that we developed here. From the discussion in the previous paragraph, in the case

of a sequence a for which A, = O(n), each of the processes (Urny(N))n>o for k > 1

is a measurable function of (P,),>1, and hence the associated §; also is. In the end,

the sequence (w2),>1 is a measurable function of (P,),>1 and it is easy to check that it

corresponds to the one described in the statement of Corollary 1.2.

4.2 Proof of Proposition 1.3

Recall the definition of (W2),>; as the random sequence of cumulated weights
defined Theorem 1.1, whose distribution depends on a sequence a of fitnesses, and is
expressed using a sequence of independent Beta-distributed random variables (8x)x>1,
where

Br ~ Beta(Ar + k, ap41)-
We now prove Proposition 1.3, which relates the growth of (W2),,>1 to that of (4,),>1.

Proof of Proposition 1.3. Asin [21, Proof of Lemma 1.1], we introduce

n—1

X, =

)

Bi
E 3]

(4.1)
1

It is easy to see that X, is a positive martingale, hence it almost surely converges to a
limit X, as n — oo. Now, using the fact that the (5,,),>1 are independent and that for
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any integer ¢ > 0, the ¢-th moment of a random variable with Beta(a, b) distribution is
given by

I'la+¢)T'(a+0b) _ﬁ a+k

P@l(a+b+q)  Lra+b+k’ (4-2)

we can compute

i Atk
HE*BP :}—[1 (kl:[Oi+Ai+1+k>
n—1

_pl:[l 1+ A, +k H i+A+k
s\t At k=1L A+ k-1

=0

p—1 p—1n—1
14+ A +k 1
- A TR ). 4 — ). .
(gn+An+k1> HH( +i+Ai+k1> (4.3)

k=0 1=2

Now since by assumption a satisfies (H.), there exists ¢ > 0 such that A4,, = c-n+0(n1*5)
and without loss of generality we can assume that e < 1. For all k € [0,p — 1] we can
write

_ _ 1—e 1 _ 1 —1—¢
ntAn k-1 = (c+1)n+O0(n'~) and so R ey e e 1)n+0(n ).
Hence

p—1ln—1 1 p—1ln—1 1

1111 1+_) =111 <1+.+O(r1—f)>

o s ( i+A,+k—-1 o (c+ 1)

_ —1—€
“oo (53 (i ror)
= exp ( log n + cst +0 (ne))
= cstn® (1 +0(n™)). (4.4)
In the end, since (Hk 0 %) =cst-[[h2, m =cst-n P - (14 0(n°)),
we get, using (4.3) and (4.4),
n—1
H E[B'] =C,- n—Pte/(ctl) 1+ O(n—f)) (4.5)
i=1

where C, is a positive constant which depends on p and the sequence a. This entails
that, under our assumptions, for any p > 1, we have

"I BB noee CFF

which shows that this martingale is bounded in L? for all p > 1 and hence it is uniformly
integrable. Consequently, it converges a.s. and in L? to a limit random variable X, with
moments determined by

C
Vp > 1, E[XE] = C’};' (4.6)
Furthermore, we have
2
" Var (8n)
E[(Xp1— X)) =E Xﬁ( b —1) <E[Xx?]. —2Y 4.7)
(Glnsa = X7 E[5.] Xl e
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Since 5, ~ Beta(n + A,, a,+1), we get

n+ A, B

an+1(n+An) _ O(an+1)
(n+ Ant1)?(n + Ansr +1) n? /)
(4.8)

Using (4.7), (4.8), Lemma A.2 and then summing over n < k < 2n — 1 and using the fact
that a satisfies (H.) we get that

E [(Xon — X0n)?] = 0<w> = O(i?) =0(n).

n2
Using Lemma A.3, we get that almost surely, for any ¢ < 2,
X, — Xoo| = o(n—f') .

Since f3; > 0 almost surely for every i > 1, the event { X, = 0} is a tail event for the
filtration generated by the (;’s and has hence probability 0 or 1, thanks to Kolmogorov’s
0-1 law. In the end, it has probability 0 because I [X | = 1. We deduce that

n—1 n—1
wa) =18 =X [[E5]
i=1 i=1

1
1

X (140(n)) -1 (140 ))

— Oy X on e (1 + O(n—<6“’>)) . (4.9)

Hence, we have,

c 1
W2 b Z-nltD ith 4= —-—-.
" n—oo K wi X - C

Whenever a,, < n¢ o) as n — 0o, we can show the following (we postpone the proof to
the end of the section)

(4.10)

Lemma 4.1. For any § > 0 small enough, we have
P (1 B> k71+c'+6) < exp (7(1g T 1)c’+6+o(1)) .

Since the last quantity is summable in £ we can use the Borel-Cantelli lemma (and
a sequence of § going to 0) to show that almost surely 1 — 8 < k=2 +o"(1) as k — oo,
where the term 0“(1) denotes a random function of &k that almost surely tends to 0 as
k — oo. Combining this with (4.10), we finish proving the proposition by writing

Wi =W2 W2 =W2.(1 -6, )<(k+ 1)c/—1/(c+1)+o“(1). O
We finish by giving a proof of Lemma 4.1.

Proof of Lemma 4.1. Let x > 0 and y > 1 and let X be a random variable with distribu-
tion Beta(xz + 1,y) and Y with distribution Beta(z, 1), independent of X. By standard
results on Beta distributions, the product Z = X - Y has distribution Beta(z,y).

Then for any z € [0, 1] we have, using the explicit expression of the density of X,

P(Z>2)<P(X>z)= F(ﬂc—l—l—l—y)) /1uw(1—u)y_1du

T(x+1)T(y
F'z+1+y)
“T(x+1)T(y)

F'z+1+y)
“T(z+2)T(y)

1
~exp (—(y — 1)2)/ u® du

- €Xp (_(y - ]')Z) s

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 39/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

and the last display in increasing in . We later use this inequality for well-chosen
sequences (z,,), (y,) and (z,) taking place of the values of z,y, z. First, remark that for
any two non-negative sequences (z,) and (y,) with (y,) going to infinity and x,, = o(yy),
we have the following estimate using Stirling’s approximation:

1 (F(anrlern)

F(:En—|—2)1"(yn)> = (zn+1)log(yn) - (1+0(1)),

Now we apply the above computations for every n > 1 with z, := n~!T¢+% to the
random variables (1 — §,,) which have distribution Beta (z,,y,), with z, := a,+1 and
Yn = A, + n. In particular, in this context we have z,, = a, < (n + 1)¢ +o(1) and
Yn = Ap +n = (n+ 1)1*°0), 5o that the all of the above applies and

log P (1= ) > ™) < (@ + 1) log(yn)(1 + 0(1) = (g — 1)z
< (n + 1)c/+0(1) _ (n + l)c/+5+o(1)
< —(n4 1)),

which is what we wanted. O

4.3 The distribution of the limiting sequence

We stay in the same setting as Section 4.2. Suppose that we are working with a
sequence of fitnesses a that satisfies (/.) for some ¢ > 0. The sequence (M3), -, is
defined in (1.5) as some random multiple of the sequence (W2) ., whose construction

is described in Theorem 1.1 from a sequence (3,),>1 of independent random variables
with 3, ~ Beta(A,, + n,a,+1), so that for all n > 1,

n—1

a C+1 —1

where the random variable Z is the one that appears in (4.10), and depends on the whole
sequence (5p)n>1-

Proposition 4.2. For any sequence a that satisfies the condition (H.), the sequence
(M%) 4>, is a (possibly time-inhomogeneous) Markov chain such that for all k > 1, M{_
is independent of 31, o, . . ., Bi. The fact that for all k > 1 we have M2 = 3, - Mg, | with
Br ~ Beta(Ay + k, ar4+1) independent of Mzﬂ characterises the backward transitions of
the chain.

Proof. We follow the same steps as [21, Lemma 1.1]. Recall the definition of the random
variable X, as the limit of the sequence (X,,),>1 defined in (4.1), the definition (4.5) of
the constant C; and their relation to the random variable Z. We have

c+1

M2 =
1 7z

k—1

(Cy-(c+1)-Xo) andfork>2, Mi=M:-J]8" (4.11)
=1

It then follows that we can write, for k£ > 1,

k n—1
o : 1= 57,
MRy =G (et 1) - Xoo - [T 57 =C1'(c+1)'n1f§om7
=1 i=1 i

which ensures that M}, is independent of 31, 3, ..., Bx. The limit in the last equality
exists almost surely thanks to the results of the preceding section.
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Now we prove the Markov property of the chain. Let & > 1. Because of the definition
of the chain as a product, the distribution of M, conditional on the past trajectory
M, M3, ..., M7 is the same as the distribution of M7, conditional on M, f1,..., Bx—1.
Since M, | = ﬂk_l - M3 and that §;, and M$ are both independent of 5,..., 81, this
conditional distribution corresponds to the one of M?, | conditional on the present state
of the chain M. O

Computing the moments. In some cases where the sequence a is sufficiently regular,
we can compute explicitly every moment of the random variable M for every k£ > 1.
Indeed, using (4.6) and (4.11) and the independence, we get

a . H:L:_]glﬂz Y
E[(MDPI=E|[(C1-(c+1)- lim —F—r0

(M2 ( (c+1) "WHLE[@N
:Cf.(c+1)p. hmw

(s B 1s))”

_ e+ 1P Cp.
[ B8]

In general, if the collection (,)p>1 of p-th moments of some random variable satisfies

—1/(2p)
2p

(4.12)

the so-called Carleman’s condition: Z;il 0 = 00, then its distribution is uniquely

determined from those moments.

5 Examples and applications

In this section, we compute the explicit distribution of (M2) for some particular
sequences a. We then describe some applications of our results to a model of Pélya urn
with immigration and then to a model of preferential attachment graphs.

5.1 The limit chain for particular sequences a

As stated in the preceding section, we can compute the distribution of M3 for some
fixed k by the expression of its moments (4.12), provided that they satisfy Carleman’s
condition. Knowing these distributions and the backward transitions given in Proposi-
tion 4.2 then characterizes the law of the whole process. For two particular examples,
this law has an explicit expression.

Proposition 5.1. In the two following cases, the distribution of the chain (M2) is explicit.

(i) If a is of the form a = (a,b,b,b,...) with a > —1 and b > 0, then the sequence

(M2),,>1 is a Mittag-Leffler Markov chain MLMC (b%, bj’r—l)

(ii) If a is of the form a = (a,b1,ba,...,bs,b1,b2,...bp,b1,...), periodic of period ¢
starting from the second term and such that a > —1 and by,bs,...,b, are non-
negative integers with at least one being non-zero, then, letting S = by +bs+-- -+ by,

—2
(57

the sequence g - (M2),,>1 has the distribution of an Intertwined Product of
Generalised Gamma Processes with parameters (a, by, bs, ..., b;), which we denote

IPGGP(Q, bl, bg, ey b[)

Note that the two cases (i) and (ii) are not mutually exclusive. We prove the two points
of this proposition in separate subsections. The proper definitions of the distributions to
which we refer in the statement are given along the proof.
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5.1.1 Mittag-Leffler Markov chains

Let us study the case where the underlying preferential attachment tree has a sequence
of fitnesses a that is of the form (a,b,b,b,...). We start by recalling the definitions of
Mittag-Leffler distributions and Mittag-Leffler Markov chains and introduced in [21],
and also studied in [26].

Mittag-Leffler distributions. Let 0 < a < 1 and # > —«. The generalized Mittag-
Leffler ML(«, #) distribution has pth moment
rOr@/oa+p) re+1r@/a+p+1)

T(6/a)T(0+pa) ~ T(0ja+ 1)T(0 + pa + 1) (5.1)

and the collection of p-th moments for p € IN uniquely characterizes this distribution
thanks to Carleman’s criterion.

Mittag-Leffler Markov Chains. For any 0 < a < 1 and 6§ > —«, we introduce the
(a priori) inhomogenous Markov chain (M%), 1, the distribution of which we call the
Mittag-Leffler Markov chain of parameters («, ), or MLMC(«, 6). This type of Markov
chain was already defined in [21], for some parameters « and 6. It is a Markov chain
such that for any n > 1,

M2 ~ ML (a,0 +n — 1),

and the transition probabilities are characterised by the following equality in law:
a, «,0 «,0 o,0
(M o Mn+1) = (B Mn+17 MnJrl)

with B,, ~ Beta (94%—1 +1,1 —1), independent of MZfl These chains are constructed
(for some values of # depending on «) in [21]. Our proof of Proposition 5.1(i) ensures that
these chains exist for any choice of parameters 0 < a < 1 and 6 > —«. Let us mention
that the proof of [21, Lemma 1.1] is still valid for the whole range of parameters 0 < a < 1
and 6 > —a, which proves that these Markov chains are in fact time-homogeneous. We
provide, in a later paragraph, another proof of this time-homogeneity using a more
conceptual argument that relies on preferential attachment trees.

The limiting Markov chain is a Mittag-Leffler. Recall the definition of the sequence
(Br)x>1 and their respective distributions g, ~ Beta(Ay + k, ax+1). From our assumption
thata =a,b,b,b... we have forall k > 1,

(Ap +k,ap41) = (1 +a+ (k—1)b,b).

Proof of Proposition 5.1 (i). For p > 1, we can make the following computation, us-
ing (4.2), one change of indices and several times the property of the Gamma function
that for any z > 0 we have I" (z + 1) = 2I" (2):

ﬁ]E[ﬁ” (L+at+p+(b+1)(i—1))T (a+ (b+1)i)
F (I+a+Ob+1)(GE—1)T(a+ (b+1)i+p)
a+ a
_T+atp) Tlat@+Dn-1) .F(“IHn_l) : F(Hm)
=i T D(n—1 b
(14 a) (a+(b+1)(n—-1)+p) F(b+1+n 1) F(1+b-—:-_11)>
(5.2)
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Using Stirling formula, we can then compute the numbers (), introduced in (4.5),

F(+a+p)T (14 5%)

F(1+a)r(1+‘;+if)

Cp=(b+1)7"- (5.3)

Using (4.12), the moments of My, are given, for any p € IN by the formula:

M) = LD G (35 +k=1)T(a+ b+ 1)k—1)+p)
k [T E[gY] 63 62 F(a+(b+1)(kfl))lj<fg%’+k,1)

These moments identify using (5.1) the distribution of M? for all £ > 1 as

1 a
M2E~ML|—r, ——+k—1].
k (b TTbrl )
From this, and the form of the backward transitions, we can identify (M*,:) x>1 as having

a distribution MLMC (bJ%l, b%) O

Time-homogeneity of MLMC. We keep the notation from the previous paragraph,
working with a sequence a = a,b,b,b..., and show the time-homogeneity of the corre-

sponding Mittag-Leffler Markov chain (M%);>1 ~ MLMC <b+#1, b%) using its connection
with preferential attachment trees.

For any = > —1, consider the sequence = z,b,b,b... and (P%),>1 ~ PAT(z) in such
a way that, using Theorem 1.4,

MZ = lim n~ YO+ degd, (u;) and M2 = lim n VY . (degd, (uy) + deggs (us)).
n—00 n n—00 n n
By choosing z appropriately, we can make (MT, M%) have the distribution of any of the
couples (M, M3, ;) for k& > 1. Thus, in order to prove the time-homogeneity of the
transitions, it suffices to prove that the conditional distribution of M% with respect to My
does not depend on z.

Recall from Section 1.2.2 in the introduction that we see (P?),>; as an increasing
sequence of plane trees, defined as subsets of U. Also recall that for any v € U, we
denote T'(u) the subtree descending from « in U. At every time n > 1, we can consider
the sequence (#(PZNT(1)),#(PZNT(2)),...), which counts the number of vertices in the
subtrees descending from the children of u; = {) in P%, in order of creation (completed
by an sequence of zeros). We can check that this sequence evolves as n grows with the
same distribution as the number of customers seating at different tables in a Chinese
Restaurant Process with seating plan (ﬁ, ﬁ) see [45, Section 3.2] for a definition.

Then, conditionally on the evolution of this sequence, every time that a vertex is
added to one of those subtrees, it is attached to any vertex already present in the subtree
with probability proportional to its out-degree plus b (and in particular this does not
depend on the value of z).

Thanks to [45, Corollary 3.9], two Chinese Restaurant Processes with respective
seating plan (ﬁ, 747) and (ﬁ, b‘i—/l) with z, 2’ > —1 have a density with respect to each
other and this density is a function of the scaling limit of the number of tables created in
the process, which corresponds in our case to M7.

These observations allow us to conclude that the distribution of (P}),>; for any
x > —1 has a positive density with respect to (P%)nZL and this density is a function
of M7. From here, it is clear that conditionally on M?, the distribution of the quantity
(M% — M?) = lim,, 00 degpg (uz) does not depend on z, which concludes the argument.
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5.1.2 Products of generalised Gamma random variables.

The following paragraphs aim at proving Proposition 5.1(ii). In the first and second
paragraphs, we define the families of distributions of GGP and IPGGP-processes. Some
special cases of these processes already appeared in [42, 40]. In the third one we prove
that the distribution of (M%);>1 belongs to this family whenever the sequence a is of the
form assumed in Proposition 5.1(ii).

Construction of a GPP(z,r)-process. For z,r > 0 real numbers, let (Z;);>1 be a
family of independent variables with the following distribution:

Z1 ~ Gamma (Z) and fori > 2, Z; ~ Gamma(l) = Exp(1),

—1

where, for any £ > 0, the distribution Gamma(u) has density z — M1{‘,,[/,>0} with

T'(u)
respect to the Lebesgue measure. Then for all £ > 1 we define G;, as,

N
Gk = (25:2&) .
=1

We say that the process (Gg)i>1 has the distribution of a Generalised Gamma process
with parameters (z,r) which we denote GPP(z, 7).

Note that, using standard distributional equalities with Gamma and Beta distributions,
for every k > 1, we have (Gy)" ~ Gamma (k -1+ %) and

G " . G
Vi = ( k ) ~Beta<k— 1+f,1) . sothat V"= < Beta(r(k—1)+z1),
Grt1 r Gr11
(5.4)
and Vkl/r is independent of Gy, 1. In fact, we can further show that Vi, V5, ..., Vi, Gri1

are jointly independent with the corresponding distribution and that this characterizes
the finite dimensional marginals of this process.

Remark 5.2. For z = r, the process (Gy);>1 has exactly the distribution of the points of
a Poisson process on (0, oc) with intensity 7 - "~ 1d¢, listed in increasing order.

Intertwined Products of GGP-processes. Let a be a real number with ¢ > —1 and
b1, bo,...,bs be non-negative integers where at least one is non-zero. We let B, := Z:=1 bs
for all 0 < r < /¢, with the convention that B; := 0. We also let S = B,. Then we define
the set

S={1,2,.... 8+ —-1}\{B,+r|1<r<{-1}

l
= U{T+BT_1,T+BT_1+1,...,T+Br_1—|—b,«—1}

r=1

Start with independent GPP processes {G(? | ¢ € S} indexed by S such that for all
q€e S,
G ~ GPP(a+q,l+5).

Now G = (Gj)r>1 is defined in such a way that foralln > 1 and 1 <r < ¢ we have

_ (9)
Go.(n—1)4r = II &4l 11 G |. (5.5)
qeS qeS
1<q<r—14+B,_ 1 r+B,_1<q<S+(-1
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The process (Gy)r>1 defined above is said to have distribution of an Intertwined Product
of Generalized Gamma Processes with parameters (a, by, b, ..., b;), which we denote
IPGGP(a, by, bs,...,be). Its finite dimensional marginals can be obtained in the same way
as it was done in the preceding paragraph for Generalized Gamma processes.

Identification of the limiting chain. Fix ¢ > 1 and b;,bs,...,b; > 0 some integers
(where at least one is non-zero) and suppose that the sequence a has the following form,

a:(a,bhbz,...,bz,bl,bg,...bg,bl,...)

meaning that the sequence is periodic with period ¢ starting from the second term, with
a> —1.
Forany j > 0and 1 <r < ¢ we have

Bjesr ~Beta(a+ Br_1 +7+j(l+ 5),b,),

for the (8x)r>1 as defined in Theorem 1.1. We fix 1 <r < ¢. For any j > 1,p > 1, we use
the moments (4.2) of a Beta random variable and a telescoping argument to write

E [(5j5+r)p] = H

_bH a+Brr+r+i(l+5)+q

tat+Bri+r+j(l+S)+qt+p

a+B,_1+r+jl+S)+q
a+B,._1+r+j(€+S)+q+br

Using the last display, we get that for any n > 1,

- atBr_1+rtq a+Br_1+r+q+p
[TE(er) bHT S G ity Lol G )
jl+r = -
o Y <a+32;1s+v+q> T <a+BT £1++Sr+q+p 4+ 1)

Using Stirling’s approximation we get that for a fixed 1 < r </,

br—1T ( a+B,_ 1+r+q+p)

ITels Ry | —
~ n + .
j€+r n— 00 T a+B,_14+r4+q
J=0 q=0 0+S

Hence, recalling the definition of C), in (4.5) and accounting for all the possible values of
r we get

br—1T <a+BT_1+'r’+q+p) a+1+p)

_ ﬁ. : = - <
= (+5 qu;[o F(M) a Hs (u—s)

£+S

Then using (4.12) with ¢ = S/¢,

E [(M3(0-1)+.) ]
(et
- (n—1)4r—1
I E[ 7]
1 b— a+Bi_1+t+j+ _ a+Bi_1+t+j+
(52 i ) g e )
¢ t=1 j=0 I (n + %) t=r j=0 I’ (n -1+ %)
atqt atq+
=(s+0-@=))" I P 88) I - ki)
o a-+ a+ ’
1<q<r—1+B,_1 r+Br_1<q<S+4—1
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Using the last display and the fact that random variable with distribution Gamma(u) has

p-th moment equal to F(F“(::)p), we can identify the distribution of the one-dimensional

_l
marginals 5= - M3 for any k > 1 with the ones of the process described in (5.5). The
identification of the distribution of the process % -(M?)i>1as IPGGP(a, b1, ba, ..., be) is

then obtained by comparing their finite dimensional distribution which are characterized
by Proposition 4.2 and, respectively, (5.5) together with the discussion below (5.4).

Sparse sequences. Let us treat a particular example of parameters a, b1, bs, ... by for
which the distribution IPGGP(a, by, ba, ..., by) has a simpler description than the general
case. Suppose that only one of the parameters by, b, .. ., by is non-zero, say b, for example.
Keeping the notation introduced above, the corresponding set S contains only b, elements
S={¢t+1,...,0+b, — 1}. Following the definition (5.5), the process (Gj)x>1 with
distribution IPGGP(a, 0,0, ...,0,b,) is constant on every interval [(n—1)¢+1,n{] for any
integer n > 1 and, the process (G(,—1)¢+1)n>1 is just given by a product of b, independent
GGP-processes

Gr—1)e41 = H G,
£<g<l+bp—1

where for all ¢ < g < ¢+ b, — 1, the process (G,(cq))kzl has distribution GPP(a + ¢, ¢ + by).

In the particular case where a = 1 and (by, ba, ..., bs—1,b¢) = (0,0,...,0,1), the picture
is even simpler because the last display becomes a product over only one term. We can
check using Remark 5.2 that the process (G(;_1)¢4+1)xr>1 has then exactly the distribution
of the points of a Poisson process on (0, 00) with intensity (¢ 4 1)t‘dt, listed in increasing
order, which was already noted in [40, Remark 2].

5.2 Application to Pdlya urns with immigration

Define the following generalisation of Pdlya’s urn, which depends on a sequence of
numbers (a,),>1: start at time 1 with an urn containing a; red balls. At every time n > 2,
we sample a ball uniformly at random from the urn, return it to the urn with 1 additional
ball of the same colour, plus an immigration of a,, additional black balls. The outcome
of the first step being deterministic, it is equivalent to consider that we start at time 2
with a; + 1 red balls and a, white balls in the urn, so that we allow ourselves to consider
any (possibly negative) value a; > —1. This model was studied in the sequence of paper
[41, 42, 40] in specific cases of periodic immigration and also studied in [1] with a larger
class of periodic immigration.

We denote R,, the number of red balls in the urn at time n and state a scaling limit
result for R,, when n — oco. We also identify the speed of convergence and the Gaussian
fluctuations around the limit, provided that the immigration is sufficiently regular.

Recall from the introduction the assumption (H.) defined for a real number ¢ > 0. We
introduce the following more precise assumption of the same type, for any ¢ > 0 and
6> 0.

An:c-n-(1+0(n_5)). (H?)
Remark that for any 0 < § < % this assumption is satisfied for periodic sequences a,

and almost surely satisfied by sequences of i.i.d. non-negative random variables with a
second moment.

Proposition 5.3. Assume that the sequence a = (a,,),>1 satisfies (H.) for some ¢ > 0.
Then for D,, := n" T R,, the following holds:
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(i) We have the following almost sure convergence,

D, — D,

n—oo

where D, has the same law as M$, defined in (1.5).

(ii) If we additionally assume that a satisfies (Hf) for some § > ﬁ then we have
piam . Doo — Dn (@) N(0,1).
VD, n—o00

Remark 5.4. If the sequence a has one of the particular forms treated in Proposition 5.1
of the previous section, we can identify the distribution of the limiting random variable as
being Mittag-Leffler or a product of independent generalized Gamma random variables.
This gives us an alternative proof for the similar statement [1, Theorem 3.8].

Proof. Let (P,),>1 be a sequence of trees with distribution PAT(a) and consider the
sequence (a; + deg;“n (u1))n>1- It is easy to see that this sequence has exactly the
same distribution as the sequence (R, ),>1 of numbers of red balls in a Pélya urn with
immigration sequence a, hence it suffices to study the former quantity.

Since the sequence a satisfies our assumption (H.) for some ¢ > 0 then using (1.6)
we can write the following almost sure convergence

_1
n_ et ~deg;r (u1) — MY,
" n—o0

where the sequence (M2),,>1 is defined in (1.5), so this proves (i).

We turn to the proof of (ii). We prove this convergence in two steps, by first prov-
ing some corresponding result for the degree of the first vertex in a WRT, and then
using Theorem 1.1 and Proposition 1.3 to transfer the result to the corresponding PAT
distribution.

Let (T,,)n,>1 be a sequence of trees with distribution WRT(w) with a sequence w
satisfying the following assumption

m -(1+o(n—l%)), (5.6)

nn—:>oo 1—7

for some v € (0,1). In this context, recalling (2.2), the degree of the first vertex can be
written as

degf, (w) =) Lv<py
=2

n 1 n
=wi-n'"7 +w - (Z w, nl_w) ’ <I{Ui<”1} - va1> ’
. - n n

i=2 "

. . — J_ 1
Now, using our assumption on the sequence (W,,),>1 we get WL ==+ o<n 272 ) SO

that
(g Win - nl_"’) = o(nl%> .

Rearranging the terms, we get

n
11—y (11— _ 1=y w1
nz (n (1 ’Y).deg.}tL(ul)_wl):n : Z<1{U7§1§;1}_W) +0(1)7
i=2 " n
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and using the Lindeberg-Feller theorem (see [16, Theorem 3.4.5] for example), we get
that the expression on the RHS of the last display converges in distribution when n — oo
to a Gaussian distribution AV(0,w;). Recalling that n=(=") - deg{ (u1) — wy a.s. as
n — oo, we can also write using Slutsky’s lemma

1 (R degf (ug) — wr)
n 2 .

9 A0, 1). (5.7)
\/n_(l—"‘/) . deg,}tl (ul) n—00

Now we transfer this result to the case of preferential attachment trees. For this,
thanks to Theorem 1.1 and Proposition 1.3, it suffices to prove that a satisfies the
condition (H?) with § > 37y then the corresponding sequence (M3),>1 defined (1.5)
almost surely satisfies (5.6) for v = C% From Proposition 1.3 and the definition

of (M2),~; as a scaled version of (W?2),~;, we already know that we have M2 =
- - n— oo
1 c

- (1 +O(n~°)) almost surely, for v = {7 and some ¢ > 0. In our case, this is
not enough, because we need something quantitative on ¢. Going along the proof of
Proposition 1.3 again, we get from (4.9) that we can in fact write

M2 L.H’Y.(1+O(n*€h))

n nfoo 1—7
for any ¢ < § A 3, so that (5.6) is almost surely satisfied by (M2),,>1 if

1—7 1
(5 =
T2 T 2et)

which is what we assumed. Now, thanks to Theorem 1.1, conditionally on the sequence
(M2),,>1 the distribution of (P,,),,>1 is WRT((m2),,>1). Applying (5.7) in this case finishes
to prove (ii). O

5.3 Applications to some other models of preferential attachment

We present here another model of preferential attachment which appears in the
literature, for example in [40]. This model does not produce a tree as ours does, but we
can couple them in such a way that some of their features coincide. We only focus on
one particular model of graph here but the method presented here can adapt to other
similar models.

A model of (m, o)-preferential attachment Let S be a non-empty graph, with vertex-
set {vﬁl), cel, vgk)} which have degrees (di,...d;), and m > 2 an integer and o« > —m a
real number such that o + d; > 0 for all 1 < i < k. The model is then defined as follows:
we let G; = S. Then, at any time n > 1, the graph G,,; is constructed from the graph G,
by:

* adding a new vertex labelled v,, 1 with m outgoing edges,

* choosing sequentially to which other vertex each of these edges are pointed, each
vertex being chosen with probability proportional to « plus its degree (the degree
of the vertices are updated after each edge-creation).

The degree of a vertex in a graph refers in this section to the number of edges incident
to it. Here the growth procedure in fact produces multigraphs, in which it is possible for
two vertices to be connected to each other by more than one edge. In this case, all those
edges contribute in the count of their degree.
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We can couple this model to a preferential attachment tree with sequence of fitnesses
a defined as:

a=(w(s),0,0,...,0,m+«,0,0,...,0,m + «,0,0...),
m—1 m—1

where w(S) :=dy +do + -+ - + di + ka.

Indeed, we first construct (P,,) with distribution PAT(a). Then, for any n > 1, consider
the tree Py y,,(,—1) and for all 2 <4 < n, merge together each vertex with fitness m + «
together with the m — 1 vertices with fitness 0 that arrived immediately before it. If
G; only contains one vertex, it is immediate that the obtained sequence of graphs has
exactly the same distribution as (G,)»>1. For general seed graphs S, we can still use the
same construction and the obtained sequence of graphs has the same evolution as some

sequence (G,),>1 which would be obtained from (G,,),>1 by merging all the vertices

{vgl)7 ... ,v%k)} into a unique vertex v;.
Note that a similar construction would also be possible if the degrees of the vertices
v9,v3, ... were given by a sequence of integers (ms, ms,...) instead of all being equal to

some constant value m. This is for example the case in the model studied in [13], where
the degrees are random.

We have the following convergence for degrees of vertices in the graph, as n — oo.
The distribution Dir(x1, 23, ..., x)) appearing in the statement is a Dirichlet distribution
with parameters x1, zs,...,x; on the k-dimensional simplex.

Proposition 5.5. The following convergence holds almost surely in any ¢¥ withp > 2+-:

1
T (degg, (v1), degg, (017)), ... degg, (v"), degg, (v2), degg, (v3), ...
— (N;-BW Ny -B@ . Ny - B® Ny —Ni,Ns — Na,...),

n—oo

where
(BY, B@  B®Y ~ Dir(dy + o, dy + v, ..., di + ),

and the process (N,,),>1 is independent of (B, B®) ... B(),
Furthermore, whenever o € Z with o > —m or m = 1 then the distribution of (N, ),>1
is explicit and given by:

e ifa € Z with o > —m, then

—2m

m 2m+ta

oo (Nuluz1 ~ IPGGP(w(8),0,0,....0,m +a)

m—1

e ifm =1, then

1 w(s)

where those distributions are the ones that appear in Proposition 5.1.

This result strengthens the one of [40, Theorem 1, Theorem 2 and Proposition 1]
which corresponds (up to some definition convention) to the case o = 1 — m. We
emphasize that the convergence here is almost sure in an ¢? space.

Proof of Proposition 5.5. Using the coupling argument, we know that we can construct
jointly the sequence of graphs (G,,),>1 and a sequence of trees (P,),>1 ~ PAT(a) with
fitness sequence
a= (w(9),0,0,...,0,m+a,0,0,...,00m+a,...),
—— ——

m—1 m—1

EJP 26 (2021), paper 80. https://www.imstat.org/ejp
Page 49/56


https://doi.org/10.1214/21-EJP640
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Geometry of WRTs and PATs

in such a way that for every n > 1, the sequence

k
Z(degcn ()Y dj),(degcn(vg)—m),...,(degcn(vn)—m),0,0...

coincides with

(deglj;+(n—1)7n (ul)’ deg;ru-(n—l)m (u1+m)’ deg;ru-(n—l)m (u1+2m)’ T )

Using this connection, together with Theorem 1.1, Proposition 1.3 and Proposition 2.1
we get

1
n~ FFelm (degg, (v1) + degg, (v2) + -+ + degg, (vk), degg, (u2), degg, (us), ... )
— (Nl,NQ — Nl,Ng — NQ,...),
n— oo
almost surely in /% for all p > 2 + % for some random sequence (N, ),>1. Note that
the time-change between (G,),>1 and (P,),>1 is responsible for an extra factor in the
scaling, so that the sequence (N,,),>1 has the distribution of mzn+a - (M2),,>,. In the
case a € Z or m = 1, Proposition 5.1 identifies the distribution of the limiting sequence.

Last, the convergence of ﬁ - (degg (vg ( )) degg (vf)), ..., degg (vg (k ))) just

7, degg, (v n n n
follows from the classical resﬁlt of convergence for the proportion of balls in a Pdlya
urn. O

A Technical proofs and results
This appendix contains some technical results that are used throughout this paper.
Let start by stating a useful conditional version of the Borel-Cantelli lemma.

Lemma A.1. Let (F,,),>1 be a filtration and let (B,,),>1 be a sequence of events adapted
to this filtration. For alln > 1, let p,, := P (B,, | Fn—1). We have

Z:Lfl 1Bi e
~=l"2 1  a.s.ontheevent Z p; = 00
Zi:l p; n—oo —
and also
n o0
Z 1p, converges a.s. on the event {Z p; < oo} .
=1 i=1

Proof. The first convergence is the content of [16, Theorem 5.4.11] and the second one
is an application of [16, Theorem 5.4.9] to the martingale (37 (15, — pi)),,>;- O

The following lemma is a rewriting of [5, Lemma 1]. We provide the proof for
completeness.

Lemma A.2. Let (M,),>1 be a complex-valued martingale with finite q-th moment for
some q € [1,2]. Then for every n > 1 we have

B (|My 11 ]*] < B[ Mp|*] 427 - B[ My 41 — M.

Proof. Let X,,+1 := Myp4+1 — M, and let X, 11 be a random variable such that condition-
ally on (Mji,...,M,) the random variable X}, is independent of, and has the same
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distribution as X,, ;. Then

q
E[|M,1|Y] =E HE [Mnﬂ - X,’l+1 | Mh...MnH] }
< B (| Mat1 = X540 ]"]
=E[|My + Xn+1 — X} 1]
<E [|Mn|q] +E [|Xn+1 - X;L+1|q]
S E[|M|*] +27 B [|Xn 7],

where the first equality comes from the fact that E [X], |, | My, ... My41] = 0. The first
inequality is the one of Jensen for conditional expectation, applied to the convex function
Z \z|q. The second inequality is due to Clarkson, see [55, Lemma 1], and can be
applied because the distribution of X,,;; — X/, conditional on M, is symmetric and

1 < g < 2. The last inequality comes from the triangle inequality for the L9-norm. O

Let us state another result about martingales, which we use numerous times through-
out the paper. Recall our uniform big-O and small-o notation, introduced in (3.4).
Lemma A.3. Suppose that (z — Z,(z))n,>1 is a sequence of analytic functions on some
open set ¢ C C, adapted to some filtration (G,). Suppose that for every z € U, the
sequence (Z,(z)),>1 is a martingale with respect to the filtration (G, ). If there exists a
parameters ¢ > 1 and continuous functions o.: ¢ — R and § : ¢ — (0, 00) such that for
alln > 1 we have

E[|Zon(2) — Zn(2)|?] = Op (na(Z)q—(S(z)—‘,-oﬁ(l)) 7

then for any compact subset K C O, there exists ¢(K) > 0 such that

(i) ifa > 0 on € we have n=() -|Z,(2) — Z1(z)| = Ok (n=<¥)) almost surely and also
in expectation,

(ii) if o < 0 on O, the almost sure limit Z..(z) exists for z € ¢ and we have n~*(*) .
| Zy(2) — Zoo(2)| = Ok (n=<U9)) almost surely and also in expectation.

Proof of Lemma A.3. First, without loss of generality, we can consider that the term
0¢(1) is identically equal to 0, otherwise we just replace the function z — 4(z) by
Z = % -(z). Second, by compactness, it is sufficient to prove the result for a small disk
around each z € K. Since 0 is an open set, let p > 0 be such that D(z,2p) C &, where
D(z,2p) is the closed disk in the complex plane with centre x and radius 2p. We denote

a= inf a @= sup «a, d= inf §,
D(z,2p) D(z,2p) D(=,2p)

and choose p small enough so that a — o + %Q > 0. Then if we let £ : [0,2n] — C such

that £(t) = o + 2pe®, we have for any n and m, using the Cauchy formula

2
sup | Zn(2) = Zm(2)| < 7fl/o 1Zn(E(1)) = Zm (€(1))[dE.

z€D(z,p)

Now,

2T
sup  sup | Zn(2) — Zos(2)| S 771 sup / |Zn (§(t)) — Za: (£(2))|dt

25<n<25t1 zeD(z,p) 25<n<2st1.J0Q
27
<7t / sup | Zn(E(1)) — Zos (£(1))|dE. (A1)
0 25<n<2stl
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Using sequentially Jensen’s inequality, Doob’s maximal inequality in L9 and the assump-
tion of the lemma gives us, for z € D(z, 2p),

E| s |Z(:)-Ze()l| <B| s |Zu() - Zzs(z)|q]
25 <<t 25 <<l
1
< B2 () - 2o ()
a(z)—1.6(2))s
= Oy (20072, (A.2)

So using (A.1), Fubini’s theorem and (A.2), we get

27
E sup sup | Zn(2) — Za:(2)]| < 7! / E sup  |Z,(E(t)) — Z2s (E(2))|| dt
25 <n<25+1 z€D(x,p) 0 25 <p<2s+l
_ (a1
= 0(2 ) : (A.3)

Now we treat the two cases o > 0 and a < 0 separately. Remark that the quantity
(a — % -é) is negative when a < 0, but can be of any sign in the case a > 0.
e Fora > 0 and r > 0, we let

™

A, = 9—ar sup sup |Zn(z) — Zas (z)|
=0 2°<n<25+1 z€D(,p)

Using (A.3), we have
E[A,] < cst-279". Zz(a‘%‘é)s < cst -2 (@ OV@E=GO)r
s=0

Thanks to our assumptions, the number g :=a—0V (a— % -9) is positive. Using Markov’s
inequality and the last display yields

P (AT > 2*%“) <25 E[A,] < cst-27 5",

which is summable, so the Borel-Cantelli lemma ensures that A, = 0(2*%) almost

surely as r — co. Now for any n > 1, there is a unique integer r,, such that 2™ <n <
27 +1 namely 7, = |log,(n)|, and we write

n—o) . |Zn(2) — Z1(2)| < n~®) sup  sup |Zn(2) — Z1(2)] < A,
1<k<n zeD(z,p)

which proves point (i), because almost surely 4, = O (n,g) as n — 0o.
e For o < 0, the reasoning is similar so we use the same notation for slightly different
quantities. For any integer » > 0 we let

o0

A, = 9—a(r+1) Z sup sup |Zy(z) — Zas(2)|

s—p 2°<k<25%1 z€D(x,p)

Then, thanks to (A.3), we have

E[A,] < cst-2700+D 3 9(058)s < cgp pm(@maty O,

s=r
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and thanks to our assumption the number 5 := a — J is positive. Using the same

1

Ty
3

arguments as in the case a > 0 we have A, = O(Z*%”) almost surely as r — oo and

taking r, := |logy(n)| yields

n—o) sup sup |Zk(z) — Zn(2)| < A,,.
k>n zeD(z,p)

Again we almost surely have A, = O(nfg) as n — oo. This ensures that the sequence

of functions (z +— Z,(z))n>1 is almost surely a Cauchy sequence for the uniform conver-
gence on the disc D(z, p) (so that its limit z — Z,(z) is well-defined on the disk) and
that (ii) is satisfied. O

Finally, we give a proof of Lemma 3.4.

Proof of Lemma 3.4. From the assumption, we know that there exists ¢ > 0 such that
W, = cst-n? + O(n7~¢) as n — co. Without loss of generality, we can assume that € < 1.

Then it is immediate that w,, = W41 — W,, = O(n?~¢€). Then

2n w 2 1 W

% 2n e

_ < . . P Qi L — .
S (i) < mug e Yw s E e may w=0(). A

i=n i=n

and the first point follows by summing over intervals of the type [n2* ,n2F+1].
Now write

;Vi:ﬁ%/ H(l—i)—exp<210g<1—>>.

Since i+ — 0 as i — oo, we get

2
Wi\ _ Wi wi
log<1m> WiJrO((Wi))

Putting everything together, we get
n n n 2
w; w;
R (CO)
W, 2 00 s 2
=log W, logW1+Z ((L) >—O<Z (1> )
Wi i=n—+1 Wl

i=

2
=log W, + cst+0(n"°) .

%\8

Last, just remark that log W,, = log(cst -n? - (1 + O(n™°))) = vlogn + cst +O(n~¢), which
finishes the proof. O
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