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In the classical model of random recursive trees, trees are recursively
built by attaching new vertices to old ones. What happens if vertices are al-
lowed to freeze, in the sense that new vertices cannot be attached to already
frozen ones? We are interested in the impact of freezing on the height of such
trees.

1. Introduction. Random graphs are instrumental in the study of real-world networks.
Uniform recursive trees (sometimes also called uniform attachment trees) are one of such
models. They are constructed recursively by starting with one single vertex, and successively
attaching new vertices to a previous existing vertex, chosen uniformly at random. This model
has been introduced in [33] in the context of system generation, and has received considerable
interest since, starting with graph-theoretical properties such as the height, number of leaves,
etc. (see, e.g., [37] and references therein, as well as the survey [39]). Recursive trees have
been proposed as models for the spread of epidemics [32], the family trees of preserved
copies of ancient or medieval texts [34], pyramid schemes [21], internet interface maps [25]
and appear in the study of Hopf algebras [23]. Very interesting connections have been made
with other probabilistic objects such as the Bolthausen-Sznitman coalescent [22] and elephant
random walks [29]. Uniform recursive trees have also been extended in several directions,
for instance by introducing deterministic weights [28] or random weights with a random
environment [10].

In the present work, we introduce and study a modification of this model by introducing
freezing, in that existing vertices can freeze and new vertices cannot be attached to frozen
vertices (see Figure 1 for an illustration).

Our motivation is twofold. First, in the context of real-world networks such mechanisms
are natural: for instance, on the social network Twitter a user can choose to set their account
to “private” which prevents strangers from “following” them; also performing an infection-
tracing of an SIR epidemics falls within this framework (see Section 6). Second, it is natural
to investigate from a mathematical point of view the impact of freezing in dynamically-built
random graph models. In particular, in a companion paper [7], we investigate the regime
where the number of active vertices roughly evolves as the total number of vertices to the
power «, for fixed o € (0, 1], we describe a phase transition where the macroscopic geometry
of our model drastically changes according to the value of «. Let us also mention the work
[5], which considers a growth-fragmentation-isolation process on random recursive trees in
the context of contact tracing, see also [8].

1.1. Uniform attachment with freezing. Let us first define our model. In order to incorpo-
rate freezing in the model of uniform attachment trees and to obtain results in a rather general
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FI1G. 1. Simulation of a tree of size 10,000 built by uniform attachment with freezing, when the number of active
(i.e., nonfrozen) vertices roughly evolves as a positive fraction of the total number of vertices. Frozen vertices are
blue; active vertices are red.

setup, we shall fix beforehand the steps where an attachment takes place and the steps where
freezing takes place. Specifically, our input is a deterministic sequence X = (x;);>1 of ele-
ments of {—1, +1}. Starting from a sole active vertex, we recursively build random trees by
reading the elements of the sequence one after the other, by applying a “freezing” step when
reading —1 (which amounts to freezing an active vertex chosen uniformly at random) and a
“uniform attachment” step when reading 41 (which amounts to attaching a new vertex to an
active vertex chosen uniformly at random).

More precisely, given a sequence X = (X;);>1 € {—1, —I—l}N, we set Sp(x) := 1 and for
every n > 1

(1.1) Sp(x):=1+ in then 7(x) :=inf{n > 1: §,(x) =0}.
i=1

Observe that 7(x), if it is finite, is the first time when all the vertices are frozen, so that
afterwards the tree does not evolve any more. For every 0 < n < t(x), let 7, (x) be the random
tree recursively built in this fashion after reading the first n elements of x (see Algorithm 1 in
Section 2.1 for a precise definition and Figure 3 for an example).

Let us comment on our choice of parametrization. It would have been possible to define the
model starting with a random sequence X, but the choice of a deterministic sequence defines
a more general model, for which our results can then be applied.
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1.2. Local limits. When 7(x) = 00, the next result allows to give a meaning to 75, (X) as
a local limit of finite trees (see Section 3 for background on the local topology).

THEOREM 1. Let (x"),>0 be a sequence of elements of {—1, N, Suppose that there
exists X such that T(X) = 0o and such that, for all i > 1, X! =X; for all n large enough. Then
the following assertions are equivalent:

(I) The sequence of trees (T, (X"))n>0 converges locally, in distribution.
(Il) The sequence of trees (T,(X))n>0 converges locally, almost surely, towards a tree
Too (X).
(I) The sum 3} ;- ﬁﬂ{xl:—l} diverges.

In this case Too(X) is the local limit of (T, (X"))n>0.

1.3. Examples. It is interesting to note that this model encompasses the two classical
models of random recursive trees and random uniform plane trees:

— when x; = 1 for every i > 1, then 7,(X) is a random recursive tree on n vertices built by
uniform attachment;

— when X = (X;);>1 is a sequence of nonconstant i.i.d. uniform random variables on
{—1, 41}, then for every n > 1, conditionally given 7(X) = n, 7,(X) is a uniform plane
tree when the plane order among the vertices of 7, (X) is chosen uniformly at random.

More generally we have the following result, in which we consider the case of random se-
quences. In this case we will write X in upper case rather than x to emphasize the fact that
the sequence is random. And, the law of (7,(X)),>0 given the random sequence X follows
the description above where X is considered to be fixed. In other words, we first choose X
randomly, then, conditionally on X, we construct 7, (X) following Algorithm 1 where we
consider the sequence X to be deterministic.

THEOREM 2. Let p €0, 1) and let X = (X;);>1 be a sequence of i.i.d. random variables
suchthat P(X1 =41) = pand P(X1 = —1) = 1 — p. Then Too(X) has the law of a Bienaymé
tree with offspring distribution w given by u(k) = (1 — p)p* for k > 0.

Roughly speaking, this comes from the fact that the subtrees grafted on the initial vertex
evolve in an i.i.d. fashion.

1.4. Height of uniform attachment trees with freezing. Since we consider large trees, let
us consider for n > 1, a sequence x" € {—1, 1} such that 7(x") > n, and let 7;, := T, (x").
Also, to simplify notation, let S} := Sy (x"*) for 0 <k <n.
Our next main theorem is that the height of 7, is of order
"1
hy =2 i L=

i=1"1
THEOREM 3. The following results hold.

(I) Let U" be an active vertex of T, chosen uniformly at random, and denote by H(U")
its height. Then for all p > 1:

HWU™) L»r

h;:' n—oo

1.
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(I) Foralle € (0,1):
P<1 _,  Heght ()
h

§e+g> — 1.
i n— 00

(II1) Assume that In(n)/h;7 — 0 as n — oo. Then for all p > 1:
Height(7,) L»
_—

The proof of Theorem 3 is based on an alternative construction of 7,, based on time-
reversal, through a growth-coalescent process of rooted forests. This construction can be
roughly described as follows (see Algorithm 2 for a precise definition): start with a forest
made of S, rooted one-vertex trees. Read successively x};, x)_,,...,x]; when reading +1
add a new one-vertex tree to the forest; when reading —1, choose successively two different
forests uniformly at random, connect their roots by an edge, and root this new tree at the root
of the first forest. It turns out that, in the end, one gets a tree having the same distribution
as 7" (see Theorem 8 for a precise statement). This is a generalization of the connection
between random recursive trees and Kingman’s coalescent which first appeared in [19] (see
[17], Section 6, [37], Section 3, [1], Section 2.2, [3] for applications), in the context of union-
find data structures (which are data structures that store a collection of disjoint sets where
merging sets and finding a representative member of a set), see, for example, [27]. The main
difference is that a growth feature must be added when freezing is introduced.

We are next interested in the specific regime where roughly speaking the number of active
vertices increases linearly compared to the size of the tree.

THEOREM 4. Let c € (0, 1]. Let (Ay)nen be a sequence of positive numbers such that
A, — oo and A, =o(logn) as n — oo. Assume that
n
S5,
i

n

S’
=0 and Vee(0,1), liminf min -+ > 0.

(1.2) lim limsup max iminf min -

e—>0 no>oo Ap<i<en

The following assertions hold.:
hy +1
(I) We have 1, —= .
(I) Foralln > 1, conditionally given Ty, let V{" and V' be independent uniform vertices
of Tn. Then for every p > 1

HVY) L 1 ANV VY L 1
(1.3) W) o oerl g VLV et
Inn n—ooo  2¢ Inn n—>oo ¢

where H(V") is the height of V{' in T, and d" denotes the graph distance in T,.
(IIT) We have

Height(7,) P c+1
In(n) e 2¢ ),

where f(c) is the unique solution with f(c) > 1to f(c)(In f(c)—1)=(c—1)/(c+1).

Let us make some comments on these results. Roughly speaking, 7, looks like a “ten-
tacular bush” in the sense that two typical vertices are always at the same distance of order
Zh;[ ~ % -In(n), but the total height is of order f(c) - h,J{ (see Figure 2 for a plot of the func-
tion f). A typical example where the assumptions (1.2) are satisfied is, for example, when
maxa,<i<n |S;' /1 — ¢| — 0. This is for instance the case when p € (1/2,1), X = (X;);> is
a sequence of i.i.d. random variables such that P(X1 =+1)=p and P(X; =—-1)=1— p,



2886 BELLIN, BLANC-RENAUDIE, KAMMERER AND KORTCHEMSKI

20

I I I I I I I I I I I
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.

FI1G. 2.  Plot of the function (% f©):0<c<1).

setting ' = §;(X), conditionally given 7(X) > n, Theorem 4 applies almost surely with
¢ =2p — 1 thanks to the laws of large numbers. The reason we rather use (1.2) is for appli-
cations to contact-tracing in the SIR model (see Section 6).

Theorem 4(III) gives a more precise result than Theorem 3(II) under an additional assump-
tion. It generalizes the well known result that when 7}, is a random recursive tree (which is
obtained by taking x,, = 1 for every n > 1), we have [17], Theorem 10: Height(7,)/In(n) — e
in probability (see also [37], Theorem 1, for a different approach based on continuous-time
branching processes).

The proof of Theorem 4(IIl) is rather delicate: the main difficulty is that the presence
of freezing impedes the direct use of branching process techniques. The alternative growth-
coalescent process construction previously mentioned lies at the heart of our proof, which is
different from how corresponding results would be proved for the random recursive tree.

Let us mention that it is possible to check that (7,/1In(n)),>1 is not tight for the so-called
Gromov—Hausdorff—Prokhorov topology. However, for the topology considered in [20, 26],
Tn/In(n) converges to the so-called long dendron Y, (we use the notation of [26], Exam-
ple 3.12) with v being the Dirac mass v = §(c11)2¢-

1.5. Application to contact-tracing in a stochastic SIR dynamics. Our results may be
applied to analyze the geometry of the so-called “infection tree” of a stochastic SIR dynamics,
in which the vertices are individuals and where edges connect two individuals if one has
infected the other. To keep this introduction at a reasonable length, we refer to Section 6 for
details and to Theorem 24 for a precise statement.

1.6. Plan of the paper. The rest of the paper is organized as follows: In Section 2, we
present our alternative construction, and describe a few of its properties. In Section 3, we
show Theorem 1 and 2 about local limits. In Sections 4 and 5, we prove respectively The-
orems 3 and 4 about the height of our trees. We then apply our results in Section 6 to a
stochastic SIR dynamics. Finally, in Section 7 we give a few open problems.

2. Trees constructed by uniform attachment with freezing. We start by defining our
model. We also provide for future use a table of notation below (Table 1).

2.1. Uniform attachment with freezing: Recursive construction. Let X = (X;)i>1 €
{—1,+1 }N. In what follows, we formally construct the random trees (7,(xX)),>0. These trees
will be rooted, edge-labelled, and vertex-labelled. The label of an edge is the time it appears.
The label of a vertex in 7, (x) is either the time it froze, or the label “a” if it is still active at
time n. See Figure 3 for an illustration of this construction.
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TABLE 1

Table of the main notation and symbols introduced in Section 2 and used later

N
[i. /]
#A

X = (Xp)peN
Sn (x)
(%)

Tn(x)

Ny (x)

Frx), Fl_ (), ..., Fx)
T" (%)

Fp(x)

Ay (x)

Vi (x)

by, (1)
cp(u,v)

H ()

={1,2,3,...} positive integers
={i,i+1,...,j— 1, j} all integers between i and j
cardinality of a finite set A

a sequence of elements of {—1, 1}

=1+ %

=inf{n >1:§,(x) =0}

tree built at time n by Algorithm 1; S, (x) is its number of active vertices
total number of vertices in 7, (x); Ny (X) = (Sp(X) +n+ 1)/2 when n < t(x)

the forest of trees built by Algorithm 2
= JF{y (x) the output of Algorithm 2

= {i €1, n] : x; = —1} the set of labels of frozen vertices of 7" (x)
={aj,...,ags,(x)} the set of labels of active vertices of 7" (x)
=T, (x) U A, (x) the set of labels of all vertices of 7" (x)

the birth time of u € V,(x) in the construction of 7" (x) by Algorithm 2
the coalescence time between u, v € V, (x) in the construction of 7" (x) by
Algorithm 2

the height of vertex u in 7' (x)

2.1.1. Algorithm 1.

e Start with the tree 7o(x) made of a single root vertex labelled a.

e For every n > 1, if 7,_1(x) has no vertices labelled a, then set 7, (x) =

T.—1(x). Other-

wise let V,, be a random uniform active vertex of 7,,_1(x), chosen independently from the

previous ones. Then:

— if x, = —1, build
label n;

— ifx,, =1, build 7,
vertex labelled a.

For n > 0, we view

T, (x) from T, _

(x) from 7,

1(x) simply by replacing the label a of V, with the

1(x) by adding an edge labelled n between V,, and a new

T.(x) as a rooted, double-labelled tree (that is edge-labelled and vertex-

labelled). If N, (x) represents the total number of vertices of 7T, (x), observe that by construc-
tion N, (x) = (S, (x) +n+1)/2 for 0 <n < 7(x).

2.2. Uniform attachment with freezing: Growth-coalescent construction.

As before, let

X = Xp)n>1 € {—1, I}N. We introduce in this section an alternative time-reversed construc-
tion of uniform attachment trees with freezing. It may be seen as a growth coalescence pro-

&
®

To (X)

S = N W

n
01 2 3 4 5 Ta(x)

FIG. 3. On the left is represented the walk (Sp(X)),>0 up to time n =5 associated with the sequence

x=+I1,

—1,+1,+1,—1,....

On the right, a possible realisation of the trees T (X) to T5(X) given this sequence.

Frozen vertices have been colored in blue.
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OO0 000 OC

F=T"(x)  J(x)

FIG. 4. An illustration of Algorithm 2 with n =5 and (X5, X4, X3, X2,X1) = (=1, 1,1, —1, 1) (this is the same
sequence as in Figure 3). For example, since xp = —1, ]-'15 is obtained from .7-'25 by adding a new tree made of a

vertex labeled 2. Since x4 = 1, to build .7-"; from .7-"2 we have chosen in ]—"_,? two trees (T, T>) with T| being the
vertex ay and T, being the vertex ay, and we have added an edge labelled 4 between the roots r(T|) = a and
r(T>) = ap of Ty and T,, and rooted the tree thus obtained at r(T1) = ajy.

cess of forests, and as previously mentioned, is a generalization of the connection between
random recursive trees and Kingman’s coalescent introduced in [19]. Most of our proofs are
based on this construction.

2.2.1. Algorithm 2. Fix 0 <n < 7(x). We construct a sequence of (possibly empty)
forests of rooted, edge-labelled, vertex-labelled unoriented trees (F(x),F,_|(X),...,
F (x)) by induction as follows.

e Let F)/(x) be a forest made of S, (x) one-vertex trees labelled ay, ..., as, (x)-
e Forevery 1 <i <n,if F}'(x) has been constructed, define 7', (x) as follows:

- if x; = —1, F]' | (x) is obtained by adding to ;' (x) a new one-vertex tree labelled i;

— if x; =1, let (T1, T2) be a pair of different random trees in ;' (x) chosen uniformly at
random, independently of the previous choices; then 7', (x) is obtained from F}' (x) by
adding an edge labelled i between the roots r(71) and r(7>) of respectively 77 and 7>,
and rooting the tree thus obtained at r(71);

e Let 7"(x) be the only tree of F{j(x).

See Figure 4 for an illustration of this construction. We shall soon see in Section 2.4
the equivalence between Algorithm 1 and Algorithm 2, but before that, we introduce some
important notation and consequences which will be useful in the analysis of the height of
trees built by uniform attachment with freezing.

Important convention. Throughout this article, when the context is clear, we will sometimes
drop the parameter X to lighten notation: in particular, we shall write 7, S,,, 7,,, ;' instead of
7(x), Sp(x), Th(x), F'(x), etc.

2.3. Laws of the birth and coalescence times. Let X = (X;)n>1 € {—1, 1}N . First, define

F,(x) = {i € [[l,n]] X = —1}, Ay(x)={al,...,as,0},

(2.1)
Vn(x) = IE‘n(X) U An(X)-

It is crucial to observe that while 7" is a random tree, the labels of its vertices are determin-
istic quantities that only depend on x: A, are the labels of the active vertices of 7" and F,,
are the labels of the frozen vertices of 7". In particular, the elements of V,, will be called
vertices of T".

Next, for every u € V,,, let b, (1) be the largest i € {0, 1, ..., n} such that u belongs to the
forest F;'. Explicitly, if u € A, is an active vertex then b, (u) = n, and if u € I, (note that
u is then an integer) then b, (#) = u — 1 (see Figure 4 for an example). We say that b, (u) is
the birth time of u, since it encodes the first time when vertex u appears in Algorithm 2. For
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0 <i <bp(u), let H! («) be the height of vertex u in F' (i.e., the graph distance between u
and the root of whichever tree of 7' contains u).

Finally, for u, v € V,,, let ¢, (u, v) be the largest i € {0, 1, ..., n} such that # and v belong
to the same tree in the forest ;' obtained when building 7" in Algorithm 2. We say that
¢, (u, v) is the coalescence time between u and v, since it encodes the first time 1 and v
belong to the same tree in Algorithm 2 (observe that while b, (1) is deterministic, ¢, (u, v) is
random).

We now state several simple consequences of Algorithm 2, which will be useful to study
the geometry of 7".

LEMMAS. Fixl<n<tandueV,. Forevery 1 <i <b,(v):
1

P (v) = H{ () = 11F}, o FYY) = o Lisy=1y-
l

This is clear from the definition of Algorithm 2. In particular, if (¥;)1<;<, are independent
Bernoulli random variables of respective parameters (1/S;)1<;<n, we have for every u € V,,

bn
ne oy @ =4 :
(2.2) Ho(u) = E Yilx=1)-

i=1
The next result identifies the law of the birth time of a vertex of 7" chosen uniformly at
random.

LEMMA 6. Fix 1 <n <7t.LetV be an element of V,, chosen uniformly at random. For
everyl <m <n,
m+1-—3S5,

n

PROOF. Observe that b,(u) =n if u € A,, and b,(u) =u — 1 if u € F,,. Also, condi-
tionally given the fact that V € F,,, b, (V) is uniform on F,. Since #A, = S, and #[F, =
Y1 Lyx;=—1), it follows by definition of FF,, that

s l=—1y _m+1-3S,
Sn+2?:1 ]l{xi:—l} n+1+4+S, ’

P(b, (V) <m) =

where for the last equality we have used the fact that Zf‘:l Tixi=—1y = (k — S + 1)/2 for
every l <k<n. U

The last useful result identifies the law of the coalescence times between two vertices.

LEMMA 7. Fix 1 <n <t and consider u,v € V. Then for every 0 < c < b,(u) Ab,(v)
with Xc41 = 1:
bn(u)/\bn(v)( 1
[T (1- —)
Si
i=c+2 ( )
s.t.xj=1

P(cy(u,v) =c) = (Sc+1)
2

PROOF. When running Algorithm 2, the factors in the product correspond to the prob-
ability that the two vertices born at times b, (#) and b, (v) do not coalesce until time ¢ and
the factor 1/ (SCZ,*‘) corresponds to the conditional probability that the two vertices coalesce at
time c, given that they have not previously done so. [J
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TABLE 2
Table of the main notation and symbols introduced in Section 2.4

T (x) the tree obtained from 7" (x) by relabelling all its active vertices by “a”
Tgn(A),n>1 set of rooted trees with n vertices, such that all the n — 1 edges and n — k of the vertices
O0<k<n,ACN are labelled in a one-to-one manner with the integers of A, while the other k vertices
#A=2n—k —1 are labelled with the letter “a”

‘I]': L (A) set of all trees in Ty, (A) such that edge-labels increase along paths directed away

from the root, and all vertices labelled with an integer (i.e., not “a’’) have a label which
is larger than the labels of their adjacent edges

+
(zk

\n

‘I;n(A) with A =[1,2n —k — 1]

2.4. Equivalence between the two constructions. Observe that the active vertices of T,
are all labelled a while the active vertices of 7" are labelled ay, ..., ag,. It turns out that 7,

is equal in law to 7" when its active vertices are all relabelled a. More precisely, let T" be
the tree obtained from 7" by relabeling its S, active vertices by a (see the right-most part of
Figure 4 for an illustration). We also provide a table of notation (Table 2).

THEOREM 8. The two trees T, and 7™ have the same distribution.

To prove this result, we first identify the law of 7. Let us determine the range of 7,. For
neN,0<k<nand A C Nwith#A =2n—k — 1, let T ,(A) be the set of rooted trees with
n vertices, such that all the n — 1 edges and n — k of the vertices are labelled in a one-to-one
manner with the integers of A, while the other k vertices are labelled with the letter a. We
then define ‘I,jn (A) to be the set of all trees in T , (A) such that edge labels increase along
paths directed from the root, and all vertices labelled with an integer (i.e., not a) have a label
which is larger than the labels of their adjacent edges. We set ‘Z,:r’n = Tltn( [1,2n —k — 1]).
Note that 7, is an element of TS:, N, for 0 <n < t (see the left-most tree in Figure 6 for an
example) where N, = (S, +n + 1)/2 is the total number of vertices in 7},. In particular, S,';n
is the set of all possible trees with k active vertices and n — k frozen vertices which can be
obtained by Algorithm 1.

LEMMAY9. FixO<n<tandT, € T'_S:,Nn' Then
1

P(To=T= ] g—

1<i<n

PROOF. Fortwo trees T, T’ with T € Q,tn, we write T ~» T’ if either T’ € ‘Z,'{:Ln and
T’ is obtained by replacing in T the label of a vertex labeled a by 2n — k,or T’ € T,":n 41 and
T’ is obtained from T by adding an edge labelled by 2n — k between a new vertex labeled a
and an existing a-labeled vertex.

Since T, € TS:’ N> observe that there is a unique sequence (7p, ..., 7,,—1) such that 7;

SE,M for every 0 <i <n — 1 and such that 7; ~» T; 1 forevery 0 <i <n — 1. In particular,

=[[P(T =T Tici =Ti-0).

i=1
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Then observe that P(7; = T;|T;—; = Ti_1) = ——. Indeed, T;_; has S;_; active vertices.

Si—1”
Thus, if x; = 1, then the probability of attaching a new vertex to a given active vertex is
1/S;_1; if x; = —1, then the probability of freezing a given active vertex is 1/S5;_;. U

PROOF OF THEOREM 8. First of all, by Lemma 9, for every T, € ‘Zgrm N, We have

1
7].

]P)(E = Tn) = 1_[

1<i<n Vi

Now let ‘E,'C"n be the set of all trees obtained from ‘I,':n by labelling ay, ..., ai their k active
vertices. It is enough to show that for every 7, € %,tn we have

(2.3) P(T"=T,)= 1 !

Indeed, since there are S,! ways to relabel by ay, ..., a; the S, active vertices of any given
tree T, € T, this will imply that P(T, = T;,) = P(T" = Ty,).

To establish (2.3) we need to introduce some notation. Let §Z be the set of all forests of
rooted, edge-labelled and vertex-labelled trees, such that:

— Sy vertices are labelled ay, ..., as,;

— all the other vertices are labelled in a one-to-one fashion by [k + I,n] N{l <i <n:
X; =—1};

— the edges are labelled in a one-to-one fashion by [k + I, n]|N{l <i <n:x; =1}.

In addition, the labelling satisfies the following condition: edge-labels increase along paths
directed from the roots, and all vertices labelled with an integer (i.e., not a) have a label which
is larger than the labels of their adjacent edges. Notice that forests in §} are made of Sy trees.

Observe that the random forest 7' satisfies F)' € %? forevery 0 <i <n.If F; € %;’ and
Fi_1€e §?_1, we write F; ~» F;_1 if F;_1 is obtained from F; by either adding a new tree
made of a sole vertex labeled i, or choosing two different trees 71, 7> in F; and adding an
edge labeled i between the roots r(77) and r(73) of respectively T1 and 75, and rooting the
tree thus obtained at r (77). _

Now, let Fj be the forest made of the tree 7,. Observe that there is a unique sequence
(Fy, ..., F{') such that F]" € §:’ for every 0 <i <n — 1 and such that F}' ~ F/"_ | for every
1 <i <n. Notice that F" is made of S; trees. In particular,

P(T" =T,) =P(Fy. Fp_yo- s Fo) = (F Fp .o FG))
n
= HP(]:in—l =F" | |F' =F).
i=1

Then observe that if x; = —1 we have P(F]"_| = F' ||F}' = F/") = 1 since to build 7, from
]:l.” with probability one we add a new one-vertex tree labelled i to ]-"l.”_ 1» and since x; = —1,
the forest F;" | is also obtained from F}" by adding a new one-vertex tree labelled i. If x; = 1
we have the equality P(F" | = F" ||F'=F]') = ﬁ, indeed, there are S;(S; — 1) ways
of choosing a pair (71, T) of different trees in F}", and one of them gives F;" ; when adding
an edge labeled i between the roots r(77) and r(73) of respectively 71 and 7>, and rooting
the tree thus obtained at r (77).
As a consequence,

Mo —=5; 1
151'51:1 Si(Si—1) Sy 1<i<n
Xi=

P(T" =T,) = S
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TABLE 3
Table of the main notation and symbols introduced in Section 2.5

By n(A) set of rooted binary plane trees with 2n — 1 vertices, such that k of the leaves are labelled with
the letter a and the 2n — k — 1 other vertices are labelled in a one-to-one manner with the integers
of A

%,‘: L (A) set of trees in By, (A) such that the vertices have increasing labels paths directed from the root

B, B (A) with A=[1,2n —k — 1]

() OO,
l
() (2

T o(7)

F1G. 5. Illustration of the construction of the bijection ® by induction.

where the last equality is readily checked by induction. This establishes (2.3) and completes
the proof. [J

2.5. A connection with increasing binary trees. It turns out that Ty ,(A) is in bijection
with a certain set of increasing plane binary trees, which are rooted trees, with an order among
the children of internal vertices (see Section 3.2 for a precise setting), and where every vertex
has either zero or two children. We also provide a table of notation (Table 3).

Such a bijection is well known in the case kK = 0 (see, e.g., [27] and [17], Section 6).
To make this connection explicit, we need some further notation. Forn > 1, 0 <k <n and
A C N with cardinality #A4 = 2n — k — 1 we define By ,(A) to be the set of rooted binary
plane trees with 2n — 1 vertices, such that k of the leaves are labelled with the letter a and the
2n — k — 1 other vertices are labelled in a one-to-one manner with the integers of A. We also
define ‘B,‘:n (A) to be the set of trees in By, (A) such that the vertices have increasing labels

along paths directed away from the root. We set 282'7” = Zn([[l, 2n —k — 1]) (see the right

of Figure 6 for an example of a tree in %Il 5).

We are now ready to define a function ® from (J T ,(A) to |J Bk »(A) where the unions
are over all possible triplets (k, n, A). The definition is done by induction. If 7 is a trivial tree
with one vertex then set ®(7) = 7. If T has at least 2 vertices, then let # be the child of the
root p such that the edge between p and u has the smallest label, denoted by ¢, among all the
edges adjacent to p. Denote by 17 the sub-tree rooted in # composed of all the descendants
of u and 1, the sub-tree rooted in p composed of all the vertices that are not in t1. Then ®(7)
is the binary tree starting with a root, labelled ¢, with two children: the first child on the left
gives birth to ®(71) and the second one on the right gives birth to ®(77) (see Figures 5 and
6).

PROPOSITION 10. The function ® defined above is a bijection between ‘Z,tn and ’B,tn.

PrROOF. It suffices to construct explicitly the inverse bijection W of ®. We proceed by
induction. For a tree T with a single vertex let W (7) = 7. If 7 is a binary tree with at least 2
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FIG. 6. An example of a tree T € 32_8 on the left and its image by the bijection ®(t) € %I]S on the right.

children and a root labelled £, let 71 be the tree on the left and let 7, be the tree on the right
of the root. Then W(t) is obtained by attaching the root of W (1) to the root of W(r;) with
an edge labelled £. And the root of W(t;) becomes the root of W (7). It is a simple matter to
check that W is indeed the inverse bijection of . [J

As a consequence, we can identify the cardinality of ‘I(J)f »» Which is the set of all possible
trees with O active vertices and n frozen vertices which can be obtained by Algorithm 1, using
the fact that |‘Baf .| 1s counted by the so-called tangent numbers [18].

COROLLARY 11. The cardinality of‘ZS"n is given by
474" - 1)|B

yor 4@ DiBy]

' 2n

where By, is the nth Bernoulli number and tan®™ stands for the nth derivative of the tangent
function. This sequence of numbers is given by OEIS A000182.

=tan®*1(0),

3. Local limits. Let T be the set of all rooted, vertex-labelled, edge-labelled, and locally
finite (meaning that every vertex has finite degree) trees. For every t € T and h € N let [¢];
be the finite rooted vertex-labelled edge-labelled tree obtained from ¢ by keeping only the
vertices at distance at most 4 from the root vertex together with the edges between them,
and their labels. It is standard to construct a metric djoc on ¥ such that the space (%, djoc)
is Polish (i.e., separable and complete) and #, — ¢ for dj if and only if for every & > 1,
we have [t,]n = [t]n (as rooted, vertex-labelled, edge-labelled trees) for n large enough.
Similar metrics can be defined for other families of trees (plane and unlabelled, plane, and
vertex-labelled and edge-labelled) and will be also denoted by djo.. We refer to the associated
topologies as “the local topology”.

3.1. Proof of Theorem 1. We begin by showing that conditions (II) and (III) are equiva-
lent. Since the sequence of trees (7, (X)),>0 is increasing, it converges almost surely for djoc,
if and only if, almost surely, the degree of each vertex converges (to a finite value).

First, we show that every vertex degree converges a.s. if and only if every vertex freezes
a.s. at some finite time. Once a vertex is frozen its degree does not change, so if every ver-
tex freezes a.s. at some finite time then a.s. every vertex degree converges. For the other
implication, we show that if with positive probability a vertex does not eventually freeze,
then with positive probability its degree does not converge. Set P ={n > 1:x, = +1} and
M={n >1:x, = —1}. Observe that

3.1) >

nepP

1
S
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Indeed, since the walk (S,(X)),>0 never touches O we have n~#PN{1,...,n})>1/2 for
alln>1.Thus ) ,cp 1/S,(X) > > ,cp 1/(n + 1) diverges.

Now fix ng € P and denote by v the vertex that appears at time ng. Let E be the event
“v never freezes”. We show that P(E) > 0 implies that with positive probability the degree
of v does not converge. To this end, for n € P, n > ng, let E,, denote the event “the degree
of v increases by one at time n”. Then, since the event E, involves times in P while the
event E involves times in M, conditionally given E the events (E,),>1 are independent and
P(E,|E) = 1/S,(x). Thus, by (3.1) and Borel-Cantelli, P(the degree of v diverges as n —
oo|E) = 1. Thus with positive probability the degree of v does not converge.

Now, to show that (II) and (III) are equivalent, it remains to show that, almost surely,
the fact that all the vertices freeze at some point is equivalent to the divergence of the sum
> nem 1/Sn(x). Fix a vertex v appearing at time ng > 0. The probability that it never freezes
is [ [yem n=no (1 — 1/8n(x)) which converges towards 0 if and only if ), ¢ 1/S, (%) = +o00.

Now we prove that (IT) and (IIT) imply (I). Let ¢ be a finite tree with no vertex labelled a (so
all vertices are frozen). If m is the biggest label of ¢ then for all 4 and n the event “[7,,(X)]s =
t” depends only on the first m steps of x. Therefore for all n large enough P([7,(X)], =1) =
P([T,(x™)]n = 1).If T,,(x) converges locally to 75 (X), then, by (III), all the vertices of Too(X)
are frozen so we deduce that 7, (x") also converges locally in distribution to 750 (X).

Finally we show that (I) implies (IT). Assume (I) and suppose that 7, (x) does not converge
locally almost surely. Then there exists i such that x; = +1 and the vertex v; added at time i
in 7,(x) has a degree converging towards +oo with positive probability. In other words

P(deg(vi, Tn(x)) = +00) = mli_)mOOIP)<U{deg(v,~, Tn(x)) > m}) > 0.

n>i

Let ¢ be an increasing function such that, for all £ < n, X,‘f(") = X;. There is an obvious

coupling such that 7, (x) = 7, (x?™) for all n. Therefore, for all m,
Uldeg(vi, T ) = m} = | {deg(vi, T (x*™)) = m},

n>i n>i

and

lim P(U{deg(vi, Tomn) (x¥™)) > m}) > limooP’(U{deg(vi, T (x?™)) > m})

m— o0 . — m—> :
nx>i n>i

which is positive. We deduce that under this coupling the degree of v; in %(n)(x‘/’(")) tends
to oo with positive probability so 7, (x") can not converge locally. [J

3.2. A connection with geometric Bienaymé trees: Proof of Theorem 2. For the proof of
Theorem 2, we need the Ulam—Harris formalism of plane trees. Let U/ be the set of labels
defined by

00
u=Jn,
n=0

where, by convention, (N)? = {@}. In other words, an element of I/ is a (possibly empty)
sequence u = uj - - - uj of positive integers. Whenu = uy ---uj and v = vy - - - vy are elements
of U, we let uv =uy---ujvy---v; be the concatenation of # and v. In particular, u& =
Zu = u. Finally, a (Ulam—Harris) plane tree is a subset of U satisfying the following three
conditions:
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(i) ger,
(i) if ve v and v = uj forsome j € N, thenu € 7,
(iii) for every u € t, there exists an integer k, (t) > 0 such that for every j € N, uj € t if
andonly if 1 < j <k, (7).

If t is a plane tree and u € 7 let 8,7 = {v € U : uv € t} be the subtree of descendants of u.
We finally let T be the set of all plane trees (observe that such trees may be infinite, but are
always locally finite).

Given a probability distribution  on Z, the law PP, of a Bienaymé tree with offspring
distribution p (sometimes known as a Galton—Watson tree, but we prefer to use the terminol-
ogy suggested in [2]) is a probability measure on T that can be characterized by the following
two properties (see, e.g., [36] for more general statements):

@) Putkg=j)=n()) for j € Z,
(ii) for every j > 1 with u(j) > 0, the shifted trees 07, ..., 0;7 are independent under
the conditional probability P, (- |kz = j) and their conditional distribution is IP;,.

The following simple result gives a characterization of Bienaymé trees with geometric
offspring distribution in terms of an invariance property involving subtrees (since we have
not managed to find a reference in the literature we include the short proof for completeness).

LEMMA 12. Let p € [0,1). Let T be a random plane tree such that P(ky(T) = 0) =
1 — p and under the conditional probability P(-|kg(T) > 0) the two trees 0T and T\0,T
are independent with conditional distribution equal to the law of T. Then T is a Bienaymé
tree with offspring distribution p given by (k) = (1 — p) p* for k > 0.

PROOF. First, for j > 1 we have
P(ka(T) = j) =P(ka(T) > 0)P(ka(T\OIT) = j — ke (T) > 0),

which implies P(kg (T) > j) = pP(ks(T) = j — 1). Thus P(ky(T) = k) = (1 — p)p* for
k>0.

Second, we argue by induction. Take n > 1 and assume that the shifted trees 6,7, ...,6,7T
are independent under the conditional probability P(- |kz(7T) = n) with conditional distribu-
tion equal to the law of 7. Then for f1, ..., fy+1 > 0 measurable

E[A1O1T) - fut1GOn1 Dlka(T) =n+ 1] =E[ f1(O1 T)gn (T\O1 T ke (T) > 0]

with g, (7) = Lig(0)=n 2(017) - - - fu41(0nT)P(kx(T) > 0)/P(kx(T) =n + 1). Thus, by as-
sumption, we have E[ f1(017) - -+ fu+1Bn+1 ke (T) =n+ 11 =E[f1(T)]E[g,(T)]. But
Plka(T) =n)P(ka(T) > 0)
Elg, =
e D= o =n + 1
which is equal to E[ f2(01T) - - - fu+10,T)|kz(T) = n] thanks to the first step. The desired
result follows from the induction hypothesis. [l

E[f201T) -+ far1 On Tk (T) = 1],

For every tree 7 € Q;r’n (A), we define 7 to be the unique element of Q;r’n obtained by
shifting the labels of T to make them consecutive; specifically if f:{1,...,2n—k—1} — A
denotes the unique increasing bijection, an edge/vertex is labeled f (i) in 7 if and only if its
corresponding edge/vertex is labeled i in T (see Figure 7).

We are now ready to establish Theorem 2.

PROOF OF THEOREM 2. First, we claim that almost surely the sequence (7,(X)),>0
converges locally towards a tree denoted by 74,. Observe that if (S,),>0 touches 0, then
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O—=MNWhkWn

n
01234567891011

FI1G. 7. Illustration of the proof of Theorem 2.

the sequence of trees (7,(X)),>0 is almost surely eventually constant and thus converges. If
p <1/2, (S,)n>0 touches 0 almost surely at some point, so the sequence of trees (7,(X)),>0
converges almost surely. If p > 1/2, conditionally on the fact that (S,),>0 never touches 0,
this walk satisfies the condition of Theorem 1, so (7,(X)),>0 has a local limit. We conclude
that, for every value of p € [0, 1), almost surely the sequence (7,(X)),>0 converges locally
towards a tree Too.

We shall first consider 75, conditioned on having at least 2 vertices (which amounts to
conditioning on the event {X; = +1}). Conditionally given {X; = +1}, 7,(X) is composed
of two trees: the tree 7:11 (X) representing all the descendants of the first child of the root of
T,.(X), and the tree 7',12(X) representing all the other vertices, including the root of 7,,(X) (see
Figure 7).

The main idea is then to check that if one of the trees 7;11 (X) or 7;,2(X) has at least one ac-
tive vertex, then it will eventually almost surely evolve (i.e., its degree changes or it freezes).
This will show that the two trees ’7;1 (X) or 7;12 (X) evolve independently with the same tran-
sition probabilities, which in turn will entail that conditionally given {X; = 1}, (’7;1 X)n=1
and (71,12 (X))n>1 converge locally, jointly, towards two independent trees distributed like 7.

Let us now make this discussion more formal. Notice that (7,,(X)),>0 is a Markov chain
in the state space E := > Uo<k<n S,': ,, starting at the trivial tree, denoted by 7., composed
of a single active vertex. Denote by « its transition matrix. The absorbing states are exactly
the trees in U,,> ‘I('{ , With no active vertices. For n > 2, let I, be the random variable which
is equal to 1 when S; = 0 for some k <n — 1 or when the nth action (corresponding to the
step X;) occurs in the tree Tnl_ 1(X) and 2 if it occurs in the tree 7;2_1 (X). For example, when
X, =—1and S > 0 for all k <n — 1, an active vertex of 7,_1(X), chosen uniformly at
random, will freeze. If this vertex is chosen in 7;1171 (X), then I,, = 1, otherwise, it is chosen
in 7}'12_1(X) and I, = 2. By convention we also set /1 = 1. Denote by a(¢) the number of
active vertices of atree t € E.

_The previous discussion shows that, conditionally given the event {X; = 1}, the process
(7,'1l X)), 7;2(X), I,)n>1 is a Markov chain in the state space E? x {1,2}, starting at (t,, o, 1),
with transitions given by

(x,y,i)— (x/,y,1) with probability  k(x, y)a(x, x")
(x,y,i)— (x,y',2) withprobability (1 —k(x,y))a(y,y’).
forevery x,x’,y,y € E,and i € {1, 2} where
a(x)

k(x,y):= m ifa(x)4+a(y)>0 and k(x,y):=1 otherwise.

Let x € E be a nonabsorbing state (i.e., a(x) > 0). Let y € E and n > 1. We show that
conditionally given {7'1 (X) =x and 7' 2(X) = y} the probability that I; = 1 for some k > n
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is 1 and that the probability that Iy = 2 for some k > n is 1. The forthcoming Lemma 13 then
entails that conditionally given {X; = 1}, the trees (7711 (X))n>1 and (7;12(X))n21 converge
locally, jointly, towards two independent trees distributed like 7oo.

Now, we show that that conditionally given {7;1 (X) = x and 7,'12(X) = y} the probability
that Iy = 1 for some k > n is 1 (for I = 2 the argument is the same). Observe that since
a(x) > 0, we have S¢ > 0 for every 1 <k <n. If S =0 for some k > n, this implies that
both 77{1 (X) and 77(2 (X) have no active vertices left. So in particular, there must be an integer
n < £ < k such that I, = 1. Conditionally given (Si)i>n, if Sk > 0 for all k > n, then the
probability that I =2 for all k > n is

HMSHQ_L)SH(I_;):O
k>n Sk k>n Sk k>n k+1

Therefore we can apply the forthcoming Lemma 13 and deduce that, conditionally given
{X1 = 1}, the trees (7;l (X))n>1 and (7;12(X))n2 1 converge locally, jointly, towards two inde-
pendent trees distributed like 7.

To conclude, for a vertex and edge labelled locally finite tree T denote by T to be the plane
tree obtained from t by first ordering the vertices in such a way that the labels of edges
connecting vertices to their children are increasing from left to right, and second erasing all
the labels (for example the vertices of the tree on the left of Figure 6 are ordered in such a
way). By continuity of the operation t +— T on the set of labelled locally finite trees with
respect to the local topology, we conclude that conditionally on the fact that 7 o, is not a

single vertex, the two trees 7; and 7_%0 are independent copies of 7 oo. Since T o has only
one vertex with probability 1 — p (this happens if and only if X; = —1), the desired result
follows from Lemma 12. [

LEMMA 13.  Let (X,)n=0 and (Y,)n>0 be two Markov chains on the countable state space
E with the same transition matrix o. Denote by A:= {x € E : a(x, x) = 1} their set of absorb-
ing states. Let k : E x F — [0, 1]. Define a Markov chain (U, Vy,, I,,)n>0 on the state space
E? x {1, 2} with transition matrix given by, for all x, x', y,y' € E and i € {1,2}:

(x,y,i)— (x',y,1)  with probability ~ k(x, y)e(x, x')
(x,y,i) = (x,y',2) with probability (1 —k(x,y))a(y,y’).

Suppose that, for all (x,y,i) € (E\ A) x E x (1,2}, Py y)h3@n > 1, I, = 1) = 1. Similarly,
suppose that, for all (x,y,i) € E x (E\ A) x{1,2}, Py yn(@n > 1,1, =2)=1. Let ng =
mo = 0. For all k > 1, if the set {n : n > nx_1 and I,, = 1} is nonempty, we define ny as
its minimum, otherwise we set ny = ni—1. Similarly, if the set {m : m > my_1 and I, = 2}
is nonempty, we define my as its minimum, otherwise we set my = my—1. Then, for every
(x,¥) € E2, (Up k=0, (Vi )k>0) under Py 1y has the same law as ((Xi)x=0, (Yi)k=0)
under P, @ Py.

PROOF OF LEMMA 13. We show that ((Up,)o<k<r, (Vim;)o<k<s) under P 1) has
the same law as ((Xg)o<k<r, (Yx)o<k<s) under P, ® PP, by double induction on (r,s). If
r = s = 0, the result is obvious. Suppose it is true for some pair (r,s). We show it for
(r,s + 1) (the case (r + 1, s) is similar). Let x=(x(,...,x,) € E", y=(1,...,¥s) € E?®
and ys41 € E. Write U := (Upy)1<k<r» ¥V :i= (Vi) 1<k<s» X 1= (Xp)1<k<s» Y := (Yi) 1<k<s,
and P := P,y 1). Suppose that y; ¢ A, then my,1 > my and

]P)(U == Xv V == y’ Vms+1 - )79+1)
ZP(UZX,V:y)P(xhyS’l)(Hn >1,h=---=LL_1=11,=2,V, = ys41).
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By induction hypothesis, P(U=x, V=y) =P, (X =x)P, (Y =y). Moreover
Poyy@n>1L ==L 1=11,=2,V,=ys41)
=P, v, 1)@n =1, I, =2)a(ys, ys+1) = a(Ys, Ys+1)-
This shows the formula for (r, s 4+ 1) in the case y; ¢ A. Now, if y; € A then
PU=x,V=y,Vy_, =y+1) =PU=X, V=P, y, y(Vm > 1, [, = D)1y -y
+PU=x,V=y)Pq, y,n3m > 1, I, = 2)a(ys, Ys+1)
=P, X=x)P, (Y=Y, Yy11=y511).
This completes the proof. [

4. The height of uniform attachment trees with freezing. We shall now study the
geometry of uniform attachment trees with freezing. It will be convenient to work with 7" (x)
as built using Algorithm 2. Recall from Theorem 8 that the only difference between 7, (x)
and 77 (x) is that all the active vertices of 7" (x) are labeled ay, . .., as, (x), While all the active
vertices of 7,(x) are labelled a. In particular the graph structure of both trees is the same in
law, so it is equivalent to establish our main results with 7, (x) replaced with 7" (x).

Also recall from (2.1) the definition of V},(x), which is a deterministic set representing the
labels of the vertices of 7" (x), and that by a slight abuse of notation we view elements of
V,.(X) as vertices of 7" (x).

An important ingredient in our proofs is Bennett’s concentration inequality. Since it will
be used multiple times, we state it here, tailored for our purpose.

PROPOSITION 14 (Bennett’s inequality). Let (Y;)1<i<n be independent Bernoulli ran-
dom variables of respective parameters (p;)i<i<n. Set m, = Y/ | pi and assume that
my, > 0. Then, for every t > 0,

" t
P(Z Yi >m, + t) < exp(—mng(—)) and
i—1 Mn

(<o) confmal)

i=1
where g(u) = (1 +u)In(1 +u) — u foru > 0.

4.1. Uniform bounds on the height. We keep the notation introduced before (see in
particular Table 1). In particular, x = (x,),>1 is a fixed sequence of elements of {—1, 1},
So(x) :=1 and for every n > 1

n
4.1) Sp(x):=1+ in; 7(x) :=inf{n > 1: §,(x) =0}.
i=1
To lighten notation we will drop again the x in parenthesis (e.g., we will write S, instead of
Sy (x), T instead of 7(x), 7" instead of 7" (x), V,(x) instead of V,,, etc.) but we keep in mind
that all the quantities depend on the sequence x. We first start with an estimate concerning
the height of 7" (recall its construction using Algorithm 2 in Section 2.2).

PROPOSITION 15. Fix n > 1 and assume that t > n. Let Height(T") denote the height
of T". Then, for every t > 0,

P(Height(T™) — h; > 1) < exp(—h;g<hi+> + ln(n))
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and

P(Height(7") — h < —t) < exp(—hf{g(L)),

hit

where g(u) = (1 +u)In(l +u) — u foru > 0.

PROOF. Fixu € V,. From (2.2) if (¥;)1<; <, are independent Bernoulli random variables
of respective parameters (1/S;)1<;<n, we have

(d) bn(”)
0 =D Yilpg=1).
i=1

Thus, by a union bound over all vertices of 7" we get

IP’(Height(T”) > h;l’— + t) < I’l]P’(Z(Yi — %)]l{xi:” > t>.

i=1 !

In addition, when u € V), is an active vertex (so that b, (u) = n), using the fact that Hj(u) <
Height(7,), we get

P(Height(T™") < h} —1) < P(Z(E - Sii)ﬂ{x,:u < —f)-

i=1

The desired bounds then both follow from Bennett’s inequality. [J

4.2. A simple lower bound for hf. 1In view of Theorem 3, which tells us that h is the
order of magnitude of Height(7™), it is useful to have estimates on h;". We give here a simple
lower bound on hif".

LEMMA 16. Letn > 1.Ift > n then h’ >1n(n/4).

PROOF. Set p, =#{l <i<n:x; =41} and m, =#{1 <i <n:x; =—1}. If
there exists 1 <i <n — 1 such that x; = —1 and x;4+; = +1, we define X’ to be x' =
X1y ..., Xj—1,+1,—1,Xj42, X;+3,...). Then it is a simple matter to check that we have
h(x) > h(x'). By iteration, it readily follows that we have the inequality h(x) >
h,’:((—i—l, ce 1, =1, 00, —1, X141, X412, .. .)) Where +1 appears p, times and —1 appears
m, times. Since 7(x) > n entails p, > n/2, it follows that h:{(X) > Z{Zl /G +1) >
In((p, + 1)/2) > In(n/4). U

4.3. Limit theorems for the height. 'We are now in position to establish Theorem 3.

PROOF OF THEOREM 3. We start with (I). Recall that for an active vertex u € A, we
always have b, (u) = n. Therefore, by (2.2),

n
d
i=1

Using Bennett’s inequality (Proposition 14), for all € > 0

IF’(‘ H(hlj{_”) — 1‘ > 8) <2exp(—hg(e)).
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This upper bound goes to 0 as n tends to infinity since h;l goes to infinity by Lemma 16.
We deduce that the sequence (H(U™)/h;7 — 1), converges to 0 in probability. To conclude it
suffices to show that it is bounded in IL” for all p > 1. Let p > 1, we have

A oo oA

h
Using Bennett’s inequality again and by splitting the integral in half at u = 7, the above
quantity is bounded by

-1

o
77 +2p/ exp(—hTg(w))u?~! du.
7

Notice that for u > 7 > ¢? — 1, we have g(u) > u thus

[7 es(-nignur au = [T esp(niupurau= [ expuur
expl— u)u u< exXp\— uju u = exp(—u)u u.
; P8 =) FPTh (hHP i P
By an iterated integration by parts, the last quantity is O(exp(—7h;")/h). Therefore the
boundedness in L7 follows.
We now establish (IT) and (III). Fix C > 1. By Proposition 15, for all n > 1,
Height(7™)
P(T > C) <exp(—hlg(C — 1) +1In(n)).
This upper bound goes to 0 when In(n) = o(h:lr ) since g(C — 1) > 0. It also goes to 0 when
C =e+¢since g(e — 1 +¢) > 1 and by Lemma 16, h;} > In(n/4). Similarly,
Height(7™)
]P’(hiJr <1- 8> <exp(—h!(x)g(e)) = 0.

n

This completes the proof of (I). It also shows that the convergence

Height(7") P

h;l— n— 00

1

holds in probability when In(n) = o(h,‘f). To fully show (III) we just need to prove that the
sequence (Height(T")/h,J,r — 1), is bounded in IL? for all p > 1 when In(n) = o(h:[). It is
done using the same method as in the proof of (I) by using the fact that for n sufficiently
large we have

IED(Height(T”)

s > C) <exp(—h, g(C —1)/2)

forevery C >2. [

5. Regime with a linear amount of active vertices. We shall now investigate the regime
where the number of active vertices grows roughly linearly in the size of the trees: the main
goal of this section is to establish Theorem 4. Here we assume that (1.2) is in force, namely
that there exist ¢ € (0, 1] and a sequence (A, ),eN of positive numbers such that A,, = o(logn)
as n — oo and such that

n
S/
i

n

=0 and Ve>0, Iliminf min 50

lim limsup max
n—>oo gn<i<n n

e—=>0 n—soo Ap<i<en
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5.1. An asymptotic equivalent for h". Here we show the convergence of Theorem 4(I),
namely

E c+1

5.1 .
-1 Inn n—>oo  2¢

To simplify notation, for all n € N and for all ¢ > 0, set

n
ny(e) ;= max |-+ —c|.
Ap<i<en| 1

By (1.2), we know that limsup n,,(¢) — 0 when ¢ — 0.

LEMMA 17. Suppose that the assumptions (1.2) hold with A,, — co when n — 00. Then,
forall C > 1,

(5.2) lim limsup  max

=0 n—ooo Ap<a<b<en

1 b1 c+1
> wiliw=n— =0.
ln(b/a) Bl S 2¢

PROOF OF LEMMA 17. We prove (5.2) with a double bound. First, let us start with the
upper bound. Let ¢ € (0,1) and 8 > 1. Forall A, <a < b <¢n:

b m
1 1 1
> L= = > rlog=n+ > > S—ﬂ{x =1+ Z ﬂ{x =1}
i=a+1 i a<i<pt Vi ke=1+£ g—1 <j < gk prici<p St

where £ := [Ina/In 87, m := [Inb/In B8] and where, in all the sums over i, it is implicit that
i is aninteger. Let P, :={l <i <n:x; =1} and M, := {1 <i <n:x; = —1}. Note that for
all 1 <i < j <n, we have

#(PaN i+ 1, j1) —#(M, N[ +1,j]) =] — 5],
#(PoNli4+1,j])+#M, N+ 1, j])=j—i.

Moreover, when A, <i < j < en, we have (j —i)c — 2jn,(e) < S;? -8t <(—ie+
2jn,(e). As aresult,

c+1 . . : ) .
5 (j—1i)— jna(e) <#(P.N[i + 1, j])
(5.3) 0o e
= > < 5 (J =)+ jna(e).
Therefore, for every k € [[1 4 £, m],
1 1
> wlw=ns ) L=y
BE-l<i<pk s ﬁ’f—1<i§ﬁ"l(c_n”(8)) K
1

#{,Bk_l <i< ,Bk : X? = 1}ﬁk—1(c— Nn(€))

1
< (C; (BF— B +1) + ﬂknn(e>>

1
B*=1(c — na(e))

1 1
<(SF = 1+ VA + ) ) s = U,
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where the third inequality comes from (5.3) and where for the fourth inequality we used that
1> Bt >a> A,. Similarly, since ¢~! <a,

1 . L. .n __ 1 ’8 'BE :
Z —I{X;z_l}g#{a<l§,3 ¢ _1},8{*1(6—77;1(8)) 1313 l(c_nn(g))

a<i<pt

and since g ! > b,

> 11 <#{p" <i<b:x! =1] 1 L PP
e =N T BT S (e) T B e — n(e))
Thus
b 1 IBK _ﬁ@—l Igm—l—l —,Bm
— L —0U,
> g i) < 00 = OU (o) 7y s e

i=a+1
In(b/a) 28— 1)
=g MOty

For the lower bound, the same ideas apply. Indeed, for every integer 1 4+ ¢ < k < m we have

1 1
g > #HB i< =)
ﬂkgsﬁk sy teg=n 2P <= B = @)
L S S R 1
z( (B =B =2 o)) ey

><c+1<1 1 2)_ (8)> L e
=\ 2 B A "M ey

where the second inequality comes from (5.3) and the third one comes from the bound g% >
Bt > Ba > BA,. Thus

b In(b
> rli— = (m = OLy(e) = n /“)L (&) = 2Ly (e)
i=a+1"i
Z1n(b/a)Ln(8)_c+1(1_l_ 2 )
In 8 c B BA,

Using the assumption that aC < b, we end up with the following inequalities:

b
Ln(e)_c—i—l(l_l_ 2)5 1 Z 1n]1{x_1}_U(e)Jr 2(B—=1) '
Ing  cInC B BA, In(b/a) , S ' S; Ing  (c—n.(e)InC

Using the fact that A, — oo, notice that limsup,_, ., U,(¢) = (8 — 1)(c + 1)/(2¢) and
liminf, o Ly (e) > (1 — 1/8)(c +1)/(2c) as ¢ — 0. Therefore

1 b c+1
Y il —
In(b/a) , = S! 2c

lim sup lim sup
>0 n—>0 An<a<b<8n
aC<b

B—1 c+1 2(6—-1)
InB _1‘+clnC<1_E>+ clnC

This bound tends to 0 as § — 1; since B > 1 was arbitrary, the result follows. [

c+1
<
2c
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PROOF OF THEOREM 4(I). Let (A)),en be a sequence of positive integers such that
Ap <A, Al =o(Inn) and A), — oo as n — oo. Applying Lemma 17 we see that

1 c+1_

1
— Y ey - =0
sroti=lT T,

In /
n A <i<en L

lim lim sup
e—=>0 n—o0

Since S > 1 forall 1 <i <nand A;, = o(Inn), we have
A, 1
Z E]l{x?:]} = 0(11171).

i=1 "1

Finally, for all 0 < ¢ < 1, by the second assumption of (1.2):

1
3 i L=y = O().

en<i<n 1

Combining everything gives the desired convergence (5.1). U

5.2. Distances between uniform vertices. Here we prove Theorem 4(II). We keep the no-
tation introduced in Section 2.3: for a vertex v € V,,, let b, (v) be the largesti € {0, 1, ..., n}
such that v belongs to the forest ;' obtained when building 7™ using Algorithm 2. We first
focus on H(V/") and introduce some notation. Set

b, (V) b, (V) 1
Zn = Z Yinl{x?=1} and Mn = Z Fﬂ{x;l=1}’
i=1 [

i=1 i
where (Y/")1<i<, are independent Bernoulli random variables of respective parameters
(1/8")1<i<n (independent from b, (V{")). Observe that M, = E[Z,|b,(V])]. By (2.2), we
have

@

(5.4) H(V!) 2 Z,.

Fix p > 1. First we establish that M,,/ h,J{ converges to 1 in IL”. Actually, since 0 < M,, < h,J{
almost surely it is enough to show the convergence in probability.
Let ¢ > 0 be small enough so that n,(¢) < ¢/2 for all n large enough. Let y, > 0 be such
that, for all n large enough, we have
n
Ye < min —-.

en<i<n n

Such a y, exists thanks to (1.2). Besides, since A, = o(Inn) = o(n), by Lemma 6 we have
bn(V{") > A, with high probability. Using this, as well as the fact that h > In(n/4) (see
Lemma 16), we obtain, with high probability as n — oo,

M, 1 z 1 1 z 1 1
0<l——F=— lxr=1y < — (4 +—) "=l
i i=l§V1n) syt i=an(:V1") ic=m(@) " yen)

_ 1 21 ( n >+ 1
—1n .
~In(n/4) ¢ \b,(V]") yehil

Now, fix 0 < § < 1 and take m, =n'~%2%. Then by Lemma 6

m, +1-—-5"
P(ln( " ) - 51n(ﬁ>) " M 0
b (V) 2 ntlts now
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> u | bn(VI”)) <2exp(—M,gu)),

o0

exp(—Mng(u))up_1 du] — 0.

14
— 0.

n—oo

We conclude that M, /h} converges towards 1 in probability (and therefore in IL” for all
p > 1). Now we show that Z,, /M, converges to 1 in IL” following the same spirit as in the
proof of Theorem 3. We have
Zn P o0 Zy _
E| =2 1| |by(V])|= / P(‘——1‘> b v”) Py,
o= e | = [T B(|a =1z w0V )
By Bennett’s inequality (Proposition 14)
Z
IP( — —1
My,
where g(u) = (u + 1) In(u + 1) — u. Since M, is of order Inn it is a simple matter to check
that
7z p
e <an
M, 0
Since M, <h; we deduce that
Z, — M,
hi

g

p Zn
<E[Z2 1
My,

So (Z, — M,)/h;} converges to 0 in L”. Since M, /h} converges to 1 in L?, Z, /h} goes to
1 as well. Finally, using Theorem 4(I), we conclude that Z, /Inn converges to (¢ + 1)/(2¢)
in IL?. This proves the first convergence of Theorem 4(II).

So as to deduce the asymptotic behaviour of the distance between two uniform points, we
next show that two uniform random vertices coalesce near the root.

LEMMA 18. Under the assumptions of Theorem 4 the following holds. For all n > 1, let
V', V3! be two independent uniform vertices of V. Then

c(VI', V) RN

n n— 00

0.

PROOF. Let0 <e < 1.Leti,j <n— 1 distinct with X?H =x’}_H =—landk<iAj

with x} ;= 1. Denote by B the event “b,(V{") =i and b,(V;') = j” and by C the event
“ca(V{', V5') =k”. By Lemma 7, it is clear that

n —1
P(C|B) =P(C and ¢, (V", V}) <k|B) <P(Clc,(V]'. V}) <k, B) = (Sk+1) :

2
Therefore
iNj §n -1 n—1 gn —1
Peavi i) zenB) = 2 (P51) tg = X (1) ngen
k=[¢en] k=[en]

By averaging over i and j it follows that

n—1 s —1
PV v zen s ¥ (%51) Lg,en
k=[en]

Finally, by the second hypothesis of (1.2), we know that

n—1 Sn -1 1
Z ( k2+1) ]l{XZH:l} = 0(;) asn — o0,

k=[¢en]
hence the desired result. [

The second convergence of the point (II) of Theorem 4 is then an immediate consequence
of the first convergence of the same point using dominated convergence and Lemma 18.
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5.3. Limit theorem for the height. Here we show Theorem 4(III). The proof of the upper
bound is readily obtained by a union bound, while the lower bound is much more delicate.

PROOF OF THE UPPER BOUND IN THEOREM 4(III). Fix n > 0. First observe that by
definition of f(c) we have

1 2c

g(f©)=1)=f(©)Inf(c) — f(C)+1—1+? cr

so that g(f(c) — 1+ n) > 2¢c/(c + 1). By Theorem 4(I) we have h,T ~(c+1)/Qc)In(n) as
n — 00. As a consequence, there exists § € (0, 1) such that A;F g(f(c) —1+1n) > (1+8) In(n)
for n sufficiently large. Hence, by Proposition 15, for n sufficiently large,

P(Height(7™") > h(f(c) + 1)) <exp(—h'g(f(c) — 1+ 1) +1nn) < exp(—3In(n))

which goes to 0 as n — oo. This completes the proof of the upper bound. [

It therefore remains to show the lower bound on Height(7,;), which is the delicate part
of the proof. Let us explain the main idea of our approach. Since the upper-bound has been
obtained by using a union-bound over all vertices, one would hope to obtain the lower-bound
from the fact that the height of the vertices are “almost independent”. However, their heights
are highly correlated. To overcome this issue, we use the so-called chaining technique and
estimate by induction on k the height of the subtrees Height(7;(x")). More precisely, for
every increasing sequence of integers (chain) 0= Ry < Ry <--- < R,;, = n, we have

Height(7,) = »_ Height(7,,, (x")) — Height(Tg, (x")).

0<i<m

We shall choose an appropriate chain of integers (R;)o<;<» and then bound the differences
appearing in the last display. To this end, the main idea is that if R;;1/R; is close to some
large constant C > 0, then Ty, (x"*) can be approximated by a forest of independent trees
attached on Tg, (x"). We then show by induction on i that many vertices have a large height
in this forest, and among them many are attached on vertices of T¢, (x") with large height.

To make this intuition rigorous we first need to define some objects. For n € N and 0 <
k < n, recall the definition of 7;” := Tr(x"*) from Algorithm 1. We denote by .AZ the set of all
vertices in 7, that were active at time k when running Algorithm 1 (these are vertices of 7,
that are either labelled with a and have an adjacent edge labelled by j < k, or labelled with
i > k and have an adjacent edge labelled by j < k). For 0 <k <k’ <n, let ]-",’:? o be the forest
obtained as follows:

(i) Consider 7, and relabel by * all the vertices of 7,7 belonging to A} (see Figure 8 for
an example);

(ii) then remove all the edges of 7} that belongs to 7;" (i.e., all the edges with labels in
[1, kD)s

(iii) finally remove all the vertices with labels in [1, ].

Note that all the trees in F}';, have exactly one vertex labelled * (see Figure 8 for an example),
which by convention is considered to be active. We will thus consider the vertices labelled
* as the roots of the trees in ]-",’: - Observe that one cannot deterministically reconstruct 7,7
from {f,’:’ v T¢'), butin distribution it is possible: if one merges uniformly at random every
active vertex of  With one vertex labelled  from F7',,, then one obtains a tree having the
same distribution as 7;}. This comes from the fact that condltlonally given 7", at any future
time the subtrees grafted on active vertices of 7;" after time k are exchangeable Furthermore,
it will be crucial to keep in mind that that 7, and F j are independent. Indeed 77/, may be
constructed following Algorithm 1, independently of the steps 1 <i <k.
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O—=MNWhkWU

012345678910111213 "

Fi1G. 8. lllustration of the construction of ]:1’: v With k=T and k" = 13. From left to right: the sequence X", a
realization of 7}(", a realization of 7;? and the forest ]:,Z’ v composed of four trees all rooted at their unique vertex
labelled . If one matches and merges uniformly at random every x vertex of F, ]:' w With every active vertex of 77(",

one obtains a tree having the same distribution as k'/‘.

For every 0 < k <k’ < n, for every vertex v € ]-',Z”n we write H,Zk,(v) for the height of v in
the forest ;' , minus its height in F7  (where, by convention, the height of v in 7’ is 0if
v is not in this forest). In words, if v belongs to a certain tree T of ,f,’ ,» the quantity H/?, v (V)
represents the height in F; ]:’ w Of the vertex associated with the root 7.

For 1 > 0, for every integers n, k, C € N such that CK < n/C, set

c+1
c

M€ =#v e A By o) > < mE@) (7@ — )

The set of vertices involved in the definition of N}’ will play an important role in our approach.
Roughly speaking, they correspond to vertices active at time C**! which are “quite far” from
a vertex active at time CK. The first main input in the proof of the lower bound of the height
is the following result, which shows that C > 0 can be chosen such that if R;11/R; is close
to C > 0, then there are many active vertices with a “large” height in the forest F In?i, Risr” Its
proof is deferred to Section 5.4.

LEMMA 19. For every n € (0, 1), there exists an integer C > 2, there exist A > 0 and
¢ € (0, 1) such that for every n large enough, for every k € N, with A, < CK <en/C, we
have

n k A
P(N(C.m) =4C) < 5.

For every n, k € N, with Ck<n /C, let M} be the maximal number of active vertices of

a tree in the forest F gk CkH- The second main input in the proof of the lower bound of the

height is the following result, which shows that the this quantity cannot be too large. Its proof
is deferred to Section 5.4.

LEMMA 20. For every n large enough, for every k € N, with A, < ck < n/C,
1
3

Let us now explain how the lower bound for the height follows from Lemmas 19 and 20.

PROOF OF THE LOWER BOUND FOR THEOREM 4(IIl). Fix n € (0, 1) and take C > 2,
A >0, e € (0,1) such that the conclusion of Lemma 19 holds and write N}’ instead of
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N[ (C, n) to simplify notation. For all integers n, k € N such that A, < Ck <n/C, set

1
Nk _#{v € Af, Ve [k —1]s.t. Ay < ct, Hly cor(0) > et In(C)(f(c) — n)}
We shall show that if K, is the largest integer k such that CK < en/C, then
svili
(5.5) P(Ng,=1) — 1.

If (5.5) holds, then with probability tending to 1 there exists a vertex vk, € .A'é x, and ver-
tices v; € A, for every i € [1, K, — 1] such that A, < C’, v; is an ancestor of v;;| and
d"(vi, viy1) > 2cl In(C)(f(c) —n). Thus the height of vk, in 7" is at least

c+1

#li eN:In(A,)/In(C) <i < K,} - In(C)(f(c) — 7).

which is equal to
In(n) In(e/C) In(A;) c+1
(\Jn(C)+ s J—[ln(c) D (O (f© - )~ (f(C)—n)

Since n € (0, 1) was chosen arbitrarily, this will imply the desired result.
The main step of the proof to prove (5.5) is to establish that for every k € N with A, <
ck < en/C we have

_ — 1
n k177" o ok
(5.6) P(Npp <2t N =2 )zo(k—z),
where here, and in the rest of the proof, the O is uniform in A, < Ck <en /C. This means
that there exists a constant A > 0 such that the term O(1/ k%) can be bounded from above by
A/ k? for every A, < CK < en/C and n large enough. If this holds, we will then have

_ > ]
P(3k with A, < C* <en/C and N}y <2*) <P(N} 2’@1)+0(Z )

with k,, = [In(A,)/In(C)]. By Lemma 19,

A A
=
Ckn - n—00

P(N] <2') <P(N} <4C*) <

where the first inequality holds because C > 2. As a consequence, with probability tending
to 1 as n — oo, for every integer k such that A, < ck < en/C, we have NZ > 2K which
implies (5.5).

It thus remains to establish (5.6). Note that the random variable NZ is Tcnk measurable, and
so is independent of the random variables N;' and M;' which are F. gk’ CkHl measurable. As a

consequence, we get for every k € N with A, < C¥ <en/C:
P(Nj,y <2 Ny > 25)
<P(N} <4C*) + IP(M” > k%) + P(N, < 2K NI > ack, M <iP|N} =2
&7 = k k k+1 N = s My = [
<0 ! +O 5 )+ PNy < 251 NP =4k, My <IPIN > 29,
o3 k+1 k k
where we have used Lemmas 19 and 20.

To bound the third term, we shall estimate NZ by using a second moment technique. To
this end, we recall that one may reconstruct a tree with the same distribution as 7" Ckr1s bY
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merging uniformly at random each active vertex from 7E”k with one vertex labelled x from
Fr CkH- With this in mind, it follows that

Ccx,
NyN;!
(58) E[NZ—i-lngkv fg‘k,ck+l:| = %v
Ck

where we recall that § Z‘k = Sck (x") represents the number of active vertices of 7'g’k
Next, denote by A 1 the set of all active vertices of the forest Fp, Lkt For v €

Ak crr let Ef(v) be the event defined by

E}l(v) = {ve e[l.k—1]st. A, <C'. H (W) > <! In(C)(f(c) — n)},

gé’cl-H
if this event holds say that v is k-good, and k-bad otherwise. Observe that by definition, for
every tree of F7. Cck Ckr1s either all its active vertices are k- good or all its vertices are k-bad.

Note that, for all v,v' € Ack ck+1- conditionally on " and F" Ck_Chkr1s the events £}, ; (v)
and E} (v") are negatively correlated unless v, v’ are in the same tree in F7. ck chH- Indeed,
on the one hand, if the trees of F7 Ck CkHl containing v and v’ are different, then when we
attach the tree containing v to an active vertex of A” ¢« in such a way that v is k-good then
the tree containing v’ will have less chance to be attached to another vertex of .A’ék in such
a way that v’ is k-good, and vice versa. On the other hand, if v and v" are in the same
tree and if we have the inequalities H”k kI (v) > ‘+1 In(C)(f(c) —n) and H k kI W) >
CH In(C)(f(c) — n), if we denote by w the (random) active vertex of 7/ ck on which this tree
is attached then v and v’ are both k + 1-good if and only if w is k- good

As a result, writing P and E for the conditional probability and expectation conditionally
given 77, and F(; (k1> We get

— — —~
Var[Nk—H] = Var [ Z 1EZ+1(”):| = Z COV(REZH(U)’ ]lElr:ﬂ(v/))
(5.9 veACk ckt1 v, E.Ack Cil
<My Y P(Ep, ) =M B[N, ]
UeAck ck+1

Thus, by (5.9), still on the event {N} > 2%, N' > 4C*, M} < k3}, we have

Var[Nk+1] <4 M;

ENg P~ BV
AMIS" 3ck

_ kck<4kc_0<l>
NENI — 2kCk k2

~ ~ 1~
P(NZH < 2k+1) = IP)<NZ+1 < EE[NZH]) 4=

As a consequence,
P(Nyyy <28 NP> 4Ck, M <K°|Ny > 2%)
~ — 1
n k+1 n k
=E[P(Nyy <2"7) Lypsscepp <IN 2 2] = (’)(ﬁ)

and (5.6) follows from (5.7). This completes the proof. [J
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5.4. Proof of Lemmas 19 and 20. We keep the notation introduced in Section 5.3. The
following estimate is the first step for the proof of Lemma 19.

LEMMA 21. For every n € (0, 1), there exists an integer C > 1 and € € (0, 1) such that
for every n large enough for every k € N, with A, < C* < en/C, we have

E[N}(C, n)] = 5C*.

PROOF OF LEMMA 21. Recall that g(x) = (1 +x)In(l +x) —x. Set § =1 — .
g(f(c) — 1 —n), which belongs to (0, 1) since g(f(c) — 1 —1n) < (2¢)/(c+ 1), and then
choose an integer C > 1 large enough such that

6 +1
(5.10) exp(—(1 —8)In(C)) > c and In(C) > CT(f(c) -1).

In(C)*

It remains to check that this value of C satisfies the desired conclusion. By Lemma 5 for
every v € Ay,

@)
Hiw )= > Y,

Ck<i§Ck+l
where (Y/")1<i<, are independent Bernoulli random variables of respective parameters
(l/S?]lX;zzl)lfiEn. Lemma 17 yields

1 c+1
L=t —
Ck<j<Ck+1 i

lim limsup max
e—>0 n—soo A,<Ck<en

ln(C)‘ =2 0.

Hence, by [6], Theorem 1, we have

1
lim limsup max dTV< Ck CH,(v),Poi(C—i_ ln(C))>:
2¢

e—>0 n—oo A,<Ck<en

where Poi(A) denotes a Poisson random variable with parameter A and dtv stands for the
total variation distance. As a consequence, setting

P(C) :=IP’<730i<C;_C1

1
1n(C)> > ot In(C)(f(c) — n)),

we have

(5.11)  limlimsup max
>0 n—soo A,<Ck<en

1
P(Hs o) > <~ (O(F(0) —1)) - P(C)‘ -

Then, for A > 2 and ¢ > 1, using the bound [u]! < u3(u/e)” for u > 2, observe that

)\’l—)‘l-‘ At 1 1
P(Poi(A) > At) > e o > ¢ w(i) _ o—hglt=1)
[At]! at) () )3

Taking into account our choice of C (see (5 .10)), it follows that

5.12 P(C)> Lince 1 o
(5.12) ()_WGXP< e I )8(f (o) — —ﬂ)) oC

Then observe that by linearity we have

1
B[N (€] = #Atu B s o @) > @) (@) = )
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But [#A%, /(cCKH) = 1] = 8%, /(cCHH — 1] < ny(e) /¢ for CKH! < en, where we recall
that
n
_l J— C
l

The desired result follows by using (5.11) and (5.12). [

nn(e) = max
Ap<i<en

Observe that by (1.2) we may choose ¢g € (0, 1) such that

n
——c
I

n

c . ) ;
< — and liminf min —+ >0,
2 n—>00 gogn<i<n n

limsup max
n—oo Ap<i<eon

which implies the existence of a constant co > 0 such that
(5.13) for every n sufficiently large, forevery 1 <i <mn, col < Sl’-1 <i+1,

where the upper bound comes from the fact that x}' < 1.
We are now ready to prove Lemma 19.

PROOF OF LEMMA 19. Fix n € (0, 1). Consider C > 1 given by Lemma 21. Take ¢ €
(0, 1) small enough such that the conclusion of Lemma 21 holds. The main idea of the proof
is to show that for some fixed A > 0 we have uniformly for every k € Nwith A, < CKk <en/C

(5.14) Var(NJ'(C, n)) < AC*.

Indeed, it will then directly follow from Lemma 21 and Bienaymé—Chebyshev’s inequality
that

P(NJ(C, 1) < 4CK) <P(INI(C,n) —E[NMC, ]| > C*) < Var(NF(C, n))/CH < r/C*.
We shall show that
(5.15) E[(N(C.m)*] < B[N} (C.m)])> + O(Ch).

This indeed implies (5.14). Observe that by definition of N}/ (C,n), setting t = % X
In(C)(f(c) —n), we have

N{(Com) = Z Ilan cky1W)>1-

- c
vEA ket

Note from Algorithm 2, that for every v, w € A7, with v # w

d
(Hgk’ckﬂ (v), Hgk’ck—kl (w)) (:)( Z Yy, Z Z?)

Ck<i§Ck+l Cck <isck+l

where (Z!')1<;<, are independent Bernoulli random variables of respective parameters
(I/Sf‘]lxgzzl)lfifn. The problem is that (Z!")1<;<, and (¥;")1<;<, are not independent. The
idea is to say that, conditionally on the fact that v and w do not coalesce (i.e., they do not
belong to the same tree) before time C**!, then, when the height of v goes up by 1 in the
coalescence process, the height of w does not change and vice versa. Therefore their heights
are negatively correlated. One can see that, for all v, w € A,

P(Hgk’cm (v) >t and Hgk’ckﬂ (w) > 1)

(5.16) <P(C*F <c (v, w) < C¥HY)

+P(Cn (v, w) < C5 Hw i (0) > 1, His i (W) > 1).
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The first probability of (5.16) is bounded from above as follows:

1
P(C* <c,(v,w) <) <1— ] (1 — Ly S_)
Ck<i<Ck+! (2’)
(5.17) |
Sl—exp< Z ln<1—7>>,
Ck<i<Ck+1 (2’)

which is O(1/C*) using (1.2), and where the O(1/C*) is uniform in v, w and in n > C**+1
We then focus on the event involved in the second probability of (5.16). One can write

Hly cn@) = > Y],
Ck<i§Ck+l

where (Y/")1<i<, are independent Bernoulli random variables of respective parameters
(/8" 1,n=1)1<i<n. Moreover, we note that if we know that Y!"=1andthatc,(v,w) <i—1,
then it implies that there is no coalescence with the tree containing w. More precisely, one
can write

Hgk,clm (w) = Z Z;’,
Ck<i<Ck+l
with
Z;l = Yin]lcn(v,w)zi + gin]lc,,(v,w)d and Y;'=0-

where the £"’s are independent Bernoulli r.v. of parameter (1/(S!" — 1)) Ixn—y respectively
and are taken independently from the Y;'’s. As a result, the second probability in (5.16) is
bounded from above by

P(cn(v, w) < Ck, Z Y'">1t and Z z! > t)

Ck<i§Ck+1 Ck<i§(jk+l

]P’(cn(v, w) < Ck, Z Y'">1t and Z 5,‘”11)/;':0 > t)

Ck<i§Ck+1 Ck<i§Ck+1

IP’( Z Y/ >t and Z &' > t)

Ck<i§Ck+1 Ck<l'5ck+l

:]P( > Yi">f)P( > §f>z)§IP( > §f>t)2.

Ck<isck+l C"<i§C"+1 Ck<isck+l

(5.18)

[A

Now, thanks to the fact that 1/S” < 1/(S" — 1), one can define some random variables ¥/"’s
for i > 1 such that, for all i > 1, we have I~’i” <&/ and (171-”) i>1 is a family of independent
Bernoulli random variables of parameter (1/S;}") lx;w:l , having thus the same law as (Y/");>1.
It follows that

P( > Ei”>t)—IP>( > Y,.”>t):]P>( Yoo st= ) ?{’)

Ck<i§Ck+1 Ck<i§Ck+1 Ck<i§Ck+1 Ck<i§Ck+1

<p( X @-=0).

Cck <i§Ck+1
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Thus
IP( > gl.">t)—IP>< > Yi”>t>§E[ > (gl."_fl.")]
Ck<i§Ck+' Ck<i§Ck+' C"<i§Ck+1
1 1
= T —— ]lxn_ =O 7 |
) srsr—1) 6! (Ck)

Ck<i§Ck+1
where the O(1/C k) is uniform in n > C**+1. By combining this estimate with (5.16) and
(5.18), we conclude that

]P)(Hgk,ckﬂ (v) >1, Hgk,ckﬂ (w) > 1)
1
< P(Hgk’ckﬂ ) > t)IP’(Hgk’CkH (w) > 1) + (’)(a)
Therefore, since #.A’éH, <141,

E[(N{(C. )]

= Z P(Hgk7ck+](v)>t)+ Z P(Hgk’ck+1(v)>tand Hg.k7ck+](w)>t)
veArékH v;éwe.A’(’:kH

=0o(c* P(H” P(H” war, o[-

=0(C") + Z ( Ck’Ck+1(v) > 1)P( Ck’Ck-H(w) > 1)+ ( Ck+1) ok

n
v;réwe.Ack_*_1

= Z ]P)(Hgkyck-o—l (v) > I)P(Hgk7ck+l(w) > t) + O(Ck)

n
v;«rEwEACkle

= > P(HA ot (0) > O)P(Hp oi () > 1) + O(C)

n
v,weACkJrl

=E[N}'(C, p)]* + O(C*).
This implies (5.14) and completes the proof. [J

To establish Lemma 20 and bound M;’ we use the following estimate on Pélya urns, which
may be shown by following verbatim the proof of Lemma A.1 from [9].

LEMMA 22. Fix an integer zo > 0 and set Uy = 1. Let (z,)n>1 € {—1, LN, ser z, =
Y ! ozi. Assume that Z, > 0 for every n > 1 and Y ;2 l/Z% < 00. Let (Up)p=1 be a se-
quence of random nonnegative integers such that for every n > 0,

Z,—U,

U
P(Ups1 = Uy + 20411Up) = =2 P(Uyy1 = Un|U,) = L
Zy Zy

Almost surely for every t >0

u 1

Zi 20

> t—) <2ex <— (t2/4)(1/20) )
20/ P Yus1 1/Z2 +tmax(X,51 1/Z2, max,>1 1/Z,) )

P(sup
i>1
PROOF OF LEMMA 20. We apply Lemma 22 with t = k2, zg = Scws> Zi = xgk+l. for1 <

i<CHl _Ckandz; =1foralli > CFH — C*, and U; being the number of active vertices

in a given tree of F 2,,2 Chyi Thus, writing Xy for the number of active vertices of a any fixed
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tree of the forest ]-'gk’ckﬂ, writing 87 1= > ¢, _y<cktl 1/(Sl.")2 + 221 1/ (Sgun + 7)?, and
e¢ =maxck _;<ck+1 1/S7,

(k*/4)/ 82, >

2
IP’(X/(/SZ,,(+1 >(14+k )/Sgk) < 26Xp(—8£ +k2max(8Z, o

And by (5.13), as k,n — oo with A, < C* <n/C, we have S, < C* +1, 1/}, =
O(/Ch), & = O(1/C*) and 8 = O(1/C*), thus for every k large enough,

P(X) > k3) < 2e7K/00),

Then, since there are at most S?;k = O(CH) trees in fgk’ ckt1s for n large enough, for every
keN,with A, <C*<n/C,

P(M} > k%) < §1,2¢7 K100 < 172, 0

6. Application: Contact-tracing in a stochastic SIR dynamics. Our results can be ap-
plied to study the so-called “infection tree” of a stochastic SIR dynamics, which is a classical
model for the evolution of epidemics (for background on stochastic epidemic models, see
[4, 12]). We assume that initially there is 1 infectious individual (that has just become in-
fected) and n susceptible individuals. The infectious periods of different infectives are i.i.d.
distributed according to an exponential random variable of parameter 1. During its infectious
period an infective makes contacts with a given individual at the time points of a time homo-
geneous Poisson process with intensity A,. If a contacted individual is still susceptible, then
it becomes infectious and is immediately able to infect other individuals. An individual is
considered “removed” once its infectious period has terminated, and is then immune to new
infections, playing no further part in the epidemic spread. The epidemic ceases as soon as
there are no more infectious individual present in the population. All Poisson processes are
assumed to be independent of each other; they are also independent of the infectious periods.

We call a “step” an event where either a susceptible individuals becomes infective, or
where an individual’s infectious period terminates. Denote by t, the number of steps made
when the epidemic ceases. For 0 < k < 7, let T}/ be the infection tree after k steps, in which
the vertices are individuals and where an edge is present between two individuals if one
has infected the other. We are interested in the evolution of the associated “infection tree”
(T%)o<k=z,, as well as in the shape of the full infection tree 77 when the epidemic ceases.

Let (U, I} )k=0 be a Markov chain with initial state (Uyy, 1) = (n, 1) and transition prob-
abilities given by

n
(U — 1, I} + 1) with probability %,
(Ul:l+1»11?+1)= S ] . "ok
g, I} —1) with probability W
with {(k,0) : 0 < k < n} as absorbing states (we use “U” for “uninfected”). Observe that
evolution of the number of susceptible individuals and the number of infectious individuals
in the infection tree evolves according to this Markov chain. Then define the random sequence
X" = (Xl'.’)lfiffr/l of 1 as follows: let 7, be the absorption time of the Markov chain, and
for 1 <i <t set X! =1I"—1" . See Figure 9 for a simulation.
Then by construction, it is clear that

(d)
((‘Tlrcl)OSkSrn = (776 (Xn))OSksr,’, :
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FIG. 9. Left: simulation of (U™, I") for Ap = 2/n and n = 10,000 (U" in blue and 1" in red). Centre: the
corresponding fluid limit. Right: simulation of (U™, I'") for Ay, =2 and n = 100,000.

To simplify notation, let J" = T7 be the full infection tree when the epidemic ceases. We
also identify the random variables in the above equality in distribution. For all p € [0, 1), we
denote by G(1 — p) the geometric distribution j given by (k) = (1 — p) p* for every integer
k> 0.

THEOREM 23. The following assertions hold.

(I) Assume that A, ~ A/n for some A > 0. Then T" converges in distribution locally
towards a Bienaymé tree with offspring distribution G(1/(1 + 1)).
(1) Assume that A, > 1/n. Then T" is not tight for the topology of the local convergence.

ProOOF. For (I), assume that A, ~ A/n as n — oo for some A > 0. We first prove that
(I{)k=0 converges in distribution for the product topology towards the random walk (Sg)x>0
such that Sy4+1 — Sy = 1 with probability A/(1 + A) and Si+1 — Sk = —1 with probability
1/(1 4+ 1). Indeed, the local convergence of 7, (X") implies the local convergence of T7". So
as to achieve this, one can first see that since U;’ < n for all kK > 0, we have

MUY - nin A
— .
T+ 23Ul ~ 14nk, 1200 1424

But we also have
AUy >An(n—ﬁ) N A

in .
k<yn 1+ 2,U; = 1+ni, n—oo |4 A

For all kg > 0, one can thus build a coupling between (/}')o<k<k, and (Sx)o<k<k, such that
the two walks coincide w.h.p. until time kg as n — oc.

Thus, by Skorokhod’s representation theorem we may assume that almost surely, for every
ko =1, (I o<k<ky = (Sk)o<k<k, for n sufficiently large. By Theorem 1, 7" converges locally
in distribution to a uniform attachment tree with freezing built using the sequence (Sg+1 —
Sik)k=0. By Theorem 2, this is a Bienaymé tree with offspring distribution G(1/(1 + 1)). This
proves (I).

For (II), we argue by contradiction and assume that (J"),>0 is tight. By Prokhorov’s
theorem, let ¢ be an extraction such that (7‘/’(")),130 converges in distribution. Similarly
to the proof of (I), observe that (I,ip (n))kzo converges in distribution with respect to the

product topology towards (k + 1)x>0 since for all fixed k& > 0, the transition probability
An U,f ) /(1 + kw(n)U,f (")) converges to 1 as n — oo. Thus, by Skorokhod’s representation
theorem we may assume that almost surely, for every kg > 1, (/ ,f (n))05k§k0 = (k+ Do<k<k,

for n sufficiently large. Butif x; = 1 for every i > 1, the sum ) ;- ﬁﬂ{xi_ 1) converges,

so by Theorem 1 the sequence (T¢),~( does not converge locally in distribution, a contra-
diction. [J
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THEOREM 24. The following assertions hold.

(I) Assume that A, ~ \/n for some A > 1. Let A be the event of survival of a Bienaymé
process with offspring distribution G(1/(1 + 1)).

(a) The convergence

In
[t ] (d)
(6.1) (T>zzo 2 (max(2 —2g,(t) —1,0)14),0,

holds in distribution for the topology of uniform convergence on compact sets, where g,
is the solution of the ordinary differential equation g; (t) = —1g;.(t)/(1 + Agx (1)) with
£.(0)=1.

(b) For all n > 1, conditionally given T", let V{' and V,' be independent uniform
vertices of T". Then

H(V! ) " (Vi vy 2
6.2) A0 @, 14, ang LYV2) @ T,
Inn  n—oo A —1 Inn n—oo A —1

where H(V') is the height of V|' in T" and d" denotes the graph distance in J".
(II) Assume that A, > 1/n.

(a) The convergence

I}’l
|nt] P .
(6.3) (T)0§t§2 g (mln(t,Z—t))Ostsz,
holds in probability for the topology of uniform convergence.
(b) We have
HV darvp, v} Height(7"
64 WD 2o LRV E, o,y HEOMOD - E
Inn n—ooo Inn n—00 In(n) n—00

We observe that the solution g, of the differential equation can be expressed using the
principal branch of the Lambert W function defined as the inverse function W : [—1/e, 00) —
[—1, co) of the function x > xe* which is increasing on [—1, 00). See, for example, [14] for
more details about this function. Explicitly, using the fact that W' (x) = W (x)/(x (14 W (x))),
we check that, for all # > 0,

(6.5) a.(1) = %W(Aeke—“).

In particular, g, is infinitely differentiable and one can see that g, is convex, decreasing, and
goes to 0 at oo.

REMARK 25. It would be very interesting to obtain a limit theorem for Height(7") in the
setting of Theorem 24(I)(b). This requires more work, because the behavior of the number of
infected/active vertices near the extinction time 7,, should give a nonnegligible contribution
to the height.

PROOF OF THEOREM 24. For (I)(a), we assume A > 1 and we determine the fluid limit
of the chain (U", I""). Let (l7 n T ") be a Markov chain which has the same initial conditions
as (U", I'") and the same transition probabilities but which is not stopped when " reaches
zero. We check that (6.1) holds using the classical theory of fluid limits of Markov chains
(see, e.g., [30] or [16]), and more precisely a combination of Gréonwall’s inequality with
Doob’s maximal inequality.
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We claim that it is enough to show that

17”
Lnt] P
(6.6) (T)zzo el (8.(1)),20s
uniformly on compacts. Indeed, it is easy to see that 7,? =2(n — U ©) —k 4+ 1 so that (6.6)
entails the convergence

INn
6.7) <%> s (2-260(0) — )2,

uniformly on compacts. Let us check that this implies (6.1). Since ¢ > 2 — 2g,(¢t) — ¢ is
concave, starts from zero at time zero, stays positive and then goes below zero, it is thus
enough to identify the limit of the probability that the chain T" reaches zero before time en
as first n — oo and then ¢ — 0 as the probability of extinction of a G(1/(1 4+ 1))-Bienaymé
process. To this end, for all ¢ > 0, for n large enough, for all k < en, since n > lNJI? >(1—¢&)n
we have

niy AU - niy A

A
—— —¢e=<(l—¢) < ~ < <
14+ A l+nk, — 14+2,U ~ 1 +nk, — 1424

+e.

Thus, one can couple (/”, U") until time en with two simple random walks (7,8{)/(20 and
(Y{)k=o starting from one such that

A

— A

so that, for all n large enough, for all k < en,
(6.8) Yi<II <Y,

Since the probabilities that the random walks Y? and Y’ starting from 1 reach the negative
integers both converge as ¢ — 0 to the probability of extinction of a G(1/(1 + A))-Bienaymé
process, we get the desired result.

It remains to check (6.6). This is a rather direct application of Lemma 6.5 in [15] (which
remains clearly true if we add a superscript n to all the objects). More precisely, let r > 0, for
all k >0 let X} = l7,? —ng;.(k/n) and let (F})r>0 be the natural filtration associated with
X". This lemma states (in greater generality) that if there exists a constant C > 0 such that,
foralln > 1, forall 0 <k <nt,

c
69  [E(X{, —X{IF)| < —(1+ sup [X%]) as. and E((Xf,, - X}))) <C,
n 0<j<nt

then supg4<,,; [ X} |/n — 0 in probability as n — oo, which implies (6.6).
To show (6.9), we first compute

. . AUl n k+1 k
k

Moreover, since the function g, is twice differentiable, using a Taylor expansion at order 2
and using the definition of g, one gets that

AU" rgy (k
1+AU}/n 14 2gi(k/n)

=n

k+1 k 1 Agi(k/n)
&(rz)_&&9+21+umwm
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1 /!
<n— sup |g}(s)|
n= g<s<t+1

IA

C
n b

for some constant C > 0. Moreover, the function x — x/(1 + x) is 1-Lipschitz on [0, 00).
Thus, the first inequality of (6.9) is satisfied. The second one is clearly satisfied since U el —
17,:’ € {0, —1} and since g, is differentiable and gi is bounded on [0, r + 1].

We now turn to (I)(b). We essentially apply Theorem 4 with ¢ = (A — 1)/(A 4+ 1) and
A, = loglogn. However, the rub is that the fluid limit # — max(2 — 2g,(t) — ¢,0) of I"
reaches zero at some time 79 which is the unique positive time at which 2 — 2g; (tp) — 7o =0
so that we can not apply it directly. To overcome this issue, we shall check that we are in
position to apply Theorem 4 to the subtree 7| (,—¢)n) (X"). This will indeed enable us to
conclude since if V{' and V,' are two independent uniform random vertices of 7", then by
Lemma 6,

P(b./ (V') < (to — &)n) =P(by/ (V') < (to —&)n) = 1 —e+o(1) asn— oo.

By Skorokhod’s representation theorem, we may assume that the convergence (6.1) holds
almost surely. Therefore, the right-hand side of (1.2) then holds almost surely on the event
that I}’ > O forall k < (fp —&)n thanks to (6.1). To check that Theorem 4 applies to the subtree
Ti1-e)r; ) (X") with ¢ = (A — 1)/(A + 1), it thus suffices to show that the left-hand side of
(1.2) holds almost surely on the event that /;' > 0 for all k < (1o — &)n with A, =loglogn.
By Skorokhod’s representation theorem it is enough to check that, for all € > 0, there exists
8 > 0 such that on the event that, I;' > 0 for all k < (tp — ¢)n,
n
L_r=b o

6.10
(6-10) kK A+117

loglogn<k<én
with high probability as n — oo. In turn, it is enough to prove that for every ¢ > 0 we have
o oa-1

6.11
61D orck<en| kA 1]

loglogn<k<en

with high probability as n — oo. Indeed, note that by definition of g;, we have g} (0) =
—A/(A + 1) so that,as t — 0,

A—1
6.12 2-2g(1) —t=——1+o0(t).
(6.12) g (1) 1 Tew

Let ¢ > 0. Take § > 0 small enough that, for all ¢t € [0, §], we have |2 —2g,(t) —t — ((A —
1)/(A + 1))t] < et. On the event that I}’ > 0 for all k < (tp — ¢)n,

I a1y _

moa-1
max
k A+ 1|7 loglogn<k<en

A=+

-1
max
k A1 en<k<én

kK a+1]

max
loglogn<k<én

The second term is bounded from above by 2¢ with high probability as n — oo thanks to
(6.7) and (6.12). Thus, (6.11) implies (6.10). The upper bound (6.11) follows by combining
the coupling (6.8) with the law of large numbers.

We now turn to (I)(a) and assume A, >> 1/n. Let us first establish that if § > 0, then

I}’l

Iﬂ
(6.13) <ﬂ> L ()o<r<1 and sup e _q) £ oo,
n Jo<i<y "> loglogn<k<(1—8)n k n—00
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where the first convergence holds for the topology of the uniform convergence. Let § > 0.
Note that, for all kK < (1 — &)n, we have U}’ > dn. As a result, for all ¢ > 0, for n large
enough, for all k < (1 — d)n,

One can thus obtain the right-hand side of (6.13) by coupling ;' with a simple random walk
(whose step is +1 with probability 1 — ¢). The left-hand side of (6.13) stems from the right-
hand side and from the fact that /" only makes £1 steps, so that, for all k € [[(1 — §)n], n],
we have |I}! — I[l(l—s)nﬂ <né.

We now explain why (6.13) implies (6.3). By (6.13) and by definition of the Markov chain
(I",U"), we have U< n+ 1 — I! = o(n) with high probability, so that after time n, w.h.p.
there are o(n) remaining steps of +1 for I" and all the other steps are —1. Hence, for the
topology of the uniform convergence,

n
<ILLIJ> =, (2 —1<r<2,
n 1<t<2 n—o00
which concludes the proof of (6.3).

We finally turn to (II)(b). As in the proof of (I)(a), the first two convergences of (6.4) are
proved by applying Theorem 4 to the tree 7|(2—¢)n| (X") for some & > 0 small enough, with
c=1and A, =loglogn. Indeed, by (6.13),

I P
(6.14) sup -~ -1l — 0.
loglogn<k<n n—00

After applying Skorokhod’s representation theorem, (6.14) implies the left-hand side of (1.2)
and the right-hand side follows from (6.3).

The last convergence of (II)(b) is more delicate. The idea is to apply Theorem 4 to the tree
T, (X™) and then to show that the vertices added between times n and 7, in a first approxi-
mation, do not affect the height.

More precisely, one can first see that by Theorem 4 the height of 7,(X") divided by Inn
converges in probability towards e. Indeed, by (6.14), after applying Skorokhod’s representa-
tion theorem, entails that (1.2) holds almost surely for 7, (X") with ¢ =1 and A, = loglogn.
Next, to understand how the height of J” behaves compared to 7, (X") we need to estimate
the quantity

7,—1 1
h':= > =1
i=n !
Indeed, as we have already seen multiple times, roughly speaking this quantity represents
“the height” added between times n and 7,,.
Let us prove that

A, U r Ul
3n2<k<on L+ AU 7 1+ 2,U5, )

(6.15)

The inequality holds since (U}’ )x>0 is nonincreasing. For the above convergence, assume by
contradiction that there exists ¢ > 0 and an increasing sequence of integers (1) j>1 such that,
for all j > 1,

A U
IP’(—”] n; /2] ZS) > ¢,

nj

1+)‘njUL3nj/2J
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On this event, by monotonicity for every k € [n;, |3n;/2]] we have

A U
1+x,,U7

J

Then, using a coupling between (/, ,:l "i=n and a simple random walk Y, i Jk=n, starting at I,’,ljf
at time n; whose step is +1 with probability & and —1 with probability 1 — &, by the law of
large numbers and since /) /n — 1 in probability as n — oo by (6.3), one obtains that on the
same event,
nj yve
1|_3nj/2j ~ YLSnj/ZJ RN 1+28—1’
n; n; n— o0 2
which is absurd in view of (6.3). This proves (6.15).
Next, let us prove that

h" P
— 0.
logn n—oo

foralli € [1, ;] and 3'1" =1

(6.16)

Define )A(f’ = —Xﬁ,

i =)A(’1’+-~+)A(;-1 forall i € [0, 7, ].
Then

—i

By (6.3), to prove (6.16), it suffices to prove that
| R2AEmm

2

P
(6.17) logn pt g_ln]l{quz—l} o 00 0.

For all ¢ > 0, for all n > 1, define the event
AU
AZ={ sup nikfs}.
3n/2<k<2n 1 + An U}
By (6.15), we know that

(6.18) lim liminfP(A") = 1.

e—>(0) n—>00

Besides, on the event A”, one can couple the ()A(?)lfifn J2A(tn—n) S With 1.1.d. random vari-
ables (§7);>1 such that P(§ = —1) =eand P(§ =1) =1—e¢ sothatforalli <n/2 A (1, —
n),wehave & < X;’ < 1.Foralli >0, let I?f =&/ +---+& . Then, foralli <n/2A (1, —n),
we have I?f < 3‘1” In particular, on the event A? N {Vi € [1,n/2], ff > 0},

/2] A (=) /21 4
Z —Ln =< Z ——Lee_1y.
Xl=—1} — {&/=—1}
i=1 Si pa=1 iz Y'
But, by the strong law of large numbers, we have
(6.19) P(Vi >0,Yf >i/2) — 1.
e—0

For all ¢ > 0, on the event A7 N {Vi >0, I?f > i/2}, we obtain that

Ln/2)A(z;,—n) 1 n/2] )
Z A_n]l{fdt:—l} = Z ~Lgr=—1y-
Si i=1 !

i=1



2920 BELLIN, BLANC-RENAUDIE, KAMMERER AND KORTCHEMSKI
Besides,

n/2] n/21 |
E[ > l—-ﬂ{s,%l}} =2 ) -
i=1

i=1

Therefore, we obtain that

/2] A (T, —n) 1 ln/21 4
E[lAgﬂ{Vi>O,f’f>i/2} > gﬂ{fqz—l}} <2 ) T
i=1 i i=1

After letting ¢ — 0, using (6.18) and (6.19), we deduce (6.17).

It remains to show how (6.16) implies that Height(7") = Height(7,(X")) 4+ o(Inn). To
do so we will use, once again, the coalescence construction and Bennett’s inequality. By
Algorithm 2, conditionally on 7, and (I")o<i<z; » the height of any new vertex added between

time n and 7, is stochastically dominated by Height(7, (X")) + Zir":;l Y; where (Y )n<i<r/—1
are i.i.d. Bernoulli random variables of respective parameters (1/1" ]l{X;v: 1Pn<i<t,—1- Using
Bennett’s inequality and a union bound, as in Section 4.3, for all ¢ > 0 we obtain that

: . elnn
P(Height(T") — Height(7,(X")) > h" + ¢Inn|z,, (Iin)oggz,;) < nexp(—h"g( o )>,
where g(u) = (u+ D)In(u + 1) —u ~ ulnu as u — 4o00. Since h"” = o(Inn) in probability,
the above upper bound goes to 0 when n goes to oo and thus Height(7") is of order e¢Inn.

O

7. Perspectives and extensions. We mention here some perspectives for future research
in the direction of studying the impact of freezing in random graph models.

(1) What is the number of ends of 75, (x)?

(2) It would be interesting to study the evolution of the sizes of the trees in the forests
obtained by Algorithm 2 (in the particular case where x,, = 1 for every n > 1 this corresponds
to Kingman’s coalescent), as well as the evolution of degree vertices (in the particular case
where x,, = 1 for every n > 1 there are nice connections with Pélya urns).

(3) How small can be the typical height of 7, (x) when t(x) > n? We conjecture that for
any sequence (x"*),>1 such that t(x") > n for every n > 1, for every ¢ > 0 we have

P(Height(7,(x)) > (e — €) In(n)) =2 1.

(4) A natural question is to obtain a limit theorem for the height of the epidemic tree T”
in the setting of Theorem 24(I)(b) (see Remark 25).

(5) It would be very interesting to extend our results to other attachment mechanisms,
such as preferential attachment, where new vertices attach to existing vertices proportional to
their degree.

(6) Similarly, one may wonder what happens when the frozen vertices are not chosen
uniformly, notably when vertices with high degrees are more or less likely to freeze.

(7) An important question arising in the context of growing real-world networks or in the
context of infection tracing is how to find the root, or patient zero [38]. This is a very active
area of research, sometimes called network archeology [35]. Such questions have been for
instance considered for uniform attachment and preferential attachment trees [13, 24, 31], as
well as Bienaymé trees [11].
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