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Abstract

A weighted recursive tree is an evolving tree in which vertices are assigned random vertex-weights
and new vertices connect to a predecessor with a probability proportional to its weight. Here, we study
the maximum degree and near-maximum degrees in weighted recursive trees when the vertex-weights are
almost surely bounded and their distribution function satisfies a mild regularity condition near zero. We
are able to specify higher-order corrections to the first order growth of the maximum degree established
in prior work. The accuracy of the results depends on the behaviour of the weight distribution near
the largest possible value and in certain cases we manage to find the corrections up to random order.
Additionally, we describe the tail distribution of the maximum degree, the distribution of the number
of vertices attaining the maximum degree, and establish asymptotic normality of the number of vertices
with near-maximum degree. Our analysis extends the results proved for random recursive trees (where
the weights are constant) to the case of random weights. The main technical result shows that the degrees
of several uniformly chosen vertices are asymptotically independent with explicit error corrections.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Weighted Recursive Tree model (WRT), first introduced by Borovkov and Vatutin [4],
is a recursive tree process (7, n € N) and a generalisation of the random recursive tree model.
Here we consider a variation, first studied by Hiesmayr and Islak [11], where the first vertex
does not necessarily have weight one. Let (W;);cn be a sequence of positive vertex-weights.
Initialise the process with the tree 77, which consists of the vertex 1 (which denotes the
root) and assign vertex-weight W; to it. Recursively, at every step n > 2, we obtain 7, by
adding to T,_; the vertex n, assigning vertex-weight W, to it and connecting n to a vertex
i € [n — 1], which, conditionally on the vertex-weights Wy, ..., W,_,, is selected with a
probability proportional to W;. In this paper, we consider edges to be directed towards the
vertex with the smaller label. We note that allowing every vertex to connect to m € N many
predecessors, each one selected independently, yields the more general Weighted Recursive
Graph model (WRG) introduced in [15]. The focus of this paper is the WRT model in the case
when the vertex-weights are almost surely bounded random variables.

Lodewijks and Ortgiese [15] established that, in the case of positive, bounded random
vertex-weights, the maximum degree A, of the WRG model grows logarithmically and that
A, /logn Z5 1/log6,,, where 6,, := 1 +E[W]/m with E [W] the mean of the vertex-weight
distribution and m € N the out-degree of each vertex. Note that setting m = 1 yields the
result for the WRT model. In this paper, we improve this result by describing the higher-
order asymptotic behaviour of the maximum degree when the vertex-weights are almost surely
bounded. In this case we are able to distinguish several classes of vertex-weight distributions
for which different higher-order behaviour can be observed.

Beyond the initial work of Borovkov and Vatutin and also Hiesmayr and Islak studying
the height, depth and size of branches of the WRT model, other properties such as the degree
distribution, large and maximum degrees, and weighted profile and height of the tree have
been studied. Mailler and Uribe Bravo [17], as well as Sénizergues [19] and Sénizergues and
Pain [18] study the weighted profile and height of the WRT model. Mailler and Uribe Bravo
consider random vertex-weights with particular distributions, whereas Sénizergues and Pain
allow for a more general model with both sequences of deterministic as well as random weights.

Iyer [12] and the more general work by Fountoulakis and Iyer [8] study the degree
distribution of a large class of evolving weighted random trees, and Lodewijks and Ortgiese [15]
study the degree distribution of the WRG model. In both cases, the WRT model is a particular
example of the models studied and all results prove the existence of an almost sure limiting
degree distribution for the empirical degree distribution.

Finally, Lodewijks and Ortgiese [15] and Lodewijks [14] study the maximum degree and
the labels of the maximum degree vertices of the WRG model for a large range of vertex-
weight distributions. In particular, a distinction between distributions with unbounded support
and bounded support is observed. In the former case the behaviour and size of the label of the
maximum degree is mainly controlled by a balance of vertices being old (i.e. having a small
label) and having a large vertex-weight. In the latter case, due to the fact that the vertex-weights
are bounded, the behaviour is instead controlled by a balance of vertices being old and having
a degree which significantly exceeds their mean degree.

A particular case of the WRT model is the Random Recursive Tree (RRT) model, which
is obtained when each vertex-weight equals one almost surely. As a result, techniques used to
study the maximum degree in the RRT model can be adapted to analyse the maximum degree
in the WRT model. Lodewijks and Ortgiese [15] demonstrate this by adapting the approach of
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Devroye and Lu [6] for proving the almost sure convergence of the rescaled maximum degree
in the Directed Acyclic Graphs model (DAG) (the multigraph case of the RRT model) and using
it for the analysis of the maximum degree in the WRG model, as discussed above. Hence, we
survey the development of the properties of the maximum degree of the RRT model.

Szymansky was the first to study the maximum degree of the RRT model and proved
its convergence of the mean; E[A,/logn] — 1/log2. Later, Devroye and Lu [6] extend
this to almost sure convergence and extended this to the DAG model as well. Goh and
Schmutz [10] showed that A, — |log, n] converges in distribution along suitable subsequences
and identified possible distributions for the limit. Adarrio-Berry and Eslava [1] provide a precise
characterisation of the subsequential limiting distribution of rescaled large degrees in terms of
a Poisson point process as well as a central limit theorem result for near-maximum degrees (of
order log, n —i, where i, — 00, i, = o(logn)). Eslava [7] extends this to the joint convergence
of the degree and depth of high degree vertices.

In this paper we adapt part of the techniques developed by Adarrio-Berry and Eslava in [1].
They consist of two main components: First, they establish an equivalence between the RRT
model and a variation of the Kingman n-coalescent and use this to provide a detailed asymptotic
description of the tail distribution of the degrees of k vertices selected uniformly at random,
for any k € N. This variation of the Kingman n-coalescent is a process which starts with
n trees, each consisting of only a single root. Then, at every step 1 through n — 1, a pair
of roots is selected uniformly at random and independently of this selection, each possibility
with probability 1/2, one of the two roots is connected to the other with a directed edge. This
reduces the number of trees by one and, after n — 1 steps, yields a directed tree. It turns out
that this directed tree is equal in law to the random recursive tree. In the n-coalescent all n
roots in the initialisation are equal in law and the degrees of the vertices are exchangeable. This
allows Adarrio-Berry and Eslava to obtain the degree tail distribution with a precise error rate.
Second, this precise tail distribution is used to obtain joint factorial moments of the quantities

X" = |{j € [n]: Z,(j) = logyn] +i}l, i€,
X" = |{j € [n]: 2,(j) = llogyn] +i}l, i€,

where Z,(j) denotes the in-degree of vertex j in the tree of size n. The joint factorial moments
of these Xf"), X;") are used to identify the limiting distribution of high degrees in the tree. The
sub-sequential convergence, as mentioned above, is due to the floor function applied to log, n
and the integer-valued in-degrees Z,(j).

For the WRT model, however, it provides no advantage to construct a ‘weighted” Kingman
n-coalescent to obtain precise asymptotic expression for the tail distribution of vertex degrees.
As pairs of roots in the Kingman n-coalescent are selected uniformly at random and hence the
roots are equal in law, it is not necessary to keep track of which roots are selected at what step.
In a weighted version of the Kingman n-coalescent, pairs of roots would have to be selected
with probabilities proportional to their weights, so that it is necessary to record which roots
are selected at which step. As a result, a weighted Kingman n-coalescent is not (more) useful
in analysing the tail distribution of vertex degrees.

Instead, we improve results on the convergence of the empirical degree distribution of the
WRT model obtained by Iyer [12] and Lodewijks and Ortgiese [15]. We obtain a convergence
rate to the limiting degree distribution, the asymptotic empirical degree distribution for degrees
k = k(n) which diverge with n, as well as asymptotic independence of degrees of vertices
selected uniformly at random. We combine this with the joint factorial moments of quantities

(1.1)
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similar to (1.1) and use the techniques developed by Adarrio-Berry and Eslava [1] to derive
fine asymptotics of the maximum degree in the WRT model.

Notation. Throughout the paper we use the following notation: we let N := {1, 2, ...} be
the natural numbers, set Ny := {0, 1, ...} to include zero and let [t] := {i € N:i <t} for any
t > 1. Forx e R,welet [x] :=inf{n € Z : n > x} and |x] := sup{n € Z : n < x},
and for x € Rk € N, let (x)y = x(x — D(x —2)---(x — (k — 1)) and (x)® =
x@x+DE+2) - (x+(k—1)), and (x)g = (x)©@ := 1. For x, y € R, we write x Ay := min{x, y}
and x vy = max{x, y}. Moreover, for sequences (a,, b,),cn such that b, is positive for all n we
say that a, = o(b,), a, ~ b,, a, = O(by) if lim,_, « a, /b, = 0, lim,_, , a,/b, = 1 and if there
exists a constant C > 0 such that |a,| < Cb, for all n € N, respectively. For random variables
X, (X,)nen, Y we denote X, < X, X, 5 x and X, &5 X for convergence in distribution,
probability and almost sure convergence of X, to X, respectively. Also, we write X,, = op(1) if

X, 5 0and X < Y if Y stochastically dominates X. Finally, we use the conditional probability
measure Py (-) := P(- |(W;);en) and conditional expectation Ey [-] :== E[ - |(W;);en], where the
(W))ien are the i.i.d. vertex-weights of the WRT model.

2. Definitions and main results

The weighted recursive tree (WRT) model is a growing random tree model that generalises
the random recursive tree (RRT), in which vertices are assigned (random) weights and new
vertices connect with existing vertices with a probability proportional to the vertex-weights.

The definition of the WRT model follows the one in [11]:

Definition 2.1 (Weighted Recursive Tree). Let (W;);>1 be a sequence of i.i.d. copies of a positive
random variable W such that P(W > 0) = 1 and set

Sn = Z Wi.
i=1

We construct the weighted recursive tree as follows:

(1) Initialise the tree with a single vertex 1, denoted as the root, and assign to the root a
vertex-weight W;. Denote this tree by 7.

(2) For n > 1, introduce a new vertex n + 1 and assign to it the vertex-weight W, ;.
Conditionally on 7,, connect to some i € [n] with probability W;/S,. Denote the
resulting tree by Tj,4;.

We treat 7, as a directed tree, where edges are directed from new vertices towards old vertices.

Remark 2.2. (i) Note that the edge connection probabilities are invariant under a rescaling of
the vertex-weights. In particular, we may without loss of generality assume for vertex-weight
distributions with bounded support that xy := sup{x € R|[P(W <x) < 1} = 1.

(ii) The model can be adapted to allow for a random out-degree: at every step the newly
introduced vertex n + 1 connects with every vertex i € [n] independently with a probability
equal to W;/S,. The results presented below still hold for this model definition as well.

Lodewijks and Ortgiese studied certain properties of the Weighted Recursive Graph (WRG)
model in [15]. This is a more general version of the WRT model that allows every vertex
to connect to m € N vertices when introduced, yielding a multigraph when m > 1. This
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paper aims to recover and extend some of these results in the tree case (m = 1) when the
vertex-weights are almost surely bounded, i.e. xo < oco. As stated in Remark 2.2(i), we can
set xo = 1 without loss of generality. To formulate the results we need to assume that the
distribution of the weights is sufficiently regular, allowing us to control their extreme value
behaviour. In certain cases it is more convenient to formulate the assumptions in terms of the
distribution of the random variable (1 — W)~

Assumption 2.3 (Vertex-Weight Distribution). The vertex-weights W, (W,);cn are i.i.d. strictly
positive random variables, which satisfy:

(C1) The random variable W takes values in (0, 1] and xo := sup{x € R|P(W <x) < 1} = 1.
(C2) There exist C, p > 0, xy € (0, 1) such that for all x € [0, x¢] it holds that P(W < x) <
CxP”.

Furthermore, the vertex-weights satisfy one of the following conditions:

(Atom) The vertex weights follow a distribution that has an atom at one, i.e. there exists a
qo € (0, 1] such that P(W = 1) = go. (Note that gy = 1 recovers the RRT model)
(Weibull) The vertex-weights follow a distribution that belongs to the Weibull maximum
domain of attraction (MDA). This implies that there exist some ¢ > 1 and a

positive function ¢ which is slowly varying at infinity, such that

PW=>1-1/x)=P((1-W)"'>x)=Lx)x"@ P, x>0.

(Gumbel) The distribution belongs to the Gumbel maximum domain of attraction (MDA)
(and xo = 1). This implies that there exist sequences (a,, b, )nen, such that

max;ep Wi — by 44

ay
where A is a Gumbel random variable.
Within this class, we further distinguish the following two sub-classes:

(RV) There exist a, c;, T > 0, and b € R such that
PW>1-1/x)=P(1-W)">x)~ axPe™ /D" a5 x — oo.
(RaV) There exist a,c; > 0,b € R, and t > 1 such that
PW>1-1/x)=P(1-W)">x)~ a(log x)Pe™10E/e)™ 45 x 5 0.
Remark 2.4. Condition (C2) is required only for a very specific part of the proof of

Proposition 5.1. Though we were unable to omit this assumption, it covers a wide range of
vertex-weight distributions. Still, we believe it is a mere technicality that can be overcome.

Throughout, we will write
Z,(i) := in-degree of vertex i in T,,.

Working with the in-degree allows us to (in principle) generalise our methods to graphs with
random out-degree, as mentioned in Remark 2.2. Obviously, if the out-degree is fixed, we can

recover the results for the degree from our results on the Z,(i).
In [15], the following results are obtained for the WRG model: if we let 6,, := 1+E [W] /m,

O — 1 w k ad w k
pk(m)::]E[e,,,—ler(9,n—1+w)}’ ”Z"('")::j;p"(’"):E[(m> } 2.
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then almost surely for any k € N fixed,

R R
nlglolo - Z 1z, @)=k} = pr(m) and nlglolo - Z 1iz,0)=k) = P=x(m), (2.2)
i=l i=1
whenever W follows a distribution with a finite mean. In particular, the above is satisfied for all
cases in Assumption 2.3. Moreover, if the vertex-weights are bounded almost surely (without
loss of generality xo = 1),

Zn(i)  as,
max —
ieln] log, n

1. (2.3)

In this paper we improve these results when considering the WRT model with almost surely
bounded weights. That is, we consider the case m = 1. For ease of writing, we let

0 =6, =1+E[W] and p; := pr(1), p=x == psi(1).

First, we are able to extend the result in (2.2) to the case when k = k(n) diverges with n in the
sense that the difference between both sides converges to zero in mean, under certain constraints
on k(n), and we obtain a convergence rate as well. Combining this result with techniques
developed by Addario-Berry and Eslava in [1] for random recursive trees we are then able
to identify the higher-order asymptotic behaviour of the maximum degree depending on the
cases in Assumption 2.3. Additionally, in certain cases we are able to derive an asymptotic tail
distribution for the maximum degree and obtain an asymptotic normality result for the number
of vertices with ‘near-maximal’ degrees (in certain cases). These results can be extended to the
model with a random out-degree as mentioned in Remark 2.2 as well.
Recall that 6 := 1 + E[W] and define

X" = 1{j € [n]: Z,(j) = llogg n] + i},

X% = 1{j € [n]: Z,(j) = llogg n] + i}I.
For certain classes of vertex-weight distributions, we can prove the distributional convergence
of these quantities along subsequences, as is the case for the RRT model in [1]. This result can
be formulated in terms of convergence of point processes. Let Z* := Z U {oo} and endow
Z* with the metric d(i, j) = |27% —27/| and d(i,00) = 27 for any i, j € Z, so that
[, oo] is a compact set. Following the notation in [5], let ./\/l%* be the space of boundedly
finite measures on Z* (which in this case corresponds to locally finite measures) equipped

with the vague topology. If we let P be a Poisson point process on R with intensity measure
A(dx) == gof " log 6 dx, qo € (0, 1], and define

PTi= ) Satel, P® = 8z, -logn» and & =logyn — [log,n], (2.5)

xeP i€[n]

(2.4)

then P¢ and P are random elements in M%, and we can provide conditions such that P¢)
converges weakly to P¢, for subsequences (n¢)¢en such that ¢,, — ¢ as £ — 0o. We abuse no-
tation to write P°(i) = P({i) =l{xeP: lx+el=i}l={xeP:xeli—¢c,i+1—¢)}.
The choice of the metric on Z* is convenient since, by Theorem 11.1.VII of [5], weak
convergence in M%* is equivalent to convergence of finite dimensional distributions, see
Definition 11.1.IV of [5]. In particular, the weak convergence of ") implies the convergence
in distribution of X" = P"O[i, 00).

We now state our main results, which we split into several theorems based on the cases in
Assumption 2.3.
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Theorem 2.5 (High Degrees in WRTs (Atom) Case). Consider the WRT model in Definition 2.1
with vertex-weights (W;)ic[n) that satisfy the (Atom) case in Assumption 2.3 for some gy €
(0, 1]. Fix & € [0, 1]. Let (n¢)een be a positive integer sequence such that &,, — € as £ — o0.
Then P"0 converges weakly in M%, to P as £ — oo. Equivalently, for any i < i’ € Z,
Jjointly as £ — oo,

X, x"0 XSO XY L (P, PG+ 1), .., PG — 1), PE(E, 00)).

i'—1°

We note that this result recovers and extends [1, Theorem 1.2], in which an equivalent
result is presented which only holds for the random recursive tree, i.e. the particular case of
the weighted recursive tree in which gy := P(W = 1) = 1. In Theorem 2.5 we allow ¢go € (0, 1)
as well, under the additional condition (C2).

When the vertex-weight distribution belongs to the Weibull MDA, we can prove convergence
in probability under a deterministic second-order scaling, but are unable to obtain what we
conjecture to be a random third-order term similar to the result in Theorem 2.5:

Theorem 2.6 (High Degrees in WRTs, (Weibull) Case). Consider the WRT model in
Definition 2.1 with vertex-weights (W;)ic,) that satisfy the (Weibull) case in Assumption 2.3
for some a > 1. Then,

Z,(1) — 1

Zui) —loggn v _ )

ielnl  log, logy n
Finally, when the vertex-weight distribution belongs to the Gumbel MDA, we have similar

results compared to the Weibull MDA case in the above theorem. Here we are also able to
obtain a deterministic second-order scaling for both the (RV) and (RaV) sub-cases, as well as
a third- and fourth-order scaling for the (RaV) sub-case:

Theorem 2.7 (High Degrees in WRTs, (Gumbel) Case). Consider the WRT model in
Definition 2.1 with vertex-weights (W;)iec[n) that satisfy the (Gumbel) case in Assumption 2.3.
In the (RV) sub-case, let y := 1/(1 4+ t). Then,

Z,(i)—logyn p 124 ( 1—-671 )1—;/
max - —

iel]  (logy n)'=v (1—7y)logo
In the (RaV) sub-case,

= —Cp.r.c;- (2.6)
ci

Z,(i) — logy n + Ci(log, log, n)™ — Ca(log, log, n)* ' log, log, logyn
max —
ieln] (log, log, n)*!

Cs,

2.7

where
Cy = (logd)" "¢} 7, Cy = (log®)" 't(x — 1)ej ",

B o (2.8)
C3 ==(log,(log0)(r — 1)log® — log(ec[ (1 — 0~ ")/7) ) (logf)" *zc;".

We see that only in the (Atom) case we are able to obtain the higher-order asymptotics up to
random order. This is due to the fact that, in this particular case, the vertices with high degree
all have vertex-weight one. In the other classes covered in Theorems 2.6 and 2.7 vertices with
high degrees have a vertex-weight close to one, which causes their degrees to grow slightly
slower. This results in the higher-order asymptotics as observed in these theorems.
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We are able to obtain more precise results related to the maximum and near-maximum
degree vertices in the (Atom) case as well, which again recover and extend the results in [1].

Theorem 2.8 (Asymptotic Tail Distribution for Maximum Degree in (Atom) Case). Consider
the WRT model in Definition 2.1 with vertex-weights (W;);ic[n that satisfy the (Atom) case in
Assumption 2.3 for some qoy € (0, 1] and recall ¢, from (2.5). Then, for any integer-valued
in =i(n) with i, +logyn < (/0 — 1))logn and liminf,_, i, > —o0,

P(m?x] Z,(j) = |logg n] + in> =( 1 —exp(=qod™"**") ) (1 + o(1)).
JEln

Moreover, let M,, C [n] denote the (random) set of vertices that attain the maximum degree in
T, fix € € [0, 1], and let (n;)een be a positive integer sequence such that ,, — & as £ — o0.

Then, | M,,| LY M., where M, has distribution

1 _ _ive\k _gnp—ite

P(Mgzk)zzﬁ(qo(l—é) =it ) emaf T ke N. 2.9)
JjeZ

Finally, we establish an asymptotic normality result for the number of vertices which have

‘near-maximum’ degrees. For a precise definition of ‘near-maximum’, we define sequences

(Sk» i )ken @s
s = inf{x € (0, 1) : P(W € (x, 1)) < exp(—(1 —6~")(1 —x)k)},
re = exp(—(1 — 0711 — spk).

As a result, r; can be used as the error term in the asymptotic expression of p>; (as in (2.1))
when the weight distribution satisfies the (Atom) case (see Theorem 5.3) and is essential in
quantifying how much smaller ‘near-maximum’ degrees are relative to the maximum degree
of the graph in this case. We note that r; is decreasing and converges to zero with k (see
Lemma A.5), and that in the definition of s; and r, we can allow the index to be continuous
rather than just an integer (the proof of Lemma A.5 can be adapted to still hold in this case).
We can then formulate the following theorem:

(2.10)

Theorem 2.9 (Asymptotic Normality of Near-Maximum Degree Vertices, (Atom) Case). Con-
sider the WRT model in Definition 2.1 with vertex-weights (W;)icin) that satisfy the (Atom)
case in Assumption 2.3 for some qy € (0, 1]. Then, for an integer-valued i, = i(n) — —oo
such that i, = o(logn A |10g riog, nl),

X = go(1 — 6= 1)p e

Vao(1 — 6=1)g—inten

LN, 1).

Remark 2.10. The constraint i, = o(logn A logrig, ») can be simplified by providing more
information on the tail of the weight distribution. Only when W has an atom at one and
support bounded away from one do we have that o(logn A logrig, ) = o(logn). That is,
when there exists an s € (0, 1) such that P(W € (s, 1)) = 0. In that case, we can set s = s
and r; = exp(—(1 — @~ 1)(1 — s)k) for all k large, so that

10g Fiogyn = —(1 — 071)(1 — 5)log, n,

so that indeed o(logn A log rieg, ) = o(logn). In all other cases it follows that s; 1 1, so that
log riog, » = o(logn) and the constraint simplifies to i, = o(log riog, »)-
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Outline of the paper

In Section 3 we provide a short overview and intuitive idea of the proofs of
Theorems 2.5, 2.6, 2.7, 2.8 and 2.9. In Section 4 we discuss two examples of vertex-weight
distributions which satisfy the (Weibull) and (Gumbel) cases, respectively, for which more
precise results can be obtained. We then provide the key concepts and results that are used in
the proofs of the main theorems in Section 5. We use these results to prove the main theorems
in Section 6. Finally, in Section 7 we provide the necessary techniques and results, comparable
to what is presented in Section 5, to prove the statements regarding the examples of Section 4.

3. Intuitive idea of (the proof of) the main theorems

We provide a short intuitive idea as to why the results stated in Section 2 hold.
The main elements in obtaining a more precise understanding of the behaviour of the
maximum degree of the WRT are the following:

(i) A precise expression of the tail distribution of the in-degree of uniformly at random
selected vertices (v¢)¢efk, for any k € N. That is,

k
P(Z,(ve) = me for all £ € [k]) = [ ] pzm, (1 +0(n™"),
=1
for some B > 0 and where the m; € N are such that m; < clogn for some
c € (0,60/(60—1)). This extends (2.2) in the sense of convergence in mean to k € N many
uniformly at random selected vertices rather than just one, and allows the m, to grow
with n rather than being fixed. Moreover, the error term 1 + o(n~#) extends previously
known results as well, for which no convergence rate was known.
(ii) The asymptotic behaviour of ps;, as defined in (2.1), as k — oo for each case in
Assumption 2.3.

Element (i), which is proved in Proposition 5.1, allows us to obtain bounds on the probability
of the event {max e[ Z,(j) > k,} for any sequence k, — oo as n — oo. These probabilities
can be expressed in terms of nps,, (using union bounds and the second moment method in
the form of the Chung-Erdds inequality, as is shown in Lemma 5.8). By (ii) we can then
precisely quantify k, such that these bounds either tend to zero or one, which implies whether
{maxepn) Z,(i) = k,} does or does not hold with high probability. This is the main approach
for Theorems 2.6 and 2.7.

To obtain the random limits described in terms of the Poisson process P?¢, as in Theorem 2.5,
we use a similar approach as in [1]. Both (i) and (i7) are still essential, but are now used
to obtain factorial moments of the quantities Xf") and X(>”i), defined in (2.4), as shown in
Proposition 5.6. More specifically, for any i < i’ € Z and a;,...,ay € Ny, and recalling
that (x)y :=x(x —1)...(x — (k — 1)),

i'—1 i'—1

2| (), THCe), | = (o TH (=000 ) ety

" =i ! k=i
3.1
We stress that the specific form of the right-hand side is due to the underlying assumption in

Theorem 2.5 that the vertex-weight distribution has an atom at one, as in the (Atom) case of
Assumption 2.3. The error term can be specified in more detail, but we omit this as it serves no
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further purpose here. The result essentially follows directly from these estimates by observing
that the right-hand side of (3.1) can be understood as an approximation of the factorial moment
of the Poisson random variables P°([i —¢,i +1—¢)), ..., P*([i’ — &, 00)), when &, converges
to some ¢.

The equality in (3.1) follows from the fact that Xf") and X (>”i) can be expressed as sums of
indicator random variables of disjoint events, so that their factorial means can be understood
via the probabilities in (i). Then, again using the asymptotic behaviour of p-; (as in (ii)),
allows us to obtain the right-hand side of (3.1).

Finally, Theorems 2.8 and 2.9 are also a result of (3.1). This is due to the fact that the events
{max e Z,(j) = [logy n| +i} can be understood via the events {X (>"i) > (0}. Again using ideas
similar to ones developed in [1] then allow us to obtain the results.

4. Examples

In this section we discuss some particular choices of distributions for the vertex-weights for
which more precise statements can be made compared to those stated in Section 2. The reason
we can improve on these more general results is due to a better understanding of the asymptotic
behaviour of p; and ps; (see (2.1)) as k — oo. As discussed in Section 3, to understand
the asymptotic behaviour of the (near-)maximum degree(s) up to random order a very precise
asymptotic expression for p-; is required. Though not possible in general in the (Weibull)
and (Gumbel) cases of Assumption 2.3, certain choices of vertex-weight distributions do allow
for a more explicit formulation of ps, yielding improved asymptotics. The proofs of the results
presented here are deferred to Section 7.

Example 4.1 (Beta Distribution). We consider a random variable W with a tail distribution
1
r
P(W > x) =/ Msﬂf—l
« T'(@)I'(B)
for some o, B8 > 0. Clearly, W belongs to the (Weibull) case of Assumption 2.3. Moreover,

W satisfies condition (C2) of Assumption 2.3. Since for any xo € (0,1) we can bound
(1—s5)P"1<1v({d—x)f! forall s (0, xp), it follows that for any x € [0, xo],

C[TT@HB) s s Te+p)
P(W < x) _/0 I’(a)[‘(ﬁ)s 1=s)""ds < (1 Vv({—=x) )F(a n l)F(,B)x ,
so that condition (C2) is satisfied with C = (1 v (1 — x0)!"DI'(e + B)/(I'(e + 1)I'(B)), the
constant xy € (0, 1) arbitrary, and p = «. We set, for 6 := 1 + E[W] € (1, 2),
X" = |(j € [n]: Z,(j) = llogy n — Blog, logy n] + i},
X = |{j € [n]: Z,(j) = llog, n — Blog, log, n] + i},

(1 —s)’ds, x €0, 1), 4.1)

&n = (logyn — Blogy log, n) — |log, n — Blog, log, n], “4.2)
(@ +B) Sy
wpp = ———— (1 —07)7F,
Ca,B,6 T ( )

Then, we can formulate the following results.

Theorem 4.2. Consider the WRT model in Definition 2.1 with vertex-weights (W;)ica) whose
distribution satisfies (4.1) for some a, B > 0, and recall €, and c, g ¢ from (4.2). Fix ¢ € [0, 1],
let (ng)een be an increasing integer sequence such that s,, — ¢ as £ — oo and let P be a
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Poisson point process on R with intensity measure A(x) = cq 00 " log6 dx. Define
P = Z Slave) and PY = Z 82, (i)~ logy n—B logy logg n
xeP i€ln]

Then in M, (the space of boundedly finite measures on Z* = Z.U{oo} with the metric defined
in Section 2), PO converges weakly to P® as £ — oc. Equivalently, for any i < i’ € Z, jointly
as £ — oo,

X", X0 XS XY S (PR, PG D, PR — D, P 0o)).

We remark that the second-order term S log, log, n is established in Theorem 2.6 as well
and that the above theorem recovers this result and extends it to the random third-order term,
which is similar to the result in Theorem 2.5.

Theorem 4.3. Consider the WRT model in Definition 2.1 with vertex-weights (W;)ica) whose
distribution satisfies (4.1) for some a, B > 0, and recall €, and cyp¢ from (4.2). Then, for
any integer-valued i, with i, = élog, n + o(logn) for some § € [0,61log6/(@ — 1) — 1) and
liminf,_, o i, > —00,

P ( Aez[i)% Z.(j) > |logy n — Blog, logy n] + iy, ):( 1 —exp (—capo(l + §)~Po—inten )) (1 +o(1)).
J n
Moreover, let M,, C [n] denote the (random) set of vertices that attain the maximum degree in

T,, fix € € [0, 1] and let (n¢)een be a positive integer sequence such that €,, — € as £ — oQ.
d N
Then, |M,,,| = M,, where M, has distribution

1 . k .
P(M, = k) = Z E< Capo(1—0"HoITe ) exp ((—ca,p0077"), k e N.
jez

Theorem 4.4. Consider the WRT model in Definition 2.1 with vertex-weights (W;)ica) whose
distribution satisfies (4.1) for some a, B > 0 and recall €, and cq g9 from (4.2). Then, for an
integer-valued i, — —oo such that i, = o(loglogn),

Xz(:,l) _ ca,ﬁ,@(l _ 9—1)0—[,,4—8,,
Veapo(l —0=1)g=nFen
The three theorems are the analogue of Theorems 2.5, 2.8 and 2.9, respectively, where

we now consider vertex-weights distributed according to a beta distribution rather than a
distribution with an atom at one.

£ N, 1).

Example 4.5 (Fraction of ‘Gamma’ Random Variables). We consider a random variable W
with a tail distribution

P(W > x) = (1 — x) be/c1=2) x € [0, 1), (4.3)

for some b € R, ¢; > 0 with bc; < 1. The random variable (1 — W)~! belongs to the Gumbel
maximum domain of attraction, as
P(1-=W)"'>x)=PW > 1 — 1/x) = e/ IxPev/ 1, x> 1,

so that W belongs to the Gumbel MDA as well by [15, Lemma 2.6], and satisfies the
(Gumbel)—(RV) sub-case with a = e'/“1,b € R,¢; > 0, and v = 1. As a result, X =
(1—W)~!is a ‘gamma’ random variable in the sense that its tail distribution is asymptotically
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equal to that of a gamma random variable, up to constants. We can then write W = (X —1)/X,
a fraction of these ‘gamma’ random variables.
Let fw denote the probability density function of W. It follows from (4.3) that

fwx) = (1/er = b(1 = x))(1 — x)~ e ¥/,

Observe that the requirement bc; < 1 ensures that fy(x) > 0 for all x € [0,1). As
limyy; fw(x) = 0 and the density is bounded from above in a neighbourhood of the origin, it
follows that fy(x) < C for some C > 0 and all x € [0, 1). As a result, this distribution satisfies
condition (C2) of Assumption 2.3 with p = 1, x¢ € (0, 1) arbitrary, and some sufficiently large
C > 0.

Recall Co ¢, from (2.6). We set, for 6 :=1+E[W] € (1, 2),

C = el Yi—0- )/2\/— l/4+b/2(1 9_1)1/4+b/2’ and  c¢ po = Cgcg,l,qp, “4.4)

and
X" = |{j €nl: 2,(j) = |logyn — Co.1.c,/logy n + (b/2 + 1/4)log, logy n | + i},
X8 = 1{j €nl: Z,(j) = [loggn — Co,1.c,y/1ogg n + (b/2+ 1/4) log, logg n | +i}],
en = (loggn — Cp1.c,v/loggn + (b/2+ 1/4)log, log, n )

— |loggn — Co,1,,v/10gy n + (b/2 + 1/4)log, logy n .
4.5)

Then, we can formulate the following results.

Theorem 4.6. Consider the WRT model in Definition 2.1 with vertex-weights (W;)icn) whose
distribution satisfies (4.3) for some b € R,c; > 0 such that bc; < 1, and recall Cyr,
from (2.7). Then,

Z,(i) —loggn + Co 1c,\/loggn p b 1

max - —+-. 4.6
i€ln] log, logy n 2 4 (46)

Furthermore, recall &, from (4.5), fix ¢ € [0, 1], and let (n¢)eeny be an increasing integer
sequence such that ,, — & as £ — 00. Let P be a Poisson point process on R with intensity
measure M(x) = ¢, p,00 " log 0 dx, where we recall c., ¢ from (4.4). Define

& . (n) .__
P= Z Slxtey and P = Z Szn(i)—\_l‘)gen—cé.l,zrl logg n+(b/2+1/4)logg logg n )
xeP i€[n]
Then in M%* (the space of boundedly finite measures on Z* = Z.U{oo} with the metric defined
in Section 2), PO converges weakly to P? as £ — oo. Equivalently, for any i < i’ € Z, jointly
as £ — 00,

X" X8, X0 XY S (P, P D, PR — 1), PR 00).

We remark that the second-order term in (4.6) is established in Theorem 2.7, (2.6), as well.
The above theorem recovers this former result and extends it to the third-order rescaling and
to the random fourth-order term, which is similar to the result in Theorem 2.5.

Theorem 4.7. Consider the WRT model in Definition 2.1 with vertex-weights (W;);ern; whose
distribution satisfies (4.3) for some b € R,c; > 0 such that bcy < 1, and recall Cyr,,
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Cey b0, and &, from (2.7), (4.4), and (4.5), respectively. Then, for any integer-valued i, with
i, = 8\/10g9 n+ 0(\/10g n) for some § > 0 and liminf,_, i, > —o0,
P ((max 2,() = L1og 1 — Co.1.c,v/Iog,n + (/2 + 1/4)logy logy ] +i, )
jeln

=(1—exp (—ce, pe0 " T2 1a/2)) (1 4 0(1)).

Moreover, let M,, C [n] denote the (random) set of vertices that attain the maximum degree in
T,, fix € € [0, 1] and let (n¢)een be a positive integer sequence such that €,, — € as £ — oQ.

Then, | M,,| i) M., where M, has distribution

1 — —jte \k —j+e
P(M, = k) = Zﬁ(cq,bﬁ(l — 07077 Y exp (—ce o0 t), kel
jez
Theorem 4.8. Consider the WRT model in Definition 2.1 with vertex-weights (W;);crn; whose
distribution satisfies (4.3) for some b € R,c; > 0 such that bcy < 1, and recall c. ¢
and ¢, from (4.4) and (4.5), respectively. Then, for an integer-valued i, — —oo such that
i, = o(loglogn),
X® e po(l — 9= hyp—inten
n___ Cenb? , L NG, 1.
Ve po(1 —0=DHg—inten
The three theorems are the analogue of Theorems 2.5, 2.8 and 2.9, respectively, where we

now consider vertex-weights distributed according to a distribution as in (4.3) rather than a
distribution with an atom at one.

In both examples we see that a better understanding of the asymptotic behaviour of the tail of
the degree distribution, (pxx)ien,, allows us to identify the higher-order asymptotic behaviour
of the (near-)maximum degree(s). It also shows that a higher-order random limit as in the sense
of Theorems 4.2 and 4.6 is not expressed just by vertex-weights whose distribution has an atom
at one, and we conjecture that this result is in fact universal for all vertex-weights distributions
with bounded support.

5. Degree tail distributions and factorial moments

In this section we state and prove the key elements required to prove the main results
as stated in Section 2. We stress that the results presented and proved in this section
cover all the classes introduced in Assumption 2.3 (in fact, they cover any vertex-weight
W that satisfies conditions (C1) and (C2)) and that the distinction between the classes of
Assumption 2.3 follows in Section 6. The intermediate results presented here form the main
technical contribution, and their proofs are the main body of the paper.

5.1. Statement of intermediate results and main ideas

As discussed in Section 3, to understand the asymptotic behaviour of the maximum degree
and near-maximum degrees we require a more precise understanding of the convergence in
mean of the empirical degree distribution. To that end, we present the following result:

Proposition 5.1 (Distribution of Typical Vertex Degrees). Let W be a positive random variable
that satisfies conditions (Cl) and (C2) of Assumption 2.3. Consider the WRT model in
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Definition 2.1 with vertex-weights (W;)icrn) which are i.i.d. copies of W, fix k € N, and let
(Ve)eerk) be k vertices selected uniformly at random without replacement from [n]. For a fixed
c € (0,0/(0 — 1)), there exist B > B’ > 0 such that uniformly over non-negative integers
my < clogn with £ € [k],

E[W] ( w

k me
P(Z,(vg) = myg, for all € € [k]) = ]E[ } (1+o(nF)), 5.1
D} E[W]+ W ]E[W]-i—W)

and
k

P(Z,(ve) > my, for all € € [K]) 1—[ [( m) f] (1+0(n ")), (2

=

Remark 5.2. (i) In [6, Lemma 1], it is proved that the degrees (Z,(j))je(s are negative
quadrant dependent when considering the random recursive tree model (the WRT with
deterministic weights, all equal to 1). That is, for any k € N and any j; # ... # j; € [n] and
mi, , M € N

(ﬂ{z (jo) = me}) < HP(Z (je) = my).

j=1
This property only holds for the conditional probability measure Py, when considering the
WRT (or, more generally, the WRG) model, as follows from [15, Lemma 7.1], and can be
obtained ‘asymptotically’ for the probability measure PP, as in the proof of [15, Theorem 2.8,
Bounded case]. Proposition 5.1 improves on this by establishing asymptotic independence under
the non-conditional probability measure [P of the degrees of typical vertices, which allows us
to extend the results in [15] to more precise asymptotics.

(i) We note that the result only requires the two main conditions in Assumption 2.3 on the
behaviour of the vertex-weight distribution close to zero and one. Hence, results for other
vertex-weight distributions that do not satisfy any of the particular cases outlined in this
assumption can be obtained as well using the methods presented in this paper.

(iii) The result in Proposition 5.1 improves on known results, especially those in [9,12]. In
these papers similar techniques are used to prove a weaker result, in which the m, are not
allowed to diverge with n and where no convergence rate is provided.
(iv) The constraint ¢ € (0, 8/(6 — 1)) arises from the following: when m = clogn + o(logn),
as we shall encounter later in the proof of Lemma 5.11, see Eq. (5.55), for ¢ > 0 small,

1 1 1

- <Z P(Z,(v1) = m) < exp (logn (—(1 — &)+ (c+o(l) ( - g e ( =T ))))
We want the contribution of left-hand side, compared to the left-hand side of (5.2) to be

negligible. Hence, it needs to be o(p>,) = 0(6~™") (recall ps,, from (2.1)). We thus have
the requirement that

—(1—8)+c(1 (1 TR g(ﬁ))>—clog6 (5.3)

is satisfied. The inequality in (5.3) becomes an equality exactly when ¢ = 6/(0 —1) and ¢ = 0.
Hence the need for c to be strictly smaller than 6 /(6 — 1). Also, a more technical reason is that
certain error terms no longer converge to zero with n when ¢ > 6 /(6 —1). Moreover, we observe

that @ < % when 6 € (1, 2], so that Proposition 5.1 covers degrees that extend beyond the
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value of the maximum degree (see (2.3)). This is a crucial element of Proposition 5.1 and the
reason that strong claims regarding the largest degrees in the tree can be proved.

To use this (tail) distribution of k typical vertices vy, ..., v, a precise expression for the
expected values on the right-hand side in Proposition 5.1 is required. Recall p; from (2.1).
The following theorem comes from [15, Theorem 2.7], in which the maximum degree of
weighted recursive graphs is studied for a large class of vertex-weight distribution and in which
asymptotic expressions of p; are presented.

Theorem 5.3 ([15], Asymptotic Behaviour of pi). Recall that 6 = 1 + E[W]. We consider
the different cases with respect to the vertex-weights as in Assumption 2.3, but do not require
condition (C2) to hold.

(Atom) Recall that gy = P(W = 1) > 0 and recall ry. from (2.10). Then,
Pi=gqo(1=07H07 (1+00)) -
(Weibull) Recall that o > 1 is the power-law exponent. Then, for all k > 1/E[W],
L(k™™ 07" < pp < LUk~ "V6 7", (5.4)

where L and L are slowly varying at infinity.
(Gumbel) (i) If W satisfies the (RV) sub-case with parameter T > 0, set y := 1/(t + 1).
Then,

124 ( (1—6"Y%
-y
(ii) If W satisfies the (RaV) sub-case with parameter T > 1,

pe=exp( % ) (1-ec- 1)1°ilgofk + If;g]f(l +o(1)) )) 6.

Pk = €xp ( - >1y(1 + 0(1))) o7+, (5.5)

C1

(5.6)

where K ., ¢ = T log(eci(1 — 6~1/1).

Remark 5.4. Equivalent upper and lower bounds can be obtained for p-; as in (2.1) (with
m = 1), by adjusting the multiplicative constants in front of the asymptotic expressions by a
factor (1 —6~1)~! only. This is due to the fact that

1 0—1 w K w k
1—07 Y lp=E >E[( ———— = psk = Dk-
¢ )P []—9—19—1+W(9—1+W)]_ [(0—1+W)i| Pzk = Pk

Equivalently, the proof of [15, Theorem 2.7] can be adapted to work for p-; in which case the
same asymptotic behaviour is established for p>, but with different constants in the front.

We also provide less precise but more general bounds on the degree distribution.

Lemma 5.5. Let W be a positive random variable with xy :== sup{x > 0: P(W <x) < 1} =
1. Then, for any &€ > 0 and k sufficiently large,

O+ <pi < psk <675
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Proof. The upper bound on ps; directly follows from the fact that x +— (x/(0 — 1 + x))* is
increasing in x, so that

k k
p=E| (s ) | = (i) =07

For the lower bound, let us take some § € (0,&/(6 — 1 + &)) and define
S = (Y
e = T rx\o—1+x /"

Note that py = E[f1(0, W)]. Then, since f;(6, x) is increasing in x on (0, 1] for k sufficiently
large,

O—1,1-8\F

ELfi(0. W) = E[fe0. W)Lyw-1-5] = BOV > 1 =) 5—( 5= ) -
We note that, since xo = 1, it holds that P(W > 1 — §) > 0 for any § > 0. Now, by the choice
of §, we have (0 +&)(1 —6)/(6 —§) > 1, so we can find some ¢ > O sufficiently small so that

1((9+§)(1—5)
8 )

_ k
E[fk(e,W)J<9+s)"zIP(W>1—6)2_ ) >0+ =1,

as required. [J

Recall the definition of Xf”), X (;i) and &, from (2.4) and (2.5), respectively. Proposition 5.1
combined with Theorem 5.3 then allows us to obtain the following result.

Proposition 5.6 (Factorial Moments When Vertex-Weights Satisfy the (Atom) Case).
Consider the WRT model as in Definition 2.1 with vertex-weights (W;)ien) that satisfy
the (Atom) case in Assumption 2.3 for some qo € (0, 1]. Recall ry from (2.10), recall that
0 .= 1+E[W], and that (x); == x(x—1)---(x —(k—1)) for x e R,k € N, and (x)y := 1. For
fixed K € N and c € (0,0/(60 — 1)), there exists § > 0 such that the following holds. For any
integer-valued i, and i), such that 0 < i, +logyn < i, +logsn < clogn and any (a;);,<;<i,

n’
-/
s . iy _
non-negative integer sequence such that i, ai =K,

= =

E (X(:[), ) 1_[ (X]((n)) — (qoe—i,,r‘ré‘n ) in 1_[ <q0(1 _9—1)9—k+€n ) k
Zn Ja., ] ax

n k=i, =ip

X (1+O (ongg,lH[n vnP ))

Remag‘k 5.7. (i) Intuitively, the result of this proposition tells us that the random variables
(X,(C”));(”zjj and X(n)»;; are, jointly, approximately Poisson distributed, since their factorial
moments approximate those of Poisson random variables. This result hence plays an essential
role in proving the weak convergence to a Poisson point process in Theorem 2.5.

(i7) Related to Remark 2.10, the error term decays polynomially only if W has an atom at
one and support bounded away from one and log,n + i, > nlogn for some n > 0. That
is, when there exists an s € (0, 1) such that P(W € (s, 1)) = 0. In that case, s; < s and
ry < exp(—(1 — 6~ — s)k) for all k large, so that

Flogyni4in V17 < exp(—(1 = 07H)(1 = )plogn) v n~F = p=minln1=0" D=0
In all other cases, the error term decays slower than polynomially.
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Proof of Proposition 5.6 subject to Proposition 5.1. We closely follow the approach in
[1, Proposition 2.1], where an analogue result is presented for the case go = 1, i.e. for the
random recursive tree. Set K/ .= K — ag and for each i, < k < i), and each u € N such that
Iz;l.ln ag <u < Z]zf:i,, ag, let my, = [logyn] + k. We note that m, < log,n + i, < clogn,
so that the results in Proposition 5.1 can be used. Also, let (v,),cix] be K vertices selected
uniformly at random without replacement from [n], and define I := [K]\[K']. Then, as the
X(Z",z and X,E") can be expressed as sums of indicators,
it —1

E|(x® xw }: P(Z,(vy) = my, Zn(vy w for all Klwel

[( 7")(1/H< ")ak (n)K( (vy)=m (vy) = my, for all u €[ ]we)
e 5.7

in k=i,
=k Y, Y (=D'P(Z,(00) = my + Ljes) for all u € [K]),
=0 S\%\[fz/]

where the second step follows from [I, Lemma 5.1] and is based on an inclusion—exclusion
argument. We can now use Proposition 5.1. First, we note that there exists a 8 > 0 such that
for non-negative integers m, ..., mg < clogn,

my+Le
P(Z,(vi) = my + Lyes) for all u € [K]) = ]_[E [ ( E[W] — ) tues ]( 1+o(n?)). (5.8)

Now, by Theorem 5.3 and the definition of r; in (2.10) and as ry is decreasing by Lemma A.5
in the Appendix, when |S| = ¢,

K
w mu+1(ues} m _pl
EE[(W) | = ato = (140 (i v ). 59)

as the smallest m, equals |log, n] +i,. We have

K’ K’

vk m _x/'_vK m K/ /_
Mk Y Y (=Digf o™ " Zumm = (n)gqf 6K 2= “Z( €>(_1)@9K ‘
=0 S\%\[fz/] =0 (5.10)

= WkgE (1 — 0K g~ umime,

We then Obsere that (n)x = 65"°%"(1 + O(1/n)). Moreover, we recall that K = ZZ’Q ;. a

and K' = Zk i " ag, while m, = [log, n] + k it Y¥Z! i ar < u <X _;, @ fori, <€ <iyin
addition, recall ¢, from (2.5). Using (5.10) combined with (5.8) and (5 9)in (5.7), we obtam

i1
E [(X(;’,-), ) I (X,i")) ]: aEa - p~1)K gK logg n=X1y m, (140 (ruogmsin Vi)
=nJa., " ag
n k=i,

-
in—1

= (a0~ )" TT (a0 0 ho ke )

k=i
< (14O (rogynisiy V")),
as desired. [

The next lemma builds on [15, Lemma 7.1] and [6, Lemma 1] and provides bounds on the
maximum degree that hold with high probability.

Lemma 5.8. Let W be a positive random variable that satisfies conditions (C1) and (C2) of
Assumption 2.3. Consider the WRT model in Definition 2.1 with vertex-weights (W;);en) which
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are i.i.d. copies of W. Fix ¢ € (0,0/(60 — 1)) and let (k,)nen be a non-negative, diverging
integer sequence such that k, < clogn and let v| be a vertex selected uniformly at random

from [n]. If lim,,_, oo nP(Z,(v1) > k,) = O, then
lim IP’(max Z,(@) > kn) =0.
n— 00 i€[n]
Similarly, when instead lim,_, .o nP(Z,(v)) > k,) = o0,

lim ]P’(maxZ,,(i) > kn> =1.

n—00 i€[n]

Remark 5.9. Similar to what is discussed in Remark 5.2(7), the result in this lemma is stronger
than the results presented in [15, Lemma 7.1] and [6, Lemma 1]. It extends the latter to the
WRT model rather than just the RRT model, and improves the former as the result holds for the
non-conditional probability measure P rather than Py, which is what is used in [15]. Due to the
difficulties of working with the conditional probability measure, only a first order asymptotic
result can be proved there. With the improved understanding of the degree distribution, as in
Proposition 5.1, the above result can be obtained, which allows for finer asymptotics to be
proved.

Proof of Lemma 5.8 subject to Proposition 5.1. The first result immediately follows from a
union bound and the fact that

nP(Z,(v1) = k) = D P(Z,3) = k). (5.11)

i=1
For the second result, let A, ; = {Z,(i) > k,},i € [n]. Then, by the Chung—Erdds inequality
(which is one way of formalising the second moment method),

2
( 21‘;1 P(Aﬂsi) )
e P(Ani N AL) + X P(A)
By (5.11) it follows that Y/ P(A, ;) = nlP(Z,(v1) > k,). Furthermore, by Proposition 5.1,
> P(Ani N Ay ) =0 — DP(Ayy, N Ay,) = (P(A,, )71+ o(1),
i#]
where v, is another vertex selected uniformly at random, unequal to v;. Note that the condition

that k, < clogn is required for this to hold. Together with the above lower bound, these two
observations yield

]P’(max Z,@) = kn> = IP’(U:’ZIA,,,,-) >

ie[n]

(”P(An,vl))z nP(Alhvl)
IP(Ulr-l:lAn’,') > = .
P (A )21+ 0(1) + 1P(Agy)  WB(Ap ) (1 +0(1) + 1

Hence, when nIP’(An,UI) = nP(Z,(v)) > k,) diverges with n, we obtain the desired result. [J
5.2. Non-rigorous proof of Proposition 5.1 when k = 1

What remains for this section is to prove Proposition 5.1. As the proof is rather long and
involved, we first provide a non-rigorous step-by-step proof of the case k = 1. That is, we
provide an asymptotic estimate for P(Z,(v) = m), where v is a vertex selected uniformly at

522



L. Eslava, B. Lodewijks and M. Ortgiese Stochastic Processes and their Applications 158 (2023) 505-569

random. Though this part is not essential for the proof of Proposition 5.1, it helps the reader
in understanding the complete proof of the proposition later in this section. In the next sub-
section, we discuss the strategy of the full proof and take care of certain parts of the proof
in separate lemmas. Whilst proving these lemmas, we refer back to the simpler non-rigorous
proof provided here for guidance. The main part of the proof is dedicated to proving (5.1).
Once this is established, (5.2) follows without much effort. We thus focus on discussing the
proof of (5.1) here first.

To provide a non-rigorous proof of the asymptotic estimate of P(Z,(v) = m), we first make
the following simplification: we assume_ that S, = (£ + DE[W] for all £ € N. Naturally, the
law of large numbers implies that S, /¢ L% E[W], so that, up to lower-order error terms, this
equality holds. Using this simplification, however, allows us to omit many details and focus on
the most important steps of the proof.

Let us fix an ¢ € (0, 1), which we shall choose sufficiently small later. We then first condition
on the value of the uniform vertex v, and distinguish between its values being smaller or larger
than »n°. That is,

l n
P(Z,(v) = m) =~ E[Pw(Z,(j) =m)]

=1 (5.12)
1 . 1 .
=— Y EPwvE()=ml+=- > EPw(Z()=m].
n I<j<n® n né<j<n

We first take care of the second sum, and start by determining Py (Z,(j) = m) when j > n®,
under the simplification that S, = (£ 4+ 1)E [W]. Since Z,(j) is a sum of independent indicator
random variables, we will see that Z,(j) is well-approximated by a Poisson random variable,
whose rate equals the sum of the success probabilities of the indicator random variables. By
the simplification Sy = (£ + 1)E [W], we can thus determine that

Z,()) = Z Lisj) = Z Ber ( ;V_’l )~ Poi ( ZH iE‘T;'V] )~ Poi ( EV[VW] log(n/j) )= P
Jj=i

i=j+1 i=j+1

It thus follows that Py (Z,(j) = m) = IPW(Pj = m) We now provide the necessary steps to
obtain this intuitive result. The degree of vertex j in 7, equals exactly m when there exist
vertices iy, ..., i, that connect to j, and all other vertices do not. Since these connections are
independent,

Py(Z()=m)= Y H

ls—l

j<ip<-<im<ns=I #A/;F]
e Z (5.13)
W
= 2 HzIE[W] Il (l_sE[jW]>
j<ij<-<ip<ns=1 s=j+1
s#ip,Lelm]

Here, we sum over all possible choices of vertices i} < - - - < i, that connect to j, and the final
step follows from the simplifying assumption. We now include the terms s € {iy, ..., i,;} in the
second product, by changing the denominator in the fraction in the first product to i, £ [W]—W;.
This yields

m n

Pw(Z,()=m)= ) ]_[Z]E[W] ]_[ (1—S]EW[/%/]). (5.14)

j<ij<--<ipm=<n s=l =j+1
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Since W; € (0, 1] almost surely, iy > j > n®, and m < clogn, it follows that for any & € (0, 1),

=14+0 .
E (E[W] - 1] i E[ W](l Foms) 1o E[W]
Similarly,
- Wi \_ - W; _ e W
l__[ ( b= Ew )‘ e"p( Z log ( L= Ew ))_e"p(_(l +0 SE[W] ) :
s=j+1 s=j+1 s=j+1
As
n 1 .
> o ~log/j),
s=j+1
we arrive at
" W i (1460 W, /E[W]
]‘[(1- J )%(i) , (5.16)
) sE[W] n
s=j+1
where ¢, = O(rn~°). Combined with (5.15) in (5.14), this yields
(14+8)W; /E[W] m

Py (Z,()) = m) = (1 + 0170 (£ ) (%) ) HZ

j<iy<--<im=<ns=l1

We can approximate the sum by the multiple integrals

/ / '/X ﬁx?ldxm...dx

m—1 g¢—1

By Lemma A.4 we obtain that this equals (log(n/j))"/m!. So, we finally have
W; /E[W]

Fuz=m~ (1) (g oenn )

:exp( W log(n/j)) ( il og(n/j )m_
E[wW] E[W]
=Py (P =m),
as desired. Since all vertex-weights are i.i.d., when we take an expectation over the weights, we
can in fact omit the index j from W; and use a general random variable W instead, so that P;

has mean log(n/j)W/E[W]. Using this expression in the second sum in (5.12) approximately
yields

1
- > E[Py(P; =m)]. (5.17)
né<j<n
To avoid confusion between different parametrisations, we say that a random variable X has
a Gamma(a, B) distribution for some «, § > 0 when it has a probability density function
f . R+ e R+ with

,Ba 1.-B
fx) = —x""e™H, x> 0. (5.18)
I
We now use the following duality between Poisson and gamma random variables. Let G ~
Gamma(m, 1) be a gamma random variable for some integer m. Note that we can also interpret
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G as a sum of m independent rate one exponential random variables. Then, conditionally on
W, the event {P; = m} can be thought of as the event that in a rate one Poisson process
exactly m particles have arrived before time log(n/j)W /E [W]. This is equivalent to the sum
of the first m inter-arrival times (which are rate one exponentially distributed) being at most
log(n/j)W/E[W], and the sum of the first m + 1 inter-arrival times exceeding this quantity.
As we mentioned, this sum of m rate one exponential random variables is, in law, identical to
G. So, if we let V be the m + 1* inter-arrival time, independent of G, then

Py (P; = m) = Pw(G < log(n/))W/E[W], G + V > log(n/j)W/E[W])
=Py (Y <log(n/j), Y +V > log(n/j)).

where, conditionally on W, we have ¥ ~ Gamma(m, W/E[W]) and V ~ Exp(W/E [W]).
In (5.17), this yields

%]E { > Pw(y <logn/j). Y +V > 10g(n/j))i| ~E[Pw (Y <log(n/v), Y +V > log(n/v))],

n®<j<n

where we recall that v is a uniform element of [n]. Observe that log(n/v) ~ T, where T ~
Exp(1). As a result, the conditional probability can be expressed, using that ¥ can be viewed as
a sum of m i.i.d. copies of V and the memoryless property of exponential random variables, as

N ~ E[W] 1% m
E[PW(YST,Y+VZT)]—]E[W_|_]E[W]( W~|—]E[W]> ]

as desired. We provide some more details for this derivation. First, we write the sum as

1 ~
CE| Y Pw(Y <logn/j) —Pw (Y +V <log(n/)) |- (5.19)

nf<j<n

Since Y4V ~ Gamma(m+1, W/E [W]), it suffices to deal with the first conditional probability
only. We can approximate the sum by

n (1—¢)logn
3 Py <logn/j) ~ / Pw (Y < log(n/x)) dx = n / By (Y <) dy.
nt 0

nf<j<n

The second step follows from a variable transformation y = log(n/x). We write Py (Y < y) =
foy Syyw(x)dx, where fyw(x)is asin (5.18) with @« =m — 1, 8 = W/E[W], the conditional
probability density function of Y, conditionally on W. Changing the order of integration yields

(1—¢)logn
”/ e frw(x)dx —n'Py (Y < (1 —¢)logn)
0

W m
=n —— ) Py(Y <1 —¢)lo —n Pyp(¥Y <(1—2¢8)lo ,
(e ) B (Y < (4= ologn) =By (¥ < (1 —e)logn)
where Y’ ~ Gamma(m, 1 + W/E [W]), conditionally on W. A similar result with m + 1 and
Y" ~ Gamma(m + 1,1 + W/E [W]) instead of m and Y’ follows for the probability of the
event {Y +V <log(n/j)}. We remark that, via the construction of the random variables ¥’ and
Y” using Y and Y + V, respectively, they are defined on the same probability space and that in
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fact Y” stochastically dominates Y’. As such, combining both in (5.19) approximately provides

m

W ! W "
E[(m> (]P’W(Y S(l—s)logn)—me(Y < (1 —e&)logn) )}

E[W] w . )
W]+ W ( E[W]+ W ) IP)W(Y < *8)logn):|

=1+ Om "D)NE [E

W m W / "
+E[<E[W]+W) v P (Y S 4= elogn, ¥ >(178)10gn):|.

Here, the second step follows from the fact that Y’ < Y”. We finally show that this quantity
equals
E[W w "
Bl ) |+ o),
E[W]I+W\NE[W]+ W
for some small 8 > 0, when ¢ is sufficiently small, by proving that Py (Y "< (1 —¢)log n) and

Py (Y "> (1 —¢)log n) are sufficiently close to one and zero, respectively. We thus conclude
that

1 L E[W] W\ iy
- E[PW(ZH(J)—mu—E[E[WHW(E[WHW) }(Ho(n D a0

né<j<n
= pm(l + o(n—ﬂ))’

where B and ¢ are sufficiently small and where we recall p,, from (2.1).

It remains to show that the first term on the right-hand side of (5.12) can be included in
the o(n™#) term. The main difficulty here for the actual proof is controlling the partial sums
S¢, which, for ‘too small’ ¢, do not concentrate around the expected value with probability
sufficiently close to one. In this simplified non-rigorous proof, however, the assumption that
S¢ = (£ 4+ DE[W] allows us to ignore this technical difficulty for now and focus on the main
probabilistic arguments. The aim is to show that

1
= 2 EPw(Z()=m)]=o(pun"), (5.21)

1<j<n®

for some small 8 when ¢ is sufficiently small.

We first focus on the case that m = clogn + o(logn) with ¢ < 1/log6. In this case, we
can simply bound the conditional probability from above by one to obtain the upper bound
n~U=#)_ Then, by Lemma 5.5, we have that p, > (0 + &)™ = n= 120+ for any £ > 0.
Since ¢ < 1/log#, it follows that we can choose &, 8, and ¢ sufficiently small such that
n~0-8) = g(n—P-Clog®+6)y — o(pmn~?), from which the claim in (5.21) follows.

When ¢ € [1/log#, c) instead (where we recall that ¢ < 6/(8 — 1)), a more careful
approach is required. In this case, we bound Py (Z,(j) = m) < Pw(Z,(j) > m) and use a
Chernoff bound on the right-hand side of the inequality. This bound follows from the proof of
[15, Proposition 7.2] and yields

1 , 1
— ) EPwE(=ml<~ > E[expin(l—u;+logu;)], (5.22)
1<j<n® 1<j<n®
where
=N . log(n/j) _ logn _ 1+o(1)
" _ZZE_Z 2 (E[W] = mE[W] ~ mE[W] _ CE[W]

t=j e=j+1
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Note that the second step follows from our simplifying assumption on S, and we bound W;
from above by one in the inequality. Using that x — 1 —x 4 log x is increasing on (0, 1), that
1/(CE[W]) <log6/( — 1) < 1, and that we have a bound for u; uniformly in 1 < j < n®,
(5.22) yields

1 , ! = ! !
- IS]Z;IF[PW(Z"Q) =m] = —— exp ((1 +o(1)clogn ( 1- -1 + log ( 6 —1) ))) (5.23)

— p—(A=e+U+o(D)e(1—-1/@(O—1)+log(1/@O—1)))

The aim is to show that this last expression is o(p,,n#) for some sufficiently small 8 > 0.
Again using that p,n~" > n=¢1020+-8 it suffices to show that

~a-e+7(1- +1og ( ))< ~Clog® + ) — B

1 1
co—-1) -1
holds when we choose &, ¢, and 8 sufficiently small. Since the right-hand side is continuous
in £ and B, and the left-hand side is continuous in &, it suffices to prove that

1 1 ~
m m))<—clog9

holds for any 8 € (1,2] and any ¢ < 6/(0 — 1). As the second derivative of the mapping
x> —14+x—1/0 — 1)+ xlog(1/(x(0 — 1))) is negative and the mapping x — —x log# is
tangent to the former mapping at x = /(0 — 1), the inequality follows for all ¢ < 6/(6 — 1).
This completes the proof of (5.21) for some sufficiently small ¢ and 8. Combined with (5.20),
this yields (5.1) for k = 1.

—1—1—'5(1— +log(

5.3. Complete proof of Proposition 5.1

Before we provide the complete proof, we first discuss the proof strategy. Though this is
similar to the approach of the non-rigorous proof provided in the previous sub-section, dealing
with k > 1 many uniformly selected vertices provides technical challenges worth addressing.
Let us start by introducing the following notation: for two sequences f(n) and g(n), we let
f(m) < ji #...%# jir < g(n) denote the set

G-y J0) €NE g € [f(n), g(m)] for all € € [k], and ji, # je, for any 1 < €1 < € < k).

In words, summing over all indices f(n) < j; # ... # ji < g(n) denotes summing over all
distinct indices ji, ..., jr which are at least f(n) and at most g(n).

The left-hand side of (5.1) can be expressed by conditioning on the values of the typical
vertices, and splitting between cases of young and old vertices. That is,

P(Z,(vy) = my for all £ € [k]) = —— 3" B(Z.(jo) = m for all € € [k])
(M

I<ji#. . #jk<n
1
=— DY PEG)=mforall Le[k])  (5024)
e ,_. ,
né <j1#...Fjk<n
1
+ —— Y P(Z,(je) = my for all £ € [k]),
D 5
where
LE)={(j=0 i) 1< ji#...#Fjx<n, Ji €lk] ji <n} (5.25)
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for any ¢ € (0, 1). Splitting the sum on the first line into the two sums on the second and
third line allows us to deal with them in a different way, and is similar to the distinction made
in (5.12). In the sum on the second line, in which all indices are at least n®, we can apply the
law of large numbers on sums of vertex-weights to gain more control over the conditional
probability of the event {Z,(j;) = m, for all £ € [k]}. The aim is to show that this first
sum has the desired form, as on the right-hand side of (5.1). This uses the same ideas as in
the non-rigorous proof in the previous sub-section, but increases in difficulty due to multiple
summations, integrals, and careful ‘book-keeping’ of a large number of distinct indices.

The sum on the third line, in which at least one of the indices takes on values strictly smaller
than n°® can be shown to be negligible compared to the first sum. Especially when m, is large,
this is non-trivial. To do this, we consider the tail events {Z,(j;) > m, for all £ € [k]} and use
the negative quadrant dependence of the degrees (see Remark 5.2 and [15, Lemma 7.1]), so that
we can deal with the more tractable probabilities Py (Z,(j,) > m,) for all £ € [k], rather than
the probability of the intersection of all tail degree events. We observe that this is not required
when k = 1 (that is, using the negative quadrant dependence), and significantly increases the
technical difficulty of this part of the proof compared to the non-rigorous proof provided in the
previous sub-section. Depending on whether the indices in I,(g) are at most or at least n®, we
then use bounds similar to one developed in the proof of [15, Lemma 7.1] or use an approach
similar to what we use to bound the sum on the second line of (5.24), respectively.

In the following lemma, we deal with the sum on the second line of (5.24).

Lemma 5.10. Let W be a positive random variable that satisfies condition (Cl) of
Assumption 2.3. Consider the WRT model in Definition 2.1 with vertex-weights (W;);cn) which
are i.i.d. copies of W and fix k € N and ¢ € (0,0/(0 — 1)). Then, there exist § > 0 and an
e € (0, 1) that can be made arbitrarily small, such that uniformly over non-negative integers
my < clogn, £ € [k],

1 . k E[W] w my s
o L PEG) = me for all ¢ e [k])=£[lIE [ E[W]+W( ST ) ](l+o(n ).

k . .
ne<ji#.FEjk=n

We note that condition (C2) of Assumption 2.3 is not required for this result to hold. To
prove this lemma, we sum over all possible m, vertices that connect to j, for each ¢ € [k] and

use the fact that the j;, ..., ji are at least n® to precisely control the connection probabilities
and to evaluate the sums over all the possible m, vertices for all £ € [k], as well as the sum
over the indices ji, ..., jk-

In the following lemma, we show the sum on the third line of (5.24) is negligible compared
to the sum on the second line.

Lemma 5.11. Let W be a positive random variable that satisfies conditions (C1) and (C2) of
Assumption 2.3. Consider the WRT model in Definition 2.1 with vertex-weights (W;);e(n) which
are i.i.d. copies of W. Fix k € N,c € (0,0/(0 — 1)) and recall I,(¢) from (5.25). There exist
e €(0,1) and a B > 0 such that uniformly over non-negative integers my < clogn, £ € [k],

k
R L _ E[W] w L -
() ZP(Zn(Je)—meforallée[k])—o<e]:[llE[]E[W]+W(E[W]+W) ]n )

Jeln(e)
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Note that condition (C2) of Assumption 2.3 is required only in this lemma, where it was
not necessary in Lemma 5.10. In fact, it is required for one inequality in the proof only, which
convinces us that it could possibly be avoided.

It is clear that (5.1) in Proposition 5.1 immediately follows from using the results of
Lemmas 5.10 and 5.11 in (5.24). Namely, in Lemma 5.10 we can take ¢ arbitrarily small
and the left-hand side of the equality in Lemma 5.11 is monotone decreasing as & decreases,
so that we can take ¢ as small as required. In what follows we first prove Lemma 5.10 in
Section 5.4, prove Lemma 5.11 in Section 5.5, and finally complete the proof of Proposition 5.1
in Section 5.6. After each of the proofs we discuss the required adaptations to prove the
results of Lemmas 5.10 and 5.11 for the model with random out-degree, as introduced in
Remark 2.2(ii).

5.4. Proof of Lemma 5.10

Proof of Lemma 5.10. We provide a matching upper bound and lower bound for

! P(Z,(je) for all ¢ € [k])
— E n = or a .
M .. ‘ Je=me

ne<ji#..Fjk=n

Upper bound Let ¢, = n~% /E [W] for some 8 € (0, 1/2). We define the event

J
E) :={ Y Wee (= G)EW, (1 +)E[W])), foralln® < j <n } (5.26)
=1

We use EV to mimic the simplified assumption that S; = (j + 1)E[W] in the non-rigorous
proof in Section 5.2. We know that P((E(")°) = o(n™7) for any y > 0 (and thus of smaller
order than ]_[’E:l pmgn_ﬁ for any 8 > 0 and uniformly in m, ..., m; < (6/(6 —1))logn) from
Lemma A.2 in the Appendix. By also conditioning on the vertex-weights, this yields for any
y > 0 the upper bound

LY EPwE ) = m forall £ € kD)

. _. o
n I,J#Wﬁk <n (5.27)
<— Y BIPw(Z,(je) =my forall £ € [k]) 1w]+ o),
M .. ‘ p
nf<ji#. . #Ejesn

Now, to express the first term on the right-hand side of (5.27), we consider ordered indices
rather than unordered ones. We provide details for the case n® < j; < jo < --- < jix <n
and discuss later on how the other permutations of jj, ..., ji can be dealt with. Moreover, for
every £ € [k], we introduce the ordered indices j, < iy < -+ < i, ¢ < n,£ € [k], which

denote the steps at which vertex £ increases it degree by one. Note that for every £ € [k] these
indices are distinct by definition, but we also require that is , # i, ; for any £, j € [k], s € [m,]
and ¢ € [m;] (equality is allowed only when £ = j and s = ¢). Indeed, a new vertex can
only connect to one already present vertex. We denote this constraint by adding a * on the
summation symbol. Finally, we define j;;; := n. Combining these additional steps, we arrive
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at

1
o > E [PW(ZH(]'@) — my for all £ € [k]) 1E511)]

ne<ji<-<jk=n

S S Sl )

nE<ji << jgSn Jg<iy g<<im, e=<n, t=1s=1 Log=1 Wi (5.28)
telk]
k ju+l u
Zz:l Wi,
X 1l—-==== 110 |.
s—1 W E,
u=1 s=ju+1 =1 4

,r#i(,t,/ée[m,].te[k]

This step is equivalent to (5.13) in the non-rigorous proof. The terms in the first double product
denote the probabilities that vertices i, connect to j,, whereas the terms in the second double
product denote the probabilities that vertices i;; do not connect to the vertices j, such that
Je < is,. Similar to (5.14) in the non-rigorous proof, we then include the terms where s = iy,
for all £ € [m,] and ¢ € [k] in the second double product. To do this, we change the first double
product to

m; ' kK my '
HH Ty Wf <T1 ,IL (5.29)
1

1=1s=1 2= W, — Zz=1 Wié]l[ix,t>j(} t=1 s=1 Zog=1 We —k

that is, we subtract the vertex-weight W, in the numerator when the vertex j, has already been
introduced by step i;,. In the upper bound we use that the weights are bounded from above
by one. We thus arrive at the upper bound

k my Ju+1
1 1 W
. * _ i) q
o Y e[ iy L )1 .
ne<ji<ee<jr=n Je<ine<o<ipge=n, t=1s= 12 u=1s=j,+1 =1 "¢
Lelk]

For ease of writing, we omit the first sum until we actually intend to sum over the indices
jis -+ jx- We use the bounds from the event E'V to bound

is,—1 s—1
D Wez (G — DEIWI =&)Y We <sEIWI(+¢).
=1 =1

For n sufficiently large, we observe that (i;;, — DE[W](1—¢,)—k > i E[W] (1 —2¢,), which
yields

fu-H

1 * Zél
w2 [nnmE[wm—zcn H l_[( - <1+cn>>ﬂﬂ‘r”]'

Je<in < <im, 0 <n, u=1s=j,+1
Le[k]

Moreover, relabelling the vertex-weights W, to W, for ¢ € [k] does not change the distribution
of the terms within the expected value, so that the expected value remains unchanged. We can
also bound the indicator from above by one, to arrive at the upper bound

oy =[1 T (-2 )
(n)kj[<i1.[<---<i,,,bg§n t=1 s=1 ls ’E[W](l - 24‘” u=1s=j,+1 SE [W] (1 + é‘")
Lelk]
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We bound the final product from above by

Jut1 u Jut1 u
1—[ ( 1— ZZ:I W ) < exp ( 1 Z Z[:l W )
SE[WI + &) E[WI(1+ ) s

s=ju+1 s=ju+1

1 ju+1
<o (g s (55)

Jusl " b= We/EIWIA+G)
_(h+1)

(5.30)

As the weights are almost surely bounded by one, we thus find

Ju+1 u . _SU W (BIWIL
. ZZ:I W, Jut1 > i—1 We/EBIWI(14¢n)) .
1 (1 SEIWI(1+2,) =(5) (1+0 ().

s=ju+1 Ju

which is equivalent to (5.16) in the non-rigorous proof. As a result, we obtain the upper bound

! . S W™ ! S
o, o “ﬂIK(EWJ H&ﬁ—%ﬂ>n<h

Je<ine<<ipy,e=n = s= u=1
telkl
X (l—i—(’)(n*g)).

As jr+1 = n, we can simplify the final product to obtain

)722’:1 Wi /BIWI(+E) ]

k

l * - k m £ t n
@ Z (1 —2¢g,)" Lh=1"nE [ H ( ]E[W ) H ( Wi /(E[W](1+E ))1_[ )

Je<i g < <ipy g =n. =1 s=1
Celk]

X n—zlle We /(EIW]1(14¢n)) ]( 1 + O (n—a )) .

We bound this from above even further by no longer constraining the indices iy, to be distinct.
That is, for distinct #; and 7, € [k], we allow iy, ;,, = i, to hold for any s; € [m, ] and
53 € [my,]. This yields

m¢

6% Xj(hdg)mﬁmE[fK ) ﬁ( B T )

Je<it g<<im, e<n, =1 t=1 s=1
telk)

mg

X n_zlzzl Wi /(E[W](1+n)) j|( 1 + O (n—é‘ )) .
(5.31)
We set

a; = W /EIW]I( + 8),
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and look at the terms

k
n- Zt=1 at

k my
(n)x 2 I <(“’(1 + o™it [T ) : (5.32)
s=1

Je <i|’( <”’<imgl5”* =1
Lelk]

We bound the sums from above by multiple integrals, almost surely, which yields
n- Ztk=1 a K n pn n me
L T@+ o / / .. / [T dxmger - e
(n)k =1 Jt X1,t Xmp—1t g=1

Using (A.5) in Lemma A.4, we obtain that this equals

7Zk=1al k (1 LN\
n- 2 . (l0g(n/j1))
_— a, (1 + e a2 T
o E( (L + )™ i |
Substituting this in (5.32) and reintroducing the sum over the indices ji, ..., ji, we arrive at
& k . .
1 4 g,)%h=1"h “ (a, log(n/ji))™
(I+¢) 3 1—[( ﬁ) (a; log( '/]t)) _ (5.33)
(n)k né<ji<--<jrx<nt=1 n m:
We observe that switching the order of the indices jj, ..., jix achieves the same result as
permuting the my, ..., m; and ay, ..., a;. Hence, if we let w : [k] — [k] be a permutation,
then considering the indices n° < jrq) < jz@2) < **+ < Jrty < n yields a similar result as

At

in (5.33) but with a term ]ﬂm)(log(n [Jz @)™ ® /my ! in the final product. Since this product
is invariant to such permutations of the m, and q,, the only thing that would change is the
summation order of the indices ji, ..., ji.

By using (5.33) in (5.31) and incorporating all permutations of the indices, i.e. n° < jr() <
Jr@ < -+ < jray < n for all m € P, (where Py denotes the set of all permutations on [k]),
we arrive at

1

2 EPw(ZiGe) = me £ € kD 1 gg]

ne<ji#.Fjksn

1 14¢, ZZ:[ mp k ) ar (g, 10g(n/jﬁ( )))m,
5@(14;”) E{Z > TI(5Y) (5.34)

. . my!
TEP N < jr(y < <jry=nit=1

1L (L4 gy \ D S\ (@ log(n /i)™
=@(1_2§n) 1E|: > H(ZI)#

ne<ji#.Fjk=nt=1

We bound the last expression from above even further by allowing the indices ji, ..., ji to
take any integer value in [n®, n]. That is, j,, = je, is allowed for £; # £,. As this introduces
more non-negative terms, it yields the upper bound

Y ym KoL .
() e[ D B [1(%) ekr ]

nf<ji<n né<jr<nt=1 m;!
k ] )
B L( 1+, )Zh=1mh ﬁE Z ( J )”f (a, log(n/j)ym
(n)k ] — Zé‘n =1 ne<j<n n mt! )

where we note that the product can be taken out in the second line, since the weights are
independent. We now observe two things: First, we can redefine a, = a := W/(E[W](1+¢,)).
After all, the index of the vertex-weights Wy, ..., W; is irrelevant, since they are independent
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and identically distributed. Second, the summand is equal to Py (P(a) = m,), where P(a) ~
Poi(a log(n/j)), conditionally on W. So we obtain, similar to (5.17) in the non-rigorous proof,

L1+ n
@(1_2;,,) IJE Y Pw(P@=m)

n®<j<n
We now use the duality between Poisson and gamma random variables, as also explained in the
intuitive proof after (5.17). That is, let G; ~ Gamma(m,, 1) and V ~ Exp(1) be independent
random variables. Then, {P(a) = m,;} = {G, < alog(n/j), G, +V > alog(n/j)}, so that

k
Dh=1m

Pw(P(a) =m;) =Pw(G, < alogn/j), G, +V > alog(n/j))
=Py (Y, <log(n/j), Y, +V > log(n/j)) (5.35)
=Py (Y, <log(n/j)) — Pw(Y; +V <log(n/j)),

where Y, ~ Gamma(m,, a) and vV~ Exp(a), conditionally on W (and observe that Y; + vV~

Gamma(m; + 1, a)). We thus obtain

@ 1—2{,,

1= nt<j=n

1 14, \Zhzimn K ~
()" e [ > (Pw(¥: < log(n/j) — Pw (¥, + 7 < log/j) )} , (5.36)
1

similar to (5.19) in the non-rigorous proof. We now compare the sum of the gamma probabil-
ities with an integral. That is, since both probabilities are decreasing in j, we can bound the
sum from above by

/ Pw (Y, < log(n/x)) dx — Py (Y, + V < log(n/x))dx
[n®] [n®]

log(n/(n®]) log(n/[n®7) . - (5.37)
= ”/ e Py (Y, = y) dy — n/ e "Py(Y; +V < y)dy,
0 0

where we use a variable substitution y = log(n/x) to obtain the second line. Writing the
cumulative density function as an integral from zero to y and switching the order of integration,
we find

nEwle™" Ly, <togin/tne 1 = nBwle™ " Ly 15 ouuymneny]
+ Pw(Y;: + V <log(n/[n"1) + [n°] (Pw(¥: + V <log(n/[n°1)) — Pw (¥; <logn/[n°]))) .

As the last term is negative, we can omit it to obtain an upper bound. The first term on the
second line can be bounded from above by

- ~ ~ my+1
Pu (¥, + ¥ < log(n/[n°1) = Pu(e D) = n=079) < wl R [0t D] == (2 ) .

1+a
Combined, this yields the upper bound

_ ~ _ a mi+1
YLy, 47 <tognymey 1+ 11 8( 1+a) - (5.38)

nEwle™ L1y, <togtn/1n ] — nEwle

We now distinguish two cases:
(1) m; = ¢, logn 4 o(logn) with ¢; € [0, 1/(6 — 1)], for all ¢ € [k].
(2) m; = ¢;logn + o(logn) with ¢, € (1/(6 — 1), ¢), for some t € [k].
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In case (1), we bound the difference of the expected values from above by

a >m[+1

nEyle™"] —nBw[e™ "]+ nEwle™ " Ly, 7 orognmmeny] + ”1_8( 1+a

1 a me e R
ana( l+a) (1 + O(m~*) + O@®).

(5.39)

Substituting this for the argument of the expected value for each ¢ € [k] in (5.36) yields

1+¢, Yt M . k 1 y o
(L s o] (2 (52 o ow). s

We recall that a := W/(E[W]( + ¢,)) and that ¢, := n~% /E[W]. Since W e [0, 1] almost
surely and m, = O(logn),

1 a \m]_ E[W] W & g s
E|:l+a(l+a) ]—E[E[WHW(E[WHW) ](1+o<n ) = puy (1 + 0(n#)), (5.41)

for some small § > 0. We have by Lemma 5.5 that p,, > (6 4+ &)™ for any & > 0. Now
we use that in case (1) m; = c¢;logn + o(logn) with ¢, < 1/(0 — 1). As a result, for &,
e, and some B > O sufficiently small and since logf < 6 — 1 for & > 1, we then have
n=178) = g(p=(e+oNloe®0+5=Fy — o(p, n=F). Together with (5.41), this implies we can write
the argument of the product in (5.40) as p,,, (1 + o(n~?)) whenever m, satisfies case (1).

In case (2), these bounds do not suffice. First of all, we note that because of the product
structure in (5.36), we can deal with any terms that satisfy ¢, € [0, 1/(60 — 1)] in the same way
as in (1). Without loss of generality we thus assume that ¢, € (1/(0 — 1), ¢) for all ¢ € [k]. In
this case, we use that for any N > 0,

EW[eiyt]l{Y <N}] = /N a—m[xmtfle*(1+a)x dx
"~ o I'(m)
my N m
= ( a ) Mxmt—le—(l-‘ra)x dx (5.42)
l+a o I'(my)
a

= ( I ta ) Pulr = W),

where Y/ ~ Gamma(m,, 1 + a), conditionally on W. As Y, + V ~ Gamma(m; + 1, a), we
also obtain a similar result for the second expected value in (5.38) with a random variable
Y]" ~ Gamma(m, + 1, 1 +a). As in the non-rigorous proof, we can assume that ¥; and Y;” are
defined on the same probability space and we have that ¥/ < Y,”. Using this in (5.38), we thus
obtain

a

a >n1,+l

T g P (¥ < log(n/[n") ] +HIJ( 1+a

(= )" [PW(Y,’ < log(n/Ln" )
a

= "( TTa )m [ . Py (¥, <log(n/[n®))) + Pw (¥ <log(n/In"1), Y, > log(n/[n"1)) (5.43)

l14+a

a )m,+1

+ Py (log(n/[n1) < ¥/ < log<n/Ln€J>)] (s

By omitting the probability from the first term and bounding the other two probabilities from
above by Py (Y, > log(n/[n®1)), we obtain an upper bound

n( )" (5 0w + 2P (1, = Togn/[D) )
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Again, we substitute this for the argument in the expected value in (5.36) to obtain for some
large constant C > 0,

n 21(12 Mh e k mp
(11j2§¢n> 0 om ))E(E[(lia(lj_a) ]

e [( % )”" (Pw (Y, > log(n/[n°1) +n~* )i| )

(5.44)

It thus remains to show that the second expected value in (5.44) is of sufficiently smaller order
compared to the first. We obtain this by using the indicators 1;(i4a)<¢,/(1—u) a0d L{i4a>c, /(1—pw))
to split the expected value in two parts, for some 1 > 0 small enough such that ¢; /(1 — u) <
0/(6 — 1) (which is possible since ¢; < ¢ < 8/(60 — 1)). For the first indicator, we can bound

/(1 —p)—1 )"”
o /(1 =)

= (-5 corom

Ct
for some small & > 0 and n sufficiently large. Since the first expected value in (5.44) equals
Dm, = (0 +&/2)~™, where the inequality follows from Lemma 5.5, we thus obtain that

my ” . 1 m _
E [( 1 ia ) Pw (¥, > log(n/[n°1)) Li1a<e, /1) ]=0 (E [( T +a< lia ) } nk ) (5.45)

for some small 8 > 0, since m, = ¢;logn + o(logn) with ¢, € [1/log#, ¢). For the second
indicator, we observe that {Y;” > log(n/[n°1)} = {Z, > (1 + a)(1 — ¢)logn(1 + o(1))}, where
Z, ~ Gamma(m,; + 1, 1). We then have

a me ” . e
IE|:( T a ) (Pw (Y, > log(n/[n°1)) +n*) 11U+u<ﬂ/(1_m} < (

14+a

my tl—
§E|:( lj_a> :|]P’<Z, >%lj)logn(l+o(l))>.

It thus suffices to show that the probability on the right-hand side is o(n~#) for some small
B > 0. By choosing ¢ € (0, 1) we can apply a standard large deviation bound. Let (V;);en be
i.i.d. exponential rate 1 random variables and let I(a) := a — 1 — log(a) be their rate function.
Then, as we can think of Z, as the sum of Vi, ..., Vj, 41,

E [ (== )" "Pwz > (1 + a1 = )logn(l + o) Titraza 1) }

m;+1

logn(l +o(1)) ) = IP’(Z Vi = (mg +1)

i=l

c(l—e)

P(Z,z _

¢/ (1 —¢e)logn(l + o(1))

A=) m; +1) )
(1 —eg)logn(l + o(1)) ))

(I = w)m; + 1)

In the first step, we express the upper bound within the probability in terms of the mean of
the sum of random variables, which equals m, + 1. We then use the large deviations bound
in the second step, which we can do as the argument of [ is strictly greater than 1 when
n is sufficiently large (as m; + 1 ~ c¢;logn) and ¢ € (0, u) is sufficiently small. Since
I((er+o(1)(1 = &)log n/(1— ) m,+ 1)) = (1 — )/(1 — ) — T —log((1 — £)/(1 = ) +o(1),
we thus arrive at

< exp ( —(my + DI (

p ( 7> 79000+ 0(1))> < e—crlogn((1=e)/(1=p)—1-log((1=6)/(1~1)+o(1)
1— 5 (5.46)

= pctmetol),

where ¢; == ¢;((1 —&)/(1—p)—1-log((1 —¢)/(1—pn))) >0ase < pwandx—1—logx > 0
holds for x > 1. This yields (5.45) when using 1{i44>¢, /(- for p and e sufficiently small
as well. Together with (5.41), this yields the desired result.
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Combined with the analysis in case (1), and the fact that

(14+0n ) =1+o0(n"),

(L y

for some small 8 > 0, by the choice of ¢,, and the fact that m, = O(logn) for all ¢t € [k],
it follows that (5.40) is at most (o(n_ﬂ)]_[f:1 Pm,) for some small B > 0 in both cases (1)
and (2). Finally, using this in (5.27) yields

1 k
o Y PEG) =myforall £ e (kD) <[] (pm, (1 +0m)) +o(n™).
K e <jie it jizn =1

As we can choose y arbitrarily large (as discussed prior to (5.27)), this term can incorporated
in the o(n=#) term regardless of the choice of m,, which completes the proof of the upper
bound.

Lower bound
We then focus on proving a similar lower bound. We define the event

J
EQ={ 3 Wee @IWI0 =) EIWI( +&0)), forall n® < j <.
L=k+1

We again have from Lemma A.2 in the Appendix that P((E®)°) = o(n~7) for any y > 0. We
obtain a lower bound for the probability of the event {Z,(v,) = my, £ € [k]} by omitting the
second term in (5.27). This yields, together with the rearrangements in (5.28),

1 .
W Z E[Pw (Z,(j¢) = mg for all £ € [k])]
k ne<ji#.Fjk=n
1 k my Wi ko Jut ZZ W
* Jt = Jt
s X e[y, T I 5220)]
né <jiF#..Fjk<n Jjg<iy g<-<ip, ¢=n. “t=1s=1 Z[:l WZ u=1s=ju+l =1 "¢
teik) t sig g Lelmy ] relk]
We again start by only considering the ordered indices n® < j; < --- < j; and also omit this

sum for now for ease of writing. We also omit the constraint s # i, ., £ € [m,], t € [k] in the
final product. As this introduces more terms smaller than one, we obtain a lower bound. Then,
in the two denominators, we bound the vertex-weights W;,, ..., W, from above and below by
one and zero, respectively, to obtain a lower bound

k m; ko Juti u
1 * W/z =1 Wjé
= r e[ == I e )]
Je<itg<rmimpe=n. &=t s=1 2o Welgesjiretk Tk u=is=j,11 0=1 Welljesj, etk

Celk)

As a result, we can now swap the labels of W;, and W, for each ¢ € [k], which again does not
change the expected value, but it changes the value of the two denominators to Zl[:'k  Wetk
and Z;‘:’k +1 We, respectively. After this we introduce the indicator 1 ED and use the bounds
in E,(Lz’ on these sums in the expected value to obtain a lower bound. Finally, we note that the
(relabelled) weights W,, ¢ € [k], are independent of E,(f) so that we can take the indicator out
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of the expected value. Combining all of the above steps, we arrive at the lower bound

m; 1

1 *
w2 [H(E[W]) His,,<1+2zn)

.i[<il,l<"'<im5,65" =1

et (5.47)

<1 ﬁ ( - i ) P(ED)
G- DEWI(T—g) )]

u=1s=j,+1

The 1 + 2¢, in the fraction on the first line arises from the fact that, for n sufficiently large,
(is0 — D + &) + k < is, (1 +2¢,). As stated above, P(E®) = 1 — o(n™7) for any y > 0.
Similar to the calculations in (5.30) and using log(l — x) > —x — x? for x small, we obtain
an almost sure lower bound for the final product for n sufficiently large of the form

Ju+1 u Jut1
[ (1_ 1Z@Ee=vcfwf >36Xp( EWI( =2,
S=jut1 (S_ E [ ]( _gn) [W( — &) — . /+]
l u 2 Ju+l l
(3w S —
(E[wm—cn); “>_%l(s—1>2)

j = Yoy We/BIWI(1—=¢,))
Ju+1

=(5)

Using this in (5.47) yields the lower bound

o 2 see [T )" () a0 0m),

Je<iy @< <img p=n.

Celk)

(1—(’)(n7€)).

where @, .= W, /(E[W](1 —¢,)). As in the upper bound, we can take the product over € [k]
out of the expected value by the independence of the vertex-weights. This yields

1 * 1— é‘n Zh 117 ~m; ]t —¢
e Z (1+2§n> HE[ ( ) Hl }(1 O (n )>'
Je<in g <<ipy g=<n,
tefk]

As ¢, = n7% /E[W] and m;, = O(logn) for all i € [k], the fraction and the 1 — O(n~?) can be

combined to yield a 1 — o(n=P), for some small 8 > 0. We now reintroduce the sum over the

indices n° < j; < --- < jix < n and bound the sum over the indices i; , from below. We note

that the expression in the expected value is decreasing in i; , and we restrict the range of the

indices to j, + 22:1 my <ipg <--- <lipm,e <n,{ € [k], but no longer constrain the indices

to be distinct (so that we can drop the % in the sum). In the distinct sums and the suggested
lower bound, the number of values the i, , take on equal

k n_(,lﬁ_l) E/ lm) (”_(]L’_l)—E:k m
| | = ! and | | h=1 )»
( =1

m m
=1 h ¢

respectively. It is straightforward to see that the former allows for more possibilities than the
latter, as (f) > (‘Z) when b > a > c¢. As we omit the largest values of the expected value (since
it decreases in i; , and we omit the largest values of i; ;), we thus arrive at the lower bound

! Y > HE[N’"’( ”) - ](1*00’ M), (5.48)

is,t
ne<ji<-<jr<n—YK_ my je+Xk_ymp<ip o< i e =n. ! =1
Lelk]
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where we also restrict the range of indices in the upper bound of the outer sum, as otherwise
there would be a contribution of zero from these values of ji,..., jr. We now use similar
techniques compared to the upper bound of the proof to switch from summation to integration.
First, we observe that we can switch the inner summation and the product over ¢. Second, we
restrict the upper bound on the outer sum ton — 1 —2 ZIZZI my,. This will prove useful later.
Combined, this yields

™" Y ﬁ > E[N’"’( )]:[ ](l—o(n_ﬁ)).

t=1 je+21;l=l mp <il,Z<"'<iml.ZS"*
Lelk]

n5<j1<~--<jk511717221,;=| my,
(5.49)
Then, we take the inner summation in the expected value and, for now, focus on

n+l1 n+
)3 it = [ [ nxs, moa e
Gk mp1 Jx X101 ¢

. ¢ ] . 1+l
”*ZLI mpy<ip g <o<igy p<n 5= 1
eelk]

Since j, <n—1-2 ZZ=1 my, for each ¢ € [k], it follows in particular that jz~|—1+2f,=1 my < n.
It thus follows that we can use (A.6) in Lemma A.4 witha = j, + 1 + Zi:l my,b=n+1,
and k = m, to obtain the lower bound

k m my
[Tt ) =T (e gt ) 5

Jt + Zh:l mp + my =1
Substituting this in (5.49) yields the lower bound

~my

1 |: n my _
L ) nE ()8 o ()" J(1 o).
! : k
) ne<ji<--<jr<n—1— ZZh ymp !t Jit 22/1:1 Mt
Note that, due to the independence of the vertex-weights Wy, ..., Wy, and hence of a1, ..., dy,
we can interchange the product and the sum with the expected value. To simplify the summation
over ji, ..., jx, we write the summand as

l_[(j’—i_zimh)atr;;a‘t(log(+))m’<l_w)“’

=1 h=1 r Je+2 e m Je+ 2 ma

Using that m, < clogn, j, > n® and almost surely, x% > x!/EWII=t) for x € [0, 1], we
obtain the lower bound

]_[(],+2th) m‘(log<m>)m[ (1-o0(n?)).

We can then shift the bounds on the range of the sum to n® +2 Zﬁ:] mpandn—1. As jy=n
yields a contribution of zero to the sum, we can increase the upper range on the summation
from n — 1 to n. We thus obtain the lower bound

| LN . B
i > [1(3) 5ytoste/in | (1=o0 ).

n8+22ﬁ=1 mpy<ji<--<jg<n r=1
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We can now use a similar approach as in (5.34) through (5.38). By considering all permutations
of the indices ji, ..., ji, we obtain

LS EBw(EG) =m forall € [k])]

n
Uk e ooz

1— o) , 1
>——F |: Z l_[(jt/”)alﬁ(at 10g(”/jz))ml ] .

(n)
nE+2 YK my<ji A jr<n =1

We now aim to again exchange the order of summation and the product in the expected
value at the expense of some additional terms. To this end, we allow the indices ji, ..., ji
to take on the same values, but also subtract the largest terms from the sum to still obtain a
lower bound. We are thus required to determine which terms are the largest. The following
holds for any ¢t € [k]: j; — (j,/n)a’(Zz} log(n/j;))™ /m,! is increasing on [1, n exp(—m,/d;))
and decreasing on (n exp(—m,/d;), n], with maximum value e~"'m}" /m,!. As such, we again
distinguish the two cases (1) and (2) as in the upper bound (i.e. m, = ¢, logn + o(logn) with
either ¢, < 1/(@—1)forallt € [k] or ¢; > 1/(0—1) for some ¢ € [k]). In case (2), we know that
nexp(—m; /d;) < n'=@=D0+e) — (1), so that (j,/n)% (@, log(n/j;))" /m,! is maximised for
the smallest value of j,. Omitting these terms thus yields a lower bound. In case (1), this is
not the case, and hence we omit the largest terms at n exp(—m,/d;).
Let us deal with case (1) first. Since the sums contain

(n—|7n5+hk2_1:mh-‘+1)k

many terms, we bound these sums from below by

koo
> X Y G esmor

ne+ Yk mp<jisn ne+Y K mp<jesn 1=

k—1

~o((n=[r-ym] 1) )Tl

k . Gr
-TI( X L Gweumr ) -out,
t=1

m,!
ek ; !
nE+Y S mp<j<n

where the last line follows from the fact that e ™ x*/I"(x+1) < 1 for all x > 0. We now identify
the argument of the sum as Py (P(q;, j) = m,), where P(a,) ~ Poi(a, log(n/j)). Again using
the Poisson-gamma duality, we can rewrite this sum as

Y Pw(¥ <logn/j), Y +V > log(n/j)
ne4Yk _ mp<j<n
= > (Pw( <logn/j) —Pw(Y, +V <log(n/j)) ),
ng+2ﬁ:1 mp<j<n

where Y; ~ Gamma(m,, a;) and V; ~ Exp(a;) and both random variables are independent,
conditionally on W,. With a similar approach as in (5.37) and (5.38), we can bound this sum
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from below by
Ewle "1 ] — nEyle”"tV01 Zon] + Om)
niEw (Y <log(n/f(m))} niLw {Yr+Vi<log(n/ f(n))} ),

with f(n) := [n® + Z’;:I my], f(n) = f(n)—1. As f(n) ~ f(n) ~ n®, the desired lower
bound follows in an analogous way to the approach used in the upper bound in (5.39) through
the paragraph following (5.41).

In case (2), we can as in the upper bound assume without loss of generality that the condition
on ¢; holds for all ¢ € [k]. Then, the largest values of Py (P(q;, j) = m;) are attained for j,
as small as possible. So, by omitting these small j,, we obtain the lower bound

k
2. > > [TPw (PG, j) =m)

ne 4K mp<ji<n nf 14k mp<ji<n nf—D+E_ my<jp<n 1=
k
= E HDW(P(az,J.)Zmr)> .
t=

1 n£+(t—l)+zlz:1 my<j<n

As in case (1), we can write each sum as a difference of expected values. Then, following the
same steps as in (5.42) through (5.46), we obtain the desired matching lower bound in case (2)
for e, B > 0 sufficiently small. The only difference is that we cannot bound the conditional
probability in the second line (5.43) from above by one. Instead, the lower bound we obtain is

(55 [ar (= (/1 v e o))
k
ez (o v Sn])) i
[ () (pw<y;glog(n/pw,f])izlmd )) ~ou)
-o((+2)")]

From here on out, the same approach used to bound (5.44) from above can be used to yield
the lower bound
k
1
or 2 BPwEG)=m forall € € kDI = [T o (1 o)),
k . .
ne<ji#.FEjk=n =1

Combined with the upper bound, this yields the desired result and concludes the proof. [J

We now discuss the necessary changes to the proof for it to hold for the model with random
out-degree, as introduced in Remark 2.2(ii), as well. The main difference between these two
models is the fact that the events {n — i} and {n — j} are no longer disjoint, where u — v
denotes that vertex u connects to vertex v with an edge directed towards v. As a result,
the probability, conditional on the vertex-weights, that vertex n does not connect to vertices
Jis .-+ jk € [n — 1] now equals

k

g(l—%) instead of (1—%), (5.51)

Moreover, as a new vertex can connect to multiple vertices at once, it is no longer necessary
to restrict ourselves to indices j, < i1y < -+ < ip, ¢ < n,£ € [k] with iy, # i, ; for
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any £,j € [kl,s € [m¢],t € [m;]. Instead, when £ # j, i;, = i,; is allowed for any
s € [m¢],t € [m;]. That is, the steps at which two vertices increase their degree by one no
longer need to be disjoint.

In the proof of the upper bound, this changes the right-hand side of (5.28) into

Loy > =[les

ig,t— 1 W,
nE<ji<-<jrsn Jg<iy g<<im, ¢<n, t=1 s=1 =1 ¢
Lelk]

Xn ﬁ n( ,1W>]1E”}’

u=1 s=ju+1
v#ll 1-Lelmy ] telk]

where we change the last term in the expected value due to (5.51) and omit the * in the inner
sum due to the degree increments no longer being disjoint. We can then again use the event
E!) to bound the denominators with deterministic quantities. Then, the exact same steps to
obtain the upper bound as in (5.30) can be performed. Most importantly, this yields that the
difference in the upper bound due to (5.51) is no longer present. Furthermore, as we omit the
constraint of disjoint indices i, , in (5.31), we obtain the exact same upper bound as we would
here. As a result, the remaining steps of the proof of the upper bound carry through as well.

The same is true for the lower bound. In fact, in the proof of the lower bound of Lemma 5.10
we argue why we can omit the constraint of disjoint indices i, ; in a certain way and still obtain
a lower bound in (5.48), which is no longer necessary here. Hence, we obtain (5.50) without
the factor two in front of Zi:l my,. This change carries through all the steps, so that we arrive
at the same desired lower bound. Together with the upper bound, this establishes the desired
result.

5.5. Proof of Lemma 5.11

Proof of Lemma 5.11. We aim to bound

1
— P(Z,(je) = m, for all £ € [k]), (5.52)
(),

J€ln(e)
where we recall that I,(g) from (5.25). This is the equivalent of the steps following (5.21) in
the non-rigorous proof in Section 5.2. We first assume that m, = ¢, logn + o(logn) for some

ce € [0, 1/1og0) for all £ € [k]. We define
Li(e,i) = {j e L,(e): {L € [k] : je <n}| =i}, i € [k],

that is, 7,(e, i) denotes the set of indices j = (ji, ..., ji) such that exactly i of the indices are
smaller than n°, and note that I,,(¢) = I,(¢, 1) U --- U I,(¢g, k). We then write
k
P(Z,(j¢) = m, for all £ € [k]) = — P(Z,(je) = m, for all £ € [k]),
() JEIXn(:S) 21: (n)"je%;,i)

and bound the probability on the right-hand side from above by omitting all events {Z,(j,) =
my} whenever j, < n®. This leaves us with

k—1 ks

1
Z o n'e Y Y FP(Za(je) = my forall £ € §) + — = (5.53)
) k
i=1 SClk]  nf<jy<n

|S|=k—i Les
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where we recall that the % on the inner summation denotes that we only consider distinct values
of jg,, £ € S. We isolate the case i = k here as in this case no indices are larger than n® and
we hence bound the probability from above by one, whereas i = k would yield a contribution
of zero in the triple sum. The inner sum can then be dealt with in the same manner as in the
derivation of the upper bound in the proof of Lemma 5.10, to yield an upper bound

(- E[W] w " - -
Z" v I1E |:IE[W]+W(IE‘,[W]+W) }(H"(”ﬂ))ﬂn e,

SC[k] tes

for some 8 > O. It thus remains to show that for any m, = cylogn + o(logn) with
c¢ € [0,1/1ogh) we can take ¢ and a 8 > 0 sufficiently small, such that

=0 ( E [E[]EV[]W—/: W( ]E[W‘;/+ W )""f} n! ) '

By Lemma 5.5, we have for any £ > 0 and n sufficiently large, that

E[W] w ny —my __ —cglog(04+&)+o(1)
E[]E[W]+W<]E[W]+W) ]z(9+s) ¢ =pe ,

and n=179 = o(n1—celog@+H)+o)y when we choose 7, &, and ¢ sufficiently small, since
celog6 < 1 for any £ € [k]. As a result,

k
R S B E[W] W\,
o (S)P(z,,(m_m@ for all € € [k]) = o (EE[E[WH W( S ) ]n )

We now assume (as before in the proof of Lemma 5.10 without loss of generality) that
my = c¢logn + o(logn) with ¢, € [1/1log6,6/(6 — 1)) for all £ € [k]. In this case, the
crude bound used above no longer suffices. Now, the aim is to combine the above with a
similar approach as at the start of the proof of [15, Theorem 2.9, Bounded case] and also
use condition (C2) in Assumption 2.3. First, we consider the set of indices I,(g, k). To make
use of the negative quadrant dependence of the degrees (Z,(i))ier, (see Remark 5.2 and
[15, Lemma 7.1]), we create an upper bound by considering the event {Z,(j,) > m, for all £ €
[k]}. Then, using the tail distribution and the negative quadrant dependency of the degrees under
the conditional probability measure Py, yields

k
ﬁA Z P(Z,(je) = my for all € € [k]) < ﬁ . Z E |:]_[]P’W(Zn(jz) > mz):| .
Jehteh I<ji#.#jk<n® L=l
We then allow the indices ji, ..., ji to take any value between 1 and n®, to obtain the upper
bound
| k
o E [l—[ ( > B (Z(i) = mo) )} :
=1 i<n®

As in the proof of [15, Theorem 2.9, Bounded case], we apply a Chernoff bound to the
conditional probability measure Py to obtain

k
> Pw(Za(i) = my) )}s ﬁE []‘[ ( D “exp(me(1 — ;¢ +logui ) )]

i<n® =1 i<n®

1 k
—E
(n)k { E (

where

-1
Ujg = ml Z

o:|g
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This is the equivalent of (5.22) in the non-rigorous proof in Section 5.2. We then introduce
the constants § € (0,1/2),C > kcg_lelog(e)/(@ — 1), and @ > 0 (with ¢y = 1/(26?%)). Also,
we define the sequences ¢/ = (Clogn) /1= /E[W], f(n) := [logn/logloglogn], and
g(n) := [loglogn], n € N. We then define the events

E® .—{ ZW@ > JE[W]( —¢)), for all (Clogn)/1= < j<n }
=1
EY = {Sig10gm > clogn},

ED = {Ssm = g()}.

The event E® is similar to the event E(" introduced in (5.26), but considers a larger range of
indices j. The particular choice of the lower bound on the indices j follows from the fact that
we want as much control over the partial sums of the vertex-weights as possible, but need to
ensure that P((E ,(13))”) decays sufficiently fast. It follows that for all three events, the probability
of their complement is o(n~") for any y > 0 (in the case of E,(l3> and E,(l“) when we choose C
and o sufficiently large, respectively) by Lemma A.2 in the Appendix.

We can use these events in the expected value to arrive at the upper bound

k
1

| | E . . 3) “) B)\¢
@E |: ( exp(mg(l — Uiy + logu,,g)) > ]lE,(13)ﬂE§,4)ﬂE§,5>:| +P((En ﬂEn ﬂEn ) )

=1 i<n®

(5.54)

By the proof of Corollary A.3 in the Appendix and since m; = ¢, logn +o(logn) with ¢, > 0,
we can bound u; , from above uniformly in i € [#°] and for any £ € [k] by (14+0(1))/(c/E[W]).
Recalling that E[W] = 6 — 1 and that ¢, > 1/logf > 1/(@ — 1) (as 6 > 1), we find that
uip < 1foralli e [n] and £ € [k] as well. Since x — 1 — x + logx is increasing on (0, 1)
we can thus use this upper bound in the first term of (5.54) to bound it from above by

1

k
ok <Z exp ((celogn (1- IE[W] tog ( celEl[W] ) a +"“)))>

(5.55)

1 1
il Tlog ( E W] )
which is the equivalent of (5.23) in the non-rigorous proof in Section 5.2. We then require that
k
exp <logn(1 +0(1))Z ( (-8 +c ( _ C[]El[w] +log ( chEl[W] )))): o ( niﬁ [T 7m ) (5.56)
=1

for some B > 0. As, by Lemma 5.5, p,,, > (0 + &)™ = exp(—logn(1 + o(1))ce log(6 + §))
for any £ > 0 and n sufficiently large, it suffices to show that

<exp (1ogn(1 +o(1))Z ( —(1—8)+e (17

=1

Xk: ( —(1 - e)+er ( l—ﬁ—l—log ( ﬁ )))< — gce log(6+&)—B, (5.57)

=1

when &, B, and ¢ are sufficiently small. We show that this strict inequality can be achieved for
each term individually, by arguing that we can choose ¢ € (0, 1) small enough such that

1 0+¢&
(1—8)>Cg(l—m+10g<m>>, EE[k]»
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where we note that we have written E[W] as & — 1. The right-hand side is increasing in c;
when ¢, € [1/1og6,6/(8 — 1)), so that all k inequalities are satisfied when we solve

(1_‘9)>E(1_ E(el— D +1°g(’5(99té1) ))

with ¢ := max,cp ¢, We now show that the right-hand side is strictly smaller than one when
& is sufficiently small. We write

,5(17%4»1%(;(964;51) )):F(lfz(gl_ D +log(2,(00_1) )) +Z’log(1+%)
5;(178(91—1)+1°g(8(09— D) )) +9%’

where the final upper bound follows from the fact that log(l 4+ x) < x for x > —1 and
¢ < 6/(® — 1). We denote the first term on the right-hand side by x = «(c, 0). As « is
increasing in ¢ when ¢ < 6/(9 — 1) (which is the case when ¢, < 6/(0 — 1) for all £ € [k]), we
have k < 1, as ¢ < /(0 — 1). Thus, setting & < (1 —«)(0 — 1)/2 we achieve the desired result.
Now, taking ¢ € (0, 1 — (k + &/(6 — 1))), we arrive at (5.56) for some small n > 0. Recalling
that we can bound the second term in (5.54) by o(n™") for any y > 0 and that p,,, > n™" for

some v > 0 uniformly in m; < clogn, we obtain

L 3" B(Z,(je) = m for all € € [k]) (n " Hpme ) (5.58)

() jeln(ek)

for some small n > 0.

We now consider the remaining sets I,(¢, 1), ..., I,(¢, k — 1) and aim to bound
k—1
P(Z,(je) > m, for all £ € [k]).
(n)% )k ;ﬁ%l)

Again, using the negative quadrant dependence and introducing the events EV, E® E® and
E® yields the upper bound

k
(n)k Z Z |: EVAEDNEDNED 1_[ Pw(Z,(je) > m@)j| + P((E;l) N E,(13) n E,(,4) n E;ls))") .
i=1jely(e,i) =1
The aim is to treat the probabilities of indices which are at most »n° in the same way as when
dealing with the indices in [, (¢, k) to reach a bound as in (5.56), for which we use the events
E ,(,i), i = 3,4, 5. For the indices which are larger than n° such an upper bound will not suffice.
Instead, we aim to bound Py (Z,(j;) = m,) when n® < j, < n in a similar way as we bounded
Pw (Z,(jr) = m) from above in the proof of Lemma 5.10, for which we use the event E(V.

First, we split the summation over I,(e, i) over all possible configurations of indices with
are at most and at least n®, similar to (5.53). That is,

k
(n)k Z Z |: EDAEDAED ES HPW(Zn(j/Z) > mz)]

i= ]]EI(&‘I) =1

(n)k Z X Y 'E []IEL”mEf”mE“’mE“’HPW(Z (o) = mz)HPW(Z (o) = mz)]

i=1 SCIk] 1<jo<n® nf<jo<n
|S|=i Les Ce[k\S

Using the events E%, i = 3,4, 5, we can follow similar steps as above to bound the sum over
the indices j, and the product of probabilities Py (Z,(j,) > m,) for £ € S from above by the
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deterministic upper bound

exp (1ogn(1 +o() Y. (—(1 —e)te ( 1 CZEI[W] 1 log ( CZEI[W] )))): P CSIFo(1)

teS

which yields

Z o pCO N R L [ Pw(ZaGo z mo) |- (5.59)
ks nE<jp<n Ce[kI\S
|S|=i Le[k]\S

We now proceed to bound each individual probability Py (Z,(j,) > m,) when £ € [k]\S. This
follows a similar approach to the upper bound of Py (Z,(j;) = m,) in the proof of Lemma 5.10
(as well as the non-rigorous proof provided in Section 5.2), with a couple of modifications.
Introducing indices j, < iy < --- < iy, < n, which denote the steps at which vertex j,
increases its degree, we can write

imefl
_ W,
Py(Zu(j) = m) = Y. H > —=— Il (1-==2).
Je<iy<--<im,<n 1=l Wr s=je+1 Z W
s#ig relmg]

The second product, in comparison to dealing with the event {Z,(j,) = m,}, goes up to i,,, — 1
instead of n. This is due to the fact that we now only need to control the connections vertex j
does and does not make up to its m,th connection. Using the same idea as in (5.29) and using
the event E'1, we obtain the upper bound

my imlfl

WA
2 H(z,—l)E[W]jél—m—l [1 (l_sE[W](]ﬁm)

Je<iy<-<im,<n t=1 s=je+1

imp—1

WA
= 2 Hz,E[W](l—zm1;[+1<1_sE[W](]f+cn>)'

Je<iy<-- <lm <nt=1

The last step follows from the fact that (i, — 1)(1 — ¢,)E[W] —1 > i,(1 — 2¢,)E[W] for n
sufficiently large. Using this in the expected value of (5.59) yields

iy —1
2 E{ [1 ( )y Hz:E[W}(lfzm I <1*sE[W]<’f+:n) ))}

nf<jp<n Le[k\S © je<ip<-<ipm <nt=l1 s=je+1
LelkI\S

We can now relabel the vertex-weights W, as Wy, £ € [K]\S. This does not change the expected
value and is possible since the indices j, are distinct for all ¢ € [k]\S. Directly after this, we
omit the requirement that the indices j, are distinct, which is now of no consequence as the
weights have been relabelled already. We hence arrive at the upper bound

my lme 1

HE[Z > l_[z]E[W(l—Zg“)l_[< #flﬂ“))}

Lelk]\S nf<jesn jy<iy<--<im,<nt=l
(5.60)

where the product can be taken out of the expected value due to the independence of the
vertex-weights Wy, ..., Wy. As a result, we can deal with each of expected values individually.
Following the same approach as in (5.30) and setting a, := W;/(E[W](1+¢,)), we obtain the
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upper bound

[ Y 2 Hammes(2) " (o0

nf<jo<n jyp<ij<- <imy=<n t=1

[”"Z 2 H1(""@)”](llj;;n)m‘(1+o(ns)).

nf<je<n jg<ij<--<im,=<nt=l1

(5.61)
Let us first take out the term (ay jy)* from the inner sums. We then observe that the summand
of the inner sum over the indices iy, ..., iy, is decreasing, so that we can bound it from above

almost surely by the multiple integrals

mg—1

—a my—1 1 . s
/ / / TT 5 x4 do, . dwy = ay™ j ( . ( L ) : T az(og(n'/n)) ) .
Je P Je s=0 5

mp=1 p=1
The equality follows from (A.7) in Lemma A.4 with a = j,, b = n,c = ay, and k = my.
Again reintroducing the term a;"* j* in the expected value in (5.61), we arrive at

my—1

L= 3 o I By (pag 2 o),

s=0
where P(a,) ~ Poi(a;log(n/j;)), conditionally on W,. With a similar duality between Poisson
and gamma random variables, we obtain, as in (5.35),
Py (P(ag) = my) = Py (Ye < log(n/je)) ,

where Y, ~ Gamma(m,, a;), conditionally on W,. Then, by the choice of ¢,, it follows that
(I+&)/A =2 =1+0 ( n~%logn ) Using both these results in (5.61), we arrive at

E[ > IP’W(Ygflog(n/jg))}(l—k(’)(n_‘sglogn)>. (5.62)

né<je<n

As the conditional probability is decreasing in j,, we can bound the sum from above by an
integral almost surely to obtain, as in (5.37) and (5.38),

n _ ay mg
/ Py (Y, < log(n/x)) dx < nEwle™" Ly, <iogtm/1ne ] < n( ) .
L] I +ag

Combining this almost sure upper bound with (5.62) in (5.60), we arrive at

nk=15! 1_[ E :( ae )mzj| ( 1+0 (n_‘ss logn )) . (5.63)

Le[kI\S L+a

Finally, with the same steps as in (5.41), we obtain

1S 1_[ E :( —IE[WV]V+ W )ml} (1+o0(nf)),

telkI\S

for some small 8 > 0. Using this bound in (5.59) yields, for some constant K > 0, the upper
bound

m k-1
% Z 3 pC@a+o ] [( % ) f] =k )Y aCOUM TT po,, .

=1 sl Lelk\S i=1 sl Lelk\S
i =i
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By Remark 5.4, the tail probability p-,, = O(p,,) and by (5.57) we have n€S+o) = o (
n=1S [Tecs P, ) for some n(S) > 0. Combined, this yields

k—1

o )k Z > [ g0 L0 ]_[JP’W(Z (o) = mz)} <K S aCOue T,

i=1 jely(e,i) i=1 Sclk] Le[k]\S

ISI=i

=0 (”751_117"12 ).
=1

with
= min (€)=Y log®+ e ),
1=IS|<k—1 tes

which is strictly positive when ¢ and § are sufficiently small, similar to what is discussed
above. Combining this with the fact that P((E" N EQ N ED NES)) =0 (n? [Ts_; P, )
uniformly in my, ..., m; < clogn for some 8 > 0 by Lemma A.2, and the result in (5.58),
we ﬁnally conclude,

> P(Za(je) = my for all £ € [k]) = L > P(Z4(je) = my for all € € [k])
() ) jeln(e) () jel, (s )
Z > P(Z,(je) = my for all € € [k]) (5.64)
( ) i=1 jel,(e,i)

k
o (" TTom ).
=1

for some B > 0 in the case that my; = c¢logn + o(logn) with ¢, € [1/1og8, 6/(6 — 1)) for all
£ € [k] as well.

When the m, do not all behave the same, that is, for some ¢ € [k] ¢, € [0, 1/log68) and
for some ¢, € [1/log#,6/(6 — 1)), we can use a combination of the approaches outlined for
either of the cases, which concludes the proof. [J

We now discuss the required adaptations so that the proof holds for the model with random
out-degree as well. This follows from the fact that Lemma 5.10 holds for this model, together
with the fact that the degrees are still negatively quadrant dependent when the out-degree is
random. As a result, all probabilities related to the degrees of multiple vertices can either be
dealt with using Lemma 5.10 or can be split as a product of probabilities of individual vertices.
From the perspective of the in-degree of an individual vertex i € [n], the model with out-degree
one and the model with random out-degree are equivalent, as in every step the in-degree of
vertex i increases by one with the same probability. Hence, the proof follows through in exactly
the same way and Lemma 5.11 holds for the model with random out-degree as well.

5.6. Proof of Proposition 5.1

We finally prove Proposition 5.1, using Lemmas 5.10 and 5.11. We remark that the proof
does not use that the out-degree is deterministic but uses (5.1) only, so that the proof and
hence (5.2) hold for both the model with fixed and random out-degree.

Proof of Proposition 5.1. As discussed before, (5.1) directly follows from (5.24) combined
with Lemmas 5.10 and 5.11. Using (5.1), we then prove (5.2). For ease of writing, we recall
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that

_ k k
pk:E[e—glJrlw(e—?:LW)]’ and p>":=E[<$)]

We start by assuming that m, = ¢, logn+o(logn) with ¢; € (0, ¢) for each £ € [k]. We discuss
how to adjust the proof when m, = o(logn) for some or all £ € [k] at the end.

For each ¢ € [k] take an 1, € (0, c — ¢¢) so that [(1 + n,)m,] < clogn. Then, we use the
upper bound

P(Z,(vy) = my for all £ € [k])
[(A4+np)m ] LA+ng)mg ]

< Z ce Z P(Zn(vﬂ) = je for all ¢ € [k])
= o (5.65)
k

+ Y P(Z,(07) = T+ ndm;1, Z4(ve) = me for all £ 0).

i=1

We first discuss the first term on the right-hand side. As (5.1) holds uniformly in my, ..., my
< clogn, we find
L(A+n)my ] [(A+ne)my | L(A+n)my ] [A+n)me] k
D Y PEuw) =je forall ek = Y - Y J]pi(1+0(n?))
J1=my Jk=mgk Ji=mi Je=myi €=l
k
= l_[ ( P=m¢ = P=[(+n0)mel )( I+o (n_ﬁ )) (5.66)

IA

=1
k
szmf ( I+o (”7/3 )) :
=1

To finish the upper bound, it remains to show that the term on the second line of (5.65) can be
incorporated in the o ( n# ) term, and it suffices to show this can be done for each term in
the sum, independent of the value of i. Using the negative quadrant dependence of the degrees
under the conditional probability measure Py, (see Remark 5.2 and [15, Lemma 7.1]), we find

P(Z,(vi) = (1 +ni)m;1, Z(ve) = my for all £ € [KI\{i})

1

= U Z E[PW(Zn(ji) > [(1 + n)m;]) 1_[ Py (Z,(ie) > mz)]
"k \<jy o zn eelk\ (i)
1

j€ln(e) Lelk\{i}

= E[Pw@G) 2 [+ mm) [T P00 = mo)

W e 500 o eelkI\(i}
(5.67)

The first term in the last step can be included in the little o term in (5.66) (even when
considering m; rather than [(1 + n;)m;] in the probability), as follows from computations
similar to the ones in (5.52) through (5.64), combined with Remark 5.4 (which states that
P>k = O(py)). It remains to show that the same holds for the second term in the last step.
Again, we use an argument similar to the steps performed in (5.59) through (5.63) to arrive at
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1
o X EPe@G) = a4 am) [T PuEGo = mo)
K ne<ji##ig<n Celki) (5.68)

= Kp=1anm;1 1—[ Pzmg»
Lelk]\{i}

for some positive constant K. By Lemma 5.5 we have the inequalities
< g~ [A+nmil  g—mig—nim; d > (0 —m;
P=1(1+npmi] = < , and  psy, > (O +E)7T,

for any £ > 0. As a result, taking £ € (0,6(8" — 1)) and setting ¢; :=1— (1 +£/6)0~" > 0,
we obtain

P=iGanmi1 < O+ (L +E/0)07" )" < pep, (1 — g™ (5.69)

As m; = ¢;logn(1 + o(1)), it follows that (1 — ¢;)" = n—Cilog/A=¢N+o() g that

RS E[Pw(Z,G) = [ +mmD) ] Pw(ZiGo) = mo)]

Uk e %tz Celk\i)

can be incorporated in the little o term in (5.66) for each i € [k] when we take a 8’ <
B A min;e c; log(1/(1 — ¢;)). This yields

k
w me ,
P(Z,(v,) > my for all £ € [k]) < E[ S E— ](1+o(n—/3 ). (5.70)
1= (5=r5w)

For a lower bound, we can omit the second line of (5.65) and use (5.66) to immediately obtain

L(A+n1)m] L(A+ng)my ]

P(Z,()) = me forall e (k)= > o Y P(Z,(v) = je for all £ € [k])
J1=mj Jk=mj
k
= 1_[ (sz« — P=[(+nome) )( I+o ("7’3 )) :
=1
(5.71)

Again using (5.69) yields pom, — P=[a4nom = P=m, ( 1+ 0 ( nF )) when we set
B < B A minjepc;log(1/(1 — ¢;)). Combined with (5.70) this yields (5.2) for the case
my = c¢logn + o(logn) with ¢, € (0, ¢) for all £ € [k].

When ¢, = 0 and thus my; = o(logn) for some (or all) i € [k], a few minor alterations
are required. Most importantly, we substitute the quantity |(c/2)logn] for [(1 + n,)m,] in all
the steps. With this, the upper bound in (5.66) follows directly. Similarly, the first term on the
right-hand side of (5.67) can be included in the little o term in (5.66), as the computations
required (which are similar to those in (5.52) through (5.58)) include the case m, = o(logn).

549



L. Eslava, B. Lodewijks and M. Ortgiese Stochastic Processes and their Applications 158 (2023) 505-569

We again use the upper bound in (5.68) to obtain

=Y E[Pe@EG) 2 (eloen)) [ PwEGo = mo]

(K e <yt eelkn\(i)
< Kp>1c/2)10gn] l_[ P=my
eelkI\(i)
2)1
— szf(c/ )logn] 1—[ Pom,-
Pzm; Celk]

By Lemma 5.5, we obtain that the fraction is at most 6~(¢/2logn(g 4 gymni < g=(c/Dlogn _
n—cloe®/4 for all n sufficiently large, when m; = o(logn). As a result, this term can be included
in the o(n~?) term in (5.66) for any i € [k] such that m; = o(logn), which proves the upper
bound.

For the lower bound, we again substitute |(c/2)logn] for | (1+ n;)m; ] when m; = o(logn).
In (5.71), this yields a term

— P>[(c/2)logn —
(Pom = Peraoen)(L 00 ) = py (1= FELEEEL ) (1ot~

Again, the fraction is at most n~" for some n > 0, which proves the lower bound and concludes
the proof. [

6. Proofs of the main theorems

With the tools developed in Section 5, in particular Propositions 5.1 and 5.6 and Lemma 5.8,
we now prove the main results formulated in Section 2.

First, we prove the main result for high degree vertices when the vertex-weight distribution
has an atom at one, as in the (Atom) case.

Proof of Theorem 2.5. The proof follows the same approach as [1, Theorem 1.2]. For an
integer subsequence (n¢)¢en such that g,, — & as £ — oo, it suffices to prove that for any
i<i' e€eZ,

KX, XU XU S (PG, PG+ D, PR — 1, PE 00)) as £ 00

(ng) X(nz)
>i

holds. We obtain this via the convergence of the factorial moments of X f"’f), D ¢

Recall ¢ from (2.10). By Proposition 5.6, for any non-negative integers a;, ..., a;’,

i'~1 i'—1

.7 al-/ ay
E ( X(:Z/) ) ( X(”/é) ) — ( 0" +én, ) ( (1 _ 9—1)9—k+8n[ )
=), 1_[ k “ q0 1_[ 40

=1 k=i

x (140 (rpogym+i V"))

-/

./ lli/l a,
N <q0671 +e ) l_[ ( 6]()(1 _ 971)671(#»6‘ ) k’

k=i
as { — oo. By using the properties of Poisson processes, it follows that the limit equals

i'—1

E | (P 00)), [T(P®), |

k=i
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due to the particular form of the intensity measure of the Poisson process P (which is used in
the definition of the Poisson process P¢). The result then follows from [13, Theorem 6.10]. [

For the results for the (Weibull) and (Gumbel) cases, as outlined in Theorems 2.6 and 2.7,
respectively, we combine the asymptotic behaviour of p-; in Theorem 5.3 with Proposition 5.1
and Lemma 5.8.

Proof of Theorem 2.6. To establish the convergence in probability, it follows from Lemma 5.8
that we need only consider nP(Z,(v,) > k,) for some adequate integer-valued k, such that
k, < clogn for some ¢ € (0,6/(6 — 1)) and where v; is a vertex selected from [r] uniformly
at random. By Proposition 5.1, this quantity equals nps, (14-0(1)). Then, we use Theorem 5.3
and Remark 5.4 to obtain that, when W satisfies the (Weibull) case in Assumption 2.3, this
quantity is at most

nC Lk, )k, @ g~
where C > 1 is a constant. Now fix an arbitrary > 0 and set k, = logyn — (@ — (1 —
n)log, log, n]. This yields
nC L(log, n(1 + o(1)))(log, n)~©@~Dg~loge n—(@=hl=mlogglogg nl (] 4 (1))
< C,L(log, n)(log, n)~“ V(log, n)@Dd=m (6.1)
= C,L(log, n)(log, n)~ @1,
Here, C, > 0 is a suitable constant and we use that k, = log, n(1 + o(1)) in the first step.
Furthermore, we use [2, Theorem 1.5.2], which states that for a slowly-varying function L,
L(ix)/L(x) converges to one uniformly in A on any interval [a, b] such that 0 < a < b < co.
As a result, L(log, n(1 4 0(1))) < cL(log, n) for some constant ¢ > 1 and n sufficiently large.

Finally, we use [2, Proposition 1.3.6 (v)] to obtain that for any n > 0, the final line of (6.1)
tends to zero with n. This shows that for any 1 > 0, with high probability,
Z,(j) —1
ax 2D =logen
jelnl  log, log, n
holds, due to the first result in Lemma 5.8. A similar approach, when setting k, := [log, n —
(¢ — )(1 4 n)logy log, n], yields
nP(Zn(vl) > kn) — o0,
so that for any 1 > 0, with high probability,
Z,(j) —1
jelnl  log, logy n
holds. Together, these two bounds prove the desired result. [

Proof of Theorem 2.7. The proof of this theorem follows a similar approach to the proof of
Theorem 2.6. That is, we again apply the results from Theorem 5.3 together with the fact that

nP(Z,(v1) = k) = np=, (1 + o(1)),

for some adequate integer-valued k, such that k, < clogn for some ¢ € (0,6/(60 — 1)), as
follows from Proposition 5.1 and Lemma 5.8. In the (Gumbel)-(RV) sub-case, we know that

124 ( (1 —6"Yk,
-y

-y
) 1+ 0(1))) gHn (6.2)
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where we recall that y = 1/(tr + 1). To prove the desired results, we first set k, =
[logyn — (1 + n)Co ¢ ¢, (log, n)'=7 | for any n > 0, where we recall Co,z,c, from (2.6). Using
this in (6.2) then yields

1—y 1—
npsi, = e 108@)Co,7,c kn " (1+0(1)) > ¢ log(0)Cy,z,c, (logg n) V(H-v(l))’
—An 9](”

where we use that k,ll_y = (logyn)'=7(1 4+ o(1)) in the last step. Hence, nP(Z,(vy) > k,)
diverges. We thus conclude from Lemma 5.8 that

Z,(j) —logyn
x S 2800 > (14 )Core
jeélln] (logym)i-v = (T +mC ¢

holds with high probability. A similar approach, setting k, := [log, n—(1—1)Cy ; ., (logy n)' =1
and combining this with the first result of Lemma 5.8 yields
Zn(j) - log n
nax — e < —(1 = 1)Co.r
jelnl  (logg n)t=7
holds with high probability. Together, these two bounds prove (2.6).

To prove (2.7) we apply the same methodology but use the asymptotic expression of p; (and
P>k by adjusting constants), as in (5.6). We recall the constants C;, C, C3 from (2.8) and set
k, =: [logg n—C(log, log, n)* +Ca(log, log, n)*~! log, log, log, n+(C3+n)(log, log, n)* =11,
for any n > 0. Then, (5.6) yields

n logk, \° t(r — Dloglogk, K
= e (-2 ) (1 2 Dtk
" 1

Using Taylor expansions, we obtain

7,c1,0
1 1 .
logk, log k), (1 +o(D)) ))

( log kp, )T _ ( loglogy n
ci B ci

(logk Y lloglogk, = S )(log logg )"~ logloglogy n + o(1)
ct

1 1
log(9)Ca(logy logy n)* ! log, log, logg n

LT —
+ (logy(log 6))(log 0) <
1

K; . K
— =2 (log k) ! = — =2t (loglogy m)* ! + o(1)
1 1

) + o(1) = —1log(6)C1(logy logg n)" + o(1),

(t —

1
)(logg logy m)" ! + o(1),

= — (log#)™™! %‘*"(logo logy m)* " + o(1),
1

where we recall K., ¢ from (5.6) in Theorem 5.3. As a result,

logk K
nexp<_(&)+f(f D log k) loglog ky — X (10g 1,7 "+ o(1) ) 67
c1 cf cf

= nexp ( —log()Ci(logy logg n)" + log(6)C2(log, log, n)*~! log, log, logy n
+1og(6)C3(logg logy m)™ ' (1 4 0(1)) ) 6~
< exp (—(n — o(1))(logg logy n)"~" ),

where in the last step we use that k, > log,n — Cj(log,log,n)* + Cy(log, log, n)*~!
log, log, logyn + (C3 + n)(logg log, n)™~!. As the right-hand side tends to zero with n,
Lemma 5.8 yields for any fixed n > 0, with high probability,
Z,(0)— ( log, n — Ci(log, log, n)* + C»(log, log, n)*~ 1 log, log, log, n )
max < Cz+n.
ieln] (log, log, n)™!
552




L. Eslava, B. Lodewijks and M. Ortgiese Stochastic Processes and their Applications 158 (2023) 505-569

With a similar approach, setting
kn = Llogg n — Ci(logy logy n)" + Ca(log, logy n)™~" logy logy logg n + (C3 — n)(logy logg )™,
we can obtain that for any fixed n > 0, with high probability,

Z,(i)— (logy n — Ci(log, log, n)* + Cr(log, log, n)* ! log, log, log, n )
max
icln] (log, log, n)™—!

= C3—1.
Together these two bounds yield (2.7), which concludes the proof. [

Proof of Theorem 2.8. We first prove the asymptotic distribution of the maximum degree,
whose proof follows the same approach as the proof of [1, Theorem 1.3]. We need to consider
two cases: i, = O(1) and i, — oo such that i, +log,n < (6/(6 —1))logn and liminf,_, o i, >
—o0. For the former case, as exp(—gof o) = O(1), it suffices to prove

]P’(A e[u% Z,(j) > |loggn] + i,,) — (1 —exp(—qof~nTeny)) — 0 as n — 0o.
j€ln

By the definition of X" in (2.4), this is equivalent to

IF’(X(") _ O) —exp(—gqof ") > 0 asn — oo. (6.3)

>ip

This follows from Theorem 2.5 and the subsubsequence principle. That is, if we assume the
convergence in (6.3) does not hold, then there exists a subsequence (n¢)¢cn and a § > 0 such
that

p(x‘"“ = 0) — exp(—qof ") > 8 Ve eN. (6.4)

Zing
However, as ¢,, is bounded, there exists a subsubsequence &,, such that ¢,, — & for some
e € [0, 1]. Then, by Theorem 2.5, the statement in (6.4) is false, from which the result follows.

In the latter case, we need only consider E [X g’l)n] and E [( X (Z"l)n ) 2], as by
[3, Corollary 1.11],

e[x - JE[(x2),] <B(x2, = 0) =5 [x2)]. ©3)
By Proposition 5.6, we have that

E [X(znz)n] = qof "o (1 + o(1)), E [( X(an)n )2] = (oo e )2(1 +o(1)).
Hence, as i,, — oo and ¢, is bounded,

E[X2 ] =(1—exp (=6 )) (1 +o(1),

E[x2 |- %]E [(X2)),] =(1=exp (=gop™ ")) (1 + o(1).

Combining this with (6.5) yields the desired result.

Recall ¢, := log, n — |log, n]. We now prove the limiting distribution of |M,, | has the
desired distribution, as in (2.9), when the subsequence (1¢)¢en is such that ¢,, — ¢ € [0, 1],
which follows the same approach as [7, Theorem 1.1]. Consider the event &£;; = {Xj,"‘f) =
k, X (:ﬂrl =0} for j € Z and k € N. £;; implies that there are exactly k vertices which attain
the maximum degree |log, n] + j in the tree T,,,. We observe that the events &; ; are pairwise
disjoint for different values of j. As a result, we obtain the following inequalities: For any
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M e N,
-1
P(IM,,| =k) = (Ugjk)g@( U 5j,k>+ZP(5j,k)+P<U5j,k)
jez JS—(M+1) j=—M j=M
M—-1
P(XY, =0)+ Y P(Ex) +P(xT) >0
(32 =0)+ 3 eles) +#(x% )
and
M—1
P(IM,,| =k) =P ( Uéix )z P(Ejx)

By Theorem 2.5 it thus follows that

limsup P(IM,, | = k) < hmmf < P(X$_p =0) +

ng—00

\‘\ Mi

( =k X5, =0) +P(X2y >o)>,

liminf P(|M,, | = k) > limsup Z P(X; =k X2,p, =0),

ng—00 MeN
Jj=—M

where X4 ~ Poi ( go(1 — 671077 ) and X%, ~ Poi ( gof/** ) are independent Poisson
random variables, for j € Z. As a result, B

P(XS_p =0) =e @ P(X5, >0)=1—e %"
1 i k _gog—ite
P(X5 =k X240 = 0) = P(X) = k) B(X2,,, = 0) = 1 (qo(1 —6™he 7+ )emm? ™,

Hence, we obtain

M—1

¢ 1 ; —jte —M+te
limsup P(IM,,, | = k) < hmmf < e—a00M Z IT (go(1 —6=1Hp=i+e )ke—qoé? T = e a0 Mt )
ng—00
1 —j+e
<> (e —0" >0—f+€ ) et
jez
M 1 .
11m1anP’(|M,,(| = k) > limsup Z (qo(1 —6~ hp—i+e ) e =900
ng—00 MEN .
/:—M
= Z p( go(1 — 6~ Hp=i+e )ke"fogfm'.
jez

It is then readily checked that the limit is indeed finite and that summing over all £ € N yields
one, which concludes the proof. [J

Proof of Theorem 2.9. The proof follows the same argument as the proof of [1, Theorem 1.4],
which is based on [3, Theorem 1.24]. Let 1 < a < b be integers. Then, by Proposition 5.6 and
since i, = o(logn),

E[( X)) ] = (a1 =670 ) = 0 (67 (roggmssns V"))

It then remains to show that the right-hand side is in fact 0(6"?). We note that i, = o(log r1og, n A
logn), so that we can write the right-hand side as
0 ( (rlog n)l—i,,alogﬁ/logr]oggnanﬁfinalogO/logn ): O ((rlog n)lfo(l)an,Bfo(l) ): O(Qi"b)
0 0 ?
by the constraints on i,, from which the result follows. [
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7. Technical details of examples

In this section we discuss some technical details of the examples discussed in Section 4.
In particular, for each example we provide a precise asymptotic expression of p; and p-; as
well as a key element that leads to the results in Section 4. That is, for each of the examples
we state and prove the analogue of Proposition 5.6. The three theorems presented in each
of the examples in Section 4 mimic three of the theorems presented in Section 2. That is,
Theorems 4.2 and 4.6 are the analogue of Theorems 2.5, Theorems 4.3 and 4.7 are the analogue
of Theorem 2.8, and Theorems 4.4 and 4.8 are the analogue of Theorem 2.9. As a result, their
proofs are very similar to the proofs of Theorems 2.5, 2.8, and 2.9, so we omit proving the
theorems stated in Section 4.

7.1. Example 4.1, beta distribution

Let W be beta distributed, i.e. its distribution function satisfies (4.1) for some «, 8 > 0. We
prove a result on (the tail of) the limiting degree distribution and provide additional building
blocks required to prove the results in Example 4.1.

Lemma 7.1. Let the distribution of W satisfy (4.1) for some a, 8 > 0 and recall py, p>k
from (2.1). Then,

Pk = %(1 —o Y Pk Pk (1+0(1/k)),
Pk = %(1 o H PPt (1+00/k)) .

Note that this lemma improves on the bounds in (5.4) by providing a precise multiplicative
constant, rather than two slowly-varying functions that are (possibly) of different order.

Proof. By the distribution of W, we immediately obtain that

L@+ P) -
I(e)I'(B)

A=A+ x /0 — 1) "D d,

1
Pr =/ 0 — Dx*@ — 1+ x)~*D (1 —x)f'dx
0

I'a+p) (!
I'()I'(B) Jo
We now use Euler’s integral representation of the hypergeometric function. That is, for
a, b, c,z € C such that Re(c) > Re(b) > 0 and z is not a real number greater than one,

1
: I'(c=b)I'(b
/ A =01 =z adr = L0 b e,
0 I'(c)
where ; F is the hypergeometric function. We thus obtain

3 LT+ Bk +a) _ _
©—1) F(a)F(k+a+’3)2F1(k+1,k+a,k+a+ﬂ, 1/(6 — 1))

We then use one of the Euler transformations of the hypergeometric function,

2Fi(a,b,c,2) = (1 —2) " Fi(c—a,c—b,c,2),

=@-DF

to arrive at
4T a+ Bk +a)
') 'k + o+ B)

o !
(7=5) 2F@+p-LBk+atp—1/@—1). (D)
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We directly find a particular case in which we can find the value of the hypergeometric function
explicitly, namely when o« +8 = 1. When o 4+ 8 = 1, we find that the hypergeometric function
on the right-hand side of (7.1) equals one as the first argument equals zero, independent of the
other arguments, so that we arrive at

A1—0)PTk+a), , (1—0"HF
Tk +1) I N ))

since I'(x+a)/I'(x) = x* ( 1+0(1/x) ) as x — oo and @ = 1—4 in this particular case. When
o+ B # 1, we can obtain a similar expression. First, we use one of Pfaff’s transformations for
the hypergeometric function,

2Fi(a,b,c,2) =1 —2) " F(b,c —a,c,z/(z = 1)).

Then, applying this to the right-hand side of (7.1), so that z/(z — 1) = 1/6 € (—1, 1), we can
express the hypergeometric function as a power series. Namely, for z such that |z| < 1,

kPo~* (1+01/k)),

X 4DpD) i

Fi(a,b,c,2) = - s
2Fi(a, b, c,z) DTG

where a'/) = ]_[i:l(a + (£ — 1)) (and similarly for 5, ¢))). Thus, combining the Pfaff
transformation and the power series representation yields

0 )*ﬂ 2 BD(k + DD o=

F - 1,8,k ,—1/(6 —1 =(— —_— (7.2
2Fi(a+ B B k+a+p,—1/( ) -1 j:o(k+a+/3)(’) il (7.2)
From the o + 8 = 1 case, we immediately distil that
© g() g P
Y o (L) (13)
6—1

The aim is to show that for k large, the series in (7.2) is close to (6/(6 — 1)? for any choice
of a, B > 0, so that the entire term in (7.2) is close to one. We consider two cases, namely
a+ B < 1and o+ B > 1. Let us start with the latter. We immediately obtain the upper bound
(k+a+ B > (k+ 1), so that using (7.3) yields that the right-hand side of (7.2) is at most
one. For a lower bound, note that

k+D9 1 a+p—1 (g _etB—y
(k+a+ﬂ)<f>_e_l( _k+a+ﬂ+(6—1))_< _k+a+ﬂ)’

as the fraction in the second step in decreasing in ¢, since @ + 8 — 1 > 0. We thus have

0 BE BDKk 4+ 1)) oI 2] Ry ) B—1y 14/
(m) ]Z_;(k+ai/3)<1>72(m) ;T((I_Z:O{—‘rﬁ)g)’

which, using (7.3), equals

6—-1 ﬂ_ a+pB—-1 /3_
<9—1+%) _(1_(9—1)(k+a+,3)+(a+,3—1)) =1=00/b.

A similar approach can be used for « + 8 < 1, where one would have an elementary lower
bound and an upper bound that is 1+O(1/k). In total, combining the above in (7.2) and in (7.1)
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yields

I'(a+ B)
i
An equivalent computation can be performed for

1=k Po* (1+0(1/k)) .

! L Te+p _
k k a—1 B—1
/0 x"0 —1+x) —(a) (ﬁ)x (1 —x)" " dx, (7.4)

to obtain that it equals
8
kgz);é)ffig;( o . =) 2Fi@+ BBk +a+ B —1/0 — 1)
T+ Bk +a)
Tk +a+p)
T+ Brk+a) S BIKD =i
Fel'k +a+p) 2 k+a+pD jI°

2P (B kk+a+B,1/0)

j=0

In this case an equivalent approach for bounding the sum on the right-hand side works for all

o, B > 0. Hence, for (7.4) we obtain the asymptotic expression

T+ B)
P T

which concludes the proof. [

(1—0H PP (1+0(1/k)),

Recall that in this example we set
X" = |j € [n]: Z,(j) = Llogy n — Blog, logy n] + i},
X% = 1{j € [n]: Z,()) = Llogy n — Blogy logy n] + i},
&n = (loggn — Blog, log, n) — |log, n — Blog, log, n|.
We then state the analogue of Proposition 5.6.

Proposition 7.2. Consider the WRT model as in Definition 2.1 with vertex-weights (W;);eqn
whose distribution satisfies (4.1) for some o, > 0, and recall cy ¢ from (4.2). For a
fixed K € N,c € (0,0/(60 — 1)), the following holds. For any integer-valued iy, i,, such
that 0 < logyn + i, < loggn + i, < clogn and i,,i, = élogyn + o(logn), for some
de(—1,clogd — 1)U {0} and for a;,, ..., a; € Ny satisfying a;, +---+ay = K,

-
i,—1

E [ (x00) I (xpo )ak }: ( (lcc:.rﬂ:)ﬁe-i:,m K kl_[l( ca,ﬁ(,i(i;)g*)e_km )ak
n =ln

. g
o <1+0 ( loglogn v liy — dlogy n| V |i, — &logy n| )) .
logn logn

Proof. Set K’ := K — a; and for each i, < k < i, and each u such that le;}n a; <
u < le:in ag, let m, = |logy n — log, logy n] + k. Also, let (v,).e(x) be K vertices selected

uniformly at random without replacement from [n]. Then, as the X (Z”,Z and X,i") can be expressed
as sums of indicators, following the same steps as in the proof of Proposition 5.6,

i —1 K’
E {( X )ai’ kn (x )ak} =k Y. Y. (“D'P(Zu(va) = my + Lyyes) for all u € [K]).

=iy =0 Sc[K']
|S|=¢
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By Proposition 5.1,

1174 my+1es)
P(Z4(ve) = my + Lyues) for all u € [K]) = [ [ E ( ST ) (1+o(n~PY),

for some 8 > 0. By Lemma 7.1, when |S| = ¢,

K w mu+1yes)
}:IIJE |:( E[W]+ W ) i|

Z(F(Ot+,3)

K K
Ty Lo ) 6 Zim e T om + Lues) (1 + OC1/ log m).

u=1

Here, we are able to obtain the error term 1—O(1/logn) due to the fact that log, n+i, > nlogn
for some n € (0,1 + 8) when n is large. Moreover, as iy, i, = §log, n + o(logn) and thus
my ~ (1 + 8)log, n for each u € [K],

K
[T0m+ Lues)™ = (@ +8)logy % (140 (

u=I

loglogn v lin — 8logg n| Vv li;, — 8 logg n| ))
logn logn ’

uniformly in S (and €). Recalling that ¢4 g = (I'(@ + B)/I'(a))(1 — 6717, we thus arrive at

K’
(n)l( Z Z (_l)l( ca,ﬁ,@(l + 8)_/3(10g9 n)_ﬂ )K9_25<=Imu—f

=0 Sc[K’]
[S|=¢

x (1+O ( loglogn  lin — 810gy 1| V li; — 81ogy | ))
logn logn

in—1
—Bp—il+en ai;, - - —K+én
= (Capo(l+ 8ot )i TT( capo(l+8)P(1 -6 Ho e )™
k=in
» (1+(’) ( loglogn y lin —8logy n| Vv i}, — §log, n| ))’
logn logn

where the last step follows from a similar argument as in the proof of Proposition 5.6.

With Proposition 7.2 at hand, the proofs of Theorems 4.2, 4.3, and 4.4 follow the same
approach as the proofs of Theorems 2.5, 2.8, and 2.9, respectively.

7.2. Example 4.5, fraction of ‘gamma’ random variables

Let the distribution of W satisfy (4.3) for some b € R, c; > 0 with bc; < 1. We prove a
result on (the tail of) the limiting degree distribution and provide additional building blocks
required to prove the results in Example 4.5.

Lemma 7.3. Let the distribution of W satisfy (4.3) for some b € R, ¢ > 0 such that bc; < 1,
and recall py, p>i, and C from (2.1) and (4.4), respectively. Then,

i = (1 — 07Ok 12T =0 Dk gk (1 4 0 (1/vk ),
pzk — Ckb/2+1/4e_2\/ Crl(]_eil)ke—k ( 1 + O ( 1/\/]; )) .
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Note that this lemma improves on the bounds in (5.5) by providing a polynomial correction
term and a precise multiplicative constant.

Proof. We start by proving the equality for p-; and then show the similar result for py.
By (4.3), we obtain the following expression for psy.

1
Pk = / KO —14+x)7Fe ' - x)~@Demer /=) g
" 1 (1.5)
— / x5O — 14 x)*b(1 — x) e #/0=0 gy,
0

The second integral is of a similar form as the first, with a different constant in front and a
different polynomial exponent. We hence only provide an explicit analysis of the first integral.
Using a variable transform # = x /(1 — x), we find the first integral equals

k-1 [Tk b—k 1
0 "cy u (1 4+u)”~ ( l—— )
! /O (4w 6(1 4 u)
We now define X, to be a negative binomial random variable with parameters k and p, =

(61 + u))~', for any u > 0. As the sum over the probability mass function of X, is one
irrespectively of the value of u, we obtain that the above equals

—k .
e 1 “du.

—k

_ i +k . _ 1 —e
k 1/ Z( )pljt(] — pu)kl/tk(l +I/t)b k( 1— m ) e 1 du
—k —1/ Z (J +k )ejuk(l +M)b7(j+k)efc]71udu
k — .
ze—kqlz (’ +j >e—fr(k+ DUGK+1,2+b—j,c7h,

where U(a, b, z) is the confluent hypergeometric function of the second kind, defined as
Ula,b,z) = b /ocx“’l(l +x)Pme g™ dx
T @ Jo '

whenever Re(a) > 0. Using the Kummer transform U(a, b, z) = ZPU0 +a—-b,2—-0b,2)
yields

> (j+k—1 ‘ i
e-kcllz<J +j )0_-’F(k+1)cll’ UDUG +k—b, j—b,c7h).

Again using the definition of the confluent hypergeometric function of the second kind, we
obtain

ad IrG+oI'k+1) N Bl -1
bpy—k my JHk=b=1] ~k+D ey u g
v ;F<k>r<j+1>r<j+k—h>(“9) [o “ (T e T du

I'(k)
I'(k —b)

o0
I+ )Tk — b)l(cl(?) ,f uj+k_b—1(]+u)—(k+1)e—cj‘u du
0

by n—k
= cbko
‘i TG+k—bIK !

gk

j=0

S T S Y kb D) e
_ b k J Jj+k—b—1 (k+1) ,—c; u
=AM e —h Zo G- jp / w (L) Hdu,

~.
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where (x)) == x(x +1)---(x +(j — 1)), for any x € R and j € Ny. We can then bound

(k)9 1 ifk>b=>0, (k) 1 if b <0,

> _ and —— <
k — b)) ~ (kka)' ifb <0. (k — b)) (kf—b)] ifk>b>0.

(7.6)

As the bounds are symmetric, we can assume that b > 0 without loss of generality; the other
case follows similarly. We deal with the lower bound first. This yields

Iy <=1 e _
C?kekaZ_‘(clg)*J‘/o ujJrkfb—l(l+u)7(k+1)e—clludu

I'k—b) = J
= cbko* I'(k) ® WP ) kD =0 g, (7.7)
I'(k—b) Jo
o« L'k - -
by ok 1 I
= k0" ————I'(k —D)U(k — b, —b, 1-67")).
€ Tk—b) ( U( cr ( )

It follows from [20, (3.12) and (3.15)] that, when a > d/2 is large and d, z are bounded,

1-d
F@u(a,d, 2 =2e( Zu—z ) K (1400/w)),

where u = 24/a —d/2 and K|_;(uz) is a modified Bessel function. Combined with the
asymptotic expression for the modified Bessel function as in [16, (10.40.2)], we obtain

T 22-uz 2z 1=
ra)Ua,d, %) =2 /ﬂe“z/z ( = ) (1+0/u)). (1.8)

In this particular case, it yields
Tk —bUk — b, —b, ;' 1 —671)
= o D2 e (1 — gy b2 b2 N A0k (o (10k)

Using this, as well as I'(k)/I'(k — b) = k"(1 + O(1/k)), in (7.7), we arrive at
&1 0DV e AR gy e kg (14 0 (1/Vk))

We then tend to the upper bound in (7.6) for b > 0, which yields

I'(k > 1 0 1k J o poo ] -
CW%L@ZT ( %) / W] gy~ R Dt gy
=07 0

_ cll’ke_k I'(k) °°uk_b—1(1 T u)—(k-H)e—(cI*l(1—0*1)_(6-10)*1b/(k—b))u du
I'(k —b) Jo
o T'k) - - -
= bk "mf(k —b)U(k — b, —b, c;'(1 —07") — (c10)7'b/(k — b)).

From the asymptotic result in (7.8) we find that

1 b

1 —1
U(k—b,—b,a(l—e R T

)=u (k—b,—b,% (1-67))(1+00/V0)),
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so that the lower and upper bound match up to error terms. By (7.8), we thus arrive at
1 —1
/ XK@ =14+ x)7FeTT (1 — x)" @D x/1=9) gy
0

— T =02, AR oy A2 e -0k (140 (1/¥F)) (7.9)
— CKMAHb2g72 e =670k gk (1+0 (1/k)).
Finally, when considering the second integral in (7.5), we observe its integrand is similar to
that of the first integral but with a different constant in front and with a constant b = b — 1

in the polynomial exponent. We can thus follow the exact same steps as for the first integral
in (7.5) to conclude that it can be included in the O(1/+/k) term in (7.9). We thus obtain that

P = CRVAHRE T 00Dkt (14 0 (1)),
as required.

We now show the result for p;, which uses the above steps with several minor adjustments.
First,

1
Pr = (9 _ 1)\/0 xk(e _ 1 + .x)f(k#»l)cl—](l _ X)7(2+b)€7C] lx/(lfx) dx
1
— - 1)/ 24O — 14 x)"EDp(1 — x)OHDemer /-0 g,
0

As for the proof of the asymptotic expression of ps;, we consider the first integral only as the
second one is of lower order. This yields

1
©— 1)/ kO — 14 x) EHDe (1 = ) CHheer /10 g
0

o=tk [k bk 1 —EED o
—(1-6"Nerlom 1 —(1— —cilug
( ), /0 u" (1 4 u) 9(1+u)> e u
Xk [ , L
=160y <J _ )9—-1/ Wk (1 4 w0 gy
j 0

j=0

[oe) .
A
—(1—6Ne'0*y <’+ )9’1F(k+ DU +1,24b— j,¢ih)
—~\
Jj=0

oo .
_ _ +k _j . ; _
=1-0""Ncho "Z(’ _ )(019) IP(k+DUK+j—b,j—b,c7h)
=0~
oo @) -j
— (1= 6o+ I'k+1) Z (k+ DY) (c10)7/ /Ocuk+j—b—l(l +u)—(k+1)e—c;1u it

— — b)) j
Ple—=b)y s k=b)2jt - Jo

Similar to (7.6), we bound

(k—l)(j) 1 if k>b>-—1, (k)(j) 1 if b < —1,
h—b)yD = (M)’ it b < —1 R STE (ﬂ)’ ifhk>b>—1
k—b . k—b = .

Again, we assume without loss of generality that » > —1. Moreover, we only concern ourselves
with the lower bound on (k + 1) /(k — b)) when b > —1, since we obtain a matching upper
bound with the required error term when using the upper bound on (k + 1)) /(k — b)) when
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b > —1, as in the proof for p-;. Thus, we obtain the lower bound

I'k+1 0)~J o . -
(1-26 1)c[]’Q k E ; 2 (c1 ') / ukﬂ b 1(1 u) (k+1)e Cll”du
I'(k —b) < J: 0
Jj=0

(k)

o0
- ktj=b=1(1 1 gy~ ktDe—ey (107 g
rk—nt, " (A +w) “,

=1 -6"NHchko™*

which, up to the constant (1 — 6~'), is the exact same expression as in (7.7). As discussed
above, using the upper bound on (k + 1)/(k — b)) yields a matching upper bound (up to
error terms), from which the result follows. [

Recall that in this example we set

I{j € [n]: Z,(j) = |loggn — Cy1.c,y/loggn + (b/2 + 1/4)logy logyn | + i},
X;",? = |{Jj € n]: Z,(j) = [logyn — Co.1.c;v/logg n + (b/2+ 1/4)log, logy n | +i}].
(log(9 n— Co1,e+/10gyn+(b/2+1/4)log,logy n )

— |logyn — Co,1.¢,y/logyn + (b/2 + 1/4)log, log, n|.

We then state the analogue of Proposition 5.6.

Proposition 7.4. Consider the WRT model as in Definition 2.1 with vertex-weights (W;)icn]
whose distribution satisfies (4.3) for some b € R, ¢; > 0 such that bcy < 1, and recall c., p 0
from (4.4). For a fixed K € N,c € (1,0/(0 — 1)) the following holds. For any integer-valued
in, i) such that 0 < logyn +i, <logyn+i, < clogyn and iy, i, = §,/log, n + o(,/logn) for
some § € R and for a;,, ..., ay € Ny satisfying a;, +---+ay; =K,
i,’l—l in—1

" |:( X(nll) ) 1_[( X/(fnl) ) :|: ( Cc],17,907i&+£"7ce'l'(]5/2 )”',’1 ]_[( Cepb0(1 — 9—1)9—k+s,,—C9,|_c15/2 )“k
a a,

k

i k=i, k=i
, ( 140 ( logy logy n y lin — /logg n| Vv ij, — /logy n| ))
Jd1ogg n Jloggn '
Proof. Set K’ := K — a; and for each i, < k < i, and each u such that Z’Z;}n ap <

u < Z]E:i,, ag, let my, = |logyn — Co1.,y/1oggn + (b/2 + 1/4)log, logy n| + k. Also, let
(vu)uerk) be K vertices selected uniformly at random without replacement from [#]. Then, as

the X (>”,3 and X,((”) can be expressed as sums of indicators, using the same steps as in the proof
of Proposition 5.6,

in—1 K’
E {( X%y )u I1 (X/(c") )m} =k Y. Y. (—D'P(Zy(v0) = my + Liues) for all u € [K]).

k=i £=0 s<[K’]
|SI=¢

By Proposition 5.1,

K w m +]1(1,Eg)
P(Zn(vg) > my + Lyes) for all u € [K]) = HE [( m ) i|(1 +0(n7ﬁ)),

u=I

562



L. Eslava, B. Lodewijks and M. Ortgiese Stochastic Processes and their Applications 158 (2023) 505-569

for some B > 0. By Lemma 7.3 (and recalling the constant C in (4.4)), when |S| = ¢,

K w my+1es)
EE |:( E(W]+ W ) j|

Ko J1-p-1

K
(my + Lyes) ) ) H(m" + L)/

u=1

= ()Xo~ Zu=1 ™t exp (—2
u=1 €1

x (1 4+ O/+/logn)).
Here, we are able to obtain the error term 1 4+ O(1/,/logn) due to the fact that log, n + i, >
nlogn for some n > 0 when n is large. We note that Cy ., logf = 2 cfl(l —60-1). As

in, i), ~ 8y/logyn,

K

[T + Les)?> 174 = logy ny @219 (140 (1//logyn)).

u=1

uniformly in S (and ¢). Moreover, again uniform in S and ¢,

K
exp ( _C9,l,cl 10g9 Z m, + ﬂ{ueS} )

u=1

Coi1c — 96
= exp( - ( Co,1,¢, logby/logyn — 9'1+ ))

logylogyn  lin — y/logg n| Vv i, — \/log, n|

X ( 1+0 ( \% )) .
J]ogyn J]og, n

This last step follows from the fact that the first-order term of m,, is log, n and its second-order

term is —(Cg,1,¢, — 6)y/l0gy n. Finally, its lower-order terms are logg log, n + (|i — (/logg n| v
i, — \/log, n|). Then, using a Taylor expansion for the square root yields the result. Combining

K

2
all of the above and recalling that ¢, ;9 = oot /2, we thus arrive at
s Cotey — 8 \\\\ K
g Y. Y (—1)f( C(logy m)"/*1/* exp ( - (Ce,m log 6 (\/10g9n - 91% ))))

=0 Sc[K’]
|S|=¢

o= mat ( 110 ( logy logy n y lin — /logg n| V i), — \/logg n| ))
Jlogg n Jd1ogg n

il —1
— (Cq b 6971-’/’+€”7C9'1'“1 5/2 )ai/x 1—[ (Ccl pe(l — 971)9—k+6n*&),1,q5/2 )a*'
k=iy
» ( 140 ( logg logy n v lin — /logg n| Vv i), — \/logy n| ))
Vloggn Jloggn '

where the last step follows from a similar argument as in the proof of Proposition 5.6. U

With Proposition 7.4 at hand, the proofs of Theorems 4.6, 4.7, and 4.8 follow the same
approach as the proofs of Theorems 2.5, 2.8, and 2.9.
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Appendix

In this appendix we collect various estimates on the sum of i.i.d. random variables, including
a quantitative version of the law of large numbers, see Lemmas A.1 and A.2 and Corollary A.3.
Finally, we also include the details of the calculations of certain iterated integrals in Lemma A.4
and the proof of some of the properties of the sequences defined in (2.10) in Lemma A.5.

Lemma A.1. Let (W;);cn be i.i.d. copies of a random variable W that satisfies conditions (C1)
and (C2) of Assumption 2.3. Then, there exists C' > 0 such that for any n € N and any x > 0,

P(Sy <x) < (C'T(p)x* )" T(pN +1)7".

Proof. We prove the bound by induction. We first couple the random variable W and (W;);en
to i.i.d. random variables X and (X;);cn, respectively. W satisfies condition (C2) for some
C, xo, p > 0, and we can without loss of generality assume that Cx(’)’ = 1. Indeed, if Cx(’; <1
holds, then we can increase C, and if Cx(’]) > 1 then we can decrease xy. Hence, we let X be
a random variable with probability density function fx : [0, 1] — [0, 1]

CpxP~! if x € [0, xo],

()= {o if x € (xo. 11.

It is clear, by the assumption Cx{)’ = 1, that fx indeed is a probability density function, and
that P(W < x) < P(X < x) for all x € [0, 1] by Condition (C2). If we thus let (X;);cy be i.i.d.
copies of X, then P(Sy < x) < ]P’(S;v < x) for any N € N and x € R, where S}, = Z,N=1 X;.
It thus suffices to bound P(S} < x) from above.

For N = 1 it directly follows that P(X; < x) < Cx” for any x > 0, so that the case N =1
is satisfied by setting C' := Cp = CI'(p + 1)/I'(p). Let us then assume that the bound

B(Sy =x) = (C' TN (N + D!

holds for any x > 0 and some N € N. Then, by the induction hypothesis and the definition

of fx,
xAl xAl
P(Sh41 < x) =/ P(Sy <x —1) fx(®)dt 5/ (C'T(p)x =)V (N + D' CprP ' dr.
0 0
By extending the upper range of the integral to x, using the substitution s = ¢/x, and recalling
that Cp = C’, we arrive at the upper bound
C/N+1F(p)Nx(N+l)p 1 N el _ C/N+1[!(p)Nx(N+l)p B (C/F(p)xp)NJrl
RNy (e = S R BN )= B
where we use in the final step that, for x, y > 0, B(x,y) = I'(x)I'(y)/I'(x + y) is the Beta
function. This yields the desired result and concludes the proof. [J

Lemma A.2 (Bounds on Partial Sums of Vertex-Weights). Let (W;);cn be ii.d. copies of a
random variable W with finite mean. Let ¢ € (0,1),5 € (0,1/2), k e N, C > klog(6)/(26(6 —
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1)), and ¢, > 0, and set ¢, == n"sg/]E[W] and ¢, = (Clog n)"s/(l’z‘”/]E[W]. Consider the

events

J
E, ::{ D Wee (@ =&IEIWL), (1 +&)EIW] j), foralln® < j <n }
=1

J
ED = 3 Wee (= G)EIWI).(1+ GOEIWL ), for all n° < j <,
=k+1

J
E; :={ D Wez (L= ¢DEIW . for all (Clogm)/' ™ < j <n }
=1
E(4) {S[alogn'\ > clogn}
Then, for any y > 0 and any i € [4] (where, for i = 3,4, we choose C and « sufficiently large
depending on y, respectively), for all n large,

P((EYY) <n77.
Finally, additionally assume that W satisfies conditions (C1) and (C2) of Assumption 2.3, set

f(n) = ogn/logloglognl, g(n) := [loglognl, and define E> := {Stu) > g(n)}. Then, for
any y > 0 and all n large,

P((EQY) <n7”.

Proof We prove the bounds for the complement of the events one by one. By noting that
= Zz W — JIE[W] is a martingale, that |S —S] 1] < 14+ E[W] = 0 and that
g,, > j~°/E[W] for j > n®, we can use the Azuma—Hoeffding inequality to obtain
126

B(ES)) = Y B(S| = 6B IW) =2 ) exp (—15 ).

jzn® j=zn®

Writing ¢y := 1/(26?), we further bound the sum from above by
—1/(1-25)

o 1
) —eax ™2 ) dx = 2% r ( ’ £1-26 )7
/an exp (—cox'™) dx s s co|n’]
where I'(a, x) is the incomplete Gamma function. As, for a > 0 fixed, I'(a,x) = (1 +

o(1)x4'e™, this yields the desired bound. The proof for the event E( follows in an
analogous way.

For the event E¥, we again use the Azuma-Hoeffding inequality to obtain that there exist
constants Cp s, 69,8 > 0 such that

28/(1-28)
P((EPY) = Cas( caClogn ) exp (—esl(Clogm 17112 ) (1 + o(1))

= Cy.s(logn)?/1=2 exp(—cy C logn)(1 + o(1))

— n—ch(H—o(l))‘

Choosing C sufficiently large then yields the desired result. A similar application of the same
inequality for E yields

(@E[W] - c¢)*logn )

IF)((E’(Z4))L) < ]P)(|§!'ozlogn'|| > |C — otE [W] | logn) < ZCXp ( - 2&02
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Again, choosing « sufficiently large yields the desired result. Finally, we use Lemma A.l to
obtain

P(EDY) = (C'Tgmy’ ) Tpfm + 17!
1 1
- ;ﬁ";(;) exp(pf(n)(1 + log g(n) + f(m) log(CT(p)) — pf () log(pf (n)))

<exp (=5 f(m)log f(n)),

where the final inequality holds for all n sufficiently large. By the choice of f(n), this yields
the desired result and concludes the proof. [

Corollary A.3. Let (W))icn be i.i.d. copies of a random variable W that satisfies condi-
tions (C1) and (C2) of Assumption 2.3 and define, for i € N,

n—1
1 w;

Ui = > =
logn = S;

Then, for any i € [n] and any y > 0, there exists a sequence n, | 0 such that

. L+ I -y
IF’(U,_,,fE[W]>_1 omn™7).

Proof. For some constants ¢ > 0 as in Lemma A.2 and § € (0, 1/4) we bound U;, from
above by

1 Lo log ] L(C logn)!/(1=28) n—1 |
Uin = fogm [ DRk D D > ?}’ (A1)
j=1 J j=lalogn] T j=rclogmt/a-267

where in the first sum on the right-hand side we use that W; < 1 A S; for any j > i. We
now consider each of the sums one at a time. For the final sum, we use the event E,(f) from
Lemma A.2 to obtain that on this event,

1

! \ 1 11 14 o(1)
L S SEWli—¢  EwWl (A2)
OB r(Clogmi/a-2m WIl-¢, (W]

L]

For the middle sum in (A.1), we can bound S; > Siq10gs7 for each index j in the sum. Together
with the event E® from Lemma A.2, we obtain the upper bound

(C IOg n)l/(1728) 1 Cl/(1725) 7 7
oz < = — (log n)#=D/1=20) — o), (A.3)
[alogn]

by the choice of §. Finally, we bound the first sum in (A.1). We set f(n) := [logn/logloglogn]
and g(n) := [loglogn]. On the event E,(f) from Lemma A.2, we then have

lalogn] lalogn]
1 1 1 1
1 Z 1/\S_Slf(n)Jrl Z S_Slf(n)JrSa Slf(n) — ofl),
ogn = i ogn ogn = o1 O ogn ) ogn g(n)
(A4)
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Combining (A.2), (A.3) and (A.4) yields a sequence (1),),>1 with n, | 0 such that

L+ D AEDAEDY) = 07
P(U,,,_E[ ]>§IP>((E” NEY N E¢ )>_0(n ),

for any y > 0, by Lemma A.2, which concludes the proof. [

Lemma A4. Foranyk e Nand any 0 <a <b < oo,

k
/ / / [T~ " dxe...dx = w. (A5)
Xf— .

1]1

Similarly, for any k €e N and any 0 <a <b —k < oo,

b b b k k
log(b k
/ / / ||xj—1dxk_._dxlzw_ (A.6)
a+1 Jxj+1 xk_]+1j:1 k'

Moreover, for any k € N and any 0 <a < b < 0o and ¢ > 0,
b pb b k—1 k—1 j
/ / / O oy ey = e Fae ( 1 —(b/a)*cch'i(log(?‘/a»/ ) (A7)
a Jx X1 j=1 Jj=0 )

Proof. We prove (A.5) by recursively computing the integrals. For the inner integral, we
directly obtain

b
/ xg ' do = log(b/xi—1). (A.8)
Xk—1
Now, for the jth innermost integral we use the substitution y;_(;j_1y = log(b/x;_(j—1)), with
2 < j < k. This yields, for the second innermost integral (i.e. j = 2), by (A.8),

b log(b/x(—2) 1
/ X log(b/xi—1) dx— =/0 Yi—1dyr—1 = E(log(b/xk,z))z.
Xk—2

Reiterating this approach for j = 3, ..., k yields the desired result.

We use the same approach for the proofs of (A.6) and (A.7). For the former, the inner
integral equals log(b/(xx—1 + 1)). The integrand we then obtain can be bounded from below
by using xk__ll > (x;_1 + 1)~!. Moreover, we restrict the upper limit of the integral over
Xr—1 from b to b — 1 (note that this is possible since a < b — 1). By using the substitution
Vik—1 = log(b/(xx—1 + 1)), this yields the lower bound, for any x;_, < b — 2,

b=l 1 log(b/(xk—2+2) 1 "
/ (et + D log(b /(s + 1) dre_y = f Vet dyet = 5 og(b/ (k2 + ).
Xp—2+1 0

By repeating this procedure for the remaining integrals, we obtain the desired result.
To finally prove (A.7), let us define the multiple integrals on the left-hand side as I;. Then,
by computing the value of the innermost integral,

I I log(b/a))*~!
o=t / / / gy = (ng( /@) 7
c bec 2 i) c bc(k — 1)!
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where the last step follows from (A.5). Continuing this recursion yields

R = L (og(b/a)y
_F—F‘i:lc j(k——j)!_c a (1—(b/a) Z_;ch)

k

which concludes the proof. [

Lemma A.5. Consider the sequences (i, ri)ren in (2.10). These sequences have the following
properties:

(i) si is increasing,
(ii) ry is decreasing and limy_, oo 1y = 0.

Proof. (i) Assume that 53| < s; for some k € N and take x € (s¢+1, Sx). By the definition of
Sk+1, S, and the choice of x,

P(W € (x, 1)) < e 107 N1=06k+D _ o=(1=67001-0k _ Py e (x, 1)),

which leads to a contradiction.
(ii) Assume that s; < 541 (otherwise the claim is immediately clear). Note that since the
function P(W € (x, 1)) is cadlag, we have for any x < sy,

P(We (s, 1) <r < liTm P(We @ 1)) <BWex1). (A9)
Y1k

Hence, we have that for any x € (s, Sk+1)-
re = P(W e (sy, 1)) = P(W e (x,1)) > req1.

For the second part, since s; is increasing by (i), we have that s, — s* € (0, 1]. Suppose that
s* € (0, 1). Then, for k sufficiently large, we have s, < (1+s*)/2 and so r; < e~ (1=07)(1=s")k/2
and so r converges to 0.

Therefore, we can assume that s 1 1. Let ko be the smallest k such that s < sx41. Such a
ko exists, otherwise s* < 1 since each s; < 1. Then, for k > k, let ¢; be the largest integer
such that s, < s;.

The assumption that s; 1 1 also excludes that s, is eventually constant and so £; — o00. In
particular, we can argue as in (A.9) to see that

ry < ]P’(W € (s¢; 1)) .

Moreover, as s,, — 1 as k — oo, we deduce that ry — 0. [
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