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A phase transition for preferential attachment models
with additive fitness
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Abstract

Preferential attachment models form a popular class of growing networks, where
incoming vertices are preferably connected to vertices with high degree. We consider
a variant of this process, where vertices are equipped with a random initial fitness
representing initial inhomogeneities among vertices and the fitness influences the
attractiveness of a vertex in an additive way. We consider a heavy-tailed fitness
distribution and show that the model exhibits a phase transition depending on the
tail exponent of the fitness distribution. In the weak disorder regime, one of the old
vertices has maximal degree irrespective of fitness, while for strong disorder the
vertex with maximal degree has to satisfy the right balance between fitness and age.
Our methods use martingale methods to show concentration of degree evolutions as
well as extreme value theory to control the fitness landscape.
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1 Introduction

A distinctive feature of real-world networks is their inhomogeneity, characterized in
particular through the presence of hubs. These are nodes with a number of connections
that greatly exceeds the average and thus have a great impact on the overall network
topology. The existence of hubs in a network is closely linked to the scale-free property,
that is, the proportion of nodes in the network with degree (number of connections) k
scales as a power law £~ 7 for some 7 > 1.

Preferential attachment models, as popularized by Barabdsi and Albert [2], form a
class of random graphs that shows this behaviour ‘naturally’, that is, as a result of the
dynamics and not because it is imposed otherwise, see also [6] for a first mathematical
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derivation of this fact. In these evolving random graph models new vertices are intro-
duced to the network over time and they connect to earlier introduced vertices with a
probability proportional to their degree. This leads to the so-called rich-get-richer effect,
which means that vertices with a high degree are more likely to increase their degree. It
is exactly this effect that yields the power-law degree distributions and the existence of
hubs in the graph.

The study of the emergence of hubs in random graph models such as the preferential
model is often focused on the behaviour of the maximum degree in the graph. Méri first
showed that for the Barabdasi-Albert model the maximum degree is of the same order
as the degree of the first vertex [20], which was later generalised by Athreya et al. to
affine preferential attachment models (with random out-degree) and to a larger class of
preferential attachment models by Bhamidi in [1] and [3], respectively. A consequence
of the way in which preferential attachment graphs evolve, is that the rich-get-richer
effect should really be interpreted as an old-get-richer effect: it is the old vertices, who
are introduced at the beginning of the evolution of the graph, that are able to attract the
most connections [15].

However, when compared to real-life networks, it is clearly desirable to have a model
where younger vertices can compete with the old ones. One way to achieve this is
by assigning to each vertex a random fitness representing its intrinsic attractiveness
and then to let the connection probability of a newly incoming vertex be proportional
to either the product of the fitness and degree or the sum. These two models were
introduced by Barabasi and Bianconi in [4] and Ergiin and Rodgers in [13], respectively.

Most previous results on preferential attachment models with fitness deal with the
multiplicative case for bounded fitness. One of the reasons is that under certain condi-
tions on the fitness distribution, these models exhibit the phenomenon of condensation,
where a positive proportion of incoming vertices connects to vertices with fitness closer
and closer to the maximal fitness in the system. This phenomenon was first shown in
the mathematical literature in [7], later extended in [12] for a wide range of models, by
looking at the empirical fitness and degree distribution. A full dynamic description of the
condensation is a challenging problem, however see [9] for a very detailed analysis in a
slightly modified model. [10] considers a continuous-time embedding of the process into
a reinforced branching process, which allows them to control the maximal degree (in the
continuous-time setting), which in the non-condensation case can be translated back to
the random graph model. Also, under certain assumption on the fitness distribution, they
show that condensation is non-extensive in the sense that there is not a single vertex that
acquires a positive fraction of the incoming edges. These results are extended by [19]
to a larger class of (bounded) fitness distributions (as a special case of a more general
set-up).

Here, we consider the model with additive fitness, where a vertex is chosen with
probability proportional to the sum of its degree and its intrinsic fitness. Both models of
multiplicative and additive fitness can be seen as a way to understand how a random
perturbation of the attractiveness of a vertex (due to natural inhomogeneities in the
system) changes the behavior of a standard preferential attachment model. As we have
just discussed, in the multiplicative model we observe condensation which is quite a
drastic change of the behavior. This effect is already present for certain cases of bounded
fitness, due to the fact that a small perturbation can have a large effect when multiplied
by a large degree. For the additive model, we will see that the change in behavior due to
random perturbations is of a very different nature. Indeed, the effect of large fitness
values is not as immediate and it turns out that we need larger variability in the fitness
values (and in particular we need to assume unbounded fitness) to observe a qualitative
different behavior compared to the standard model.
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To best of our knowledge the only mathematical result have been [3] and [23], who
confirmed the non-rigorous results in [13]. [3] showed that when the fitness is bounded,
the degree distribution follows a power law with the same exponent as for the model
with an additive constant equal to the expected value of the fitness. Moreover, [3]
gives the asymptotics for the maximum degree and shows that it agrees again with
the asymptotics for the model with additive constant. [23] considers the case of a
deterministic additive sequence and shows that there is an equivalence between the
preferential attachment (tree) model and a weighted recursive tree. From this, the
author deduces /P-convergence of the renormalized degree sequence under a growth
condition on the additive sequence. Furthermore, he considers geometric properties of
the weighted recursive trees. Somewhat related is a model of preferential attachment
with random (possibly heavy-tailed) initial degree, for which [8] show convergence of
empirical fitness distributions, but the structure of these networks is very different from
the additive fitness case due to large out-degrees.

In our work we consider the case of unbounded fitness and show that when the fitness
distribution follows a power law, a more complex phase diagram arises. Our first result
shows convergence for the empirical degree and fitness distribution. From this we can in
particular deduce that if the fitness distribution is sufficiently light-tailed, then we are in
a weak disorder regime, where the same result as in [3] still holds for both tail exponent
of the degree distribution and the asymptotics of the maximum. However, if the tail
exponent of the fitness distribution is sufficiently small (but so that the fitness still has a
finite first moment), then we are in a strong disorder regime, where the tail exponent of
the degree distribution is the same as for the fitness distribution. Moreover, the maximal
degree grows of the same order as the largest fitness in the system. However, the vertex
that maximizes the degree has to satisfy a delicate balance between arriving early and
having a large fitness. In the limit this competition is expressed as an optimization of a
functional of a Poisson point process.

Finally, we can also consider the extreme disorder regime when the fitness does not
have a finite first moment. In that case, we show that a uniformly selected vertex has
in-degree zero with high probability. Moreover, the maximal degree now scales as order
n and the maximising vertex again satisfies the right balance between arriving early
and large fitness. We note that our results for the degree distribution improve on those
by Ergiin and Rodgers [13], where these different regimes are overlooked and only the
weak disorder regime is covered.

Our proof for the empirical degree/fitness distributions uses a stochastic approxima-
tion argument, which was also used in [12] for the multiplicative case. The analysis of
the maximal degree is split into two steps: First we show concentration of the degrees
when compared to the expected degree (conditional on the fitness values) adapting the
martingale arguments of Mori [20] (see also [15] for an exposition with more general
attachment rules). For the weak disorder case, similar arguments as in [15] are sufficient
to control the maximal degree. However, in the strong and extreme disorder case, we
have to control the conditional expectation of the degrees, which are a function of the
fitness only. We then show that these functionals simplify and converge to a functional of
a Poisson point process, so that with the concentration we can deduce convergence of
the maximal degree. Finally, our analysis is robust and covers essentially three variants
of preferential attachment models: a model with possibly random out-degree as in [11]
(and at most one edge between vertices) and two variations where the out-degree of
each new vertex is fixed and then the connection probabilities are either updated after
each edge is drawn or are kept fixed.

Notation. Throughout we will use the following notation. We let N = {1,2,3,...}
be the natural numbers, we write Ny = {0,1,2,...} if we want to include 0 and let
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[n] :=={1,...,n}. Moreover, for any sequence a,, and b,, of positive real numbers, we say
a, = O(b,) if there exists a constant C' > 0 such that a,, < Cb,, and b,, < Ca,,. Moreover,
we say a, ~ b, if lim, . ‘;—: = 1. Also, we use the conditional probability measure
Pr(-) :=P(- | (Fi)ien) and expectation Ex[-] := E[- | (F;)ien]-

2 Definitions and main results

The preferential attachment model is an evolving random graph model, where vertices
are added to the graph consecutively and then connected to older vertices. We denote
by G, the resulting directed graph at the stage when the vertex set is [n]. Moreover, we
take edges to be directed from the vertex with high index to the one with lower index.
Throughout, we will use the following notation,

Z,(i) := in-degree of vertex i in G,,.

We now introduce three different preferential attachment with fitness models (PAF), the
first one which allows for a random out-degree in the spirit of Dereich and Morters [11],
the second one where the out-degree of a new vertex is fixed and we connect edges
while keeping the degrees fixed and the last one with a fixed out-degree, but where we
update degrees in between connections (where the later is the fitness modification of a
model closer to [6]).

Definition 2.1 (Preferential attachment with fitness). Let (F;);>1 be a sequence of i.i.d.

copies of a random variable F taking values in (0, c0) with distribution y. For any n € N,
define

i=1

Let ng,mo € IN. We say that a sequence of random graphs (G,,)n>n, is a preferential
attachment model with (additive) fitness if G, is a directed and weighted graph on
the vertex set [n] with edges directed from larger to smaller indices. Moreover, we
assume that G,,, has m edges and we assign fitness values Fi, Fa, ..., F,, to the vertices
1,2,...,ng respectively.

To obtain G, 41 from G,, for some n > ny, add vertex n + 1 to the vertex set and attach
fitness F,,+1 ton + 1. Furthermore, we assume that the updating rule satisfies one of the
following three assumptions for some fixed m € IN:

(PAFRO) Preferential attachment with fitness and random out-degree. Here m = 1
and conditionally on G, vertex n + 1 is connected to each vertex in [n] by
at most one edge and the probability to connect to a given i € [n] is

Za(i) + F;
mo + (n —ng) + Sy

(2.2)

Furthermore, conditionally on G, the degree increments
(AZ,(@) == Z,41(i) — Z,(4),7 € [n]) are pairwise non-positively correlated.

(PAFFD) Preferential attachment with fitness and fixed degree. To vertex n + 1
we assign m half-edges. Conditionally on G,, connect each half-edge
independently to some i € [n| with probability

Z,()+ F;
mo +m(n —ng) + Sy’

(PAFUD) Preferential attachment with fitness and updating degree. To vertex n + 1
we assign m half-edges. Let Z,, ;(i) denote the in-degree of vertex : when
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n + 1 has attached j of its half-edges, j = 1,...,m. Forj = 1,...,m,
conditionally on the graph of size n including the first j — 1 half-edges from
n + 1, connect the ;" half-edge to i € [n] with probability

Zn’jfl(’i) + F;
mo+m(n—mno)+ (G —1)+S,

Remark 2.2. The quantity in (2.2) is always less than 1, since 221 Z, (1) = mp and
at each step Z,,(i) increases by at most one. Note also that for the PAFRO assumption,
the exact distribution of (AZ, (i), € [n]) is not specified. For example, for m = 1, the
PAFFD and the PAFUD model are identical and both satisfy PAFRO. Another possibility
is to consider a model with a random out-degree, where (AZ,(i),¢ € [n]) is a vector of
independent Bernoulli variables with success probability as given in (2.2).

We have defined our random graph model for an arbitrary fitness distribution. How-
ever, for the analysis the most interesting case occurs when we are dealing with heavy-
tailed distributions. In this case the fitness can have a significant effect on the behaviour
of the system as a whole, whereas the ‘fitness effect’ is smoothed out when its tail
behaviour is too light. In the latter case, one sees no differences in the mean-field
behaviour when changing from a deterministic, fixed fitness to random i.i.d. fitness
values. Therefore, in the following, we will frequently consider the following assumption:

Assumption 2.3. The fitness distribution is a power law with exponent o > 1, i.e.
P(F > ) = p(x,00) = £(x)z~ @V, forz >0,

where { is a slowly-varying function at infinity, i.e. for all ¢ > 0 lim,_, £(cz)/l(x) = 1.
We continue by stating our first main result. We define the following measures,

n

1 , 1«
Tni= g 2 2005 im0 Lzoandne 2o i=T0(000), - @23)
which correspond to the the empirical fitness distribution of a vertex sampled with
weight given by its in-degree, then the joint empirical fitness-in-degree distribution and
finally the empirical degree distribution.

Theorem 2.4 (Degree distributions in PAF models). Consider the three PAF models as in
Definition 2.1 and suppose the fitness satisfies E[F| < co. Let 0,,, := 1 + E[F] /m. Then,
almost surely, for any k € INg, as n — o0,

I, —T, TW 1®  and p,(k)— pk), (2.4)

where the first two statements hold with respect to the weak* topology and the limits
are given as

O vr (L—1)+w
x+0m£=1£+m+9m

[(dz) = p(dz),  TE(dz) = p(dz), (2.5)

T
Om — 1

and

k
< O, -1+
= . 2¢
p(k) /0 x+9m£:1£+w+0m”(dx) (2.6)

Remark 2.5. Throughout this article we work with Definition 2.1. However, Theorem 2.4
also holds under the following slightly weaker conditions. Set

Fn 1= S i(zn(i) + F),

n -
=1
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and define the degree increment at step n + 1 of vertex i by AZ,(3) := Z,41(2) — Z,(4).
We assume the graph G, is given deterministically such that mg := > Zn (1) > 1.
Furthermore, we assume for n > ny,

(A1) E[AZ,(7) | Gn] = (Zn(i) + fi)/(nﬁn)ﬂ{iﬁn}‘
(A2) 3 Cyar > 0: Var(AZ,(7) | Gn) < ConrE[AZ,(7) | Gn]-

1€[ng]

(A3) supi_y, ., n[P(AZ,(i) = 1| Ga) — E[AZ,(0) | Gu] | 5 0.

(A4) Conditionally on G,, {AZ,()}ic[n is negatively quadrant dependent in the sense
that for any i # j and k,l € Z™,

P(AZ, (i) < b, AZ,(j) < 1] Gn) < P(AZ,(3) <k | Gu) P(AZ,(j) < 1] Gn). 2.7)

As can be seen from the proof, Theorem 2.4 holds for any evolving random graph model
that satisfies these assumptions. See also Lemma 4.3 below, where we show that the
PAFFD and the PAFUD model satisfy the negative quadrant dependency as in (A4).

By comparing with the case where the fitness is constant, we can interpret Theo-
rem 2.4 such that the degree of a typical vertex can be found via a two-step process,
where first the fitness is chosen according to ¢ and then the degree evolves as in the
case with an additive constant equal to the fitness.

However, while at first our result looks similar to the constant fitness case, by looking
at the tail exponent of the degree distribution we can see that this is only the case when
the fitness is not too heavy-tailed. Indeed, suppose that the fitness distribution follows
a power law, then we can distinguish three different regimes. As the next theorem
shows, if the fitness distribution has finite moments of order 6,, = 1 + E[F] /m, then the
degree distribution has power law exponent 1 + 6,,,, which is the same as in the model
with constant fitness equal to E[F]. Using the terminology used in the field of random
media, we refer to this situation as the weak disorder regime. However, if the fitness
distribution is more heavy-tailed, but still with finite first moment, then the degree
distribution follows the same power law as the fitness distribution, a situation which we
will refer to as the strong disorder regime. Finally, we can also consider the extreme
disorder case when the fitness distribution does not have a finite first moment. In this
case we show that with high probability, a uniformly chosen vertex has not received any
incoming edges (since most connections are made to vertices with very high fitness).

Theorem 2.6. Suppose p(k), k € Ny, is as in (2.6) and 0,, = 1 + E[F] /m.

(i) Weak disorder. If E[F?] < oo, then for k — oo,

p(k) ~ Ck~(+0m) | where € = 9/ L@ +0m) ),
0 [(z)

and where I' is the Gamma function.

(ii) Strong disorder. Suppose F has a power law distribution as in Assumption 2.3.
Then, if « = 1 + 0,,, and E[F"] = oo, we have as k — oo

p(k) = O( ()k~1+0)),

where (*(k) := flk O(x)/z dz.
Ifa € (2,146, thenask — oo,
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(iii) Extreme disorder. Suppose F has a power law distribution as in Assumption 2.3
with « € (1,2) and consider the three PAF models as in Definition 2.1. Let U,, be
a uniformly chosen vertex in G,,, let ¢ > 0 and let E,, := {Z,(U,) = Z,,(U,)}, be
the event that U,, has not increased its degree with respect to the initialisation G,,,.
Then, for n sufficiently large,

]P(En) > 1— Cn—((Q—a)/\(a—l))/a+e’
for some constant C > 0.

Our next main result provides a more detailed analysis of the dynamic behaviour of
the system by describing the asymptotics of the maximal degree. As might be expected
from the different phases observed for the tail of the degree distribution, there are also
three distinct phases for the maximal degree. Again under the assumption that the
fitness has a power law, we observe that in the weak disorder regime, where the fitness
has relatively light tails, the vertex with maximal degree is one of the old vertices, similar
to the system with constant fitness. This first result (parts (i) and (iii) in the theorem
below) in the special case of the PAFUD/PAFFD model with m = 1 is also contained
in [23].

However, if the fitness is more heavy-tailed (but still with finite first moment), i.e. in
the strong disorder regime, the maximal degree grows at the same rate as the maximal
fitness in the system (i.e. approximately like n'/(*~1)). In this case, the maximal degree
satisfies a delicate balance between arriving early enough and having large fitness.
Finally, in the extreme disorder regime, where the fitness does not have a first moment,
the maximal degree grows of order n, again satisfying a non-trivial optimisation between
large fitness value and arriving early. The main difference compared to the strong
disorder regime is that now the sum of the fitness values in the normalization, e.g.
in (2.2), is random to first order and depends on the extreme values of the fitness
landscape. As is common in extreme value theory, the limiting variables in the strong
and extreme disorder regime are described in terms of a functional of a Poisson point
process capturing the extremes of the fitness (in competition with the advantage of
arriving early).

Theorem 2.7 ((Maximum) degree behaviour in PAFs). Consider the three PAF models as
in Definition 2.1. First, the following results hold for fixed degrees:

(i) Suppose E[F'*¢] < oo for some ¢ > 0, then for all fixed i € N,

Zn(iyn” V0 235 ¢, (2.8)
where &; is an almost surely finite random variable with no atom at 0 and 6, :=
1+ E[F] /m.
(i) When the fitness distribution satisfies Assumption 2.3 with « € (1,2), for all fixed
1€ NN,
Z,(i) &5 2 (4), (2.9)
for some almost surely finite random variable Z (7).
In the following let I, := argmax;cy Z,(i) (resolving any ties by taking the smaller
index).

(iii) Weak disorder: If E[F%"*+¢] < oo for some ¢ > 0, then we have

L, %51, max Z,(i)n % 2% sup g, (2.10)
i€[n] i>1

for some almost surely finite random variable I.
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Additionally, assume that the fitness distribution is a power law with parameter « as in
Assumption 2.3 and define u,, := sup{t € R : P(F >t) > 1/n}. Let II be a Poisson point
process on (0,1) x (0,00) with intensity measure v(dt,dz) := dt x (o — 1)z~ “dz. Then,
the following results hold:

(iv) Strong disorder: When « € (2,1 + Hm),

(I./n, maXZn( )/un) % (I, sup f(t—Y0n — 1)), (2.11)
i€ln (t,f)ell

where I £ BY, with B ~ Beta(f,, — (o« — 1), ) and where max, pyerr f(t71/0 — 1)

has a Fréchet distribution with shape parameter a — 1 and scale parameter 971,{ (=),

(v) Extreme disorder: When « € (1,2), let II be a Poisson point process on E :=
(0,1) x (0, 00) with intensity measure v(dt,dz) := dt x (a« — 1)z~ “dx. Then,

-1
(I /n, maXZ (i)/n) — 4, (I’,m sup f 1 (/ gﬂ{u<s}dH(u,g)) ds), (2.12)
i€[n t E

(t,f)ell

for some random variable I' with values in (0,1).

3 Overview of the proofs

In this section, we give a short overview of the proofs of the main theorems and the
structure of the remaining paper.

In Section 4 we prove Theorems 2.4 and 2.6. In order to prove Theorem 2.4, we use
the theory of stochastic approximation in a similar setup as in [12], where it was used
for models with multiplicative fitness.

The main idea is to consider, for 0 < f < f’ < oo, the quantities

1 — _ 1 —
Lo ((f, f]) = - Y ZOLmeg sy, TP = - Y Lz, =kFery, k>0,
i=1 i=1
where 0 < f < f’ < co. Then, by considering the conditional increment and using the
preferential attachment dynamics, we show that

Poir (. F]) = Tul(f2 1) < —

ﬁ(An = BaLyn((f /) + (Rug1 — Ry),

and also a similar lower bound with slightly different sequences A,,, B,,. This should be
interpreted as a time-discretisation of a differential inequality. Then, a basic stochastic
approximation argument (see also Lemma 4.1 below) shows that if A,, B, and R,
converge almost surely, then we obtain an upper bound on the limsup of I',, ((f, f']) (and
similarly a lower bound). By an approximation argument this yields convergence of
I',,. We obtain similar bounds for rﬁ{“)((f, f']) (involving I‘%k*l)((f7 f')) so that with an
induction argument we also can deduce convergence of T

In the last part of Section 4 we prove Theorem 2.6 using standard arguments.

The remainder of the paper deals with the asymptotics of the degree of a fixed vertex,
as well as the maximal degree, as stated in Theorem 2.7. In the following we only discuss
the proof for the PAFUD model, but the proofs for the PAFRO model and PAFFD model
follow with minor modifications.

A central tool in the analysis of the degree evolutions is the following martingale
introduced by [20] in the context of classical preferential attachment (see also [15]). For
k > —min{F;, 1}, define a sequence

M) o ik (Zn(i) + f;+ (k 1))’
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where c’fL is a carefully chosen normalisation sequence and
a I(a+1)
B for a,b > —1such thata — b > —1
<b> rb+1)(a—b+1)’ ora,b > suc at a > 1,

is the generalized binomial coefficient defined in terms of the Gamma function I'. Next,
we write
IP}' and E]:

for the (regular) conditional probability measure (and its expectation respectively) when

conditioning on the fitness values Fi, F5,.... Then, as for the standard preferential
model, one can show that (M?%(i),n > i) is a martingale under the conditional measure
Pr.

Note also that with £ =1,
Z,(i) = (cn) "My (i) = F;

and M/ (i) converges being a non-negative martingale. So for fixed i, the asymptotics
are determined by c;,. Indeed, we will see that

/ n—1 k m n—1 k
Cz%g(l—w) %eXp{—ZW}, (31)

=1

where S; = 57J_, ;. In Lemma 6.4, we will prove that if E[F] < oo, then by the law of
large numbers the sequence c* rescaled by n*/fm converges almost surely. Moreover, if
a € (1,2) (for a power law fitness distribution), then ch converges almost surely without
rescaling. This proves the first two statements (2.8) and (2.9) of Theorem 2.7.

To prove the statements about the maximal degree, we first consider the conditional

expectation of Z, (i) which using the martingale M ! (i) can be written as

1
. &
Ex[Z2,(i)] = fi(—; . 1), (3.2)
C'IL
at least for ¢ > ng, otherwise a small correction is necessary. From this point, the proofs
in the three different regimes deviate from each other.

First, if we assume that E[F] < co, then by (3.2) and the asymptotics of c},, from above
we can deduce that
n\1/0m
Ex[Z.(9)] z]—"((;) - 1). (3.3)

Now, suppose that E[F?" ] < oo for some ¢ > 0. Then, in Lemma 6.6, we show that

lim sup M!(i)=0.

100 n>noVi
Intuitively, this follows from (3.3), since under the assumption the maximum of the fitness
values satisfies max;e[,) F; = o(n'/%) (with high probability), so that the term (%)!/=
dominates for i small. We then use the following result (roughly) for triangular arrays
@i if limy, o0 a; , = a; for all ¢ € N, and if sup,,~; a;», = b; and lim;_, b; = 0, we obtain
limy, 0o MAX;[n] Gin = SUP;>; a;. Using this result on a;, = c5(Z,(i) + F;) = M}(i)
yields, together with (3.3), the weak disorder result in (2.10).

Next, we consider the strong disorder regime, where the fitness distribution is a

power law with parameter o with « € (2,1 + 6,,,). Extreme value theory tell us that in
this case max;¢c[,) Fi & n'/(@=1) g0 that (3.3) suggests that in this regime vertices with

EJP 25 (2020), paper 146. https://www.imstat.org/ejp
Page 9/54


https://doi.org/10.1214/20-EJP550
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

A phase transition for preferential attachment models with additive fitness

high fitness have a chance to compete with the old vertices. To capture the asymptotics
of the peaks of the fitness landscape more precisely, we consider the point process

Hn = Zé(i/nv}—i/“n)’ (34)
i=1

where u,, :=sup{t >0 : P(F >t) > 1/n}. Then, classical extreme value theory (see e.g.
the exposition in [21]) tells us that
1L, = 11,

where II is a Poisson point process on (0,1) x (0, oo0) with intensity measure v(d¢,dz) :=
dt x (o — 1)z~ *dz (see also Section 5 below for more details). From this convergence,
we can then deduce using (3.3) that

max Er[Z, (1) /un] - sup f(t~ /0 —1),

i€n] (t,f)en
see the first part of Proposition 6.1 for details. A non-trivial part of the proof is showing
that the approximation in (3.3) works sufficiently well for the relevant range of <. The
proof of Theorem 2.7 is then completed by showing concentration of Z,, (i) around its
conditional mean, so that

rnﬁ( Z,(0)/upn, — mfm}( Ex[Z,(i)/un] Lo

1€[n i€n

The concentration argument relies on the martingale M (i) for carefully chosen k (which

correspond approximately to k' moments of Z,,(i)), see the first part of Proposition 6.2.
Finally, we consider the extreme disorder regime, where « € (1,2) so that the fitness

does not have finite first moments. In particular, the law of large numbers no longer

applies to the sum S,, = Z?:l JF; appearing in the normalizing constant in the attachment
probabilities. In this case, we obtain from (3.1) that for i of order n

01 n—ll n—1 1
c}leeXP{m;S’j}lszS’j'

Then, it follows from (3.2) with the same 1I,, as in (3.4) that

Er[Z,(0)] _ F (1 Z”: un)

n - mﬂ = Sj
]:i ! -1
=mZt (/ f]l{tgs}dﬂn(f,t)> ds (3.5)
Un Ji/n NJE

=: mﬂTi/"(Hn),
Un

n <
J

where F := (0,1) x (0,00). From this we can eventually deduce that
1 ~1
max Ex[Z,(7)/n] L m sup f (/ 91 fu<sydIl(u, g)) ds.
i€[n) (t,f el Jt E B

Unfortunately, the corresponding functionals are not directly continuous in II,,, so that
the arguments involve careful cut-off arguments (see Section 5).
Then, the final step is to show concentration

Tax Z,(i)/n — max Ex[2,(i)/n] = 0,
1€(n 1e(n

which again uses the martingale M} (i), but in this case is slightly easier than for a > 2.
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Overall, the proof of Theorem 2.7 is structured in the following way. In Section 5, we
will first show convergence of the functional 7/"(Il,,) introduced in (3.5). Here, we take
the opportunity to recap some of the basics of convergence of point process convergence
and we will also carry out the technical cut-off arguments. Then, in Section 6 we
introduce the martingales M,’f (1) more formally and prove some of their properties. In
particular, we then use those to show concentration in all three cases and also we show
the point process convergence in the strong disorder case, where we can then refer back
to the technical details dealt with in Section 5 for the extreme disorder case. Finally, in
Section 7 we prove Theorem 2.7 by gathering together all the necessary results from
the previous two sections.

4 Degree and fitness distributions

This section is devoted to first proving Theorem 2.4 using the ideas of stochastic
approximation and then at the end we prove Theorem 2.6. However, before we prove
Theorem 2.4, we introduce several lemmas that are required for the proof. The first
lemma comes from [12, Lemma 3.1], which is the main ingredient in the proof of
Theorem 2.4:

Lemma 4.1. Let (X,,),>0 be a non-negative stochastic process. We suppose that the
following estimate holds:

1
Xpi1— Xp < ——(A, — By X)) + Rysq — Ry,
+1 _n+1( )+ Rnt1

where

(i) (An)n>0 and (By,)n>0 are almost surely convergent stochastic processes with de-
terministic limits A, B > 0.

(ii) (Rn)n>0 is an almost surely convergent stochastic process.

Then, almost surely,

S

limsup X,, < —.

n—oo

Sy

Similarly, if instead, under the same conditions (i) and (ii),

1
Xn+1 - Xn >

el m(An - Ban) + Rn+1 - Rn7

then almost surely,

L A
Xz g

In the next lemma, we discuss two specific examples of the stochastic process R,, as
introduced in Lemma 4.1, which are used in the proof of Theorem 2.4:

Lemma 4.2. Recall T',, and Fgf) from (2.3) and let 0 < f < f' < oo,k € Ny and assume
the fitness distribution has a finite mean. We then have the two following results:

(i) Set X, == TS ((f, 1), ARy == Xni1 — E[Xp41 1G] and Ry, := Y7 AR;. Then
R,, converges almost surely.

(i1) Set X,, . =T ((f, f']), AR, = X,,y1 — E[X,,411|Gn] and R,, := Z?:no AR;. Then R,
converges almost surely.

Before proving Lemma 4.2, we recall the concept of negative quadrant dependence

(NQD) as introduced in (2.7). We note that the PAFRO model has been defined with an
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additional assumption of non-positively correlated degree increments. Note that, since
the degree increments in this model are Bernoulli random variables, NQD is equivalent
to non-positive correlation. For the PAFFD and PAFUD models, NQD follows directly
from the definition of the model, as we show in the following lemma:

Lemma 4.3. Recall the degree increments AZ,, (i) := Z,,41(i) — Z,(i). For the PAFUD
and PAFFD model, the (AZ,(i));cn) are negative quadrant dependent, in the sense
of (2.7).

Proof. The NQD of the PAFFD model directly follows from [17], as (AZ,,(i));e[,) forms a
multinomial distribution, for which NQD is known. For the PAFUD model, (AZ,,(i))ie[n]
is a convolution of unlike multinomial distributions (the probabilities of the multinomial
distribution change at each step/sampling), for which NQD is proved in [17] as well.
However, since the changes in the probabilities are dependent on the previous samplings
(where previous edges are attached), we require a slightly more careful argument. Let us
write AZ, (1) := X1+ ...+ Xon, AZ,(j) :== Z1 + ... + Z,,, where the X}, Z; are Bernoulli
random variables which take value 1 if the k*" edge of vertex n + 1 connects to i, j,
respectively, k € [m]. Since X1, Z; are part of a multinomial vector with one trial, (2.7)
holds for these random variables. Then, we investigate X; + X5, Z; + Z5, where we
prove (2.7) for X; + X9, Z1 + Z5, but with > rather than < in the event, which is an
equivalent definition of NQD. We write, for k,/ > 0,

PX1+Xo>k Z1+Z:>0|Gn) =EP(Xo >k —X1,Z0>0—2Z1 | Gn, X1,21) | Gnl .

Since conditional on G,, and (X3, Z;), the random variables (X5, Z5) are part of a multi-
nomial vector with a single trial, by the same argument we used for X, Z;, we obtain
the upper bound

E[IP(X2 > k— Xl | g’rquaZl)]P(ZQ > l— Zl ‘ gn;Xth) | gn} . (41)

It follows from the definition of the PAFUD model that X5, conditional on X7, is indepen-
dent of Z; and 75, conditional on 7, is independent of X;. Then, as the probabilities
in (4.1) are increasing functions of X7, 73, respectively, it follows from the definition of
negative association in [17], which is equivalent to NQD, that

EP(Xe>k—X1|Gn, X1,21)P(Z2 >4 — Z1 | G, X1, Z1) | Gy
<EP(Xe >k—X11]Gn, X1) |G E[P(Zy >0 —Z1 | Gn, Z1) | Gal
=P(X1+Xo>k|G)P(Z1+2Z2>0|G,).

We can continue the same argument to obtain the same inequality for the m terms in
AZ,(i) = X1+ ...+ X, AZ,(j) = Z1 + ... + Z,,. We then recall that this result is
equivalent to (2.7), as required. O

We now prove Lemma 4.2.

Proof of Lemma 4.2. We first note that, in both cases, R, is a zero-mean martingale
with respect to G,. The convergence of R, can be proved by showing its martingale
increments AR,, = R,+1 — R, have summable conditional second moments, or have
summable second moments. We first deal with case (i). We write AR,, as the difference
of two martingales. For k > 1,

1
_ } : ) _ A — (1) _ (2)
ARTL = "+ 1 P (1{Zn+1(z):k} ]P(Zn+1 (’L) = k‘ ‘ Qn)) = AMn AMn ;
EJP 25 (2020), paper 146. https://www.imstat.org/ejp
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where AM,(f) is a martingale difference, i.e. AMS) = Mr(fll - M,(f)7 i€ {1,2}, and

1
1
AMD = o ( > zi)<h Zoa ()2} — B [ D Nz )<k Zair () 2H) Qn] )
icl, i€l 4.2)
. )
2
AMP) = o ( Z 1z, ()<k,Znir()>k) — B [ Z Lz, () <k,Zni1 (D) >k} Qn] )
iel, iel,

Here, we use that

Yz, =k} = Yz, ()=k2, )<k} = Lz ()2k, 20 () <k — Y201 () >k, 20 () <k}
=Yz, ()=k} T Yz, 1 ()2k.20()<k} — Y201 ()>k, 20 ()<}

We note that, as the indicators in MT(LD, MT(LQ) only differ by one index £, it is sufficient to

prove the summability of the conditional second moment of AM,(LQ) for all fixed k£ > 1. So,

we write

eliaviy]a]
2 G } 4.3)

Using the non-positive correlation of the degree increments for the PAFRO model and
Lemma 4.3 for the PAFFD and PAFUD models, we can bound this from above by,

1 . .
= (n+ 1)2E[( Z (Ltz, (i)<h Zoir (k) — P(Zn(i) <k, Zn1a (i) > KIGn) ))
icl,

1 ) ) 2
e 2 Bl (Lmmhznwon ~ PEal0) < b Z0na) > k1 62)) |60]
i€l,
1 .
S CESIE %: Liz,@)<mP(AZ,(1) 2 1| Gn) (4.4)
1 " ) m

where we use Markov’s inequality in the final step and use that the increments of all
in-degrees is exactly m by the definition of the PAFFD and PAFUD models. Hence, the
final statement is summable almost surely, which proves the almost sure convergence
of R,,. For the PAFRO model, we use the same steps as in (4.3) and (4.4), but take the
expected value on the left- and right-hand-side. Then, using the definition of the PAFRO
model, we arrive at

1 & . 1 5 E[2.6) + 7
E[(AM®)?] < —— Y "E[AZ,(i)] < : 4.5
(A )]*(n—i-l)Q; [ (Z)]*(n—i—l)Q;moﬁ-(n—no) 5
By using the tower rule and conditioning on G, 1, we find
1
E[Z,(¢ i) = E[E[Z, (1 i | Yn— <E[Z,1( il |1 .
[20) + F] = BE[Z,(0) + Fi] Gna]) S BlZaa () + F] (14 5o )

Continuing this recursion yields

BIZ,() + 7] < BlZun, )+ F) ] (14

Jj=1iVno

) < (mo + E[F])(mo + (n — no))
mo + (j —no)/ ~ mo + (i V ng — no) '

Using this upper bound in (4.5), we obtain

1 " mo + E[F] Cy + Czlogn
(2))2] <« - 0 < .
E[(AMP)?] < CESE (01 +¢:§n0+1 — _no)) S TrE o 48

for some constants Cy,Cy > 0, which is indeed summable.
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For k = 0, we can write AR,, as

where AMS) =0and AMr(IQ) is as in (4.2) with k£ = 0. We already proved the summability
of the second conditional moment of Mﬁz) which follows for & = 0 as well, and the last
term has a second conditional moment bounded by y((f, f'])/(n+1)?, which is summable
too. This proves the almost sure convergence of R,,.

For (i), we have

1
n+1

3 (Zanili) ~ BlZuea®) | ) = g

i€l, icl,

ARn = (Azn(i) - E[Azn(i) | gn])7

as Z,41(1) = Z,(1) + AZ, (7). We now bound the conditional second moments of AR,, by

E[AR?|G,] = ;)QE[( S (82,(0) ~ EIAZ,(0) | Ga))) | 6]

(n+1 5
1 ‘ (4.7)
< GTTE > Var(AZ,(i) | Gn)-

i€l

The second line follows from LLemma 4.3 for the PAFFD and PAFUD models and from
the conditional non-positive correlation of the Z, (i) for the PAFRO model. Then, for
the PAFUD and PAFFD models, we use that AZ, (i) is a sum of m indicator random
variables and hence that its variance can be bounded by m times its mean. Also noting
that the sum of all the increments of the in-degrees equals m, we obtain the upper bound
(m/(n +1))?, which is summable almost surely. For the PAFRO model, we again take
the expected value on both sides of (4.7) to get rid of the conditional statement. Then,
as the variance of AZ, (i) is bounded by its mean for the PAFRO model, and the same
approach as used in (4.5) through (4.6) works here as well to arrive at a summable upper
bound. O

With these lemmas at hand, we can prove Theorem 2.4:

Proof of Theorem 2.4. We provide a proof for the PAFFD and PAFUD models, the proof
for the PAFRO model follows by setting m = 1; the additional required adjustments are
all included in the proof of Lemma 4.2.

First, we show that I',, converges in the weak* topology to I', defined in (2.5). To this
end, we let 0 < f < f’ < oo, and set

L={icq] | Fe(f, [} X Zz n((£, 1] (4.8)

We develop a recursion for X,,11 — X,,. By writing Z,,1(i) = Z,(¢) + AZ,(¢) and
Fo = (mo +m(n —ng) + S,)/n, we find

E[X,41 | Gn) = %H( > E[Zn4 (i) | gn}) X, (Z Zn(i) + Fi —Xn)7
iel, i€l,

n+1 nF,/m

where we note that this holds for both the PAFFD as well as the PAFUD model. Then,

1 Z,(0) + F;
Yoo 0= (B S ) e
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with AR, := X,,+1 — E[X,,4+1 | G»]. It is now possible to write the following two bounds:

X1 — X, > — <_ (1__E)Xn+ |]£:|m_—f)+ARn,

“n+1 Fn Fn
X1 — X < n-1u<_ (1—%)Xn+ |%|”;i/)+ARn.

We note that, by the strong law of large numbers, |I,,|/n converges almost surely to
w((f, f']) and F,, converges almost surely to m#,,, where we recall that 6,, = 1 +E[F] /m.
From Lemma 4.2 it follows that R, := ) ,_, AR, converges almost surely, so it follows
from Lemma 4.1 that almost surely

!
liminf X,, > 7 / w((fy ), lim sup X,, < !

n—0o0 m — 1 n—00 Om — 1

p((f D) (4.9)

We now take a countable subset I C [0,00) that is dense, such that for each f € T,
p({f}) = 0. As I is countable, there exists an almost sure event 2y on which both
statements in (4.9) hold for any pair f, f’ € IF such that f < f’. Take an arbitrary open
set U, and approximate U from below by a sequence of sets (U,,)men, where each U,
is a finite union of small disjoint intervals (f, '], with f, f’ € F. Then, for any m € I,
applying a Riemann approximation to (4.9),

liminf T, (U) > liminf T, (U,,,) > T'(Upn) on Q. (4.10)

n—oo n—oo

Hence, by the monotone convergence theorem, it follows that lim inf,, ., I, (U) > T'(U).
Likewise, for any closed set C, a similar argument shows that limsup,,_, .. I'»,(C) < T'(C).
It hence follows from the Portmanteau lemma [18, Theorem 13.16] that I';, converges to
I" a.s. in the weak* topology.

The approach to prove the other two parts in (2.4) is to apply induction on k to the
convergence of the measures F%k) (and thus p,(k)). We prove the statements in (2.4)
hold for k£ = 0, the initialisation of the induction, below, and show the induction step first.
Let us assume that the last two statements in (2.4) hold for all 0 < i < k, for some k > 1.
We now advance the induction hypothesis.

Let us take 0 < f < f’ < o0, and define X,, := I‘%k)((f, f’]). Then, we can write the
following recurrence relation, using I, as in (4.8):

1 n+1 . /
(X1 |G] = =g Do P(Zuri(i) = k. Fi € (£.£7] | Ga)
=1
1 k
T+l Yo Y Lzw=nP(AZ.6) = k-] G,)
i€l,, =0 @1
k—1
1 .
Tl ( DD Uzw=nP(AZu() =k~ £ Gn)
iel,, ¢=0
+ 3 Lzmn (1= P(AZ.6) 21 6a)) ),
icl,

where in the second step we note that Z,,11(n + 1) = 0 < k by definition and where we
isolated the Z,,(i) = k case in the last step. We do this, as this will prove to be the only
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part that does not converge to zero almost surely. We can then write

k—1
1 .
icl, £=0
- Z Iz, ()= P(AZ,(i) > 1] Gn) — Xn>
icl,
icl,, £=0
. k+ F;
o Z ]l{zn(i):’f} <IP(AZ7L(Z) >1 ’ gn) - W)
i€l
=% k+f
1 142 X, ).
D Lz 0=k <nf Tm *F m
i€l,
We can therefore write, using that f/ — F; > 0 holds almost surely for all i € I,
Xn+1 - Xn Z m (An - Ban) -+ Rn+1 — Rn, (413)

where

k—1
=D D Lz.w=0P(AZ.(i) = k- €| G)

i€l,, £=0
) k+ F;
o Z jl{Zn(i)=’f} <IP(AZ”(Z) >1 | g") - n]-_'/m> (4.14)
i€l, n ’
kE+ f
B, =1
+ Fn/m’

ARn = Rn+1 - Rn - XnJrl - ]E[XnJrl |gn} .

We now prove the convergence of all three terms. First, we prove the convergence of 4,
to

1
A= —— (k—1+z) P*Y(dz). (4.15)
Om J (1.1
We note that, by the induction hypothesis, almost surely,
lim ‘ / (k—1+z) r%*Y(dz) — / (k—1+2z) T Y(dzx)| = 0. (4.16)
I (.1

We now deal with the two terms in A,, separately. We start with the second term. By
the definition of the PAFFD and PAFUD models in Definition 2.1, it follows that for both
models,

P(AZ,(0) 2 1]Ga) <1 (1~ Z%);f)m _ g:l (?)(_1)“1(%%25){

Using this in the second term of A,, in (4.14), we obtain
k+ F; % k+ f
1 “1(7_’) <Cn S nl- f( ) : 4.17
S ta-n X () o0 () = ey (S @.17)
iel,
where C,, > 0 is a constant. We note that this expression tends to zero almost surely as

n tends to infinity, and that a similar lower bound that tends to zero almost surely can be
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constructed as well. For the first term, we write,

k—1
1
lim ‘ SN Uz )= P(AZ, () =k — £]G,) — - /(ff (k—1+x) I‘(k—l)(dx)‘

n—oo ,
i€l, £=0 Na
< lim [ 2 T F ki—1—|-a:) F(k_l)(dx)
+ —1+ x) P+ (dz) — / (k =1+ a) TV (dx) (4.18)
Fn /m ff] £, 1] ‘
— _m _ (k1)
+ ‘EZH 1z, (i)=h-1}P(AZn(i) = 1| Gn) 7 / 1+z) T (d;v)‘
k-2
+ 2D Lzaw=0P(AZ.() 2 2|Gn) ]
i€l,, ¢=0

The first line converges to zero almost surely by the strong law of large numbers. By the
induction hypothesis as used in (4.16), the second line converges to zero almost surely
and by a similar argument as in (4.17) the last line converges to zero almost surely. For
the third line, we use the definition of F%kfl), as defined in (2.3), to find

> Uz =P (AZ(i *1|Qn)*ﬁ* PG i (de)
i€ll,
14+ F
= 3tz (POZA0 = 1]60) - S T5),
1€l, n

and so, again using similar steps as in (4.17), the third line in (4.18) converges to zero
almost surely, which finishes the proof of the almost sure convergence of A,, to A, as
in (4.15). Now, for B,, we immediately conclude that

!
lim B, =14 S

n—o00 0,

=: B,

almost surely. Finally, the almost sure convergence of R, again follows from Lemma 4.2.
We thus obtain from Lemma 4.1,

A 1

liminfX,, > == —— k—1 =Y (dz). 4.19
X2 G = g, Jy T A o
Likewise, the upper bound
limsup X, < ———— k—1+2z) T*(de (4.20)
n—>oop k+f+0n /(fﬁf/]( ) (dz)

can be established from (4.12), too, when we replace the f’ by f in (4.12) and note that
f — Fi <0 holds almost surely for all i € I,,.

We now again take a countable subset I C [0, 00) that is dense, such that for each
f e, u{f}) = 0. As I is countable, there exists an almost sure event )y on which
both (4.19) and (4.20) hold for any pair f, f’ € IF such that f < f’. A similar argument as
in (4.9) and (4.10) can be made, using Riemann approximations and the Portmanteau
lemma, which yields for any open set U C [0, cc0) and any closed set C C [0, c0),

lim inf D(*¥ )(U)>/ mﬂk D (dx),

lim su F(k) C / ;F(’“ D dz),
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and thus I‘;k) converges in the weak* topology to I'®), given by

k
k) F=D+e gy _ )
r (d) k+x+0,, r ];[ $+9 F (d)

What remains is to perform the initialisation of the induction, regarding F%O). Analogous

to the steps in (4.11), we now set X,, := F%O)((f, 1), with 0 < f < f’ < oo, to obtain

EXni1 | Gnl = —— ! (Z]P n+1()0|gn)+IP(}—n+1€(fafD>

n+1\ &
_ 1t (Z]l{z( _P(AZ, ()—Ogn)+u((f,f’])>
n+1 i€l,

——X—+il(—E:ﬂmmwﬂﬂ%A5Jﬂ21|@J—X5+M«ﬂfD)
i€ll,

Similar to (4.12), (4.13) and (4.14), we find
1
Xn - Xn Z 1 An - Ban Aan 4.22
+1 "t 1( ) + ( )
where A, — w((f, f']), B, = (f' +0,)/0n a.s. asn — oo, and AR, = R,+1 — R, =

Xn+1 — E[X,41|Gr]. As before, the almost sure convergence of R, follows from
Lemma 4.2. Analogously to (4.22),

! 1(An - B, X,)+ AR,

Xn _Xng
+1 n+

holds, with B/, — (1 + f + 6,,)/6,, almost surely. Hence, using Lemma 4.1,

lim inf X, w((f f'])s lim sup X,

n—oo - fl+0 00 — f+0 M((f?fl])a

and thus, with a similar reasoning as in (4.21), almost surely 1"510)

the weak* topology to

converges weakly in

rOdz) .= d
(dr) 1= "o (d),
which yields
k
0 (-1 +=z
r®(dz) = —=2 dz).
(o) = 2 Tl g, )
Then,
k
. 0, -1 4=z
k):=1 n(k) = dzx),
plb) = Jim gt = [ TL e
which proves (2.4) and concludes the proof. O

We now prove Theorem 2.6:

Proof of Theorem 2.6. We start by proving (7). The integrand of the integral in (2.6) can
be written as

Om - (é_l)‘i‘x_e F(.T‘FQm) I‘(k’—|—m)
Tt O 2 bt +0,  "Dk+a+140,) T()
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From [16, Theorem 1] it follows that k' T0»T(k 4+ 2)/T'(k + x4+ 1+ 6,,) < 1 forall z, k > 0.
By also using that I'(t + a)/T'(t) = t*(1 + O(1/t)) as t — oo and « fixed, we find that the
dominated convergence theorem yields

. Tz 0)
m 146 m

p(dz),
which is finite since E[F"] < cc.

We now prove (i), so the fitness distribution satisfies Assumption 2.3. First, let
a € (2,1+6,,). We write the integral in (2.6) as two separate integrals by splitting the
domain into (0, k) and (k, co). We first concentrate on an upper bound. We note that, by
symmetry, it also follows that #'*~T'(k + 2)/T'(k +x + 1+ 6,,) < 1. Hence, we obtain
the upper bound

T © T
k—(1+0m)/ gmlwm%u(dx)+/ Qmeﬁ_lM(dgﬂ)- (4.23)
0 k

x)zdm (z)zfm

We note that there exists a constant ¢ > 1 such that I'(x + 6,,,)/(I'(z)2%") € [1, ] when
x > 1. Hence, using Assumption 2.3, we can bound (4.23) from above by

1 1—\ k oo
9, k—(1+0m) / D@4 0m) ) + el +0m) / 2% p(de) + ek / pu(da)
0 I'(z) 1 k

=0(k™*) + el TTOE [FOn L« ron <py] + O l(k)E™ (4.24)

k
= o(k™%) —i—c@%k‘“*em)/ 2 () + b, 0(k)E™,
1

where the first term follows from the fact that o < 1 + 6,,, and that the integral from 0 to
1 is finite. Hence, by [5, Proposition 1.5.8], as k tends to infinity, this is asymptotically
Om (20, — (= 1))
Om — (—1)

O(k)E°.

For a lower bound, we bound the second integral in (4.23) from below by zero, and
bound the first integral, using similar steps as before, from below by

k
o(k™%) +972nk7(1+9m)/ 20 Y(z)a~ @ Vdg, (4.25)
1
which is asymptotically, as k tends to infinity, (6% /(6,, — (o — 1))¢(k)k~. Finally, for
a =1+ 6,,, we note that the first term of (4.24) is no longer o(k~%), but of the same
order as the other terms. Furthermore, since the argument of the integral in the last line
of (4.24) (as well as in (4.25)) now equals ¢(z)/z, the integral equals ¢*(k) and it follows
from [5, Proposition 1.5.9a] that either /* converges, in which case this falls under the
first case (i) as the 6') moment exists, or that ¢* is slowly varying itself. Thus, in the
latter case, we obtain an upper and lower bound with asymptotics, respectively,

1
(Gm/ Mu(dx)+c9m€(k)+c93ng*(/g))k—<1+em> L Tk k=0,
o I(z)

1
T(x + 0,,) 2 % —(140,) _. —(1+46,,)

We also have from [5, Proposition 1.5.9a] that, in the case that ¢* diverges as k tends to
infinity, /*(k)/¢(k) — oo as k — oo as well, so that L(k), L(k) = ©(¢*(k)) as k — oo, which
finishes the proof of (ii).
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Finally, we tend to (iii). We provide a proof for the PAFFD and PAFUD models with
m > 1 first, and then show how the results follows for the PAFRO model as well.

Recall that U, is a uniformly chosen vertex from [n]. We first condition on the size of
the fitness of U,,. Let 0 < 8 < ((2 — a)/(a« — 1) A 1). Note that when U,, > ng, F,, denotes
the event that Z,(U,,) = 0. Then,

P(E,) > P(E, N {Fy, <n"}) =P(Fy, <n’) —P(ESN{Fy, <n"}). (4.26)
Clearly, for € > 0 fixed and n large,
P(Fy, <nf)=P(F<nf)=1- ((nPyn=(@= 18 > 1 _ p(a-)fte, (4.27)

where we use Potter’s theorem [5, Theorem 1.5.6], which states that for any fixed € > 0
and any function ¢, slowly-varying at infinity,

lim ¢(x)z® = oo, lim ¢(z)z™° =0. (4.28)

T—r 00 r—00

For the second probability on the right-hand-side of (4.26), we write

P(E; 0 {Fu, Snﬁ})zlP( D {AZ;(U,) > 1} N {Fu, <n5})
j=UnVng
—Y le((U az,m 2 un (A <)
k=1 j=kVng
n n—1
<> > EIP{AZ (k) > 1} N {F <nf}).
k=1j=kVno

Now, using Markov’s inequality, applying the tower rule and switching the summations
yields the upper bound, writing F,, = (mo + m(n — ng) + Sp)/n,

popot

)+ 1)/ (GF) 1 7 <niy]

3\'—‘
-

<
Il
3
(=]
bl
M- M-
—

.3‘: nMw
|

(]E [Z;(k)/ (GFi){Feensy] + nPE[(GF) " Lir<nsy) ) (4.29)

i
L

IN
S|

(L2 () (mo + M) + B [(mo + M;) 7] ).

b
Il
_

J=no

where M, := maxy<; F, we bound jF,; from below by my + M; and we bound the
indicator variables from above by 1. We now bound the first moment from above. Note
that, for the PAFFD and PAFUD models,

> E[Z;(k)] = mo + m(j — no), (4.30)
k=1

since every vertex ¢ > ng has out-degree m. Hence, combining (4.29) and (4.30), we
obtain the upper bound, by using the tower rule and conditioning on the fitness,

n—1 n—1
1 . _ .
-~ Z(m—l—mo—l—nﬁ)]E[l/(mo—i—Mj)} < Cnf1 ZjE[l/(mo—i—Mj)], (4.31)
j=n0 j=no
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when n is sufficiently large, for some constant C' > 0. We now bound E[1/(mo + M;)]
from above.
E[1/(mo + M;)] = E[1/(mo + Mj)Liar, g1/

+ B [1/(mo + M) Lar, 51/ (4.32)
< IP(Mj §j1/(a—1)—e) 4 Vet

where we bound M; from below by zero and j 1/(a=1)=¢ ip the first and second expectation,
respectively. Then, using 1 — z < e~ 7, for j large,

IP(Mj Sjl/(afl)fe) < eXp{_g(jl/(afl)75)17‘((171)6} < exp{_j(a71)€/2}’ (4.33)

where we use Potter’s theorem, as in (4.28), in the last step. By combining (4.32)
and (4.33), it follows that for j sufficiently large (say j7 > jo for some j, € IN),

E[1/(mo + M;)] < 251/ D+e,

and E[1/(mo + M;)] < 1 for j < jo. Using this in (4.31) yields

n—1
P(E; N {Fu, <n’}) < Cjonf ' +4Cnf~1 Y~ gt/ embte
J=jo+1

< OpftH(=1/(a=1)v=1)+e (4.34)

— énﬁ*((Q*CV)/(Oéfl)/\l)JrE7

which, by the definition of 5 and the fact that ¢ is arbitrarily small, tends to zero as n
tends to infinity. Finally, we combine (4.34) and (4.27) in (4.26) to find

IP(En) > 1— n*(a71)5+6 _ énﬂf(@foz)/(afl)/\l)%ni. (435)

We now finish the proof of Theorem 2.4 by choosing the optimal value of 8 € (0, ((2 —
@)/(1—a) A1), namely 8 = (2 — a)/(a(a — 1)) A (1/a), and setting C = 1+ C.

For the PAFRO model, set m to equal 1. Then, there is one adjustment required.
Namely, the equality in (4.30) does not hold. Rather, using (4.6) yields the upper bound

J
Y Er[Z(k)] < Ci(logj —1) < Cj'F,
k=1
for some large constant C' > 0. This adds at most an extra ¢ in the exponent of the
final expression in (4.35) and since ¢ is arbitrarily small, the result still holds, which
concludes the proof. O

5 Convergence of point process functionals

As mentioned in the proof overview in Section 3, in this section we complete an
important step in the proof of Theorem 2.7 and show convergence of a functional of
a point process as defined in (3.5) in the extreme disorder regime (« € (1,2)). At the
same time, we take the chance to discuss some of the required theory of point process
convergence, which will also be useful in the next section when we consider the strong
disorder case. A good reference for this theory is the book [21].

Recall w,, from Theorem 2.7 and let M,(E) be the space of point measures (point
processes) on E := (0,1) x (0,00). Let us define the point process

n
IL, = Zé(i/n,}'i/un)a (5.1)
i=1
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with 0 a Dirac measure. It follows from [21, Corollary 4.19] that, when the fitness

distribution satisfies Assumption 2.3 for any a > 1, II,, has a weak limit II, which is a

Poisson point process (PPP) on F with intensity measure v(dt,dz) := dt x (o — 1)z~ *dz.

[21, Proposition 4.20] shows that an almost surely continuous functional 7T} applied to

I1,, converges in distribution to 7} applied to II by the continuous mapping theorem. In

this section, we prove a similar result, though a slightly different approach is required.
Lete,0 > 0,Es := (0,1) x (J,00). For a point measure II € M,(E), define

TE(IT) = /;(/Efjl{KS}dH(t,f))lds, TE(ID) = /1(/1; f]l{tgs}dl'[(t,f))ilds, (5.2)

whenever these are well-defined. That is, when TI((0,s) x (0,00)) > 0 for all s € (g,1)
and when II((0, s) x (§,00)) > 0 for all s € (g,1), respectively. As mentioned above, the
reason for studying the functional 7° is due to (3.5), where we see that the Ex[Z,,(i)/n]
is (well) approximated by m(F;/u,)T*™(II,) in the extreme disorder regime, since the
law of large numbers no longer applies to the fitness random variables in this regime.
As a result, studying the maximum conditional mean in-degree can be done via studying
this functional T¢. Therefore, the main goal in this section is to prove the following
proposition:

Proposition 5.1. Let (F;);en be i.i.d. copies of a random variable F, which follows a
power-law distribution as in Assumption 2.3 with « € (1,2). Consider the point measure
II,, in (5.1), its weak limit 11 and the functional T¢ in (5.2). Then,

max &Ti/”(ﬂn) N sup fT*(II).
i€[n] Up (t,f)em

In order to prove Proposition 5.1, one would normally prove the continuity of the
functional 7° and combine the weak convergence of II,, with the continuous mapping
theorem to yield the required result, as Resnick does in his proof of Proposition 4.20.
This does, however, not work in this case. Due to the specific form of the functional,
proving its continuity is not directly possible. Therefore, we investigate 75 as defined
in (5.2) and show that this functional is indeed continuous and is ‘sufficiently close’ to
T¢. This is worked out in the following two lemmas:

Lemma 5.2. Consider, fore € (0,1),6 > 0 fixed, the operator T; as in (5.2). Then, the
mapping 11 — Z(t,f)eH:t>s,f>5 6(ng(H)) is continuous in the vague topology for measures
I € M,(F) satisfying the following conditions:

({s} x (0,00)) = II((s,t) x {0}) =TI((s,t) x {o0}) =0, Vs<tel01], 5.3)
I1((0, ) x (6,00)) > 0, II((s,t) x (z,00)) < o0, Vs <te[0,1],z>0.

Remark 5.3. We note that for a PPP II with intensity measure v as introduced above, all
the conditions in (5.3) are satisfied almost surely, except for II((0,¢) x (d,00)) > 0, which
happens with positive probability only.

Proof of Lemma 5.2. We first prove that, for fixed ¢ € (0,1),§ > 0, the mapping
I Z(t FlEMlit>e, f>0 5(T§(H)) is continuous in the vague topology for measures Il €

M, (E). We obtain this by taking II,,, Il € M,(E) such that II,, - II, and show that the
image of the mapping of II,, introduced above also converges vaguely to the mapping
of II. Since the image is a point measure with only finitely many points, due to the last
condition in (5.3), we can label the points (¢, f) in I such that f > ¢, by (¢;, fi),1 <i<p
for some p € IN, where we order the points such that ¢; is increasing in ¢. We can do the
same for the points of II,,, where we add a superscript n. Vague convergence is then
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equivalent to the convergence of (t7, fI*) € II,, to (¢;, f;) € Il for all 1 <4 < p, since there
are only finitely many points.

By [21, Proposition 3.13], we can fix n > 0 and take n large enough such that the balls
B; := B((ti, fi),n), centred around (¢;, f;) with radii n, contain the points (7, f/*) and
B;NB; =@ for i # j. Thus, let us set ¢ :=II((0,¢) x (J,00)) > 0 and take n large enough
such that IT,,((0,¢) x (4, 00)) = ¢ as well. That is, points (¢;, f;), (t7, f7*),i =1,...,q, satisfy
t? < € and points (¢;, f;), (t7, fI*),i = q¢+1,...,p, satisfy t} > ¢ (due to the first condition
in (5.3) there are no points (¢, f) such that ¢t = ¢ a.s.). We can now express 75 (II) in
terms of a sum. Namely,

TE (1) = /: (/& fﬂ{tgs}dﬂ(t,f))ilds - ;i; [(ti i w)(iéfi)l}, (5.4)

where we set t, 1 := 1. A similar expression follows for II,,, with t;}H := 1. Since the
sum contains a finite number of terms, the convergence of TE(H ) — T3 (II) immediately
follows from the convergence of the individual points. As II,, —s II, bk - fi as n tends
to infinity for all ¢ = 1,...,p as well. What remains to prove, is that (Té (H ),1 <i<
p) — (TH(),1<i < p) as n — oo. Using the triangle inequality, we obtain

tm

. tm . . .
T3 (T) = T3* ()] < [T (1) = T5* (M) | + |75 (1) — T5* (ID)].

Let us first consider 2 < ¢ < p. The second term on the right-hand-side tends to zero
by the above, as for i > 2, I1,,((0,¢;) x (§,00)) > 0 and thus the conditions in (5.3) are
satisfied with ¢ = ¢;. The first term can be rewritten using the definition of 7§ in (5.2) as

£ ot _ HVE: q _ld
|T§ (Hn) T(S (H7l)| - fﬂ-{tgs} Hn(ta f) S
t Es

;L/\ti

—1
S |t? - tl‘ (/E fﬂ{tgt?/\ti}dﬂn(ta f)) 3
5

where we bound the integrand of the outer integral from above by replacing the inte-
gration variable s by ¢} A ¢; in the integral’s argument. In the integral that remains, we
can bound f from below by § and therefore, for n sufficiently large, we can bound the
integral from below by ¢, as there is always at least one particle (¢, f) such that ¢t < ¢V,
since ¢ > 2 and the balls B; introduced above are disjoint. We thus obtain the upper
bound |t — t;|/d, which tends to zero with n. For i = 1, we adapt our approach to find

T8 (IL,) — T8 ()] < min{| T} (I1,,) — T3 (IL,)| + |7 (IL,) — T2 (1),
ITE (I,) — T3t ()] + | T3 (IT) — T2 (1)}

When ¢; < t7, the first term is infinite and we use the second term, while the second
term is infinite when ¢; > t7 and we then use the first term. When the first term is finite
(t; > t7), its first term is bounded from above by (t; — t7)6~! < n/J and its second term
can be bounded by a constant times 7, as follows when using (5.4). Similarly, when the
second term of the minimum is finite (¢f; < t7), its second term is bounded from above
by (17 —t1)d~! < 1/§ and its first term can be bounded by a constant times 7. As 7 is
arbitrary, the required result holds. O

We are also interested in how ‘close’ T°(II) and T} (II) (resp. T°(IL,,) and 75 (II,,)) are
when ¢ is small (resp. § is small and n is large). We formalise this in the following lemma:
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Lemma 5.4. Consider the operator Ty as in (5.2) and the point process I1,, as in (5.1),
let TI be its weak limit and let Assumption 2.3 hold with o € (1,2). Fore € (0,1),n7 > 0
fixed,
TE(IT) - T=(11) as 6 | 0,
lim lim P(|75 (I1,,) — T°(I1,,)| > n) = 0.

610 n—oo0

(5.5)
Proof. We start by proving the first statement. We fix > 0 and define ES = (0,e) x
(6@=)/2(1 4 67¢),00), where ¢ € (0, (2 — a)/2). Then,

P(|T5 (IT) = T*(I)| = ) < P(|T5 () — T*(I)| = n|T(Ef) # 0) + P(I(E}) = 0).  (5.6)
We condition on {H(E§) # 0} to ensure that T (II) is finite and show that on {H(Eg) # 0}

the difference in Tj§(II) and 7°(II) will tend to zero in probability as § | 0. We first
compute the second probability on the right-hand-side.

P(H(Eg) = 0) = exp{ — /E§ (o — 1)yadydt}

(5.7)
= exp{ — 56_((1—1)(2—04)/2(1 + 6—{)—(04—1)}.

Note that, by the choice of &, this probability tends to zero with §. Now, we bound the
conditional probability in (5.6). Defining the event Fs¢ := {H(E§) # 0}, we obtain,

1 -1

= (‘ / (/E fﬂ{tﬁs}dn(t’ f)> - </Efﬂ{t<s}dn(tv f)) ds| >n ‘ F@g)
! 2

S]P(/ (/E\E fﬂ{t<s}dn(t,f)>/( : fLi<sdII(t, f)) ds > U‘Fm)

n 2
<P (/E\Eé fdII(t, f) > 1_5</E5 Jl< ey dII(t, f)) F5’§> :

where, in the last line, we replaced the integration variable s with 1 in the integral in
the numerator and with ¢ in the integral in the denominator. We now bound the integral
over E; on the right-hand-side from below using H(Eg) > 1 and use Markov’s inequality
to find the upper bound

E &5)

— _N s2-a —¢
_IP</E\E6de(t,f)>1_€52 (1446 )2>

/ faTit, f)
E\Es
1—e)(a—1)

1—
= / (a - 1)$1_adt dmig(s_(?—a)(l + (5—5)—2 _ (
E\Es n 77(2 — a)

P(|T5 (1) = T*(ID)] = n | Fs.¢)

(5.8)

n —a _
IP(/E\E5 fdi(e, f) > 1—52 (146792

— &

(5.9)

1—¢__

<E 61 457872

(1+67977,

which tends to zero as ¢ | 0. Note that we can omit the conditional statement in the
second line, as the integral is independent of H(Eg). Combining (5.7) and the upper

bound of (5.9) in (5.6), implies that T (II) F, T<(II) as ¢ | 0. We now prove the second
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statement in (5.5), which uses a similar approach. Namely, using analogous steps as
in (5.6), (5.8) and (5.9), we obtain

P(|7°(IL,) — T5 (IL)[ = n)
(5.10)
<P / FATL,(t, f) > —L—§2=2(1 4+ 67672 | + ]P(Hn(E§) = 0) .
E\Es 1—¢
The second probability on the right-hand-side converges to IP(H(Eg) = 0) as n tends to
infinity, and then to zero as ¢ tends to zero by (5.7). Using Markov’s inequality, we obtain
an upper bound for the first probability on the right-hand-side of the form

n
l—e__(o 4 _
Y E[Fi unliz junzsy] —— 0" (1 +579)?
=1
1—¢ n dun
_locsea e / ()@ Vda,
n tn s,

where 2z, := inf{x € R: Fx(z) > 0}. Using [5, Proposition 1.5.8], yields

Sun
/ Uz)z~ @ Vda ~ %(5un)2_a€(5un), as n — oo.

Ze

Thus, as n — oo, since / is slowly-varying,

1—¢ n o [oun (1—¢)
5@ 46 2—/ O(x)z= O Vde ~ —— (146820l (uy )uy, (@Y.
; N B SE =y (LT 07 Pl
Using [21, Corollary 4.19 and Proposition 3.21], we conclude that né(un)u;(“_l) con-
verges to 1 and so the right-hand-side tends to zero with §. Thus,
: : £ _ e > — .
lim i P(|7°(1L) — T5 ()| = ) =0, (5.11)
which finishes the proof. O

We now prove Proposition 5.1.

Proof of Proposition 5.1. For a closed set C C Ry and n > 0, let C,, := {z € R :
infycc |z — y| < n} be the n-enlargement of C' and let us define the events
F F
— i i/n _ Zipi/n
Bn.ean): { i) unT () en<i<niFs>dun unT5 (IT)

Fpeos:={IL,((0,e) x (§,00)) > 1}.

= 77}’ (5.12)

We can then write

IP(maX ET’:/"(Hn) c C) < IP({ max ﬁTi/"(Hn) € C} N Enes(n) N Fn,s,tS)

i€[n] Uy i€[n] Up

(5.13)
+ P(En,€,5(n)c) + IP( 5,5,5) .

Then, on E, . s(n) and using C,,, we can bound the first probability on the right-hand-side
from above by

IP({ max ET;/”(HTL) € Cn} N Fn,e,S) .

en<i<n:F;>0un Uy
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We note that every term in the maximum is bounded from above by 1. Then, since for
n large II,,((g,1) x (4,00)) = II((g,1) x (4,00)) < oo and on F, ., it follows from the
continuous mapping theorem, Lemma 5.2 and Remark 5.3 that

JT.', .
lim P { Ligilnqg, } F,
Jim ( i X T (I1,) € Cy p N Foes

(5.14)
:IP({ sup fTLHI) € Cn}ﬂFE)(g),
(t,f)ell:t>e, f>5

where F. 5 := {II((0,¢) x (4,00)) > 1}. We now claim that it is possible to remove the §
in T§ (II) and the ¢ and ¢ constraints in the supremum in (5.14), as well as that the two
terms in the last line of (5.13) tend to zero when letting n tend to infinity, and then § and
€ to zero. These two tasks require a very similar approach, as they are essentially the
same, one with II,, and the other with its weak limit II. We start with the latter claim.
We want to show that

sup  FTHAD — sup th(H)’ P 0asfirstd | 0and thene [ 0.  (5.15)
(t,f)El:t>e, f>6 (t,f)ell

To this end, we write

sup  fTH(T) — sup fT'(ID)| <

sup  fTI)—  sup  fTHID)

(t,f)Ell:t>e, f>6 (t,f) el (t,f)ell:it>e, f>5 (t,f)el:t>e
+’ sup  fT'(I) — sup th(H)’
(t,f)€ll:t=e (¢,5)ell
=: D1 +D2

We first prove D; tends to zero in probability as § | 0. Namely, using the triangle
inequality and the definitions of T§ and 7° in (5.2),

Dy < sup fTEI) — sup th(H)‘
(t,f)EMl:t>e, f2>6 (t,f)EML:t>e, f>6
b e grtme s i)
(t>f)€1_[=t25,f25 (t,f)e]_[:tzg
< sup S(T3(I) — TH(IT)) + sup FTH(II) (5.16)
(t,f)Ell:t>e, f>6 (t,f)ell:t>e, f<5
= ( sup f) sup  (TE(I) — T*(IT)) + 67 (11)
(t.f)en (t,f)EM:t>e

< (( Jup, )T () = T*(ID) + T(1),

where the final inequality follows from the definitions of 7° and T5. Since o > 1,
sup(, syen f/ < oo almost surely. Furthermore, for any £ > 0 fixed, Te(II) < oo almost
surely as well. Finally, by Lemma 5.4, (7§ (II) — T(II)) L, 0as § | 0. Thus, we obtain
that D, L 0 as d | 0. We now show that Do 2% 0ase J 0. We discretise the interval
(0,1) into smaller sub-intervals [2~(*+1) 2-F) k > 0. Then,

limDy <lim sup fT%I) = lim sup sup fTH(1). (5.17)
el0 &0 (¢, f)ellit<e K—=00 k> K (t,f)ell:te[2~ (k+1) 2-Fk)

We now bound the inner supremum, by controlling the size of the maximum fitness value
in these sub-intervals. That is, we define, for ¢ > 0,k € Z™,

0, = 9—(k+1)/(a—1) log((k + 2)1+f)—1/(a—1)’

By 1= 2~ R0/ @1 Jog (1 — (k + 2)~(1HO)=1)=1/(a=1) (5.18)
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Now,

—k

P(H([2_(k+1),2_k) X (hg,00)) # 0) =1- exp{ - /22<k+1> /:o(a - l)x_o‘dxdt}

=1 exp{log((1 = (k +2)7"*¢)}
< E0F9, (5.19)

]P(H([Q*(kﬂ)? 927k x (€, 00)) = o) - exp{ - /2<+> /;o(a - 1)x*adxdt}

< k*(1+5),

which are both summable. Therefore, by the Borel-Cantelli lemma, it follows that almost
surely there exist a random index L, such that forall £ > L,

sup I € (be, hy). (5.20)
(t,f)€IL:te[2— (k+1) 2—k)

Now, on the event {t < 27},
1 -1
7 = [ ([ Freodtte ) ds
t \JE

=/tgL (/Efll{u<s}d1'[(u7f)>_1ds+/;L (/Efll{ugs}dl'[(u,f))_lds (5.21)

</ 2_L((uﬁfsup s+ ([ et )

YEIL:u<s
By applying (5.20) to the both integrals, we find an upper bound

SOl et

[log,(1/1)]
=L

J

Using the definition of ¢; in (5.18), for j large and some ¢ € (0, — 1), we obtain
[ogs (1/%)]
THII) < C 2(HD((A+0)/(a=1)=1) 4 p—1
" J:ZL " (5.22)

< CO1— 140/ (e=1) Jrézl,
for some constant C' > 0. Again using (5.20) and on {k > L} (similar to ¢t < 2-L), we find

sup FTHIT) < hy (C20H+D(A+O/(@=1)=1) 4 p1y
(t,f)ell:te[2—(k+1) 2—k)

< G/ D)D)y | gt

for some v > (1 +¢)/(a— 1). We finish the argument by noting that L < co almost surely
and hence

lim sup sup fTHII) < lim sup CotkD(C/ (=) =1 gy 4 hkézl
K—oo k>K (t,f)ell:te[2—(k+1) 2—k) K—o0 E>K (5 23)
= lim C2EHDC/a=D)=D gy 4 p gt
K—oo e

which equals zero by the choice of (. Thus, Dy %% 0 as ¢ | 0. Together with the
convergence of D; to zero in probability, we obtain (5.15). Recall F}, . s from (5.12)
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and F.; = lim, , F, s under (5.14). Evidently, by a similar argument as in (5.7),
lims o P(F: 5) = 1 for all € € (0,1), which also shows the third probability in (5.13) tends
to zero as n — oo and then § | 0. Combining this with (5.15) and (5.14) yields

limlim lim IP({ max &Tg/n(ﬂn) c Cn} ﬂFn@(;) = IP( sup fTH(I) e C,]>. (5.24)
€l0 8,0 n—oo ;@éggn Unp (t,f)ell

Recall E, . 5(n) from (5.12). What remains to prove, is that for all > 0 fixed,
limlim lim P(E, s(n)°) =0,

el0 6/0 n—oo

which is very similar to (5.15), though we now deal with II,, rather than II. Again, we
use the triangle inequality to find

c Fi ifn Fi ri/m
< i — - , >
PEcs) < (| o D) - e Srinn)| 2
+ IP( max ﬂTi/"(Hn) — max ﬁTi/"(l_[n)‘ > 77/2) (5.25)
en<i<n Uy, i€[n] Up
= P1 + PQ.
We first deal with P;. As in (5.16), we split this into two terms, namely
<P — II,,) — — I1,,)| >n/4
= ( iy o (M) = mmax T (1) | 2 0/ )

(5.26)

w(

To show the first probability tends to zero, we write

o Fo
max JTg/n(Hn) — max —ZTg/n(Hn)
en<i<n:F; >0un Uy en<i<n Up

max ﬁT(;'/n(l_[n) — max ETU”(H“)‘ > 77/4) .

en<i<n Uy, en<i<n Uy

<6 max TY™(I1,) < 6T (I1,).

en<i<n

Then, on F, . 5, T5 (II,,) converges in distribution to 6T} (II) by the continuous mapping
theorem and the fact that 7§ is continuous in II,,, as follows from the proof of Lemma 5.2

and Remark 5.3. So, as ¢ |. 0, T (II) L, T¢(II), as follows from the proof of Lemma 5.4,

which implies that 6T (II) L, 0asd | 0. As before, P(F,.5) - 1asn — oo and
then 6 | 0, so by intersecting the first probability on the right-hand-side of (5.26) with
Eocs, Fﬁ,g,& as in (5.13), yields that it tends to zero as n — oo and then ¢ | 0. What
remains is to show that the second probability on the right-hand-side of (5.26) tends to
zero as n tends to infinity, then § | 0 and finally € | 0. We again use a similar argument
as in (5.16) to find

max %Tg/"(m) ~ _max %Tl/"(nn)j < (?é%ﬁ ui) (TE(IL,) — T°(IL,)).  (5.27)
We show that the product of the maximum and (T} (IL,,) — 7¢(II,,)) converges to zero in
probability as first n — co and then ¢ | 0. We can use the fact that (75 (IL,) — T°(I1,,))
tends to zero in probability as n — oo and then § | 0, as is shown in the proof of
Lemma 5.4. In order to extend this result to the product of these two random processes,
we introduce the events B, s := {max;e(, F;/u, < 6%}, for some ¢ € (0,(2 — @)/2).
Then, splitting the second probability on the right-hand-side of (5.26) into two parts by
using (5.27) and intersecting with the events B,, 5 and B ;, we obtain the upper bound

n,0’
u

EJP 25 (2020), paper 146. https://www.imstat.org/ejp
Page 28/54

max 279" (IL,) — max ETWHn)\ 2 n/4> < P(TE(IL,) — T°(1L,) > 0ot /4)

en<i<n Uy en<i<n Uy,

+P(Br ;).


https://doi.org/10.1214/20-EJP550
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

A phase transition for preferential attachment models with additive fitness

IP(By, 5) converges to P(Bf), where B; := {Y < 57¢} and Y is the distributional limit of
max;e(n) Fi/u,. Then, as 0 | 0, P(B§) — 0, as Y is almost surely finite. Following the
steps of the argument in (5.10) through (5.11) with 7765 /4 instead of n, we find

lim sup P(|T% (IT,,) — T5 (I, )| > nd¢/4) < M5*5(1 + 67672 4 lim sup P(IL, (E5) = 0)
n—00 n(a - 2) n—00

_Ad-e) e —y-2 € _
= m& (14075 *+P(II(E;) =0),
which tends to zero as § | 0. It thus follows that P, — 0 as n — oo and then ¢ | 0.

What remains, is to show that P, tends to zero as n — oo, e | 0. This follows from a
similar approach as in (5.17) through (5.23). Recall ¢, h; from (5.18). We then divide
the set of indices i € [n] into subsets Ay, := {i € [n] : i € (2=F+Dn 27Fn]},0 < k <
[logn/log2], and define the events A}, := { maxica, , Fi/un € (i, hy)}. Using (5.19),
it readily follows that

liminf P (A7, ) > 1 — 2k~ (9.

n—oo

Hence, when setting k,, := |logn/log2]|, and for any sufficiently large K € IN,
limianP< N A{n> >1-CK¢, (5.28)
n— 00 ’

K<k<kn
for some constant C > 0, independent of K. Similar to (5.17), we write
Fi i
lim sup lim sup P, = lim sup lim supIP( sup sup —T”"(Hn) > 77/4>.
€l0 n—00 K—oco mn—oo E>K i€Ag , Un

Again, the idea is to replace the limit of € to 0 by the limit of K to co and the supremum
over k > K. Now, by intersecting with a similar event to the one in (5.28), we find the
upper bound

limsuplimsupIP<{ sup sup ﬁTi/”(Hn) > 7]/4} N ( ﬂ A{n))
K—oo mn—oo E>K i€Ay , Un ’
' VE<k<k,

—HP( U (A,fn)>

VR <k<kn,

(5.29)

By (5.28), it follows that the double limit of the second probability equals zero, so we
focus on the first probability. Following the approach in (5.21) and (5.22) and using a
Markov bound, we bound the first probability in (5.29) from above by

1 .
f]E[sup sup iTl/”(Hn)]l

a AT }
n k>K i€ Apn U, VE<k<kn“‘k,n

4 b 9-VE,, n (5.30)
k
< E[ sup sup < Z U /M; + Z Un/Mj)]lmmqq"A{"J ,

i n
n k>Ki€Ak n =i jm2—VEnp,

where we recall that M; := max,,<; F,,. We then bound the maximum in the second
sum from below by considering only the indices m < 2-VEp and using the events in the
indicator to further bound the maximum from below by ¢ 7. The terms of the second
sum then are independent of j, which yields the upper bound n(¢ \/f)*l. We rewrite
the first sum, where we note that for i € Ay ,,i > 2~*+p, and as before bound the
maximum from below to find

9~ VEy, k+1 k+1
D (Myjup) Tt < YT () < Y 270 ()
j=i j>VE PEAjn i>VEK
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Since, for large j, we can bound (¢;)~! from above by 2/(/(@=)+¢) for some small ¢,
we obtain the upper bound Cn2(k+1((2-)/(e=1)+0) for some constant C' > 0. Note that
this upper bound, as well as the upper bound stated above for the second sum in (5.30)
are deterministic. Hence, using both upper bounds and bounding the indicator in the
expectation in (5.30) from above by 1 yields the upper bound

Cysup sup (hp2WFDE=/(@=DTO 4 (¢ )7 hy) < € sup 27 FFDO- C)kVJrﬂ_l hu,
k>K €Ay, k>K

=C,2~ (E+DA-O) 7 4 5:/%h1(,

for some v > 0 and where C, = (4/n) max{C, 1}. This bound no longer depends on n,
and as we let K tend to infinity the bound tends to zero. This proves P, tends to zero
with n — co and then € | 0. Combining this result with the convergence of P; to zero
with n — oo and then ¢ | 0, it follows that the upper bound in (5.25) tends to zero, and
therefore the two probabilities on the second line of the right-hand-side of (5.13) tend to
zero with n — oo, then ¢ | 0 and finally ¢ | 0. Together with (5.24), this yields

hmsupIP<max Fi “LTim(IL,) € C’) < IP( sup fTH(I) € Cn) .

n— 0o i€n] Up (t,f)en

Including the limit 5 | 0 finally yields, by the continuity of the probability measure,

lim supIP(max ﬁTi/"(Hn) € C) < IP( sup fT(TI) € C),

n—oo0 i€[n] Up (t,f)ell

and applying the Portmanteau lemma [18, Theorem 13.16] finishes the proof. O

6 Martingales and concentration

In this section we state and prove several important results, required for the proof
of Theorem 2.7. As discussed in the overview of the proof of Theorem 2.7 in Section 3,
in order to study the degree evolution we use particular martingales. Understanding
the behaviour of these martingales is essential for describing the different phases in the
behaviour of the degrees (Z,(i));en as stated in Theorem 2.7.

We devote this section to (i) proving several results regarding these martingales,

which is required for studying the behaviour of the evolution of the degrees (Z,,(7));en
(in the weak disorder regime), (ii) as well as proving other important results regarding
the behaviour of the maximum conditional mean degree, which determines the behaviour
of the maximum degree in the strong and extreme disorder regime, which we deal with
in two separate subsections. First, however, we formulate the following propositions
which outline the behaviour of the maximum degree in the strong and extreme disorder
regime:
Proposition 6.1 (Maximum mean degree in the strong and extreme disorder regime).
Consider the three PAF models as in Definition 2.1. Let 1l be a Poisson Point Process
(PPP) on E := (0,1) x (0,00) with intensity measure v(dt,dz) := dt x (a« — 1)~ *dz, and
let 0,, := 1+ E[F] /m. Then, for o € (2,14 0,,),

max IE Up, —> max f(t Y0 —1 , (6.1)
max Er[2,(3)/un] 5 ma f( )
while for a € (1,2),
-1
maxEr[Z, (i) /n] %5 m max f/ (/ g]l{u<s}dl_[(u,g)> ds. (6.2)
i€[n] (t,f)ell E -
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Proposition 6.2 (Concentration in the strong and extreme disorder regime). Consider
the three PAF models as in Definition 2.1. When a € (2,1 + 6,,,), for any n > 0,

lim IP( max Z, (i) — maXIE;[Zn(i)]‘ > nun> —0. (6.3)
n— 00 1€[n] 1€[n]
Similarly, when « € (1,2), for anyn > 0,
lim IP( max Z,,(i) — max]E;[zn(i)}‘ > nn) ~0. (6.4)
n—00 i€[n] i€[n]

6.1 A family of martingales

In order to prove Propositions 6.1 and 6.2 and to understand the behaviour of the
maximum degree in the weak disorder regime, we introduce a family of martingales and
derive some of their properties. We define, for k € R, n,ng, m, mg € N and a,b > —1 such
thata — b > —1,

k
1- ’
( mo+m(j—no)+k+(£—1)+5j)

a) _ T(a+1)

(6.5)
n—1 k m
(m)::‘ <1im0+m(j—n0)+k+5’j> ’ <b

T+ 1)I(a—-b+1)’

where we recall S; from (2.1). For ease of writing, we omit the (m) in c&(m),c(m)

n r n

whenever there is no ambiguity. We can then formulate the following lemma:
Lemma 6.3 (Degree and fitness martingales). Leti € IN, k > — min(F;, 1). For the PAFRO
model (m = 1) and the PAFUD model with out-degree m € IN, the random variable

N Z,()+F+(k-1)
M) = ch ) (0T T D)

is a martingale with respect to G,,_1 for n > iV ng, under the conditional probability
measure P z(-). For the PAFFD model with out-degree m € W, the random variable

ik . Zrb(i)+fi+(k_1)
A9 = o) : )

is a supermartingale (resp. submartingale) with respect to G,,_1 for n > i \V ng, under the
conditional probability measure P z(-) when k > 0 (resp. k € (—min(F;, 1),0). Finally, for
the PAFFD model, M} (i) is a martingale with respect to G,_1 forn > iV no under the
conditional probability measure P x(-).

Proof. For ease of writing, let us define X, (i) := Z,(i) + F; and AX,, (i) := X,,11(¢) —
X, (i) = AZ,(i). For the PAFRO model, we use c¥(1), which, as defined in (6.5) for
general m € IN, is equal to

n—1 k
(1) :jgo (- mo+(j—no)+k+5j)'

For the proof of for the PAFRO model, we omit the (1) in c£(1). We can write

£oE, [ (XW(@) (k- 1>> ’ gn} :

Ex[ME (i) | Gl A

ok Xn (i) + (k= 1)\ D(Xpt1 () + k) T(X5(4))
i [ TG0 +8) (K@) | 7] @O
_ ok (Xn@+(E-1) Lk
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as AX, (i) is either 0 or 1. Then, taking the expected value of AX,, (i) yields

_ Xn(l) + (k - 1) X'rb(i) k _ .
a9 6 = chon (7 ) e e mE s o) LG

as ¢t 1 (1+k/(mo + (n —ng) + Sn)) = c&. Note that the conditional mean of M} (i) is
finite almost surely as well. For the PAFFD model with out-degree m € IN, we can follow
the same steps to find

. B Xo(@) 4+ (k—=1)\ . [T(Xnp1(i) + k) T(X,())
Er[My41(0) | Gl = "*+( K )Ef_ FC6G) TR T ) ‘ ]
Xali)+ =D\ [TF] Xali) +k+0
Eﬁ+1< i )E}'_ Z1;[0 X, +C ‘ gn:| (6.7)
; B - i AX (1)
- (Xn( )+ 1>)]Ef (W) gn},

where we use Gamma function’s properties in the second line and note that « — (z+k)/z
is decreasing in = for k£ > 0 in the last step. For k € (— min(F;,1),0) the upper bound
becomes a lower bound, as z — (z + k)/x is decreasing in z in that case. Conditional on
G, the number of edges vertex n + 1 connects to i is a binomial random variable with m
trials and success probability X,,(i)/ Z;‘zl X,(7), so

(55 o= (r sm)”

where we use that a random variable X ~ Bin(m, p) has probability generating function
E[z¥] = (pz+ (1 — p))™, z € R. Then, recalling that for the PAFFD model >_;" ; X,,(i) =
mo + m(n —ng) + Sy, yields the result. For the PAFUD model, we require a few more
steps. As the connection of the i™ edge of vertex n + 1 is dependent on the connection
of edges 1,...,i — 1, we iteratively conditionon G,, j,j =m —1,m — 2,...,0, the graph
with n vertices where the n + 15t vertex has connected j of its half-edges to the vertices
1,...,n. More precisely, letting X,, ; := Z, ;(i) + F;, we write
g

Ef[M7I“L€+1(Z) ‘ gn] = CZ+1E-7'— |:E|:<Xn+1’0(i) + (k B 1)> ‘ gn,m1:|
C]:L+1E_7:|:E|:(Xnm 1()+171+1m1+ > ‘gnm 1:|

k
k

Er[M} (i) | G.] = Cfl“Ef[(

Al
where 1,11, is the indicator of the event that the m™ half-edge of vertex n+ 1 connects
with vertex i. Now, as in (6.6), we write this as
Xn m— ] k-1 E ]]-n m, n,m—
m—1(i) + (k= 1) (1+k [ +1,,|g_, 1])%-
k‘ Xn,m—l(l)

By the definition of the PAFUD model, the mean of the indicator equals

Xnm—1(i)/ E; 1 Xnm—1(J) = Xo,m-1(4)/(mo + m(n — ng) + (m — 1) + S,,). Hence, we
obtain

E]‘—[ n+1 ’ gn
— (1 JEs (7 ol
C"“( +mo+m(n—no)—|—(m—1)—|—5n f{( k g

which, when iteratively following the same steps by conditioning on G, ; for j = m —
2,...,0, yields the required result. Finally, we prove that M} (i) is a martingale in the
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PAFFD model. We repeat the steps in (6.7), but note that as £k = 1, we can omit the
inequality and obtain
Ex[M, (i) | Gl = chpr () X () (1 + Ex[AX, (i) | Gl / X0 (3))-

As before, we note that AX,, (i) is a binomial random variable with mean

X (i)/ 3251 Xn(4)- Thus,

Ex[M 1 (1) [ Ga] = chan (m) X (i) (1 +

m
mo +m(n —ng) + S,

) = cim) X i) = M),
which finishes the proof. O

From Lemma 6.3, we immediately conclude that the (super)martingales M? (i), M* (i)
converge almost surely, as they are non-negative, to some random variables §f7 ~f, re-
spectively. In order to distill from this an understanding of the behaviour of the evolution
of the degrees (Z,(i));cn, we study the growth rate of the normalising sequences cF, c%:

Lemma 6.4. Consider the sequences ct ¢* in (6.5) and recall §,, := 1 + E[F| /m. If
E[F'*¢] < oo for some € > 0, then for any k € R,m € NN,
cp(m)nt/fm 225 e (m), @, (m)n/0m 22 G (m), (6.8)

for some almost surely finite random variables ci(m), ¢, (m). When the fitness distribution
satisfies Assumption 2.3 with « € (1,2), forany k € R,m € NN,

o 22 o(m), 5 g (m), (6.9)

for some almost surely finite random variables c,(m),¢,(m) (again omitting the (m)
whenever there is no ambiguity). Furthermore, the following upper and lower bounds
hold almost surely for ck(m) when E[F'*¢] < co for some e > 0 (they hold for ¢%(m) as
well). Forng+1<1i<mn,

ck(m) /i \Fk/Om i n—(n
c%ém; (ﬁ)k 0 = oxp {9]:110‘% (ﬁ (i — (n(o —iJlr))l)\/ 1)

o0

mk 1S;/7 — B[F]|
- E[F] ;moer(jno)JFSj}’

ck(m) i\ k/0m mk <= 1S;/5 — BIF]| m 3 k2
c’%m)(ﬁ) >1_E[F];mo+m(j—n0)+5j_2;:(5’]»)
7m0+E[.7-"]n0+( 1) 1

62, 60 Om((i—(no+1)) V1)

Proof. We only prove the results for c¥(1), as the proofs for m > 1 and ¢&(m) follow
similarly. For ease of writing, let 6 := 6. We start by proving (6.8). We can write

(6.10)

n—1

k k
k,k/6 _ | ) k
CpM exp{ jz 0g< +m0+]_n0+s)+90gn
no
no+[2[k|] . - .
=€ — 10 1 + : . L
XP { j§0 8 ( mo +J —no + Sj> i J;;MH 0
- ’ (6.11)
- Z k (B[F] = 5;/§) = (mo —no)/j
i= no+f2|kﬂ+1 jo - (mo—no)/j+1+5;/j
k ¢k
* Z + —log n}7
J=no+[2[k|1+1 (=2 (mO +J—no+95; ) 0
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where we apply a Taylor expansion on the logarithmic terms in the sum for j > ng +
[2|k|] + 1. The second sum and the last term balance, their sum converges to some finite
value depending on k£ and v, where + is the Euler-Mascheroni constant. We now show
the almost sure absolute convergence of the third sum in the second line of (6.11). This
is implied by the almost sure convergence of

n

> 315, — JBF]|

j=1
We prove this by showing that the mean of this sum converges. Let € > 0 such that the

(1+ ¢)*" moment of the F; exists. Using Holder’s inequality, we obtain

n

ZE“SJ —JEFI/? < j%EUSj — JE[F] e O

Jj=1

Now, we use a specific case of the Marcinkiewicz-Zygmund inequality [14, Proposition
3.8.2], which states that for ¢ € [1,2] and i.i.d. X; with E[X;] = 0, E[|X;|?] < oo, there
exists a constant ¢, such that

]EUXEX

Thus, if we set X; := F; — E[F], it follows that

1 < e Bl X1]9). (6.12)

n n
1 . 1/(1+e) 1/(1+¢) . (2—
Z FE“SJ _ jE[]:] |1+5} € < 61+5E[|f _ E[F] ‘1+s] € Z] (2 1/(1+€))7

j=1 j=1

which converges, as € > 0. Finally, taking the absolute value of the double sum in (6.11)
yields the upper bound

n—1 00 1 |k| Y 0o oo |ki|£ 0o 0o ,
> S ilmrrmrs) <X X sy

j=no+[2|k[]+1 £=2 £=2 j=[2|k|]+1 (=2 i=2

In the first step, we first bound mg + j — ng + S; from below by j — ny and then take all
terms where ik < j < (i + 1)k, ¢ > 2, and bound them from below by i|k|, which yields
the same upper bound |k| times in the third step. The right-hand-side equals

k1D _(C(0) —1) = k],
=2

where ( is the Riemann zeta function, which thus proves the almost sure convergence
of the double sum. This proves (6.8). For proving (6.9) we use a different approach.
Namely, we prove that —log c¥ converges almost surely, which yields the desired result
as well. To that end, let M; := max;<; F;. Then, we write

n

n—1 J

k k

—logck = S 1 (1 )< A —1/(e=D+e (613

T T (R m— e R Y 613
j=no J 7j=1 J j=J+1

where we use (4.33) in the last step to conclude that, by the Borel-Cantelli lemma, there
exists an almost surely finite random index J such that forall j > J, M; > j 1/(a=1)—e,
for some small € € (0, (2 — a)/(aw — 1)), as well as that log(1 + z) < z forall z > —1. It
therefore follows that the upper bound on the right-hand-side of (6.13) converges as n
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tends to infinity almost surely, and therefore so does c¥, since — log c* is non-negative and

increasing. We now turn to the bounds in (6.10). Rather than using a Taylor expansion
as in (6.11), we simply use that log(1 + z) < z, to obtain

k

kiR = S; — JELF]
Zi(Z < k(E k 6.14
cn (n) _eXp{ (Bln) = B@) + Z (mo +J9—no)(mo+J—no+Sj)}’ 14

where

1
— -1 .
.Z ey e

We rewrite E(n) to find
n—(no+1) n—(no+1)

E(ﬂ):< > m0+]E[jlf]no+j9_ 2 319>

=0 =1

—(no+1)
+ ( Z ji@ — élog(n — (no + 1))) + élog(l = (no +1)/n),

j=1

(6.15)

where we note that the first and second term are decreasing and the final term is
increasing in n. Hence, we obtain the upper bound forall ng +1 <7 <mn,

i n—(ng+1)
E(n) — E 1 ( )
(n) = EQ) < aog (i—(no+ 1) V1
Using this inequality and taking the absolute value of the terms in the sum in (6.14),
yields the upper bound

k i n—(ng+1) koo~ 18/ —E[F]|
eXp{HIOg(n(i—(no+l))\/1>+]E[]-'];mo+j—n0+5j}’

as required. Similarly, we find a lower bound of the same form. As log(1 + x) > x — 22/2
forx >0, exp{—z} >1—z for z € R, we find

ek rink/0 1S;/j — E[F] - 2
%(5) Zexp{ kZE m0+j—n0+5 5 (m()+j—n()+5)

M

+ E(E(n) — E(i))} (6.16)

1S;/i — BIF]| S k i
>1—]<:ZE m0+j_n0_|_5j)_2;<m0+j—no+5g‘)
+k(E ()—E(i))~

Using (6.15) and the fact that Z;L;ll % — logn is non-decreasing, we obtain the lower
bound

n—1 n—
1_k2 |S/J— E[F]| 1 (ﬁ)2_mo+E[f]no 1
_ . . 2 72
E[F](mo+j—no+S;) 2 = S; o jmione
1
+ -
9(77,7(%04’1)) 9((17(77104’1))\/1)
n—1
>1_k2 IS/J— E[F]| 1 (3)2 mo + E[F] no 7
mo +j ) —+ Sj) 2 =i Sj 62 GZ
1
0((i— (no+1))v1)’
which finishes the proof. O
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We now prove two results which are used later on to prove parts of Theorem 2.7
(in the weak disorder regime). First, we show that the almost sure limits of certain
(super)martingales in Lemma 6.3 do not have an atom at zero:

Lemma 6.5. For k > 1, consider the martingales MF(i) for the PAFRO and PAFUD
models and Mff (i) for the PAFFD model as in Lemma 6.3 and their almost sure limits
k ¢k respectively. Then, the ¢*, £ do not have an atom at zero.

Proof. We first focus on the martingales M} for the PAFRO and PAFUD models. Let
€ > 0. We can write,

P;(ﬁf <E) = le P;(cﬁ(zn(i)—i_fli—’_(k_ 1)> <E>

< lim Pr(ck(2,(i) + F)F <el(k+1)),

T n—ooo

(6.17)

since ¥ < T'(x + k)/I'(z) for k > 1,2 > 0, by [16, Theorem 1]. Now, take p €
(—min(F;,1)/k,0). The goal is to raise both sides to the power p and use a Markov
bound. We first, however, need some other inequalities to obtain useful expressions.
Using the concavity of log  and noting that = + pk is a weighted average of z and = + k
when p € (0,1) and = + k is a weighted average of x and z + pk when p > 1, we obtain,
forall x,k >0,

k \P pk k \P pk
1— ) >1— h 0,1,(1— ) <1- henp > 1. (6.18
( z+k/ — x—&-pkwenPe( ) z+k/ — x-l—pkwenp_ ( )

From the first inequality, we also immediately obtain, for p € (—1,0),k > 0,2 > k|p

’

k \P pk
1-— <1- . NI
( x+k) - x + pk (6.19)

It thus follows that, when p € (—min(F;, 1)/k,0), (ck)? < ckP, as F; > k|p|. Also, from
[25] it follows that for all z > 0,s € (0,1),
25> I'(x+ s).

IRAC)

’

Hence, since I'(z)/I'(x + s) is decreasing in « for s > 0, when p € (—1,0),z > |p

L(z+p)
I'(z)

P , (6.20)

so that, combining both (6.19) and (6.20) in (6.17) with p € (— min(F;/k,1/k),0), yields

Pr(ck(2,(i) + F)* < el(k+1)) < Pr(MFP(i) > ePT(k + 1) /T(kp + 1))
< Ex[MF ()] (eT(k + 1)PIT(kp + 1) (6.21)
= M ()T (k + 1)PIT(pk + 1),

1Vno
which is finite almost surely and tends to zero with € almost surely. We can thus first
take the limit of n to infinity, and then let € tend to zero. Hence, almost surely,

Pr(&f =0) = ggIPf(ff <e) =0,

and thus P(¢} = 0) = 0, by the dominated convergence theorem. For the PAFFD model,
an altered argument is required, since MF(i) is a submartingale for negative k, as
follows from Lemma 6.3 so that the final steps in (6.21) no longer work. Rather, we
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only follow the same steps for 25 in (6.17). Then, let us define, for a large constant
C >0, n € (0,E[F]/(E[F] +m)) and a large integer N > iV ng, the stopping time
Ty :=inf{n > N : Z,(i) > Cn'~"}. We aim to show that we can construct a sequence ¢*,
to be defined later, such that

~ . Ak Zruan(t) +Fi + (k=1
M’IIYVN/\TL(Z) = C’IZY‘N/\TL( A () k ( )>

is a supermartingale for k¥ € (—min(F;,1),0) for the PAFFD model. First, recall the
computations in (6.7). We notice that the product in the second line contains terms
which are positive but less than 1 when k € (— min(F;,1),0). Therefore, the product
decreases as the number of terms increases, so that we can bound the expected value
from above by 1+ kP(AZ,(i) > 1|G,) /(Z,(2) + F;). If we define

n—1

g kma; . m—1 Cn="+ F;/n

S H 1- - , Qp = 1— ,
= mo + m(j —no) + S; + kma; 2 (mg+m(n—mng)+ Sn)/n

we obtain

Ex [Méch/\(nJrl)(i)]l{TNZn#»l} ’gn]
kmay, P(AZ,(i) > 1]|G,)
1+k 1 .
mo + m(n —ng) +Sn—|—kman>( + Z,(i) + F; ) {Tyzn+1}

< k) (1~

We now bound P(AZ,(i) > 1|G,) from below, using that 1—(1—z)™ > mz—m(m—1)x?/2
for all z € (0,1),m € N. Then, on {Tx > n + 1}, we can bound Z,(i) from above by
Cn'~", which yields the upper bound

kma,, > ( kma,,

MF(i (1— )11 "
n(0) mo +m(n —ng) + S, + kmay, mo +m(n —ng) + S, {Tyzn+1}

= Ms(i):ﬂ‘{TNszl‘l} = Mlk“/\n(i)jl{TNzn-i-l}'

Finally, as the event {Ty < n} is G, measurable,

Er[Mfy nns1) Ly <ny | Gn] = My () Lizy <ny = My an () L{7y <n}-

Together with the computations above, this yields

E]: [M%N/\(HJFI)('L) ’gn] S M%N/\n(i)’

which shows indeed that M%Nm(i) is a supermartingale for k¥ € (—min(F;,1),0). It
also follows relatively easily, following similar steps as in the proof of Lemma 6.4, that
éknk/om 2% ¢ for some random variable ¢, as n tends to infinity. So, we can then
write, for k > 1,p € (—min(F;/k,1/k),0), continuing the steps in (6.17) and using (6.19)
and (6.20) as in (6.21),

Pr(El <e) < lim Pr((ch?/ek)NIEP(i) > €T (k + 1)°/D(kp + 1).

We now intersect with the event {7y > n + 1} and its complement to obtain the upper
bound

lim ]P;({(cﬁp/éﬁp)M,’fp(i) >ePT(k+ 1)P/T(kp+ 1)} N {Tn >n+ 1}) +Px(Ty < n)

n—0o0

< lim Pf((cﬁp/éflp)]\;[;f,/\n(i) > ePD(k + 1)P /T (kp + 1)) Y PA(Ty <n).

T n—oo
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Using the Markov inequality for the first probability and because M;ﬁ An (1) is @ super-
martingale since kp € (— min(F;,1),0), we find the upper bound

lim (ci? /ekP)e "B £ (MY, ()]0 (k + DPT (kp + 1) + P#(Tn < n)
n—o0 (622)
< (erp/up)ePEF M ()T (k +1)PT(kp + 1) + lim Px(Tx <n).

We note that the first term tends to zero with . For the second probability we write, for
some s moment bound, with s > (E[F] /(E[F] +m) — 7)1,

Pr(Ty <n) < Z i)+ F;)° >Cs]-s(1777))
j=N
HED S @) 0B A ).
j=N

Using the upper bound for ¢;, /c;, = 1/c;, in (6.10), we find the upper bound

Ck, JAMS

1Vng

(0 Z §*/0m=0=€) < Gy  AMS

iVno
j=N

(i) N1~ (EBF)/ (B F]+m)—e)

where A equals the upper bound in (6.10) with ¢ = ng. This upper bound is independent
of n, so we find, combining this with (6.22),
1%1 Pr(EF < &) < Cp AM
£

ano( )Nl—S(IEIf}/(lEIf]er)—n)’

where the right-hand-side tends to zero almost surely as N tends to infinity, by the choice
of s. Thus, it follows that lim. o P#(¢F < &) = 0 for all k > 1. Again, using the dominated
convergence theorem finally yields the required result. O

As a final result describing the behaviour of the martingales MF(i), we show that, for
particular values of k, these martingales are small when : is large.
Lemma 6.6. Consider the martingales (resp. supermartingales) MF(i) (resp. Mr’f(z)) as
in Lemma 6.3. Let M :=sup{s > 1 : E[F®] < oo} and assume that M > 0,,. Then, for all
m € N,k € (0,,, M), almost surely

lim sup MF(i)=0, lim sup MF(i)=0. (6.23)

10 n>ngVi 10 n>ngVi

Proof. We note that the first result is implied if, for any ¢ > 0,

]P( sup MPF¥(i) > ¢ for infinitely many z> =0,

n>iVng

and similarly for M (i). We now use the ‘good’ event E;(8) := {I1S;/i —E[F]| <6V > 1},
where we take 0 > 0 sufficiently small such that k € (,,,(1 + J), M). That is, we intersect
with E,(0) and Ey(d)°. By writing i.o. for ‘infinitely often’, we find

]P( sup Mk()>510>§IP({ sup Mk()>510}ﬁE¢(6)>—|—]P(Eg(5)c)

n>iVng n>iVno

oo (6.24)
=P(1r,6) Y 1, = 0) + P(E(0)°),
=1

EJP 25 (2020), paper 146. https://www.imstat.org/ejp
Page 38/54


https://doi.org/10.1214/20-EJP550
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

A phase transition for preferential attachment models with additive fitness

where A; := {sup,>;yn, MF(i) > ¢}. We now show that the first probability on the

right-hand-side equals 0 for every ¢ € IN, by showing the sum of indicators has a finite

mean. We write
o0 o0
E {1&(5) 3 14 -E {1&(5)18; [Z 11,4,” , (6.25)
i=1 i=1

and first deal with the conditional expectation. We apply Doob’s martingale inequality
[22, Theorem II 1.7] to the events A; to find

Pr(A) = lim Pf( sup M/:(i>>s) < Jim TEAMEQ)] = 1B, ()], (6.26

N—o0 iVno<n<N N—oo €

where the first step holds by the monotonicity of the events {sup;,,,,<n<n Mi (i) > €}.

Doob’s martingale inequality holds for submartingales only, though. However, we can
still prove the same upper bound for M]j(z) but a different technique is required. We
define the stopping time 7. := inf{n >V ng | M (i) > €}. Then, for any N € N,

Pr( s ST <) = Pr(re < N) = Pr(1am BEE() 2 ).
iVnog<n<N

so that using Markov’s inequality yields the upper bound

1 ~ . 1 ~p . ~ . 1 ~ .
gEf[]l{ngN}MfE (1)) < E(E.F[ﬂ{TagN}Mqi (4)] +Ef[1{TE>N}MJ’§(l)]> = gEf[MfEAN(Z)L

see also [22, Exercise 1.25, Chapter II]. We now use the optional sampling theorem [26,
Theorem 10.10], which yields the required upper bound. Again, by monotonicity and
taking N to infinity we obtain the same result. Using (6.26) in (6.25) and recalling M,’f(z')
from Lemma 6.3 yields the upper bound

= Zivne (1) + Fi + (k—1)
E[]lEg(é)ZE lcfvno( o i .
=1

Note that, for i > 19, Ziyn,(i) = 0 and for i € [ng], Zivn, (1) = Zn, (1) < 3272, Zn, (1) = mo.
Also, for i > £V ng and on Ey(J), we can bound c%,,, from above by Ci~*/(#=(1+9) for
some large constant C' > 0. For i € [(¢ V ng) — 1], we can just bound c£,,, (i) from above

by 1. This yields the upper bound

(Z\/’I’Lo)fl

c 2 E[mw)ik/<9m<1+6>><ﬁ+(kk1)+mo>} S EKFmL(kkl)ero)]
i=£Vng pa
§C~'(1+E[]:k]) Z Z-—k/(em(1+5))+5(1+E[]__k])(€vno)7
i=fVng

which is finite by the choice of k£ and §. We note that we can indeed bound the mean
of (FT(-D*mo) by a constant times 1 plus the k™" moment of F. Namely, using the
asymptotics of the Gamma function,

E{(J—'Jr(k—klwmo)} :/OOO <x+(k _k1)+m[)>u(d$)

S/Oz* <x+(k _k1>+m°>u(dx)+01 /Oomk,u(dx)

xr*

< Co(1+ E[FY)),
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with Cy := max{C1, fow* (vF=D¥moy i (da)} and =* such that for x > z*, (“F-Drmo) <

Cyz". It follows that the mean in (6.25) is finite and thus that the first probability on the
right-hand-side of (6.24) equals 0. Hence,

IP( sup MFE(i) > ei.o.) < P(Ey(6)°),
n>iVng

which tends to 0 as / — oo by the strong law of large numbers, and so we obtain (6.23). O

6.2 The maximum conditional mean degree in the strong and extreme disorder
regime
We now use the martingales studied in the previous subsection, specifically Lem-
mas 6.3 and 6.4, as well as the results attained in Section 5 to prove Propositions 6.1
and 6.2.
First, though, we state a final result from [1], which provides conditions such that
the maximum of a double array converges to a certain limit:

Proposition 6.7 ([1, Proposition 3.1]). Let {a,; : ¢ € [n]},>1 be a double array of
non-negative numbers such that

1. Foralli > 1,limy, 00 G = a3 < 00,
2. 8up,>1 an; < b; < o0,
3. lim; 00 b; =0,
4. Fori # j, a; # a;.
Then,
* MaX;c[p] Gn,i — MaX;>1 a;, @SN — 0.
e In addition, there exist Iy and Ny such that MaX;e(n] An,i = n, I, for alln > Nj.
We now prove Proposition 6.1:

Proof of Proposition 6.1. The focus of the proof is on the PAFUD model. The proof for
the PAFRO model follows by setting m = 1, the proof for the PAFFD model follows in the
same way, as we only look at the mean of M} (i), which by Lemma 6.3 is a martingale for
both the PAFUD and PAFFD model.

We start by proving (6.1). Take a € (2,1 + 6,,). Using Lemma 6.3, it directly follows
that

. 1 —1 1/: _ C'}\/no (m) . Czl\/no (m)
[ 2,(0)] = (ch(m) B - F = S T8 2, )+ Fi( 2 1), 6.27)

Note that for ¢ > ng the first term on the right-hand-side equals zero. We can then
construct the inequalities

./_'.Z‘ Cl -Fz C’Ll n
maxf(M — 1) <maxEz[Z,(i)/u,] < maxi(g B 1) + e

i€[n] Up \ Ck i€[n] T ieln] up \ ¢k unch

By Lemma 6.4, the last term on the right-hand-side tends to zero almost surely, as
a—1 < 0,,. That is, since u,, = E(n)nl/ (@=1) for some slowly-varying function ¢, and
cl (m)n'/?n converges almost surely, the fact that o — 1 < 6, yields that u,c), diverges
to oo almost surely.

By the reverse triangle inequality, it follows that for z,y € R},

|max z; —max y;| = [[|z]oc — [Ylloc| < Iz = ylloc = max|z; — ;. (6.28)
i€[n] €ln] i€[n]
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1 _ 1 .
So, as ¢;,,, = ¢; forall i > ny,
1 1 1_ .1 1 1
Fi Civng Fi C; Fi & Civng Fi Ci — Cnyg
max —(—5 > —1)—max—(— — 1) <max ————— =max — ———,
i€ln] Up \ Cj, i€n] Up \C}, i€[n] Uy cl i<ng Uy €

which again tends to zero almost surely by Lemma 6.4, as it is a maximum over a finite
number of terms. Therefore, assuming the limits exist, it follows that

i e £ (2, (1) fun] = T a2 (55— 1) (6.29)
oo ey A e e tn) wn el '
almost surely. We now show that
fz’ 1 F: i\ —1/60m
T B I T e
i€[n] Up \C, i€[n] Up n

Using (6.28) we find

maxﬁ(i 1) - maxﬁ((z)‘”"m _ 1)’ < maxﬁ(@>1/9m

i€[n] Up C}L i€[n] Up n i€[n] Up \ 0

L iN—1/0m
ST
Cp \T

Then, let € (1, (o — 2) A 2) and let (g,),en be a sequence such that ¢, := n~7, with
B € (0,0,mn/(1+ (14 60,,)n)). We split the maximum into two parts: indices 7 which are
at most ,,n and at least ¢,,n and deal with these separately. (Note that 5 < 1 and thus
enn — 00.) We first define, for A C [n] and 6 > 0,

Fo N om| cd i\ 1/0m
Ba = {2 (1) 0|9 (5) 7 -] 5 6}, (6:31)
This yields
P(Epy) < P(Epe,n)) + P(Ep\ean) - (6.32)

We first investigate the latter probability. We write,
1

i (i)w’" _ 1‘ > 5) , (6.33)

1
ch\n

P(E["]\[Enn]) < IP(( max &)5;1/‘9m max

1>Enn Up 1>Enn

where we bound the (n/i)l/em, as in the definition of £ 4 in (6.31), from above by 5;1/9’”

and take the maximum over the fitness variables and the absolute value separately.
Since the number of terms in max;~.,, F;/u, is asymptotically n, thatis, (n —e,n)/n =
1—e, =1-0(1), it follows that the first maximum on the right-hand-side converges in
distribution. For the second maximum in (6.33), when ¢ > ¢,,n, the terms in the absolute
value should be small due to the almost sure convergence of c:n'/~ and c}i!/~ because
of Lemma 6.4 (note that ¢ > ¢,n so that ¢ tends to infinity with n). We show a slightly
stronger result, namely that

C (L) e

1
ct\n

1/0m max

611 B
1>ERN

In order to prove this, we use the upper and lower bound in (6.10). The upper bound,
when considering ,n < ¢ < n, is largest for i = ¢,n. Thus, we have a uniform upper
bound for all e,n <17 <n,

1 oo

c; <1‘)1/9m §exp{9k10g(€n n—(ng+1) )+ mk Z 1S;/7 — E[F]| }

% n m enn — (ng + 1) E[F] Pt mo +m(j —no) +5;

For n large, the denominator in the sum can be bounded from below by mj/2 and the
term in the logarithm can be bounded from above by 1 + 2(ng + 1)/(¢,n). Hence, we
obtain the upper bound

1

c} (i)l/ﬁm gexp{klog (1+2(n0+1))+ 2k i |Sj/j—.E[.7:]|}.

ch,, n 0,, Enn E[F] j

j=€nmn
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Similarly, the lower bound in (6.16) is largest when ¢ = n — 1 (note that the second
maximum in (6.33) is never attained at ¢ = n, so we can ignore this case), from which we
obtain

<c}(i)1/9m_1>2_m0+E[]-"]no+(m—1) 2 1 C

62 6n—1) Omin—(no+2) = n’

max —
i>Enn C}L n
for some constant C' > 0. It then follows that, as e, /%™ = nf/0m > 1, a(e® —1) <e™™ — 1

forall x € Rwhena > 1,

_ e 7i\1/0m
e e [ (1)
c k 2(ng + 1)\
< max{nlﬁwm,exp{gmlog((l—i— B ) ) (6.34)

2k g6, N~ 18i/i —E[F]] } B }
+ B n j:zs;n ; 1:.
Clearly, the first argument tends to zero, as 3 < 6,,. What remains to prove is that the
second argument of the maximum on the right-hand-side of (6.34) converges to zero in
probability. The first term in the exponent tends to zero, as 1 — 8 > 3/60,, by the choice
of 5. For the second term, using Markov’s inequality, for any ¢ > 0,

]P<nﬂ/em 3 W;Em >5> < 67PN TR S, — SEIF ]

Jj=€nmn

_ = - . 1/(1+
§5 1n,8/0m Z j 2E[|Sj—jE[.F]|1+n] /( 77)’

Jj=€nn

J=€nmn

where we note that 7 € (0, (a—2)A2), such that we can apply the Marcinkiewicz-Zygmund
inequality as in (6.12). This yields, for some constant C' > 0, the upper bound

CTLB/G"L Z j72+1/(1+"7) S 5nﬁ(ﬁ/(1+n)+1/9m)*77/(1+77)’
Jj=€nn
which tends to zero by the choice of 5. It now follows that the right-hand-side of (6.34)
tends to zero in probability. This implies, using Slutsky’s theorem [24], that for any § > 0,
lim P (Ep\[e,n]) = 0. (6.35)

n—oo

For the first probability on the right-hand-side of (6.32), we show that
max;<c, n(F;/un)(n/i)*/ tends to zero in probability when n tends to infinity and that
max;<., n |(c}/cL)(i/n)'/% — 1| converges almost surely. We focus on the former first.
The claim is proved by using the Poisson Point Process (PPP) weak limit. Recall 11,
in (5.1) and its weak limit IT. We write

n
o= 0/mrju) = D Oy =11 in My(E), (6.36)

i=1 i>1

where § is a Dirac measure, and II is a PPP on (0,1) x (0, 00) with intensity measure
v(dt,dz) :=dt x (o — 1)a~*dz [21, Corollary 4.19]. We now define II' to be the PPP on
R, obtained from mapping points (¢, f) € II to ft~/» and let II. be the restriction of
IT' to points (¢, f) such that ¢t < e. More formally,

= 30 Sgemvomy, Moi= Y Lzeydse-s/om).
(t,f)ell (t,f)ell
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Now, we fix an arbitrary d,7 > 0. Then, we can find an £ > 0 sufficiently small, such that
IP(( max  ft~ /0 > 5) =1-—P(IIL((d,00)) = 0)

t,f)ell:t<e
=1-—exp / / (a—1)f O‘dfdt} (6.37)
5t1/9m
= - 0 (a 1) (am_(a 1))/91%
L —exp { Om (oz -1) o }

is at most /2. Due to (6.36) and the continuous mapping theorem, any continuous
functional T of II,, converges in distribution to 7'(I). We use this to compare the law of
max;<en (Fi/uy)(i/n)"Y/% and max fyemi<. ft~1/% by defining, for € € (0,1], the func-
tional 7., such that 7.(II) := max(; yems<e ft~ /9. Let M, = {Il € M,(E) | T.(I) <
k}, k € IN. Then, on My, T. is continuous, and thus 7 is continuous on UgcnMy. Since
the point processes II with intensity measure v as described above are such that 7. (IT)
is finite almost surely, as follows from (6.37), II € M, for some k¥ € IN and thus 7 is
continuous with respect to I almost surely for any ¢ € (0, 1]. It follows that, for ¢, n fixed,
€ chosen such that (6.37) holds and n sufficiently large,

j’.‘
P = Vom > §5) <P =0 5§ 2< .
(s et > 0) < s s Faj2 <
As ¢,, decreases monotonically, €,, < € for n sufficiently large. Hence, it follows that for n
large,

]P( max 7( Jn) "0 > 5) <P (max L(i/n)"H0n > 5) <. (6.38)

i€lenn] Up i<en Up

We therefore can conclude that maxie[enn] (Fi/un)(i/n)t/0m L 0asn — oo, as 7 is
arbitrary. We now show that MAXi<e,n (c}/ck)(i/n)t/0m — 1| converges almost surely.
Because of Lemma 6.4, cfn®/0m %% ¢, L (et ek (i /n)t/ Om —

1 2% |chit/Om ey —1] = : A;. Note that it follows from the proof of Lemma 6.4 that ¢, > 0
almost surely (and thus for ¢; in particular), so that A; < oo almost surely for all i € IN.
Also, A; # A; almost surely for all i # j. Using the lower and upper bound in (6.10), we
obtain for every ¢ > ng + 1 fixed and n > 1,

1

cr riN1/0m
(- —1

sup
n>i
mk |S;/7 — EJ m mo—&—IE[J-'}no—l—(m—1)71'2
< e o
_maX{E[}']Zmo—f—m(]—no +5; + 2 JZZ:Z( ) 62, i
1
_'_

O ((i — (no +1)) V1)’

k i mk <~ |S;/i — E[F]]|
exp{910g<(l(”0+1))\/1)+E[}—];m0+§n0+5j}_1}

= B,L

As the sums in the maximum are almost surely finite for all ¢ € IN, as follows from the
proof of Lemma 6.4 and the strong law of large numbers, lim;_, ., B; = 0 almost surely.
Thus, combining the above steps with Lemma 6.7, we conclude that asn — oo,

1

Ci (i)1/97rl
cl \n
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and there exist almost surely finite random variables I, N, such that the maximum is
almost surely attained at index ¢ = [ for all n > N. It thus follows that the maximum
converges almost surely to an almost surely finite limit A;. We can now conclude that,

as e,n — 0o,
1

L\ 1/0m .
C—’(i) —1’;>supz4i=z41,

max |—
ct\n i>1

i<enn

which, together with (6.38), yields

max Fi (1> o max

i<enn Up \N i<enn

L i\ 1/6m
& (3) - 1‘ £0.
C n

Combining this with (6.32) and (6.35), we obtain (6.30). By a similar argument as before,
we find, /
f i\ —1/0m
max£(<i) - 1) 4y max f(E M0 —1). (6.39)
i€[n] Up n (t,f)ell

Thus, combining (6.29), (6.30) and (6.39) and applying Slutsky’s theorem [24], we arrive
at the desired result.

We now prove (6.2) and so we let a € (1,2). An important result is stated in Propo-
sition 5.1. By the construction of II,, in (5.1) and the definition of 7° in (5.2), it follows
that

ﬁ

Un

' Fi ! Fil n T
TZ/H(Hn):u— ' (/Ef]l{tgs}dﬂn(t,f)> ds——— —:7257

un

as for s € [j/n,(j + 1)/n) the integrand is constant. Hence, by Proposition 5.1, what
remains is to prove that

n

max Ex(Z,(i)/n] — maXEZm/S

i€[n] n] N =

(6.40)

Recall the result in (6.29) regarding the limit of the maximum conditional mean. The
above is therefore implied by the following two statements:

maxﬁ(i—l) max—Zm/ (mo+m(j —no) +5;)| —

i€ln] n \ck i€ln] N

0,

(6.41)

max—Zm/ (mo +m(j —no) +.55) max—Zm/S

i€[n] i€[n] M

We start by proving the first line of (6.41). Let us write Z; := my + m(j — no) + 5;.
By (6.28), it follows that

maxﬂ(c,1 cl —1)—maxﬁi:m/Zj <maxﬁ (ct/ck —1)—Zn:m/Zj ,
i i€[n] n T i€ln] n ven ot
as the terms within the brackets on the right-hand-side are a.s. positive. Then, we further

bound the expression on the right-hand-side from above by splitting the maximum into
two parts, as

max(( el —1) — im/%) < maXJ:<(C}/Ci - 1) —im/Za)

i€ln] N i€[in]

o o (6.42)
K3
max — c m/Z;
+z <z§nn(( / ) Z / j>7
J=1
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where i, is strictly increasing and tends to infinity with n. We first investigate the second
maximum, by bounding the terms within the brackets. Namely, recalling the definition
of ¢}, in (6.5) and applying the inequality 1 —z < e~ for all x € R to ¢} /c}, yields

(ci/en —1) _im/zj < eXp{En:m/Zj} -1 —im/zj = f:( ‘:m/ZJ)k'

j=i j=i k=2

Now, fix ¢ > 0. By (4.33) there exists an almost surely finite random variable J such that
for all j > J, M; > j/(@=1D=¢, with M; = maxy<; F. So, on {i > J}, Z; > j*/(>=D~¢ for
all 5 > 4. This yields the upper bound

Z mi—FE=a)/(a=)=e) < j=2((2-a)/(a=1)=e) (6.43)
k=2

for some constant C' > 0, as we can bound an exponentially decaying sum by a constant
times its first term. It follows, on ¢,, > J, which holds with high probability, and by (6.43),
that

Fi (/e - —2((2-0)/(a—1)—¢) Un Fi

S 1 _ _ ) < a)/(a e) “n s

,fnax ((cl Jen —1) E .m/ZJ) Ci,, i max o (6.44)
§=i

which tends to zero in probability when i;Q((Q_a)/(a_l)_E)un/n = o(1), that is, when
in, = n?, with p € (1/2,1). On the other hand, when considering the first maximum
in (6.42), we find

Fi = u; F;
max ((C%/ci -1)- Zm/ZJ) < (1/e) =" max —, (6.45)
=i "

i€[in] M i<in Uj,

where we bound the terms inside the brackets on the left-hand-side by omitting all
negative terms and by noting that c} < 1for all i. The right-hand-side of (6.45) converges
to zero in probability when u;, /n = o(1), that is, when i,, = n” with p < o — 1, since ¢},
converges almost surely for a € (1,2) by Lemma 6.4. We conclude that for o € (3/2,2)
we can find a p € (1/2,« — 1) such that both maxima tend to zero in probability. When
a € (1,3/2], however, such a p cannot be found and more work is required to prove
the desired result. In this case, we split the maximum into K = K(a) < co maxima, as
follows: Let A;,, := F;/n, By = (¢} /c}, = 1) = Y_7_;m/Z;. Then, we define i}, := n’*,
k:O71,...,K,Withp0 :O,pK =1, and
a—1cF—1
= — ke{l,2,...,K — 1},
P 5 o1 { }
where ¢ := 2(2 — a) — 2¢(a — 1) # 1. Note that py, is strictly increasing in k, independent
of c < 1orc>1. We now write

K-1

max A; nB; n < max Ain max Bin. (6.46)
i€[n] 0 ik <i<ipt! ik <i<ift!

We first deal with the £ = 0 term. As in (6.45), since p; < a — 1, max;o <j<i1 Ajpn X
max;o <;<;1 Bin tends to zero in probability. For k = 1,..., K — 2, following the same
steps that lead to the bound in (6.44), we obtain

U k+1
max A;, max B;, < C’k(iﬁ)*z((zf‘)‘)/(a*”*a)L max ,
ik <i<ipt! ik <i<ipt! Nk <i<intt Uikt
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for some constant Cj, > 0. This upper bound tends to zero in probability when
prrr <a—14+(22—-a)—2e(a—1))pr = (@ — 1) + cpi (6.47)
is satisfied. By the definition of pg, this holds when

k1 k-1 k i kci
-~ _92c< s -1 < ,
c—1 cc—l +JZ=;C ;

which is indeed the case. Finally, for k = K —1, again using the similar bound as in (6.44),
we find that the final term of the sum in (6.46) converges to zero in probability when
pr—1 € (1/2,1). What remains to show, is that for all « € (1,3/2] there does exist a finite
K such that px_1 € (1/2,1). We distinguish two cases: a = 3/2 and « € (1,3/2). For the
first case, ¢ < 1 for any choice of e. This implies that p;, — 1/(2¢) as k tends to infinity,
so taking e < 1 suffices. For « € (1,3/2), we can choose ¢ sufficiently small, such that
¢ > 1, so that p; diverges. In both cases there therefore exists a K such that p, > 1/2
for all £ > K — 1. Thus, in both cases, we can define K := inf{k € IN| p;, > 1/2} + 1. The
only issue left to address regarding K, is that it is possible that px_1 > 1. However, in
that case we can simply choose px_1 = a, for any a € (1/2,1), since px_2 <1/2 < a by
the definition of K, and decreasing px_; does not violate the constraint in (6.47) for
k = K — 2. We hence obtain the first line in (6.41).

The proof for the second line in (6.41) follows similarly. First, by letting ¢ = i(n) tend
to infinity with n, we bound, conditional on {i > J},

n n

n ﬁ_ n ﬁ . 2 1-2/(a—1)+ S —2((2—a) /(a—1)—/2)
;Sj ;Zj <O g/Mf=C)y et < i /el=e2) - (6.48)

j=i j=i

for some constant C' > m + mg. We note that this bound is similar to the upper bound for
(c}/e, —1) = 327_;1/(5 + Sj/m) in (6.43). Also, both sums on the left-hand-side of (6.48)
converge almost surely, as « € (1,2). Thus, a similar approach, with the same indices
i ,z'ff can be used to obtain the desired result. Combining both statements in (6.41)
and using the triangle inequality and the continuous mapping theorem proves (6.40),
which together with Proposition 5.1 finishes the proof. O

We now prove Proposition 6.2:

Proof of Proposition 6.2. The focus of the proof is on the PAFUD model, for which we
use the martingales Mk (i). The proof for the PAFRO model follows by setting m = 1,
and for the PAFFD model it follows in a similar fashion, where all upper bounds still hold
when the supermartingale M,’f (7) is to be used. We prove (6.3) first. Applying (6.28), a
p"™ moment bound for some p > 1 to be determined later, using Markov’s inequality and
Holder’s inequality yields

Pr(| max Zn(i) — EQ%EF[Zn(i)H > nun)

< Pf(gg%c 1Za(i) = Ex[Za(0)]] > 1un )

) ‘ ' (6.49)
= Grun)? > Er[|20(i) - Ex[Z.(0)]]
nun )P —
: 3 ) ; 2k
< (1t )P ZE}'“Zn(Z)—E}-[Zn(z)”Zk]p/( )’
Nun )P =
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where k > p/2 is an integer. As Z,(i) — Ex[Z,(i)] = (£,(i) + F;) — Ex[Z,(i) + F;] and 2k
is even, we find, using Holder’s and Jensen’s inequality and setting X,, (i) := 2, (i) + F;,

B (12,00~ B30 = 3 () et )1V 0

J=0

_ £ 2k 25 2k—2j5
—§<2j)Ef[X 5B (X, (0)

J=0 J
Using that
2k 2k
2k 2k ‘
S(7)= S
j=0 J j=0 J

it follows that both sums in the last line of (6.49) equal 22k=1 We can thus bound (6.49)
from above by

2k—1 ™
2 Z (Ex[(Zn(i) + F3)*] — Ex[Z,(i) + F;]2)P/ @R, (6.50)

1=1

p

We now aim to bound the 2k moment of Z,(i) + F;. Since, for x > 0,k € IN, 2"
H?il(m +(j—1)) = (”(;Z*I))(Qk)!, it follows from Lemma 6.3 that

Czk iV, { % -
Ex[(Za(i) + Fi)?] < ()7 2k E£[MZ* ()] = ;é;“’(%)!(zl 0()+2§ 2k 1>.

We note that this inequality would still hold for the PAFFD model, when using the
supermartingales M, ’“( /) and the sequences ¢ (i). We thus obtain the upper bound

. n C?kn .
Ex[(Z2.(i) + Fi)**] < ﬁ(zz‘vm + Fi)?F 4+ 220 Poy 1 (Zivn (8) + F2),

where Py, 1(x) = (2]4;)!(”3:*1) — 22* is a polynomial of degree 2k — 1. Using (6.27), we
find

2. el
B [(20(0) + F*] ~ Br(2a(0) + 7% < (e (0m) ™) (300, 1) + 7

cl
ok " (6.51)
Civn .
+ C2k0 Pop—1(Zivn, (1) + Fi).
Using the definition of cfl in (6.5) yields, forall 1 <r <mn,
j=rVng £=1 mo + m(] - ’ﬂo) + (6 - 1) + Sj 6.52)
1 2k cly 2k
I - ) =(G)
Ptviiraie: mo+m(j—no) + (¢ —1)+S; cl
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Therefore, using this in (6.51) we obtain an upper bound that contains powers of F; of
order at most 2k — 1. This is the essential step to proving concentration holds. Namely,
in (6.50), this upper bound yields an expression with powers of F; of order at most
p(1 — 1/2k), which is just slightly less than p. The aim is, for every value of o > 2, to
find values p, k such that the p(1 — 1/2k)™ moment of F exists and such that the entire
expression in (6.50) still tends to zero.

Let us write
2k—1

Poj_1( Z Coa’,

for non-negative constants Cy. Combining (6.51) and (6.52) in (6.50), bounding Z;y, (%)
from above by m and recalling that p/(2k) < 1, results in the upper bound

22k. n

p/(2k)

— § cp/@’“) Fi/?, (6.53)
2k

(nun )P = (c ) —

where the @ > 0 are constants. We focus on the term where ¢ = 2k — 1, as this is the
boundary case. All other cases follow analogously. For the first ny terms, we can bound
c2* from above by (i/ng) /% . For ng + 1 < i < n, we use (6.10) to bound c*/c2* from
above. This yields for all terms, for some constant C' > 0,

C%(Qf)22k mp - 1S5/ — E[F]| "~ (mng\P/Om 1-1/2k
—clvi e I L
(nu,)P (eXp{E[}"] ; Jj—no+S; } )2_:( i ) v
J=no o =1 (6.54)
S;/i— np/fm _
< Crpbm exp{ Z | j ijno + S] | } Zz p/em}—p(l V2,
j— i=

for some constant Cy, , 6,,. In the last line, the exponential term is almost surely finite,
as follows from the proof of Lemma 6.4. We now show that the fraction multiplied by
the sum converges to zero in mean when p and k are chosen in a specific way. That
is, for « > 2, set p := (1 + ¢)(a — 1), where € € (0,1/(a + 1)) and set k := [p/2]. First
note that 2k > p, which was required for the Holder inequality used in (6.49). We now
show that the p(1 — 1/(2k))"™ moment of the fitness distribution exists. For this to hold,
a—1>p(1—1/(2k)) needs to be satisfied, or, equivalently,

P _1+e

"2 (1) T 2

and, ase € (0,1/(a + 1)),

1+« ;2_1—1—5
2 2 2

(Ife—(a=1))>1+e.
It follows that, indeed,

(1+¢e)/(2e) >p/2+1+4¢e > [p/2] =
Hence, taking the mean, we obtain

np/t9 np/0m

Zz p/emE{}-p(l 1/(2k))} ol n(1=p/0m)VO,

= ul

with C' > 0 a constant. This tends to zero with n, as u, = n'/ (@=1)¢(n) for some slowly-
varying function ¢(n), and both p > a« — 1 and 6,, > « — 1 hold. So, the last expression
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in (6.54) consists of an almost surely finite random variable (the exponential term) and a
term that converges to zero mean, which implies that the entire expression converges
to zero in probability. The same argument holds also for all other values of £ in (6.53).
Thus, as n tends to infinity,

IP}-(\mz[ao](Zn( i) — mfu](E}-[ n(0)]] >77un> L. (6.55)
e|n €e|n
As this conditional probability measure is bounded from above by one, it follows from
the dominated convergence theorem and (6.55) that (6.3) holds.

We now prove (6.4), so let a € (1,2). A different approach is required, so we write,
using (6.28), a union bound and Chebyshev’s inequality,

P (| max 2, (i) - max Ex[Z <n|>vm)<<wf(mqu (i) — Ex[Z.()]] > nn)

i€[n] i€[n] i€[n]

<ZIP; M, (i) = Ex[M ()] = 1mey) (656

nnc -2 Z Var (M,

We now use the martingale property to split the variance in the variance of martingale
increments. To this end, we need to introduce some notation. Recall that Z,, ;() is the
degree of i in G, ;, the graph with n vertices where the n + 1°* vertex has connected j
half-edges with the first n vertices. Now, let us write

n—1 J 1
- H H(limo—i—m(r—no)—i—(ﬁ—l)—i—l—i—&)’

r=ng (=1

M, (1) = ey (M) (Zn-1,5(0) + Fi).-

1,5

If we let M, := M, (i), where n > ng, j € [m] are such that mn + (j — 1) = ¢, it follows
from the proof of Lemma 6.3 that M, is a martingale for the PAFRO and PAFUD model.
Hence, we can then write the conditional variance of M} (i) as in (6.56) as

Varp(Mp(i)) = > > Varg(AM} (i), (6.57)
k=i+1Vno+1 j=1

where AM, (i) := M}, ;(i) — M} ;_, (i), and where we note that M, (i) = M}_, (i) =
M (i) for allk =iV no, - . .,n. We then obtain

Varz(AM;, (i)

= (Cllc.,jfl)2E}' K]lk,j,i -

Zy-1,-1(0) + Fi + gy )2} (6.58)
mo+m((k—1)—ng)+(—1)+1+ Sk

where 1, ;; is the indicator of the event that vertex k connects its j'" half-edge to vertex
1. We rewrite this to find the upper bound

Zp—1,j-1(8) + F; )2}
mo +m((k—1) —no) + (j — 1) + Sk—1

Varr(AME (i) < B[ (1egi -

= Er[Var(Ly,j,i | Gr-1,j-1)] (6.59)
Zy1j-100) + Fi
E , .
§'4%+m%*U*%)OfD+&4]
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Combining this with (6.56) and (6.57) and switching summations yields

P (| max Z,(1) — max B[ Z,(1)]| > m) < (gmeh)~2mn,
i€[n] i€[n]

This final expression tends to zero almost surely, as ¢ converges almost surely when

€(1,2), as fowllowsjl/“mn Lemma 6.4. For tAIEe PAFFD model, we can use similar steps.
We construct M := M, ;(i) as above, with M, ; := ¢}, ; ;(m)(Z,_1,;(i) + F;), and
- 1 J
Cn.i = 1-— ) .
Cnj (M) Tgo ( mo + m(r —ng) + Sy

It again follows from the proof of Lemma 6.3 that ]\NJE is a supermartingale, thus yield-
ing (6.57) for M, (i). Then, all further steps can be applied for the PAFFD model as
well, where the equality in (6.57) becomes an upper bound and the denominator of the
fractions in (6.58) and (6.59) changes to mg + m((k — 1) — ng) + Sk—1.

For the PAFRO model, an adapted final step is required, as the conditional moments
in (6.59) do not sum to one (when summing over i from 1 to £ — 1). Rather, we set m to 1
and follow the same steps up to (6.59). Then, we obtain by switching the summations,

n k—1

E]:Zkl +]'-}
P max Z, (1) — maxE >nn nc .
7 (Imas 2.(0) — max B{2,()]| > ) < (o k;l;mw e

Now, in the same spirit as the steps from (4.5) through (4.6), we obtain the upper bound

(nned) Z": Z (mo + Fi)(mo + k — ng) . ()20,

o = (mo 41V ng—ng)(mo+ (k—1) —ngp)

where, in n the last step, we separate this upper bound into a product of two quantities.
That is, we consider (c.)~2 and the rest of the terms, Q,,. Since c. converges almost
surely when « € (1,2), it follows that (c.)~2 does too. Then, it remains to show that Q,,
converges to zero in mean. Hence, taking the mean with respect to the fitness random
variables yields

n

n k—1 =~ =~
E] 1 Ci + sl

D mo +EBIF] > S (O + Caloghy < L2081
k:no+1 =1 mo + iV Mo — Mo (nn) k=no+1 n-n

E[Qn] =

which proves that @),, does indeed converge to zero in mean. We thus also obtain for the
PAFRO model that

IPf<|maxZ (i) —maxEx[Z,(:)]| > nn) — 0.
i€[n] i€ln]

Finally, like the argument made above (6.56), applying the dominated convergence
theorem proves (6.4) for all three models, which concludes the proof. O

7 Proof of the maximum degree growth theorem

In this section, we use the results from Section 6 to prove Theorem 2.7.

Proof of Theorem 2.7. We start by proving (i) and (¢7). This directly follows from Lem-
mas 6.3 and 6.4. As discussed after Lemma 6.3, the martingales (resp. supermartingales)

MPF (i) (resp. MF(i)) converge almost surely to &F (resp. ¢F). Also, for the PAFFD model,
Ml( ) converges almost surely to £} as well. By these two lemmas, ¢}, Z,, (i) = M (i)—cLF;
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converges almost surely to &/ for the PAFRO and PAFUD models, ¢, Z,, (i) = M) -2 F,
converges almost surely to &) for the PAFFD model and c! (m)n'/?" and ¢\ (m)n'/n
converge almost surely to c;, ¢1, respectively, when E[]—' 1“} < oo for some € > 0. Hence,
we can set & : (c1)7t¢}! for the PAFRO (note m = 1) and the PAFUD model, and
& = (¢1)7 ¢! for the PAFFD model. Since c; and ¢; are finite almost surely, it follows
directly from Lemma 6.5 that & has no atom at zero for all i € IN for any of the three
models.

When a € (1,2), we note that ¢, 2% ¢, without the need of rescaling and thus (2.9)
follows with Z..(i) := &} /¢, — Fi, as Z,(i) = ML(i)/cl — F;, for the PAFRO and PAFUD
models and Z. (i) := E}/g — F; for the PAFFD model.

We now prove (iii). From the second inequality in (6.18) we obtain (c.)* < c& when
k > 1. Furthermore, from [16, Theorem 1] it follows that 2% < I'(z + k)/T'(z) for all
x>0,k > 1. Hence, (c} Z,(i)F < ck(2,(i) + F;)* < MF(i)['(k + 1) for k > 1. Recall M
from Lemma 6.6. Clearly, M > ,, when E[F?~"<] < oo for some € > 0. So, if we let
k € (0, M), Lemma 6.6 yields

lim sup ¢}, Z,(i) = 0 almost surely.
11— 00 n>i

It then follows from Lemma 6.7, as ¢}, Z,(i) == £} and ¢! # &} almost surely for i # j,

0% 2,(3) = (n1/%ch) Va2, (0) 5 (1) supe! = sup&s, and I, 5 1
i€[n] i€[n] i>1 i>1

for some almost surely finite random variable I. The same approach with Mff () holds
for the PAFFD model.

We now turn to the convergence of max;c,) Z,()/u, and max;cp,) Z,(i)/n as in (iv)
and (v), respectively. This follows immediately by applying Slutsky’s theorem to the
results in Propositions 6.1 and 6.2. For the convergence of I,,/n as in (2.11) and (2.12),
we let 0 < a < b < 1 and define, using z(t, f) := f(t~*/%» — 1), the random variables

Qi(a) = max Z(ta f)v Q(av b) = max Z(tv f)a Qr(b) = max Z(ta f)a

(t,f)€ll:0<t<a (t,f)ell:a<t<b (t,f)ell:b<t<1

and events

M, (a,b) ::{ max  Zn(i)/un > ( max Zn(i)/up V max Zn(i)/un)},

an<i<bn 1<i<an n<i<n

(7.1)
M(a,b) == {Q(a,b) > Qu(a) v Qr(b)}.
We can then conclude, for « € (2,1 + 6,,),
lim P(I,/n € (a,b)) = lim P(M,(a,b)) =P(M(a,b)), (7.2)

n—oo n—oo

since it follows from the proof of Propositions 6.1 and 6.2 that the vector (Z,(7)/un)ien]
converges in distribution when « € (2,1 + 6,,). Now, by the fact that II is a PPP with
intensity measure v(dt x da) = dt x (o — 1)a~*dz, we find

b 9]
P(Q(a,b) <z) =exp { —/ / (oz—l)s_o‘dsdt} = exp{—g(a,b)z~ "V}, (7.3)
a Jx(t—1/fm—-1)-1

where g(a,b) = fab(t‘l/em — 1)o7 ldt < coforall 0 < a < b < 1. Similarly, using the
independence property of PPPs,

P(Qe(a) v Qr(b) < x) = exp{—(9(0,a) + g(b, 1))a~*" 1V}, (7.4)
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Combining (7.3) and (7.4) in (7.2) by conditioning on Q,(a) V Q. (b), we obtain

i P,/ € (0,8) = 1= [ (@ Dam(9(0,0) + 900, 1)) exp{-g(0, D~ D)da

n—oo
_ 9(a,b)
9(0,1)
Then, using the variable transform s = z'/%» yields
b1/ Om
gla,b) =0, slm=(a=1)=1(] _ g)a-lqs = 0, (B € (a,b)),
al/om

from which it follows that I < B%», with B a Beta(f,, — (& — 1), @) random variable. Via
a similar approach, redefining M, (a,b) and M (a,b) accordingly for a € (1,2), we can
show I,,/n converges in distribution when « € (1,2), though it is not possible to find
an explicit expression for the law of I’. Finally, we address the joint convergence of
(I /1, max;e(y) Zn(i)/un). We let 0 < ¢ < d < co and define the events

Ey(a,b,c,d) :;{ max zn(z‘)/une(c,d)} E(a,b,c,d) := {Q(a,b)e(c,d)}‘ (7.5)

an<i<bn

We can then write, using these events and the events in (7.1) and letting A := (a, b) x (¢, d),
]P((In /i 2, (i) un) € A) — P(My(a,b) N En(a,b,c,d)),
€e|n

which converges to P(M(a,b) N E(a, b, c,d)) as n tends to infinity by the same argument
as provided for the limit in (7.2). Again, by conditioning on Q,(a) V Q. (b) and using (7.4),
we find

P(M(a,b) N E(a,b,c,d))
=P(E(a,b,c,d))P(Q(a) vV Q,-(b) <c¢)

d
+ / IP(E((I, b> Z, d)) (a - 1)x7a(g(0, a) + g(bv 1)) exp{f(g((), a) + g(b, 1))1'7(0671)}(:1‘%'

Using (7.3), (7.4) and (7.5) the first term on the right-hand-side equals

(exp{ — g(a,b)d~ >V} — exp{—g(a,b)c™*"V}) exp{—(g(0,a) + g(b, 1))~}
= exp{—g(a, b)di(ail) - (9(07 a’) + g(ba 1))Ci(a71)} - exp{_g(07 1)07((171)}'
For the second term, we realise we can write

IP(E((L, bvl'v d)) = IP(Q((Z, b) € (LC, d)) = P(Q(a7b) < d)) - IP(Q((L, b) < 1') )

(7.6)

so that we can split the integral into two parts. The first part, using (7.3) and (7.4),
becomes

d
P(Q(a,b) < d)/ (a = 1)a"*(g(0,a) + g(b,1)) exp{—(9(0, @) + g(b, 1))z~ *"V}dw

(7.7)
= exp{—g(0,1)d" "V} — exp{—g(a,b)d~ "D = (9(0,a) + g(b,1))c*"V},
and the second part equals
d
/ P(Q(a,b) < z)(a — 1)z~ *(g(0,a) + g(b, 1)) exp{—(g(0, a) + g(b, 1))z~ >~V }dx
d
= / (= 1)z *(9(0,a) + g(b, 1)) exp{—g(0, 1)z~ *~V}dx (7.8)
= (1 — 9(a,b) ) (exp{—g(0, 1)d_(a_1)} — exp{—g(0, 1)0_(0‘_1)}).
9(0,1)
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Combining (7.6), (7.7) and (7.8), yields as n tends to infinity,

P ((1n/m. s 20}/ ) € 4) = iég,’ lf; (exp{—g(0, 1)~} — exp{—g(0, 1)e~*~V})
— P(I  (a,b)) P((t{r}% FE Yo —1) € (e, d)),

where the final step regarding the law of the maximum of the PPP, a Fréchet distribution
with shape parameter « — 1 and scale parameter ¢(0, 1)1/ (a=1) — 9}71/ 9"”, follows from a
similar argument as in (7.3). As before, redefining the events in (7.1) and (7.5) accord-
ingly and using the same steps yields the joint convergence of (I,,/n, max;c(,) Z,(i)/n)
when « € (1,2), which concludes the proof of Theorem 2.7. O
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