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Abstract

The Norros-Reittu model is a random (multi-)graph with n vertices and i.i.d. weights
assigned to them. The number of edges between any two vertices follows an inde-
pendent Poisson distribution whose parameter is increasing in the weights of the two
vertices. Choosing a suitable weight distribution leads to a power-law behaviour of
the degree distribution as observed in many real-world complex networks. We study
this model in the subcritical regime, i.e. in the absence of a giant component. For
each component, we count all its vertices to determine the component sizes and show
convergence of the corresponding point process of (rescaled) component sizes to a
Poisson process. More generally, one can also count only specific vertices per compo-
nent, like leaves. From this one can deduce asymptotic results on the size of the largest
component or the maximal number of leaves in a single component. The results also
apply to the Chung-Lu model and the generalised random graph.

Keywords Norros-Reittu model - Poisson process convergence - (extremal)
Counting statistics - Order statistics - Subcritical regime - Power law - Rank-1
inhomogeneous random graphs
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1 Introduction and main results

Complex networks are very large graphs with a difficult structure, which arise in a
lot of different fields, ranging from biology and computer science over epidemiology
to sociology. One can think of the brain, (tele-)communication networks, the internet
or even root systems of trees, to name some more explicit examples. Even though
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these graphs appear in very different contexts, surprisingly they often share a couple
of properties. One of them is the scale-free behaviour, which is also called a power-
law. This means that the proportion of vertices having degree k is approximately
proportional to k~#~! for some 8 > 0, resulting in the proportion of vertices having
degree at least k being approximately proportional to k—#, which can be weakened to
k=P (k) for some slowly varying function £. While the first way of phrasing might
be more intuitive, the latter allows for a description in terms of the tail of the typical
degree distribution of the graph. See van der Hofstad (2017) for detailed information
on complex networks and the survey article Voitalov et al. (2019) for the scale-free
property. Due to the interest in complex networks there has been a lot of attention
on finding random graph models which show a scale-free behaviour and ideally also
share other properties of real-world complex networks. One of these random graphs
is the Norros-Reittu model introduced in Norros and Reittu (2006), which we study in
this paper. We define the model rigorously below, but essentially one takes n vertices
and assigns random weights to them, which govern the probabilities of joining edges
between vertices. While the Norros-Reittu model allows for multiple edges between
two vertices as well as loops, i.e. edges from a vertex to itself, one can merge multiple
edges into normal edges and delete loops to obtain a graph, which we call the erased
Norros-Reittu model. Note that we consider a situation where the erased Norros-Reittu
model is asymptotically equivalent to similar models such as the Chung-Lu model from
Chung and Lu (2002a, b) or the generalised random graph from Britton et al. (2006) as
shown in Example 3.6 in Janson (2010). These three models are all constructed on n
vertices equipped with weights, but use slightly different connection probabilities, see
(3), (4) and (5) below. This class of models is also referred to as rank-1 inhomogeneous
random graphs because the connection probabilities are approximately given by a
rank-1 matrix, see also Remark 1.5 in van der Hofstad (2024).

In this paper we consider the subcritical regime in which no giant component exists,
i.e. the proportion of all n vertices which lie in the largest component converges in
probability to zero as n — oo. In every component we count all its vertices. We study
the collection of these counting statistics and prove convergence to a Poisson process.
Our framework also allows to count instead of all vertices in a component only vertices
of a certain type, such as leaves or vertices of a fixed degree.

The rest of this paper is organised as follows. In the remainder of this section we
present and discuss our main results after introducing the required notation. All proofs
are postponed to Section 2.

We consider a sequence of (multi-)graphs (G,)nen given by the Norros-Reittu
model, which is defined as follows. Let WW = (W;),cn be a sequence of independent
copies of a positive random variable W. For n € N, one takes [n] = {1, ...,n} as
vertex set of G, and assigns the weights Wy, ..., W, to the vertices. For x, y € [n], the
number of edges between x and y in G, is given by the Ny-valued random variable
E,{x, y}, where the random variables (E,{x, y})1<x<y<n are, conditionally on WV,
independent with

n
E,{x,y} ~ Poisson(W,W,/L,) for L, = Z W;.

i=1
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The normalisation by L,, yields that the number of edges incident to some vertex
x € [n] follows a mixed Poisson distribution whose parameter is

n

Wy W,y L,
=W,— =W,,
Z L, an x

y=I1

i.e. one counts edges according to their multiplicity and uses the convention to count
each loop just once. We require the following assumptions on the weight distribution
throughout this paper:

(W) The distribution of the positive random variable W has a regularly
varying tail with exponent 8 > 2 and E[W?] < E[W].

The first part of the previous assumption means that
PW=>0=tPLt) for t >0,

where L : (0, 00) — (0, 00) is a slowly varying function, i.e. for all ¢ > 0,

L(ct)
m =
t—00 L(t)

For more details on regular variation and slowly varying functions we refer to Chapter
2 in Resnick (2007) or to Bingham et al. (1987). Note that § > 2 in (W) implies the
existence of the second moment of W.

Since the degree of any vertex follows a Poisson(W) distribution as discussed
above, the regularly varying tail of W ensures that the graph is scale-free in the sense
that the degree distribution has a regularly varying tail with exponent 8, which can
be proven along the lines of Corollary 13.1 in Bollobas et al. (2007). The condition
E[W?] < E[W] corresponds to the subcritical regime concerning the phase transition
of the component sizes. In Bollobas et al. (2007) it has been shown in Theorem 3.1, see
also Section 16.4, that the graph exhibits a giant component, that is a component which
contains a positive fraction of all vertices, if and only if E[W?2] > E[W] - this is also
called the supercritical regime or supercritical phase. The maximal component size
in the case E[W?] = E[W], which is called the critical regime, has been addressed
in Bhamidi et al. (2010) and Bhamidi et al. (2012). It is shown in Bhamidi et al.
(2010) that if 8 > 3, which yields a finite third moment of W, the largest component
is of order n%/3 whereas (Bhamidi et al. 2012) provides the order nB=D/B for p e
(2, 3), where W has an infinite third moment. The latter result requires the additional
assumption that L(z) converges to a constant as ¢ — oo. For the subcritical regime
where E[W?2] < E[W] it is shown in Janson (2008) that the order of the largest
component is at most n'/# and related to the maximal degree of the graph, under the
assumption that P(W > 1) = O(t—#). We complement this result by deriving the
asymptotic distribution.

We define g(n) = F~la - 1/n) for n € N where F~! denotes the quantile
function of the distribution function F of W. For two vertices x, y € [n] we write
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x ~ y if x and y are connected via a path in G, and denote the component of
x by Cy(x) = {z € [n]: x ~ z}. To ensure that x € C,(x) for all x € [n], we
use the convention that a path may consist of just a single vertex. Throughout the
paper we denote by Pyy and Eyy the conditional probability and expectation when
conditioning on the weights W = (W;);cn. For all n € N we consider a function
(v, G,) — X, (v) C [n] where v € [n] and assume that X, (v) € C,(v). Forn € N
and v € [n], X, (v) is the class of vertices we would like to count in the component
of vin G,,. We write S, (v) for the cardinality of &}, (v) and require the following two
assumptions.
(A1) There exists some & > 0 such that

1
—— sup (B[S, ()] — Wok| —> 0 as n — oco.
q(n)y=1,..n

(A2) Letn € N,v € [n] and x € C,(v). Checking whether x € X),(v) only
depends on all paths that start in v and contain x.

In this paper, thus also in assumption (A2), we denote by a path a sequence of
distinct vertices vy ... v such that v; and v;4 are connected by at least one edge for
i € [k—1]. Consequently, assumption (A2) implies that whether x € &}, (v) is satisfied
cannot depend on loops or multiple edges. In contrast to (A2), (A1) also concerns the
weight distribution. However, no further restrictions than in (W) are needed for our
examples.

Finally, we choose from every component in G,, one vertex with the largest weight.
If the largest weight is not unique, we choose the one with the smallest label. We
denote the collection of these vertices by V,"®* C [n]. We study the point processes

n
En =) 1w € V"85, gm1e-1
v=1

for n € N, where the constant £ > 0 is specified in assumption (A1). Here, 8, stands
for the Dirac measure concentrated at x € R and we think of point processes as
random counting measures. The indicator demanding the weight of v being maximal
in its component ensures that we only count each component once in E,. Note that the
quantities S, (x) and S, (y) may differ for two distinct representatives x, y € Cy,(x),
but only those of vertices belonging to V,"®* are relevant for us. In Theorem 3 we
provide several possible choices for X, (v) and thus also for S, (v), some of which
depend on the choice of the representative.

Our main theorem shows point process convergence in M, ((0, oc]), the space of
point measures on (0, co]. We will not discuss this space in detail but instead refer to
Resnick (2007), Chapter 3.

Theorem 1 For n € N, consider the Norros-Reittu model with weights satisfying
assumption (W) and (X, (v))ye[n] Such that assumptions (Al) and (A2) hold. Then

n

— d

En =) v € V™ )b5,gm-te-1 — 1p as n— oo, M
v=1
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where ng is a Poisson process with intensity measure vg((a, b]) = a= P —b=P forall
O0<a<b<oo.

Note that the points of E, at zero are not taken into account in (1) as we work
on the space of point processes on (0, oo]. The key idea to prove Theorem 1 is to
approximate S, (v) by W,& and show that E, is close to ©,, = Y " _, Sw,qm-1> the
collection of rescaled weights, which converges to ng as n — oo. A similar strategy
was already employed in Bhattacharjee and Schulte (2022) to study large degrees
of some random graphs. However, our analysis is more involved as the considered
statistics of the components are less local than degrees. For example, assumption
(A1) is obviously satisfied for the degrees, whereas we have to verify it by hand.
Another issue of these dependencies concerns a certain variance bound, see Lemma 7,
which again is immediate for the degree case. Here, we use the Poissonian nature of
the Norros-Reittu model which allows us to use the Poincaré inequality for Poisson
functionals, see e.g. Theorem 18.7 in Last and Penrose (2018).

From the point process convergence in Theorem 1 we deduce the following asymp-
totic behaviour of the maximum of S, (1), ..., S,(n).

Corollary 2 Under the same assumptions as in Theorem 1

d
max S,(v) — Zg as n — oo,
g8 v ) g

where Zg is a random variable following a Fréchet distribution with parameter .

Corollary 2 follows immediately from Theorem 1. The distribution function of the
left-hand side in the corollary is given by void probabilities of the intervals (¢, oo], ¢ €
R, of the underlying point process &,. Since these intervals are relatively compact
in the usual topology on (0, oo], we can pass on to the limiting process 1g, see e.g.
Theorem 3.2 in Resnick (2007), to obtain the result.

In the next theorem we provide some classes of vertices that satisfy the assumptions
of Theorem 1. For two vertices x, y € [n]of G, letdg, (x, y) denote the graph distance
between x and y which is the number of edges of the shortest path between x and y
and let deg;, (x) stand for the degree of x which is the number of neighbours of x.
Since we consider a multi-graph with loops, this is not necessarily the same as the
number of incident edges, see the third paragraph after the following theorem for a
brief discussion on this matter.

Theorem 3 Under assumption (W), the following classes of vertices satisfy (1) with
& as stated below.
; . _ . _ E[W]
1. All vertices: Xn(l}) = Cn(v) Wlﬂ’l% = W
2. Vertices in a fixed distance m € N to v: X, (v) = {x € C,(v): dg, (x,v) = m}
. _ E[WZ] m—1
with & = (E[W] ) .
3. Vertices with fixed degree m € N: X, (v) = {x € Cy(v): degg, (x) = m} with
%‘ _ 1 E[Wme—W]
~ (m—D!E[W]-E[W?]’
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4. Terminal trees: Let m € N and consider a rooted tree T with vertex set V(T) =
[m] and root 1. For x € [n] we say that x € X,,(v) if and only if there is exactly
one path from v to x and the subgraph generated by x and its descendants with x
as root is isomorphic to T, ignoring loops and multiple edges. We have

1 E[wdegT(l)-He—W] m E[WdegT(i)e_W]

fTam Ewi—EW LT R

b

where c(T) is the order of the automorphism group of T that preserves the root
and degr denotes the degree of a vertex in the tree T.

We wish to add some remarks on the classes of vertices in Theorem 3, starting
with related work. The first class of vertices in Theorem 3 results in S, (v) being the
component size of v € [n]. Therefore, Corollary 2 provides asymptotic results on the
size of the largest component. In Janson (2008) the author shows in a similar setting
that the k-th largest component size satisfies |C)| = &dw) + 0, (q(n)) where d
denotes the k-th largest degree of the graph. The idea here is to do a breadth-first
exploration of the component, starting in the vertex having the largest degree, which
is similar in spirit to our approach. The proof is based on finding lower and upper
bounds for [C(t)| by a coupling to the configuration model. It might be possible to use
a similar approach in our setting when considering, say, vertices of fixed degree. In
this case, the main obstacle resides in finding suitable lower and upper bounds because
not every vertex uncovered in the exploration process contributes to the vertex count.

In the second class of vertices we are interested in the number of vertices in a certain
distance from a fixed vertex. Counting the vertices in distance m = 1 of some vertex
provides its degree so that one studies the point process of degrees of vertices having
maximal weight in their component in Theorem 3. In that case, our result yields the
same limiting process as obtained in Bhattacharjee and Schulte (2022), where the point
process of all degrees was investigated. If one puts together the results from Janson
(2008) mentioned in the previous paragraph and Bhattacharjee and Schulte (2022),
one can also conclude the first claim of Theorem 3.

Contrary to our convention of counting neighbours, the degree in Bhattacharjee and
Schulte (2022) is the number of incident edges, including loops and multiplicities,
which we here refer to by deg’Gn. This leads to the question whether we can count
the incident edges for vertices with maximal weights in their components to study
this type of degree. Unfortunately, the usage of deg’Gn does not fit into our framework
as we are studying quantities S,(v) = |A&,(v)| for v € [n] and &), (v) € C,(v).
Therefore, every vertex x € C,(v) can contribute at most one to the counting statistic
S, (v). For deg’Gn (v) instead, every vertex has to contribute according to the number
of edges connecting it to v. Moreover, assumption (A2) does not provide information
on multiple edges and loops. Thus, the third class of vertices in Theorem 3 also
cannot use deg/Gn instead of degg . However, under (W) one can show that there
will asymptotically be neither loops nor multiple edges in components that contain a
vertex of large weight. Therefore, assumption (A2) denying the usage of information
regarding multiple edges and loops is no real restriction. Moreover, one observes the
same asymptotic behaviour for both degree notions even though the second one does
not fit directly into our framework.
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The fourth class of vertices in Theorem 3 is motivated by the fact that the large
components are tree-like as n — o0, which follows from the local convergence we
discuss in the next paragraph. We are able to count the number of subgraphs which are
isomorphic to a given rooted tree and are "terminal” in the sense that they only spread
away from the vertex v € V"™ (in the graph distance sense) and have no further
edges attached to them. See also Fig. 1 for a visualisation where the tree 7 is a wedge
with the vertex of degree 2 as root. In the picture one can see a tree with hub v in
which there are two vertices that give birth to a terminal wedge, vs and vg. The vertex
v itself does not qualify although v, v, vy form a wedge, because there are further
edges. Similarly, the vertex v4 is a root of the wedge v4, vg, v9, which is not terminal
since vg has more neighbours than just v4. The subgraph induced by v, vz, vs5 with v
as root forms also a wedge, but is not terminal since the wedge spreads from its root
vy towards v.

We would like to convey some heuristic explanations for the values of & in Theo-
rem 3. By Theorem 3.18 in van der Hofstad (2024), the neighbourhoods of vertices in
the Norros-Reittu model look like unimodular Galton-Watson trees as n — 00, see
Subsection 1.5 in van der Hofstad (2024) for a definition of this object and Section 2
therein for a rigorous treatment of the underlying convergence. Intuitively, one has
the following: When one fixes a vertex v of the Norros-Reittu model and explores
its neighbourhood, it looks asymptotically as if one attaches roughly Poisson(W),)
many neighbours to it and then starts independent Galton-Watson trees in each of the
neighbours whose offspring distribution satisfies

P(number of offspri k) E(W e W] )
= numoer oI orIIsprings = =
Pr pring FEW]

for k € Np. Note that the offspring distribution has the same distribution as
D* — 1, where D* follows the size-biased degree distribution, and has the mean
n = E[W?2] /E[W]. Since the total progeny of a (subcritical) Galton-Watson tree
equals 1/(1 — ), see e.g. Theorem 3.5 in van der Hofstad (2017), one obtains for the
component size of v roughly

E[W]

1
E[|C(v)||Wv] ~ Wy =Wy = Wié

1—p E[W] - E[W?]

Fig. 1 Counting terminal wedges in Cy, (v), here with v3 and vg as roots
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with £ as in the first claim. Similarly, as the expected number of individuals in the k-th
generation of a Galton-Watson tree with mean offspring i equals p¥, see e.g. Theorem
3.3 in van der Hofstad (2017), one obtains our choice for & in the second claim. Note
here that v is, so to say, in generation —1 so that vertices having distance m to v are in
generation m — 1. If one is interested in vertices with a fixed degree m € N as in the
third claim, this means that an individual needs to have exactly m — 1 descendants. If
one approximates the number of vertices having degree m by multiplying the expected
component size with the probability that an individual has m — 1 descendants, one
obtains with the formulae above

~ N E[W]  E[W"e V]
B[S, )| Wo] ~ E[ICh )| Wo]pmot & Wo g o e

which yields the choice of £ in the third claim. The & in the fourth claim is recovered
by a similar argument, where one needs to fix the number of descendants for all
individuals involved in the tree.

Finally, it would be possible to study vertices of a certain degree or the terminal
trees from the fourth example in a fixed distance k € N to v, as in the second example.
This of course affects the choice of £. Following the intuition on the values of & above,
one needs to multiply the values of & in the respective settings with

’

E[W2]\“"'E[W] - E[W?]

( E[W] > E[W]
which corresponds to the ratio of the values for £ in the second and first claim of
Theorem 3, as we do not consider all vertices, but only those in distance k.

After borrowing results from local convergence for intuition, the question arises
whether one could use local convergence to rigorously prove statements in our context.
First of all, one could try to verify assumption (A1) with the heuristics provided above,
but this requires the conditional expectation with respect to all weights, not just that
of v, and it is unclear how to treat the supremum. One could also wonder if Theorem 1
can be proven directly via local convergence. The key point in our proof is to control
the probabilities of particular events for given vertices. Due to some rescalings, these
events depend on  and thus do not seem to fit into the framework of local convergence.

We conclude this section with a transfer of the results to related models. Write
pij = WiW;/Ly, fori, j € [n] and n € N. For the following discussion it is helpful
to think of p;; as desired connection probability for the vertices i and j. However, p;;
is not necessarily bounded by one and the different models use different ways to cope
with this problem. In the Norros-Reittu model denoted by NR (n) two distinct vertices
i, j € [n] are connected by (at least) one edge with probability

Py < j) =1—exp(=pij), 3
conditionally on the weights WW. We write ENR(n) for the corresponding erased

Norros-Reittu model without loops or multiple edges. There are a couple of simi-
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lar models, for example the Chung-Lu model presented by Chung and Lu (2002a,b)
denoted by CL(n), where

Py (i < j) = min(l, p;j), “)

or the generalised random graph model considered by Britton et al. (2006) we call
GRG(n) with

Pij

_— 5
pij+1 ©)

Py < j) =

for distinct vertices i, j € [n]. Note that we consider both CL(n) and GRG(n) with
slight modifications from their original form as in van den Esker et al. (2008) (see
also Chapter 6 in van der Hofstad (2017)). We come back to the idea of p;; being
the desired connection probability, which is typically small. Then it is clear that the
right-hand sides of (4) and (5) are close to p;;, while a first order Taylor expansion
shows the same for (3). Therefore, one can expect the three random graph models
ENR(n), CL(n) and GRG(n) to behave similarly. These heuristics are made precise
in Example 3.6 from Janson (2010) and we will come back to it in Subsection 2.3.

From the strong law of large numbers we obtain that n~'L,, — E[W] almost surely
as n — oo. This paves the way for another slight variation of ENR(#n), CL(n) and
GRG(n) one can find in the literature, namely when one replaces p;; in (3), (4) and (5)
by p! ;= WiW;/ (nE[W]). We denote the corresponding models by ENR’ (), CL’ ()
and GRG'(n). For the same reason as in the previous paragraph, ENR'(n), CL/(n)
and GRG’(n) can be expected to behave similarly and Example 3.1 in Janson (2010)
makes this precise. Note that some authors also use p;; = W; W, /n instead of p; i but
this amounts to simply rescaling the weights.

The following theorem concerns the applicability of our results when considering
one of the related models above instead of the multigraph NR(n). To this end, we
define the set G = {ENR, CL, GRG}.

Theorem 4 Under assumption (W) the following hold.

1. Let (X, (V))ye[n],nen be identical for the Norros-Reittu model NR (n) and its erased
version ENR (n), i.e. X, (v) does not take loops or multiple edges into account. If
(1) is valid for the Norros-Reittu model NR (n), then it also holds for the random
graph models G (n) with G € G.

2. Suppose that the assumptions (Al) and (A2) hold true for NR(n). Then, the con-
vergence results from Theorem 1 and Corollary 2 remain true when considering
G(n) and G'(n) for G € G instead of NR (n).

3. Forall G € G, Theorem 3 remains true when considering G (n) and G’ (n) instead
of NR(n).

Note that the first part of Theorem 4 does not require assumptions (A1) and (A2)
to hold. However, as soon as assumption (A2) is satisfied, (&, (v))ye[n],nen coincide
for the Norros-Reittu model and its erased version since neither multiple edges nor
loops are taken into account.
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While we use techniques from Janson (2010) to prove Theorem 4 by transferring
the result for the Norros-Reittu model to the related random graphs, one might also
be able to adapt our proof strategy for the Norros-Reittu model to these models.

2 Proofs
2.1 Proof of Theorem 1

Before going to the graph-related proofs we need a fact about the asymptotic behaviour
of the maximum of the first n weights Wy, ..., W, under assumption (W). Itis part of a
well-known result from extreme value theory called Fisher-Tippet-Gnedenko theorem,
see e.g. Theorem 1.2.1 and Corollary 1.2.4 in de Haan and Ferreira (2006). Forn € N
write W,y = max;—1 ..., W;. It holds that

W

d
—> Zg as n— o0, (6)
q(n) P

where Zg is a random variable following a Fréchet distribution with parameter 8. For
the scaling factor ¢ (n) we obtain from Lemma 3.3 in Bhattacharjee and Schulte (2022)
that

gn)=F~'(1 = 1/n) =n"Pe(n) 7

for n € N with some slowly varying function £. In particular it follows that n~!/2 W
converges in probability to zero as n — 00, due to 8 > 2 from assumption (W) and
the fact that the slowly varying function £(n) grows slower than any positive power
of n, see Proposition 1.3.6 (v) in Bingham et al. (1987). Combined with the weak law
of large numbers we obtain

w2 W2
) L0 as n— . 8)
Ly, n n-lL,

Next, we introduce notation and discuss convergence of often occurring series.
For a set A we denote by AX the set of all k-tuples of pairwise distinct elements of
A. Recall that Eyy denotes the conditional expectation with respect to the weights.
Naturally, all equalities and inequalities only hold P-almost surely which we will not
write explicitly in the following to keep the notation simple. We typically approximate
the number of vertices in the set &}, (vg) for vy € [n] by counting paths originating in
vo and leading to vertices in A}, (vg), resulting in a sum of the following kind,

n k
To(vo) = ) > [[1vi & vl € Lol 9)

k=1 (y,...,v0 e\ fro )y, =1

where x <> y means that the vertices x and y are connected by at least one edge. We
first sum over the length of the path starting in vy and then over its vertices, which
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we demand to be distinct. Writing L(z) >y sz and using the upper bound one

for the last indicator in (9), conditional independence of the remaining indicators and
1{x < y} < E,{x, y} for x, y € [n] leads to

n k
wihi)l <> > JEwlEdvi. vioi}l= 3 HM

Vl

k=1 ... v)elnll, =1 k=1 ... v)elnl, =1
n k=1 11,2 n )\ k
W WUL Ln
w3 Y [T 5 =w (L ) = Wi
k=1 vy,...0x=1 i=I n k:O n

From the strong law of large numbers it follows that

LY n'LY o EIWY

-n_ _ . 10
L 1L, — EW] as n— o0 (10)

The geometric sum formula together with E[W?] < E[W] by assumption (W) yields

@ n+1
1- (Ln /Ln) E[W]
S = o) — 57 as n— o0. (11
1—L," /Ly E[W] - E[W~]

This argument also provides almost sure convergence for related expressions of the
form

L@
Zp(k)( ) (12)

where p is an arbitrary polynomial of finite degree. We would like to point out that the

limit in (10) equals the mean of the offspring distribution of the local limit in (2). In

fact, it is the mean of the size-biased version of the weights which govern the degrees.
Forn e N, x,y € [n] withx # y, A C [n] and k > 2 we write

PPy A) = (1o €l v =x v =y, v L ver € A0 Lo g,

P,En)(x,A):{(vl,...,vk)e[n]];:vlzx,vg,...,vkgéA,vl<—>...<—>vk}.

The first set consists of all k-tuples of vertices of G,, that form a path with endpoints
x and y whose inner vertices do not lie in A. Similarly, the second set consists of all
k-tuples which form a path whose starting vertex is x and all other vertices do not
belong to A. We are often interested in bounding the expected number of such paths,
conditionally on the weights, where we can use the following lemma.

Lemma5 Letx,y € [n]withx #y, A C [n]and k > 2. Then

W, W L(z) L,(2)
EwlIP (x, y, A)l1< — ’(—) and EwnP,E”)(x,A)nswx(L’ )

n Ll’l n
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Proof We only prove the first assertion, the second one follows immediately from the
first by summing over y € [n] \ {x} and using Zye[n]\{x} Wy < L,. As all edges in
the paths are distinct and therefore conditionally independent, we obtain

k
EwlP",y, A1 <Bw| Y lHoi=xu=y]]lv< v,-_l}}
@1, v)Elnly i=2
k
< Y. Nui=x,u =y ][EwlEafvi, vii)]

V1. v)€lnly i=2

k

Wy Wy

= ) Mm=xu=y[][—"
i=2 "

(V1. v)€lnlly

W. W n k—1 W2 W, W, L(Z) k=2
<2 y(l{k=2}+ 2 117 ) —(L_> |
n V2, Vp—1=1i=2 n

which is the first inequality. ]

The next lemma essentially says that vertices with large weights are typically not
connected or, equivalently, every component has at most one vertex with large weight.
This may seem counterintuitive as vertices with larger weights are more likely to be
connected. However, we increase the threshold for having a large weight, i.e. larger
than ag(n) for a > 0, such that there will be, on average, just a constant number of
such vertices.

Lemma 6 Fora > 0 andn € N define the event

An={3x,y €n]: x #y,x € Cu(y), Wx = Wy > ag(m)}*.

Under assumption (W) we have P(A,)) — 1 asn — oo.

Proof For all ¢, n € N we introduce the event
n
Ene =1 W, >aqn)} <t
y=1
Note that &, ¢ is VV-measurable. It holds that
P(A) < P(& ) +P(A, N Ene). (13)
Here the Markov inequality yields

B[, 1W, > ag(n) ]
£

PES,) =P Zl{wy>aq(n)}>e <
y=1

@ Springer



Large components in the subcritical Norros-Reittu model

n
= ZP(W > aq(n)) .

By Theorem 3.6 and Remark 3.3(a) in Resnick (2007) one has
-8 —B
lim 2P (W > agn)) = lim ~. 24— %~
n—soo { n—oo { n Y4

Now we address the second summand in (13) and show that it converges to zero for
any fixed £ € N. For x, y as demanded in .4,, there must exist a path consisting of at
least two vertices which connects x and y. Summing over the possible path lengths,
we obtain via Lemma 5

Ew[lgn,klA;]sz[lgn_@ D x £ P Ly DW= WyZaqm)}}

x,y=l1 k=2
n n 2)\ k-2
W.W, (L
<1, Z W, > W, > aq(n)} ])in y( Lnn )
x,y=1 k=2

n

3 W21{W, > aq(n)}

<11Y W, > agn)} < ¢ 7

y=1 x=1
n n L(Z) k=2
Hw -
x D 1Wy > ag(n) (L)
y=I k=2

“\ W2 W, > aq(n)}
<> o

LS, w

x=1

The first sum above converges almost surely to zero due to the finite second moment
of W and the strong law of large numbers since g(n) — oo as n — oo. By (11),
S,y converges almost surely to a constant so that the whole term converges almost
surely to zero. For the conditional expectation we have the upper bound 1 so that the
dominated convergence theorem implies P(AS N &, o) — 0 asn — oo. From (13)
we conclude lim sup,_, ., P(AS) < a P . ¢ "forall £ € N. Letting £ — 00, we get
lim,—, oo P(A5) = 0. |

We introduce a slightly different variant of assumption (A2) here.

(A2’) Letn € N,v € [n]and x € C,(v). Then v ¢ &}, (v) and checking whether
x € X, (v) only depends on all paths that start in v and contain x.

In contrast to (A2) we do not allow v itself to lie in &}, (v). This ensures that all
x € X, (v) have positive distance to v, which simplifies the phrasing and application
of the following lemmas. One could also work with (A2), but the notation would
become more involved. Eventually, we will argue in the proof of Theorem 1 that we
can assume (A2’) instead of (A2) without loss of generality.

For the following lemma we introduce LS) =>4 WS’. Note that assumption
(W) ensures that L, and L,(f) grow linearly in n, whereas the third moment of the
weights could be infinite, resulting in a superlinear growth of Lf,3).
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Lemma 7 Assume (W), (A2’) and define

n 3 LAk
o n
o= 20977

k=0

as well as

- Wi, . n o
X, = 4557W(1 + S+ sg,w) and Y, =435, 1y
n n

forn € N. Then X,, and Y,, converge in probability to positive constants as n — 00
and for alln € Nand v € [n],
L(3)

n

Varyy (S, (v)) < Wy X, + W, "

Y,.

Proof Almost sure convergence of S',,)W as n — oo was established in (12). The
convergence of X, and of Y, in probability as n — oo in turn follows from the
respective convergence of S’n’w, of W<2n) /L, in (8) andof n/L,.

Now we address the actual variance bound. Conditionally on the weights W,
the quantity S, (v) depends on the independent random variables (E,{i, j})1<i<j<n.
which form a Poisson process on the discrete space {{i, j}: 1 < i < j < n} with
intensity measure A({i, j}) = W;W;/L, for 1 <i < j < n. This means that S, (v)
is a Poisson functional which is in particular square-integrable as it is bounded by n.
We use the Poincaré inequality for Poisson functionals, see e.g. Theorem 18.7 in Last
and Penrose (2018), to derive

W;W;
Vary () = Y Ew | (DS 0| =, (14)

I<i<j<n Ln
where Dy; jy denotes the difference operator
Dy jySn(v) = S j(v) — S (v)

and S, ; j (v) is the number of elements in &}, (v) after increasing the number of edges
between the vertices i and j by 1. By assumption (A2’), v ¢ A&}, (v) and for a vertex
x € C,(v) with x # v the property x € X),(v) only depends on all paths starting in v
and containing the vertex x. For i = j we conclude that Dy; ;}S,(v) = 0 as a path is
self-avoiding by definition and therefore not allowed to contain loops. Therefore, we
do not alter any paths by adding a loop and hence do not change S, (v). Fori # j we
obtain

[Dyi, jySn ()| < {x € [n]\ {v}: There is a path starting in v that contains x
and the edge {i, j}},

where the existence of the path is to be checked after increasing the number of edges
between i and j by 1. We obtain four different scenarios before the addition of one
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edge between i and j (independent of the number of edges between i and j before the
addition). Figure 2 contains pictures of the different cases. We write v ... x for a path
that starts in v and ends in x and introduce the following four sets which decompose
the set on the right-hand side of the bound above into the respective cases:

Mi(, j) = {x € [n]\ {v}: Thereis a path v...i that includes x but not j.}
Mo(i, j) = {x € [n]\ {v}: Thereis a path v... j that includes x but not i.}
Mas(i, j) = {x € [n]\ {v}: There are two disjoint paths v...i and j...x.}
My(i, j) = {x € [n]\ {v}: There are two disjoint paths v...jandi...x.}

By disjoint paths we mean that they do not share a single vertex. Also, we allow a path
to consist of only a single vertex, e.g. in M3(i, j) the special case v = i immediately
yields the existence of a path from v to i. We obtain

4

1D, jySu@)] < Y IMi(, )
k=1

and with Jensen’s inequality
4 4
(D jySa @) <4 My, HIP =4 IMel, ).
k=1 k=1

Observe that M (i, j) = M»(j, i) as well as M3(i, j) = Ma4(j, i). Recall that the
case I = j has no contribution so that (14) simplifies to

Wi W; Wi W,

PN iy .oN2 'y

Varyy (5,(0) <4 Y EwlMiG, ) HiLn +4 ) EwliMsG, ) I]—Ln ;
(HEE .l

15)

where [n]?,é denotes the set of ordered pairs with distinct entries from [n]. We start

with bounding the first sum and consider Eyy[| M (i, j)?|]. Let (x, y) € M@, j)>.
This means that there is a first path P from v through x to i and a second path from v
through y to i. Note that P must contain at least two vertices because x is not allowed
to equal v. We distinguish two cases, see also Fig. 3 for a visualisation:

O @@ ® @ @ O

| ! |
| | |
s | | | x
| | |
| ! |

M (i, 5) Ma(i, j) M (i, ) Ma(i, j)

Fig.2 Visualisation of x € M, (i, j) for £ € {1, 2, 3, 4}
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e N
e N
e N
s
N // N N
N

N 7 \\
.
& @ R

Fig.3 Scenarios for (x, y) € M, j)2

a) ylieson P,
b) y does not lie on P.

We write M ,(i, j) for the number of all (x,y) € M;(, )2 of type a), similarly
M (i, j) forb), so that [M (i, ))*| < My4(i, j) + M1 (i, j). We have

MG, j) <Y (k=12 [P, i (i, jD
k=2

because x and y need to lie on any path from v to i which does not include the vertices
i, j as inner vertices. From Lemma 5 we conclude that

2)\ k-2
WyW; (L Wi -~
Ew[Mi .G, )] < § (k=1 ( : ) < Wy—=S,w
k=2 Ln Ln Ln

In case b) we use a similar argument to obtain

n

Miwli, ) <) > k—1)

k=2 (p1,e P (i i, 1)

<> =2 (P (pes palin g i piD)]

I<c<d<k {=3

because x needs to lie one some path P from v to i whereas y needs to lie on another
path Q which splits off P and merges with P again. Since y does not lie on P due
to case b), O contains at least three vertices and y can be neither its starting point
nor its endpoint, denoted by p. and p; above. Note that the path Q can be chosen
in such a way that it only intersects P in p. and p;. We therefore obtain conditional
independence of all paths above and use Lemma 5 to obtain

L(2) k-2 (n) L(Z) -2
Ew[M1 (G, J>1<Z(k—1> (L ) > Z(z )= ( )

1<c<d<k =3
2)\ k-2 n )\ ¢
Wi W(n) - 3( Ly Ly Wi W(n) 2
<Ww B = ¢ <W,— g
"L, Ly ~ L, ; L,) — 'L, L, "W
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We conclude

. Wi ¢ Wi
Ewl[IM (G, j)*] < WUL—’ n,w<1+ L<")Sn,w)-

n n

Therefore, the first sum in (15) is bounded by

n 2
Wi ¢ Wi ¢ WiW; @ Wi
w,—5 (1 3 I w,82 (1 5 o).
i 526[:]2 "Ly ”’W< T, )T S e\ R o
l,] n#

(16)

where we used that Lf,z)/Ln < Sn,W-

We proceed with a similar strategy for M3 (i, j)>. There are some more cases due
to the fact that v itself may be equal to i whereas this was impossible in the case of
MG, j)z. Let (x, y) € Ms(i, j)2. This means that we can find a path P from v to i
via pa, ..., pu—1 where u = 1 corresponds to the case v = i. We fix such a path P.
Additionally, there is a path from j to x and another path from j to y. We distinguish
the following cases, see also Fig. 4. By definition of M3 (i, j) all paths Q and R in
the cases below may be chosen disjoint from the path P from v to i:

a)x=y=]j,

b) |{x, vy, j}| > 2 and there is a path Q that starts in j and contains x and y,

¢) |{x, v, j}| = 3 and there is a path Q from j to x and a path R from j to y such
that j is their only common vertex,

d) |{x, y, j}| = 3, there is a path Q from j to x and there is a second path R from
one of Q’s inner vertices to y that is disjoint from Q apart from its first vertex.

For fixed i, j, P we write M3 ,(i, j, P) for the number of all (x,y) € Mj3(i, j)2
considered in case z) for z € {a, b, ¢, d}. We have

Ilvepo...op1<eilM3,0,j,P)=1H{ve pro ... < p1 < i}
and by counting all possibilities to place x and y on Q we obtain
Hv <o pro ... pu1 < i}M3p(, j, P)

n
<o po...opr oy (PG AvLj pr o puei DK,
k=2

so that Lemma 5 yields

Ewl{v < p2 < ... < py1 < iIM3,(, j, P)]

n L(z) k=2
SPW(U(_)ID(_)“.(_)pu_l(_)i)WjZk2<ljl )
k=2 n

<P pr<c...op < i)WjS'n,W.
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& O—0@) @ O—GY
a)

b)

® @B

RO |
O O—QL @& O—D
- |

c) d)

Fig.4 Different scenarios for (x, y) € M3(i, j)2

©

For c) we obtain similarly

v < p2 <> ... < pu—i < i}M3c(i. j. P)

n
51{v<—>p2<—>...<—>pu_1<—>i}2k Z

k=2 (G eesa) P Gl 2 pu—t i)

n
X Ze' |7Dlgn)(j7{v’ p27"'QPM_17i9q17""qk})|.
(=2

We derive due to conditional independence

Ewllfv & p2 & ...« py_1 < i}M3(, j, P)]

n L(2) k=2 2
SPW(U<—>p2<—>...<—>pu_1ei)Wf(Zk(; > )
k=2 "

<P pr<c...op1 < i)W/ZS'rzl)W

In case d) we have

v pro.. o py1 < ilM34(, j, P)

§l{v<—>p2<—>...<—>pu_1<—>i}2n:k Z

k=3 Gea) P G v p2ee pu—1.i)

n
<3N PG Agr v P2 Pt D

(=2 1<t<k
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When calculating the conditional expectation, we again use conditional independence.
This time, the weight W,, of the vertex in which the second path originates will appear
with a third power. It already has a second power since it is an inner vertex of the first
path and as starting point of the second path, we obtain another factor. In total, we get

Ewll{v & p2 < ... < py_1 < i}M340, j, P)]

(3) n L(Z) k=3 n L(Z) =2
<Py po... e Zk2< ) E(L" )
=2 "

(3)

<Py o pr o ..

Summing over all different choices for P to connect v and i via py, ..., p,—1 yields
EwlIMs(, j)*[]
n
< (1{1; =i}+Py < i)+ Y P p . opi < i))

U=3 (payeess pu—D (v, D'

) .. g
X <1 + W;iSyw + W; n,W)
n

n 3

) LY

< (l{v =i}+Y EwlP" (.1, VJ)|]> <1+W,S,1,W+W2S2 Wt W~ )
k=2

@)
W, W; - L
§<l{v=i}+ e )<1+WSnW+WSnW+W N )

n

where the last inequality uses Lemma 5. This bounds the second sum in (15) by

. )= LY o \WiW;
> w T+ W Saw+WiSE y+ W =52 7
Q. j)eln bn "
Lo Lo L<3) LOLO
< W1+ =8 |(1+-=35, awt =77 S
Ln n Lll
@
<2 <2 L
< w52, (32, (17)

where we used 1+ LS, yy/L, < 52, Combining (15) with (16) and (17), we
obtain

W2 L(3)
Varyy (S, (v)) < 4W. <§2 <1 4+ W3 >+§2 (52 >>
w(dn = v\ 9w I n, W n, W n,W
n

. WG - L(3) L(3)
= 4W, 8% ,( 1 (")S 52 4 S5
=4W, Sy ol 1+ w+ Sy ) +4W, W= WX, + W, =Y,
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which finishes the proof. ]

The following lemma essentially shows that the conditional m-th moment of the
number of vertices in a component is bounded by a polynomial of degree m in the
largest weight of the component, up to a term which converges almost surely.

Lemma 8 Assume (W), (A2’), let m € N and define forn € N,

t

m no (1@ k
Roum :mmZt! Z L (k + 3)!
n

t=1 k=0

Then Ry, converges almost surely to a constant as n — 00 and for all v € [n] it
holds that

m
Ew [1{v € V"™}8,(0)"] < Rum Z 48
t=1

Proof Form € N, the almost sure convergence of R, ,, as n — oo follows from (12).
To simplify notation we assume without loss of generality that v = n. For the moment
bound, recall v ¢ A, (v) by (A2’) so that

Ew [1{v € V"}S,()"] < Eyy |:l{v = vnm“}< > lxe Cn(v)}> }

xe[n—1]

= Z EW [l{v S VnmaX} ﬁ l{xi € Cn (v)}]

(X15eees Xm)€[n—1]" i=1

<y m" Y Ew[l{v e Vi [ 1t e cn<v>}],

=1 (eeaeln— 11, i=1

where the last step accounts for equal entries of a vector (x1, ..., x,) € [n — 1]" by
the additional factor m™ and instead only sums over the ¢ € [m] distinct entries of x.
Hence it suffices to show for all ¢ € [m] that

t n )\ k t
> Ew[l{v e Vi [ e Cn(v)}:| 5%;!(2 (IZ’ ) (k+3)’> .

@1.x)dn =11, i=1 k=0 "

We order the vertices xp, ..., x; in such a way that the graph distance of x; and v
is non-decreasing in i which gives us the ¢! on the right-hand side of the inequality
above.

We apply an iterative argument to bound the product on the left-hand side above.
If x1,...,x; € Cy(v), there exists a shortest path P; starting in v and ending in
X1, consisting of k1 > 2 vertices because x; # v. There may be several shortest
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paths and if so, we always choose the smallest one with respect to the lexicographic
order of its vertices. Now consider a shortest path from v to xo and remove the part
leading from v to its last intersection with the already existing path Pj. The remaining
part, connecting P; and x», is called P> and contains k > 2 vertices. Applying this
construction iteratively, we connect fori = 2, ..., t a vertex x; viaa path P; of k; > 2
vertices to some vertex a; of the previously added paths Py, ..., P;_1. Note that we
obtain a tree structure without cycles by choosing the shortest path by lexicographic
order (if necessary).

For i € [¢] and any of these paths P;, write a; for the starting vertex of P; and recall
that the Weight W, is maximal in C,(v). Note that a; = n. For i > 2, there are at
mostk; +...+ki_1 < ]_[l_l (kj + 1) possibilities to choose the p01nt a; on any of

the paths Py, ..., P;_; where P; may be attached to. We write U= i Pj for the set of
all vertices of Pj, ..., Pi_1. Once one has chosen any such a starting vertex a;, the
conditional expectation of the number of such paths P; is bounded by

( ) 1 WX' n L,(flz) ki—2
EW[; |7)k (@i, xz»Ul_ P K I{Wa, = Wv}i| =W, Ln[ ](Z:_z( L, > >

where we used Lemma 5 and the fact that the weight of W), is maximal in its component,
so in particular not smaller than the weight W,,. By construction the paths Py, ..., P;
do not share an edge and are therefore conditionally independent.

Combining this bound with the number of possible choices for a; we obtain

t
Y Ew |:1{v e vy ] 1 cn(v>}}

(1o x) El—11, i=l

LN\ ki—2 '
< Wi Z 1‘[ W, Z( ) (ki + 1)

(1, x) Eln—11, =1

o] L(2) t
< W,ir!(Z( L ) (k+3)’> ,

k=0

which concludes the proof. ]

Now we have collected all auxiliary lemmas and proceed with the proof of the main
theorem.

Proof of Theorem 1 For n € N we compare the point processes

n n
On =D Swgm-t and En =D v € V™5, g6+
v=I1 v=1

For n — oo, the convergence of ®,, the point process of the rescaled weights, to the
Poisson process 14 in M, ((0, oo]) has been established in Lemma 3.6 in Bhattacharjee
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and Schulte (2022). We show that E, behaves asymptotically like ®,. To be more
precise, due to the proof of Theorem 2.1 in Bhattacharjee and Schulte (2022) it suffices
to show for all a > 0 that

En((a, oo]) — ©,((a, co]) LN 0 as n— o0 (18)

in order to conclude our main theorem. Since g(n) — o0 as n — 00, it does not
matter whether we consider S, (v) or S,(v) — 1 in E,. Therefore, we may assume
without loss of generality that (A2’) is satisfied, i.e. that v ¢ X, (v) for all v € [n]. It
holds that

|8, ((a, 00]) — On((a, 0o))|

< D W, > ag(m)}lv ¢ V™

v=1

+ Y W,y > agm)}L{v € V"™, S, (v) < ag(n)§)

v=1

+ Zl{WU <agm}{v € V' S, (v) > agm)§} =1 I, + L + L.

v=1

We show that I, I; and I3 converge to zero in probability. For I; it follows from
Lemma 6 that

P (I} #0)=P (3x, yeln]: x#y, Wy =Wy >aq(n), x € Cy(y)) = P(A;) — 0,

as n — 0o0. We continue with decomposing /> and /3. To this end, let ¢ € (0, a). It
holds that

L= 1{ve V™, @) <ag)E < W&}

v=1

<) Haqn) < Wy<(a+e)gm}+y_ HW, > (a+e)q(n), S,(v) <ag(n)é)

v=1 v=1
=D+ DLp.
For I3 we fix some small positive y satisfying

0<y<p ! anddefine G(n)=n"q(n) forn e N.

Note that G(n) < g(n), §(n)g(n)~' — 0 and, by (7), §(n) — oo as n — oo. For
n € N we have

L= 1{v e V™ Wk < ag(n) < S,(v))

v=1
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< Z 1{(a —e)g(n) < W, <aqn)}

v=1

+ Z 1{ag(n) < Wy < (a — &)q(n), S, (v) > aq(n)&}

v=1

n
+ Y v e V™ W, <ag(n). $u(v) > aq(n)E} =: Iy + iz + I3.
v=1

By Theorem 3.6 and Remark 3.3(a) in Resnick (2007) we get

lim E[Zl{(u —e)q(n) < W, < (a +e)q<n>}}
v=1
= lim nP((@—e)q(n) <W < (@+e)qm) =@ - —@+e)7,

so that limg_, ¢ limsup,,_, ., E [12,1] = 0 and lim; ¢ limsup,,_, . E [13,1] =0.
We easily see that

Iy = Zl {ag(n) < Wy, |S,(v) — W&| > eq(n)&}

v=1

is an upper bound for I 5 and I3 >. It remains to show that /3 3 —P> Oand Iy L 0as
n — oo. Note that both these random variables take values in Ny. For any sequence
of Np-valued random variables (£,),en and any sequence of events (Q,),en With
P(Q,) — 1 asn — oo it holds that

Py #0) =P(lggtn # 0) + P(lg, ¢ # 0) < P(Q;) + E[1{1g, & # 0}]
=P(Q%) + E[min (1,1¢9,,)] = P(Q5) + E[Eyy [min (1,19,%)]]
< P(Q;) +E[min (1. By [10,5])] (19)

. e P .
where we used Jensen’s inequality in the last step. Thus, for {, — Oasn — oo it

P
suffices to show Eyy[1g, ¢] — Oasn — oo.
We start with the summand /3 3. As discussed above it suffices to show that

P
Eywl[l33] — 0asn — oo. Form € N we compute

Ewll33] = EW[ZI{U € V,{nax, W, <aqg(n), Sy(v) > aq(n)%‘}]

v=1

=Y 1W, < agm)Pyy <1{v € VM) -5, (v) > aq(ﬂ)é)

v=1
w [1{v € VI} .S, (v)™]

- E
<> UW, <ag(m) @I

v=1

’
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where the last inequality follows from the Markov inequality. Let n be large enough

such that ag(n) > 1. We can bound the conditional expectation by applying Lemma 8§
which leads to

1 m n ~ m .
Ewll3] < (aq (n)g) ; YW, < agm)}Rym Yy W,

t=1

1 RS ~ m __ —m L l=my
SRn,m (aq(n)€> Zm(aQ(n)) =mé Rn,m n ,

v=1

where the last step uses g(n) = n~"q(n). Since R, ,, converges almost surely to a

constant by Lemma 8, choosing m > y’] ensures that Eyy[/3 3] converges almost
surely to zero.

In order to deal with I4 we define the event

oo = { sup B[S, (0)] — W < 8‘](2")5 }

which satisfies P(G, ) — 1 asn — oo due to (Al). By the discussion after (19) we

are left to show that EW[IQM 14] i> 0 as n — oo. We use the VV-measurability of
Gn.e to compute

Ewllg, L =1g,, > Py (W, > ag(n). |S,(v) — Wy| > eq(n)§)

v=1

=2 UWo > agm)Py (iEw[Sn(vn—an < S0

v=1

2 Sn(v) = Wié| >«9q(n)€>

< D UW. > ag(m)Py <|Sn<v) ~Enls,wll > 20 ) .
v=1

We use the Chebyshev inequality and Lemma 7 to bound this further by

Ewllg, 14] < ZI{WU > ac}(n)}w

2
QAW
v=1 (T)

n —1703)
W, X "% LY,
<Y W, > ag(m)}— Tt Tom Tn T

2
— eq(n)é
U—] (T)

4 " 3 W, 4 u WLy
= G s ;l{wu > adm) o5 + et ;uwv > agm) ot
4
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Large components in the subcritical Norros-Reittu model

From Lemma 7 we know that X, and Y}, converge in probability to positive constants

as n — oo. By Slutsky’s theorem it suffices to show that I'x + Iy LN Oasn — oo.
If B € (2, 3], we choose some T € (0, 8). We define

_ 1, for g > 3,
P15, for g e 2,31

Since then E[W3P] < oo, it follows from the Marcinkiewicz-Zygmund strong law of
large numbers, see e.g. Theorem 5.23 in Kallenberg (2021), that

L,(13) a.s. {E[W3], for g > 3,
- as n — oo.

nl/p 0, for B € (2, 3],
Together with Slutsky’s theorem, we see that
P
Ix+1y — 0 as n— o0
if
n

ZI{WU > aq(n)}W, —P> 0 as n — oo.

v=1

1+nl/r-1
q(n)?

In the following we prove this by showing that its expectation

n+nl/p

D = =t

E[{W > aq(n)}W]

vanishes for n — o0. For a function g: (0,00) — [0,00) and p € R we write
g € RV, if g is regularly varying with index p at infinity, i.e. if there exists a slowly
varying function L: (0, co) — [0, 0o) such that g(¢) = L(¢)t* for all t € (0, 00).

From Lemma 3.3 in Bhattacharjee and Schulte (2022) we know that ¢ € RV,
which implies ¢ € RVy,_,,. For u > 0 we have

E[1{W > u}W] = /OO P{W > ulW > t)dt = uP(W > u) +/00 P(W > t)dr.
0

u

Since, by assumption (W), u + P(W > u) belongs to RV_g, u > uP(W > u)
is from RV_g and, by Karamata’s theorem, see Theorem 2.1 in Resnick (2007), we
derive that u +— fuoo P(W > t)dt is also from RV _g. Together with g € RVy,5_,,
and Proposition 2.6 in Resnick (2007), we obtain that

n— E[I{W > ag(n)}W]

belongs to RV(_gy1/g—y). As 1/p > 1 and ¢ € RVyys, we have h €
RVa-pya/p-y)+1/p-2/8-
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Ifg > 3,
1+ 8
(1—ﬂ)(1/,3—1/)+1/P—2//3=—T+1+)/(ﬂ—1),
while for g € (2, 3],
1+8 3
1-pHA/B—-y)+1/p=2/8= —T+ﬂj+y(ﬂ—1)-

Now we can choose y and t sufficiently small so that the expressions become negative
for both cases. Then, we have i#(n) — 0 as n — oo, which implies

Ewllg, , 4] i) 0 and Iy i) 0 as n— oo.

This concludes the proof. ]

2.2 Proof of Theorem 3

It is clear that all four classes of vertices in Theorem 3 satisfy condition (A2). The
idea to prove (Al) is to explore the component C, (v) starting from the vertex v. We
start with a lemma for the connection probabilities.

Lemma9 Forx,y € [n],

W, W w? W, W
x y(l—min(l, L(n)>>§PW(x<—>y)§ I’i Y

LVl n

Proof By a Taylor expansion we have

way> _WW, e—Z<Wny>2

P =1- —
wx < y) exp ( L L 2

for some z > 0. With

0=

_ 2
T (WW NP W Wy W
2 Ln - Ll‘l Lﬂ

and Pyy(x <> y) > 0, the claim follows. O

For a vertex vg € [n] we recall from (9) the random variable
n k
Tu(vo) = Y > [ 1w & vic} 1w € X)),
k=1 oy, v e(n]\ o))y, =1

which checks for all possible paths vg...v; whether they exist or not and if the
endpoint belongs to &}, (vg). If the component of vy is a tree, i.e. it has no cycles, then
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Large components in the subcritical Norros-Reittu model

there is a unique path between any two of its vertices so that 7, (vg) equals S, (vo) —
if vo ¢ A&, (vo). However, if there is a cycle, it is possible that 7, (vg) counts some
vertices more than once. We define the event

c
B, (vy) = {Ek >3, (81, ..., 8) eC,,(vo)];: S| <> ... < Sk <—>sll ,
which means that there are no cycles in vy’s component, and the random variable
n k
Ta(vo) =) > [ 1w < vica),
k=1 1o e(n\ wo by i=1
which is an upper bound for 7}, (vp). The following lemma essentially shows that cycles

are unlikely.
Lemma 10 Assume (W). For n € N and vy € [n] we have

_ W(Zn) 0 Lﬁz) k\ 2
Ew [15, 00 Tn(v0)] < Wag— > Un, where Uy = 2<Z(k +2)2< - ) ) )

Proof Assume without loss of generality that vg = n. Then

n k
18,00 T (00) = 18, 09)¢ Y _ > [[1tvi < visi).

k=1 vpeln—11 =1

Forlp, (vo)‘Tn (vo) to be non-zero, there must be a cycle somewhere in the component
of vy by the definition of 5, (vg). Consider the path vg ... v currently counted in
T, (vo). For the existence of a cycle in the component of vy we obtain two possible
cases:

1. Two vertices of the path, say v, and v, for p < ¢, can be connected by a different
path 51 ...s¢ with s = v, and s, = v, resulting in a cycle. We may assume that
this new path has no further intersections with the originally considered path by
shortening it if needed.

2. There is a path s1 ...s, with £ > 3 starting in 51 = v), for some 0 < p < k such
that s < s, forsome g < £ —1. We may assume that s; . . . s¢ has no intersections
other than s; with vy . .. vg by shortening s7 . .. s¢ or ending up in the first case.

The two cases above yield the following upper bound for 1 B,,(vo)"Tn(UO)» where we
use the notation from Lemma 5,

n k n
Yoo > Jwievar Y D IPT pvg. vo. v

k=1 (vl,.‘.,vk)e[n—l]]; i=1 0<p<q=<k £=2
n k k n
2 2 Dwwewnd > 3
k=1 (vl,...,vk)e[n—l]]; i=1 p=0£=3 xe[n]\{vo,...,vk}
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=2

x Z Zl{x(—)sq}=: I + b.

(5100050 EP Wpx {00, vi}) 1=

Without any shared edges, we can use conditional independence and apply Lemma 9
and Lemma 5 to obtain

k 2)\ £—2 W2
W, W, Ly 4
ZUTAES DD DI | REKERD o o 8 R
k=1 ..o ln—11f, =1 P.q=0£=2 !
W2, @\ k-1 nop® w2 U
(n) n (n) Yn
< W, —_— k+1 < W —.
- UOLn k:l(Ln> (+)Z( ) - voLn 2
For the second summand we use
=2
Wy W
E 1 <f—
W[; w <_>Sq}:| B Ly

so that we can bound Ey[/>] by

W, Wi, Wy, We (LN W, W,
I I | S o o U

k=1 (vy,...,v0)eln— 1]kt 1 p=0€=3 xe[n]\{vo,...,vr}
W2 @ k-1 n (2) S W2 W2 U
(n) n x=1 (n) Yn
< W k+1 (== < Wy, —— ,
=Wy (L) ( )Z( ) L SWep o

where the last inequality uses ) 'y _ W2 L(z) and an index shift. Summing up both
bounds yields the claim. 0

The following technical lemma provides sufficient conditions for verifying assump-
tion (Al). The intuition is that one wants to determine S, (vg) by counting paths of
length &, checking locally whether the endpoint belongs to &}, (vo) and summing over
all possible path lengths.

Lemma 11 Let & > 0. Assume (W) and that there exists for alln € N, k € [n] and

(vo, ..., V%) € [n]];:l an event I,,(vg, . . ., v;) such that

Zn(vo, ..., vg) is conditionally on VV independent of {vy <> v1}, ..., {vk—1 < vt},
(20)

15, Hvo < ... < vk, vk € X (vo)} = 15, Hvo < ... < Vit (g, 00)
(21)

and

- Wv, Vi P
sup > [T Py @, .. w)) — Wip| — 0. (22)
q(n) vo€ln] L,

k=1 vy, v enVwo )l 1=1
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Large components in the subcritical Norros-Reittu model

as n — oo. Then, assumption (A1) is satisfied for that choice of €.

Proof We need to show

1
—— sup  |[Ew[S,(v)] — W,&| L0 as n— oo
q(n) v=1,...,n

For v € [n], adding v to X}, (v) or removing v from A&}, (v) changes the value of S, (v)
by one. Due to the triangle inequality and g (n) — oo asn — o0, this does not change
whether the statement above is true or false. Therefore, we may assume without loss
of generality that v ¢ &, (v) for all v € [n]. For all vy € [n] we write

n k
Tuwo) =Y > [ 1w < vie Nz, 0.

k=1 oy, v en]\ o)), =1
and obtain with (21) and v ¢ A}, (v) for all v € [n] that
15,050 (V) = 15,0y Tn (v) = 15,0 T (V).
We conclude

Ew([S: (v)] = Ewl15,w)S:(v)] + Ewl[15, @) Sn (V)]
= Ewl15, ) T ()] + Ewll5, weS: ()]
= EWl[T, ()] — EWl1g,w) Tn()] + Ewl15, 1) Sh(v)]

so that S, (v), T, (v) < T (v) and Lemma 10 yield

- _ w2 w3
IEWIS, ()] — EwIT, ()] < 2B, e Tn ()] < 2W, L(’” Uy, < 2%%

n n

This in turn provides us with

1 1 ~ 2We,
—— sup |[Ew[S,(v)] — Wyé| < —— sup [Ew[T,(v)] — W& +
q(n) yeln) q(n) veln qgn)Ly,

ne

Here the last summand converges in probability to zero as n — 00, see (12) for U,, and
(6) as well as (8) for the other factors. Next, we bound the supremum on the right-hand
side. By (20) we have

k

n
Epw[T,(v0)] = EW[Z > [Tt < vi_l}lz,,(vo,...,m}
k=1 v e\ o)), =1
k

=y > [[Pwi < viDPW(Za(vo, ..., v0))

k=1 (v e\ fuo)) =1
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so that

1 ~
—— sup |Ew[T,(vo)] — Wy,é&|
q(n) vo€ln]

1

< — sup
q(n) voeln]

n

in in—l
> [ Pw@io. .. v = Wk
k=1, el =t "

k

k
Wy, Wy,
[[Pwi < Uifl)—l_[% :
n

n
—i—LsupZ Z

q(n) : :
O k=1 0y v e op =] =1

By assumption (22), the first term on the right-hand side converges in probability to

zeroasn — o0. For the second summand we obtain from Lemma 9 forall vy, ..., vy €
[n],
k k k 2 k
Wv- Wv-,l Wv- Wv-,l . W(n)
Pyw(v; < vi—1)— — | < L I1—{1—min {1,
l_[ W( i i—1) 1—[ L, = l_[ L, L,

w2 w w k w2y w2
-W v 0% () _ (1 —min (1, = <W i Ty )
Wl T, L w3 7%

i=1

where the last inequality uses that 1 — y* < k(1 — y) for all y € [0, 1] by the mean
value theorem. We obtain

1 n k k W W
R D SRS SN | EYCRRTRIEY § R
TV w0em Tt oy, uoyy | =1 =1
1 n k—1 W2_ 1% W2 W3 n L(Z) k—1
Sk, Xoowlo e -mn o)
q(n) vo€lnl ;= 1oy eln im] n n n q(n)L, =1 n
which converges in probability to zero as n — oo due to (6), (8) and (12). O
Lemma 12 Assume (W). Suppose that for all n € N,k € [n] and (vg, ..., vx) €
[n]];;H there exists an event T, (vo, . . ., vx) such that (20) as well as (21) hold. More-

over, assume that there exist a bounded, measurable function g : [0, c0) xN — [0, 00),
a polynomial p of finite degree and random variables (R,)neN such that for all

neN keln]and (vy,...,v;) € [n]l;jl,
[Pw(Zn(vo, - .., k) — §(Wy,, k)| < p(k)Ry (23)
and
P
R, — 0 as n — oco. (24)
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Large components in the subcritical Norros-Reittu model

Then, (A1) is satisfied with

3 i <E[W2]>"‘1 E[Wg(W, k)]
N E[W] E(w]

Proof By Lemma 11 it suffices to show (22). We have

n

— Su

kW, W,
2 : | | v; Vi—1
p PW(I (U()s L) Uk)) - W g
q(n) yoein] L "0

k=1 . oenh\ bk =1 "

k
W Wy,
>, X Il—+

k=1 (u1,....o) e\ vohy =1

1
< —— su p
q(l’l) vo€Eln

X (PW(IH(UOs ceey Uk)) - g(va1 k))’

k
> 17 eeonn)

..... v eI\ ([n]\fvo )Y, i=1

> HW”’ UL g (W, k) — Wi

k=1 (vy,...,vp)€[n]k i=1

n

1
+ —— sup
C](l’l) vo€ln]

1
+ —— sup
q(n) vo€ln]

=L+ L+ 1.
Due to (23) we have
L(2)

et

which converges to zero in probability as n — o0, by (6), (12) and (24). For I, we
consider the elements (v, ..., v) € [n]k \ ([n]\ {v()})];é for a fixed vy € [n], which

k—1
) p(k)Ry,

n

means that (vy, .. ., vg) has two equal entries or contains vy. There are (];) choices for
i,Jj € k] withv; = v; fori < j.In this case, we may bound one factor by W(zn)/Ln
and omit the summation over v;. On the other hand, it may be that there exists i € [k]
such that v; = vo. If i < k, we have (k — 1) choices and can once more omit the
summation over v; and bound the respective factor by W(2n) /L,.Fori =k, we obtain
a different scenario due to the factor g(W,,, k). We derive

w3 on @)\ k-2
Lugm & \\2 L, Ly

N X”: Supy cing W2,8(Way. k) <£>)k—1
—l Lng(n) Ly,
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In the first summand the first factor vanishes as n — o0 due to (6) and (8), while the
two sums are bounded because of (12) as well as the boundedness of g and the law
of large numbers. For the second summand, the first fraction converges in probability
to zero as n — oo by the boundedness of g, (7) and (8), whereas the remaining sum
converges almost surely as n — oo by (11).

For I3 we obtain

_Vo|y Lﬁz))"‘lz?zl Wig(Wi, k) ’
3_q(n>Z(Ln L. 5

k=1

From the strong law of large numbers and the boundedness of g we deduce

" LN Wig(Wi k) as. O (EIW2I\ T E[We (W, k
Z(_) > iz Wig( )_’Z<[ ]) [(Wg( )]=€,

o\ Ln Ly E[W] E[W]

k=1
as n — 00, which finishes the proof. O

We show that all our classes of vertices in Theorem 3 meet the assumptions of
Lemma 12.

Proof that all vertices satisfy (A1) Forn € N, k € [n] and (vg, ..., v) € [n];‘é+1 we
choose Z,, (vo, . . . , V) as an event with probability one, g = 1 aswellas p = R, = 0.
In this case it is easy to see that all assumptions of Lemma 12 are met. |

Proof that vertices in a fixed distance m to vy satisfy (A1) For n € N, k € [n] as well

as (vg, ..., V) € [n]k+l we choose Z, (vo, ..., v) = {k = m}, g = 1{k = m} and
p = R, = 0. We see that all assumptions of Lemma 12 are met. g
Proof that vertices with a fixed degree m satisfy (A1) We start with the case m = 1, i.e.
we consider leaves. We define forn € N, k € [n] and (vg, ..., vx) € [n]’;:l,

Z,(vo, - - ., vg) = {vg has no neighbour in [n] \ {vk—1, vk}}.
Then Z, (v, . .., vx) satisfies (20) and (21) since the path vy ... v ensures that v

already has one neighbour. Additionally, let g(x, k) = ¢ and p = 1. For (23) we
calculate

‘PW(In(UO» cv)) —e M| = ‘EW[ H Ny » x}} —e
xe[n\{ve—1,ve}
w.
= |exp ( — Wy, er[n]\{zk_l’uk} x) — e Wu
n

S e_W”k (ezw(n)/Ln _ 1) S eZW(n)/Ln _ 1 = Rn

so that (24) holds due to (8).
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For vertices of degree m > 2 we proceed similarly. We define
Tn(vo, ..., vx) = {vk has exactly m — 1 neighbours in [n] \ {vk—1, vk}}

and see that (20) and (21) hold. We rewrite 17, (y,

,,,,,

m—1
ﬁ > [ 1w < a) I v +» x}

@,eesam—ne(n\ve—1, 0%~ =1 x€lnI\ar, .. am—1,vk—1,vc}

and define g(x, k) = xmlemx /(m — 1)!, which is a bounded function as required.
For (23) we provide upper and lower bounds for Py (Z, (vo, . .., vk)). We compute
with the equality above and Lemma 9

Pw(Z,(vo, ..., vk))

al v Wy
—<m—1>' Z H exp( W ) L_n)

..... am_1=1 i=1 xe[n\{a1,....am—1,v5—1, 01}
< WSZ*‘e‘W“k 5 Hl Wo o (4 DWE)
- (m—1! L L, L,

(m+1HWZ, _
I =: g(Wy, k)1 p,
n

= g(Wy, k) eXp(

where the upper bound 7, satisfies I, N lasn — oo by (8). Moreover, by Lemma 9
Wm 1 _va m—1
(m—1)! Z H

2 _
L W \"
. L,
(@r,...am—D) e\ {vr—1,u )%~ Li=l

W2 m—1 m—1 w
_ (n) aj
—sb(1-72) (1 > I5)

n m—1 m—1 j=]
(@,...am—1) €=\ (n]\{ve—1, v D%

Pw(@,(vo, ..., ) =

Wy,
Ly

The last sum above involves all tuples a of length m — 1 which either contain the same
entry twice or contain at least one entry equal to vi_; or vg. This leads to

W W,
Z (n) << ) + 2m> < 3m2—(n)
2 L,

@t €l N\ o1, D22 =1

so that

Wi \" ™! 2 W
Pw(Z, (v, ..., vr) =g (Wy,, k)<1—L—) (1—37" L_> =:g(Wy,. k)1,

n
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where the lower bound 7, satisfies /,, LN lasn — oo by (8). Fork € [n], p =
SUP,[0,00) & (X, k) wWe obtain

[Py (Za(vo, ..., vi) — 8(Wy, )| < Wy, )11 =T + 11— L, )
<p(1 =Ty + 11 =L, = pRy,

which shows (23). From Lnjn i) 1 as n — oo it follows R, i> 0Oasn — oo as
demanded in (24). O

Proofthat terminal trees satisfy (A1) We consider atree T with m vertices 1, ..., m and
root 1. We write V (T') = [m]forits vertices and E(T') forits edges. Forn € N, k € [n]
and (vg, ..., ) € [n]’;:l let

Zn(vg, ..., vp)={3ay, ...,an)(n]\ {vo, ..., vk,l})z with a; = v; such that the
graph induced by ay, ..., a, with ajas root is isomorphic to T

and, after deleting all edges between v;_1 and vg, the vertices

ai, ..., ay, form a component in G, },

p(k) = k 4+ 1 and with ¢(T) as in Theorem 3

xdegT(l)e—x mn E[WdegT(i)e—W]

gl k) =—"7 E[W]

i=2

We note that (20) and (21) are satisfied by the choice of Z, (vo, ..., vr). We write
¢: V(T) — [n] for the map i + a; which assigns a vertex of T to its corresponding
vertex in G,. Consequently, (E(T)) = {{¢@(),¢(j)}: i, j € V(T)} denotes the
edges of T embedded into G, via . For ¢(V (T')) to be isomorphic to T, we require
all edges in ¢(E(T)) to exist in G, and no further connections between any vertices
in ¢(V (T)) are allowed. Furthermore, all edges between ¢ (V (T)) and [n] \ ¢ (V (T))
are forbidden since the tree is supposed to be terminal, up to the exception of a; = vy
being connected to vg_;. We gather all these forbidden edges in the set

Fo = {{ax, y}: x € V(T), y € [n]\ {ax}} \ (@(E(T)) U {vg, ve—1}).

Here we do not have {x, x} € F, for any x € V(T) since we chose the convention

to ignore loops. Considering all possible choices for ay, ..., a, and permutations
thereof yields
12, = (M7 Y7 [ Ua<a) [] e
(ar,...am)e((n\vo,...ve—1 )% {i./}ET) {i.jleFa
{ll:l)k
(25

All occurring factors are independent when conditioning on W. For (23) we provide
upper and lower bounds for Pyy(Z,, (vo, . . ., vr)). We start with the last product con-
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cerning the forbidden edges. Leta; = vi and (aa, ..., ay) € ([n]\{vo, ..., vk})’;_l.
As E,{x, y} follows a Poisson distribution, we get

] (- 22)

{i,jleFq {i,jteFq

Since all factors are bounded by one, we may add similar factors for a lower bound.
Since F, C {{ay, y}: x € V(T), y € [n]} this yields

[ I1 l{z«z»j}i|>l_[l_[exp( W“*W) l—[exp( Wa).  (26)

{i,jleF, x=1y=1

For an upper bound we observe that F, D {{ay, y}: x € V(T),y € [n]\ (¢(V(T))U
{vk—1, ax})}. In comparison to {{ay, y}: x € V(T), y € [n]}, there are at most m (m +
2) fewer elements. Therefore,

|: [1 l{lH*J}:|<HHexp( W)exp<m(m+2) (n))

l’l

{i.j}eFu x=1y=I
2 m
= ]_[ exp(—Wa,) exp (m(m + 2)#) =: ]_[ exp(—Wa ) I, (27)
x=1 n x=1

where 7, converges in probability to 1 as n — oo due to (8). Next, we consider the
first product in (25). From Lemma 9 and the fact that a tree with m vertices has m — 1
edges we get the upper bound

W, Waj B m degT @)

EW|: 1_[ l{a,- N Clj}:| < 1_[ degT(l) 1_[ az (28)
{i,j}eE(T) {i.jYeE(T) "
and similarly the lower bound
d ] Wdegr(i) m—1
EW[ [T ta < aj}} > wieer @ “L— x <1—min(1, W(Z,,)/L,,))
{i,jYeE(T) i=2 n
m degy (i)
degy (1 Wy,
= WalegT( ) aLn £n9 (29)
=2

where I, converges in probability to 1 asn — oo by (8). Using the upper bounds (27)
and (28) for the conditional expectation of (25) yields

m degT (i) m

P (T (vo. ... o) <e(T)~! Z degT(“]"[ Wa Hexp(—waﬁn
(ar,....am)€((n\{vo. ... ve—1 )% =1
tll:l}k
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d —
W;ikegr(l)e_wuk m Za,_l W egT(l) Wll _ Wl(,i:gT(l)e_va
c(T)

n =—- Xnly,

c(T)

L
i=2 n

where the weak law of large numbers gives us

Xn

EWdegT(z) 4
i)l_[ [ e 'l =:X as n— .

The lower bounds (26) and (29) provide

m WdegT (i) m

_ d 1 i
P (T (v0, ..., ) =e(M Y wer [1=— Texeewant,
(ar,....am)€((n\{vo,....vk—1 D% i=2 x=1
a]:l)k
B Wl()i:gT(l)e,va , X Z ﬁ Wdlegr(l) 7Wa
N c(ry  \" 1 Ly '
(@2,.esam) €l =\ ([n1\fvo, .., vx )L~ =2
In the last term we sum over all tuples (aa, . .., a,) which contain two equal entries
or one entry from the set {vo, ..., vx}. The number of such tuples is bounded by

<m 2_ 1>n’"_2 + (k+ 1)(m — DHa"2,

where the first summand accounts for two equal entries whereas the second one consid-

ers the case where one entry liesin {vo, . . ., v¢}. Noting that C :=max j—1, .. » SUP¢[0.00)
xle™ < oo as well as 1, <1,degy (i) < m we obtain
ch)lkegT(l)efka , Z ﬁ WdlegT(l) — W,
o1y " 1 Ly
(@, oam) "=\ ([ \ oo, ... o )L =2

<C”‘ nm=2 m_]>+k+1 _1
_m_LZ’_I(( ) ( )(m ))

m m—2 -1
(k+1) fT) Z’" 1<<m2 ) + (m — 1)) =: (k+ 1)Jy = p(k)Jy,

IA

where J,, converges in probability to 0 as n — o00. The lower and upper bound provide

'PW(In(UOv coav) — (W, k)‘
degr(l)

e_WLk _
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C _

Sp(k) Jyp + —— |X_ann|+|x_xnln| = p(k)Rn,
c(T)

which is condition (23). Since J,,, X,,, I, and 1, do not depend on k and converge in

probability to 0, X, 1 and 1 as n — oo, respectively, we conclude that R, i) 0 as
n — 00, showing (24) and finishing the proof. U

2.3 Proof of Theorem 4

In this subsection we use results from Janson (2010). The first notion is that two
sequences (Xp)nen and (Yy,),en of random graphs are asymptotically equivalent if
one can couple them such that P(X,, # Y,) — 0 as n — oo, see Definition 1.1 and
Theorem 4.2 in Janson (2010).

Lemma 13 Under assumption (W) the following hold:
1. ENR(n), CL(n) and GRG(n) are asymptotically equivalent.
2. ENR'(n), CL/(n) and GRG' (n) are asymptotically equivalent.

Proof 1. The statement follows directly from Example 3.6 in Janson (2010) since (W)
implies that P(W > ¢) = o(t72).

2. Example 3.1 in Janson (2010) shows that ENR’(n), CL/(n) and GRG'(n) are
asymptotically equivalent if

wiw;\° e
Z —— ) — 0 as n— oo,
nE[W]

I<i<j<n

see Equation (3.6) in Janson (2010). Under assumption (W) we find that

Wws \ 3 w2 LN 2
E ) < ) 1 i) 0 as n—> o©
nE[W] nE[WPB\ n

I<i<j<n

since the first factor converges in probability to zero as n — oo by (8) whereas the
second factor remains bounded by the strong law of large numbers and the finite second
moment of W. |

We also require a concept from Definition 1.1 in Janson (2010), which is formulated
in a more abstract setting. For n € N we consider some measurable space (X}, A;)
with two probability measures P,, and Q,, defined on it. One calls (P,), <N contiguous
with respect to (Q,),eN if

Q.(A)—>0 as n—»>0c0 = P,(A;,) >0 as n— o0
for all sequences of sets (A,),en With A, € A,. Since we need to keep track of the

underlying weights on top of the generated graphs, we think of the random graphs as
probability measures on &, = (0, 00)" x G,, where G, is the set of all graphs with
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vertex set [n]. Then, X, is equipped with a suitable o-field .4, and contains elements
of the form (w,, G,) with a graph G, having vertex set [n] and weights given by
w, = (w1, ..., w,). We couple our models in such a way that the vertices have the
same weights W,, = (Wy, ..., W,) for all models, but the generation of the graph
G,, given W,,, uses the connection probability from the respective model.

Lemma 14 Under assumption (W), (W,, ENR'(n)) is contiguous with respect to
(Wy, ENR(n)).

Our framework containing graphs and the weights is not explicitly covered in
Janson (2010), but the techniques employed therein generalise to this setting as shown
in the following. In order to prepare the proof of Lemma 14, we formulate a lemma.
Similarly to the notation in Janson (2010) we write for p, g € [0, 1],

p(p.q)=/P— v+ (/1-p—y1—q).

By Equation (2.5) in Janson (2010) there exists some constant Cyp > 0 such that for
all p <0.9and g € [0, 1],
(p —q)?
p(p.q) < Co2—42, (30)
Givendistincti, j € [n], we denote the conditional connection probabilities in ENR (1)
and ENR'(n), respectively, by

ii=1—ex _WiW; and p.=1—ex LA
pl] - p Ln p[./ p nE[W] M

Lemma 15 Let assumption (W) hold. Then, for all y > 0 there exist Cy, C» > 0 and
N € N such that for alln > N,

/ /

P( Z o(pii, pi:) > C1 or max ﬁ>C20r max Pij >C2)<y
1] [ 7 >~ .
1> g i.jelnl pij i,jelnl 1 — pj;

l<i<j<n

Proof For C{, C» > 0 we have

/ /
D;: ]—pu
P( Z o (pij, pl{j) > Cjor max —L > Cy or max Yo Cz)

I<i=<n i,j€ln] pij i,jelnl 1 — pjj
w2 w?

. P( > ppijpip) > Cr 7 < o.9> +P(% > 0.9>
n n

l<i<j<n
’ /

D 1—p:.
+P(maxi>C2>+P< max ”>C2)=:R1+R2+R3+R4.
i,jelnl pij i,jelnl 1 — pjj

By (8) we see that R, — 0 as n — o0. In particular, there exists N € N such that
Ry < y/4foralln > N. In the following, all statements that hold for large enough n
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could increase N, which we will not mention explicitly. For R3 we employ Lemma 9
to obtain a lower bound on p;; and an analogue bound for p; i

’ WiW;
Pij _ AE[W] _ Ln 1 P,
i pry = iy LA ~ AE[W] 1 — min(1, W2 /L
; ij Il 2= (1 — min(l, W /L) min(1, W&, /L)

as n — oo due to the law of large numbers and (8). Similarly, we have

1 - p{j 1 1 P
max < max 3 — 1
i,jelnl 1 — Pij i,jeln] exp(—W; W; /Ln) CXP(—W(,l)/Ln)

as n — 00. Both convergences together yield the existence of some C, > 0 such that
for n large enough both Rz < y /4 and R4 < y /4. It remains to address R;. From
(30) we derive

2

w
Ry = P( Z o(pij, pi;) > Ci, L(n) < 0.9)
I<i<j<n n
(pij — P.)*  C
§p< Z R S 1) (31)
l<i<j<n Pij Co

The mean value theorem yields

exp(x) —exp(y) = exp(z)(x — y)

for some z lying between x and y for x, y € R. With exp(0) = 1 we obtain

5 (pij = p})? i(‘“"“’( )‘exp< ))

I<i<j<n Pij j=1 1 —exp( LW )

W,W,  WW; :
i L, ~ wEw] ) ©XP (i)
ij=1 (W’L:VJ> exp(z;;)

for some z;; between —W;W; /L, and —W; W; /nE[W] as well as some z between
-W;W; /L and 0. We have exp(zl j) < 1since z;; < 0. Together with the relation
> = (n) /L, we bound the expression above further by

l] —_
(W,W/ W,
\ _

2
" ' "E””) n E[W]—Ly)?
o) 5 g () B o ()

i,j=1 L, i,j=1
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Weo\  Ln (Lo —nE[W]\?
=ow (52 )i )
L, ) nE[W]2 Jn '

This expression converges in distribution as n — oo by Slutsky’s theorem: The first
and second factor converge in probability due to (8) and the law of large numbers
whereas the last factor converges in distribution due to the central limit theorem and
the continuous mapping theorem. Together with (31) we can choose C1 > 0 large
enough such that Ry < y /4 for all n large enough. This concludes the proof. g

We are now ready to prove Lemma 14.

Proof of Lemma 14 Let (A,),en be a sequence of measurable A, C A}, such that

P((W,,,ENR(n)) € An) —> 0 as n — oo, (32)
where W, = (Wq, ..., W,) denotes the underlying random weights. We have to show
that

P((W,,,ENR’(n)) € A,,) —> 0 as n — oo. 33)

For u > 0 the Markov inequality yields

< | =

P(P)y((W,,ENR(n)) € A,) > u) < —P((W,,ENR(n)) € A,) — 0

asn — oo by (32), where we use the notation }V for the conditional expectation with
respect to the weights as before. Therefore,

Pyy((W,, ENR(1)) € A,) =5 0 as n — oo. (34)

We will show that the same statement holds for ENR'(n), i.e.

Pyy((W,, ENR' (1)) € A,) =5 0 as n — oo. (35)

As the conditional probabilities are at most one, this yields (33) and thus the claim. In
order to show (35), let y > 0. By Lemma 15 there exist C1, C» > 0 and N € N such
that for all n > N we have P(B,,) < y with

/ /

Bn:{ Z ,O(pii,pl{j)>C1 or max — > C, or max Y >C2}.
: i,jelnl pij i,jelnl 1 — pj;

I<i<j<n

Now let ¢ > 0. By applying Lemma 5.2 in Janson (2010), there exists some § > 0

such that we have on B;,,

P)y(ENR(n) e A) <8 = Py(ENR'n)cA) <e¢
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forall A C G,, which in turn yields
PW((W,,, ENR(n)) € An) < = PW((Wn, ENR'(n)) € An) <. (36)
For n > N we conclude with the contraposition of (36) that

P(Pyy (W, ENR'(n)) € A,)) = €) <P(B,)+P(BS, Py (W, ENR'(n)) € A,) > ¢)
<y +P(B;,Py((W,,ENR(n)) € A,) > 9)
<y +P(Py((W,. ENR(n)) € A,) = §).

By (34), the second summand above converges to zero as n — 00. As ¥ > (0 can be
chosen arbitrarily small, we obtain (35), which yields the claim. O

Proof of Theorem 4 We start with showing the first claim, i.e. that the point process
convergence in (1) extends to all models G (n) for G € G if the studied sets of vertices
(X, (v))ven].nen coincide for the Norros-Reittu model NR (n) and the erased Norros-
Reittu model ENR(#). This assumption immediately yields the claim for ENR(n).
The statement transfers to CL(n) and GRG(n) due to the asymptotic equivalence in
the first part of Lemma 13.

For the second claim, it suffices to show transferability of the convergence in (1), as
the convergence in Corollary 2 is an immediate consequence thereof. We observe that
assumption (A2) does not allow the counted vertices (&}, (v))ye[n].neN to depend on
loops or multiple edges. Therefore, the first part of Theorem 4 shows that convergence
in (1) extends from NR(n) to ENR(n), CL(n) and GRG(n). We are left to transfer
the result to ENR’(n), CL'(n) and GRG’ (). Due to the second part of Lemma 13 it
suffices to transfer the result to ENR’(n). We proved Theorem 1 by comparing the
point processes

n

n
@n = Z(Squ(n)—l and En = Zl{v € Vnmax}asn(v)q(n)—ls—l
v=1

v=1

for n € N and showing for all ¢ > 0 that

Z,((a, 00]) — ©,((a, oo]) i) 0 as n — oo. 37

In particular, we have shown the statement above for NR(n). By assumption (A2),
E, and ®, coincide for NR(n) and ENR(n) as S, (v) may not depend on multiple
edges or loops. Therefore, the convergence in (37) also holds for ENR(n). Since
(W, ENR’(n)) is contiguous with respect to (W,,, ENR (n)) by Lemma 14, it remains
true for ENR’(n). Here, it is important that we extended the concept of contiguity to
incorporate the weights, which determine the point process ®,,. The second assertion
follows.

For the third claim it suffices to note that we have shown Theorem 3 by using
Theorem 1. Thus, it follows from the second claim. This concludes the proof. (]
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