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Abstract

We study limits of the largest connected components (viewed as metric spaces)
obtained by critical percolation on uniformly chosen graphs and configuration models
with heavy-tailed degrees. For rank-one inhomogeneous random graphs, such results
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1 Introduction

Over the last decades, applications arising from complex systems in different fields
have inspired a host of models for networks as well as models of dynamically evolving
networks. One of the major themes in the study of these models has been in the
nature of the emergence of the giant component. A classical example is the percolation
process, where each edge of the network is independently kept with probability p, and
deleted otherwise. As p increases from 0 to 1, the graph experiences a transition in
the connectivity structure, i.e., there exists a "critical percolation value" p. such that
for any € > 0 and p < p.(1 — ¢), the proportion of vertices in the largest component is
asymptotically negligible, while for p > p.(1 + ¢), a unique giant component emerges
containing an asymptotically positive proportion of vertices [8, 35, 43, 46, 51].

Understanding the behavior at criticality is one of the key questions in statistical
physics because the components exhibit unique and key features in the critical regime.
In the physics literature, the critical behavior of percolation relates to studying optimal
paths in networks in the so-called strong disorder regime. A wide array of conjectures and
heuristic deductions of the associated critical exponents can be found in [21, 22, 28, 41].
In a nutshell, these conjectures can be described as follows:

The intrinsic nature of the critical behavior does not depend on the exact
description of the model, but only on moment conditions on the degree
distribution. There are two major universality classes corresponding to
the critical regime and the nature of emergence of the giant depending on
whether the degree distribution has asymptotically finite third moment or
infinite third moment. For example, in case of power-law degree distributions
(i.e., P(D > z) ~ z— ("1 the precise nature of the approximation left implicit),
the nature of the critical behavior depends only on the power-law degree
exponent 7: (a) For T > 4, the maximal component sizes are of the order n2/3
in the critical regime, whilst typical distances in these maximal connected
components scale like n'/3; (b) For t € (3,4), the maximal component sizes
are of the order n("=2)/(7=1)  whilst distances scale like n(7=3)/(7=1)

The above conjectures have inspired a large and beautiful collection of works in probabil-
ity theory. In a seminal work, Aldous [3] provided a detailed understanding for the vector
of rescaled component sizes at criticality for Erdés-Rényi random graphs, and the scaling
limits for component sizes are now well understood under quite general setups in both
finite third-moment [16, 32, 42, 52, 57, 58, 60] and infinite third-moment [17, 31, 42, 52]
settings. We refer the reader to [30, Chapter 1], [44, Chapter 4] for detailed discussions
about this topic. A recent and emerging direction in this literature aims at understanding
the critical component structures, and distances within these components from a very
general perspective. This line of work was pioneered by Addario-Berry, Broutin and
Goldschmidt [1], where the largest connected components were shown to converge when
viewed as metric spaces (see below for exact definitions). Subsequently, [10, 11, 13]
have explored the universality class corresponding to [1], showing that the universality
in the finite third-moment setting holds not only with respect to functionals like com-
ponent sizes, but also the entire metric structure. On the other hand, in the infinite
third-moment setting, a recent result [15] shows that the metric structure turns out to be
fundamentally different. The results in [15] was obtained for one fundamental random
graph model (rank-one model, closely related to the Chung-Lu [26, 27] and Norros-Reittu
model [23]) under the assumption that the weights follow a power-law distribution. In
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this paper, we explore the universality class corresponding to the candidate limit law
established in [15]. Informally, the main contributions of this paper are as follows:

> Universality theorem: We establish sufficient conditions that imply convergence to
the limits established in [15]. This is described later in Theorem 5.4. Since we need to set
up a number of constructs, a formal statement is deferred until all of these objects have
been defined. We refer to Theorem 5.4 as a universality theorem because it identifies
the domain of attraction of the limit laws in [15]. Informally, the theorem implies that
if a sequence of dynamic networks satisfies some entrance boundary conditions in the
barely subcritical regime, and evolves approximately according to the multiplicative
coalescent dynamics over the critical window, then the metric structure of the critical
components are close to those for rank-one inhomogeneous random graphs. Theorem 5.4
is similar in spirit to [10, Theorem 3.4], but our result holds for the infinite third-moment
degrees. Technically, we do not need additional restrictions as in [10, Assumption 3.3],
since we compare the metric structures in the Gromov-weak topology, instead of the
Gromov-Hausdorff-Prokhorov topology. The universality theorem holds under arguably
optimal assumptions (see Remark 5.5).

> Critical percolation on graphs with given degrees: Our primary motivation was
to analyze the critical regime for percolation on the uniform random graph model (and
the closely associated configuration model) with a prescribed degree distribution that
converges to a heavy-tailed degree distribution. Limit laws for the metric structure of
maximal components in the critical regime are described in Theorems 2.3 and 2.4. These
results are proved under Assumption 2.1, which is the most general set of assumptions
under which the component sizes were shown to converge in [31] (see [31, Section 2
and 3] for the applicability and necessity of these assumptions).

> Barely subcritical regime: In order to carry out the above analysis and in particular
to apply the universality theorem for percolation on configuration models, we establish
refined bounds for component sizes, various susceptibility functionals, and diameters of
connected components in the barely subcritical regime of the configuration model which
are of independent interest; these are described in Theorems 2.10 and 2.11.

1.1 Organization of the paper

In Section 2, we describe the configuration model and critical behavior of percolation,
which is the main motivation of this paper, and then describe the main results relevant
to this model. Section 3 has a detailed discussion about the relevance of the results
in this paper, some open problems, and an informal description of the proof ideas. We
provide a full description of the limit objects and various notions of convergence of
metric-space-valued random variables in Section 4. Section 5 describes and proves the
general universality result. Section 6 proves results about the configuration model in
the barely subcritical regime. Finally, Section 7 combines the above estimates with a
coupling of the evolution of the configuration model through the critical percolation
scaling window to finish the proof of Theorem 2.3.

2 Critical percolation on the configuration model

In this section, we state our main results. In Section 2.1, we state the results about
the metric structure of the largest critical percolation clusters of the configuration
model. We defer full definitions of the limit objects as well as notions of convergence
of measured metric spaces to Section 4. In Section 2.2, we state the results about the
barely subcritical regime, and we conclude this section with an overview of the proofs in
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Section 2.3.

2.1 Metric structure of the critical components

The configuration model

Consider n vertices labeled by [n] := {1,2,...,n} and a non-increasing sequence of
degrees d = (d;);c[n) such that /,, = Zie{n] d; is even. For notational convenience, we
suppress the dependence of the degree sequence on n. The configuration model on n
vertices having degree sequence d is constructed as follows [18, 561]:

Equip vertex j with d; stubs, or half-edges. Two half-edges create an edge once
they are paired. Therefore, initially we have /,, = Zie[n] d; half-edges. Pick any
one half-edge and pair it with a uniformly chosen half-edge from the remaining
unpaired half-edges and keep repeating the above procedure until all the unpaired
half-edges are exhausted.

Let CM,,(d) denote the graph constructed by the above procedure. Note that CM,,(d)
may contain self-loops or multiple edges. Let UM,,(d) denote the graph chosen uniformly
at random from the collection of all simple graphs with degree sequence d. It can be
shown that the conditional law CM,,(d), conditioned being simple, is same as UM,,(d)
(see [43, Proposition 7.15]). It was further shown in [47] that, if the degree distribution
satisfies a finite second-moment condition (a condition which will hold in the context of
this paper), then the asymptotic probability of the graph being simple converges to a
positive limit.

Let us now describe the assumptions on the degree sequences. For p > 0, define the
metric space

E’j:{(acl,xg,...)GIRH_E:lexQE...,fo<oo}, (2.1)

with metric d(z,y) = (X, |z — yi|p)1/p. Fix 7 € (3,4). Throughout this paper we use the
following functionals of 7:

a=1/(r-1), p=rT-2)/(r-1), n=(T-3)/(r-1). (2.2)

Assumption 2.1 (Degree sequence). For eachn > 1, letd = d,, = (dy,...,d,) be a
degree sequence (d;’s may depend on n, but we suppress n in the notation for clarity).
We assume the following about (d,),>1 as n — oo:

(i) (High-degree vertices) For each fixed i > 1, n=%d; — 6;, where 8 = (61,0s,...) €
03\ 2,
1 1

(ii) (Moment assumptions) Let V,, be chosen uniformly from [n] (independently of
CM,(d)), and D,, = dy,. Then D, converges in distribution to some positive
integer-valued random variable D, and

n
im lim supn =3 Z d? =0.

1
K—oo
n—o00 im K41

1 1
— di = pu:= — 2 5y = 2
ng ; — p = E[D], ng d; — ps = E[D?],
i€[n] i€[n]
(2.3)

Remark 2.2. Assumption 2.1 is identical to [31, Assumption 1]. We refer the reader
to [31, Sections 2 and 3] for discussions about the relevance and necessity of these
assumptions. It was shown in [31, Section 2] that Assumption 2.1 is satisfied in two
key settings, when (i) the degrees are taken to be an i.i.d. sample from a power-law
distribution, and (ii) the degrees are chosen according to the quantiles of a power-law
distribution. The first setting has been considered in [52], and the latter setting has
been considered for the rank-one inhomogeneous random graphs in [15, 17].
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The component sizes of CM,,(d) are known to undergo a phase transition [50, 56]
depending on the parameter
i) di(di — 1 E[DD -1
ynzze[] ( )—)V:M. (2.4)
Zie[n] dz E [D]
When v > 1, CM,(d) is supercritical in the sense that there exists a unique giant
component with high probability, and when v < 1, all the components have size o(n) with
high probability and CM,,(d) is subcritical. In this paper, when considering percolation
on CM,,(d), we will always assume that

v > 1, i.e. CM,(d) is supercritical. (2.5)

Percolation refers to deleting each edge of a graph independently with probability 1 — p.
In the case of percolation on random graphs, the deletion of edges is also independent
from the underlying graph. Let CM,,(d, p,,) and UM,,(d, p,,) denote the graphs obtained
from percolation with probability p,, on the graphs CM,,(d) and UM,,(d), respectively.
For p,, — p, it was shown in [46] that the critical point for the phase transition of the
component sizes is p = 1/v. The critical window for percolation was studied in [31, 32]
to obtain the asymptotics of the largest component sizes and their surplus edges. In
the infinite third-moment setting, CM,,(d, p,,) lies in the critical window when, for some
AER,

Pn = pn(A) = L + A +o(n™"). (2.6)

Up n'

We now explain the precise meaning of convergence of components as metric spaces.
Let ¢%)(\) denote the i-th largest component of CM,,(d,p,(\)). A measured metric
space is a metric space equipped with a measure on the associated Borel sigma-algebra.
Each component ¥ can be viewed as a measured metric space with (i) the metric
being the graph distance where each edge has length one; (ii) the measure being
proportional to the counting measure, i.e., for any A C %, the measure of A is given by
feri (A) = |A]/|€E, (N)|, where |A| denotes the cardinality of A. For a generic measured
metric space M = (M,d, u) and a > 0, aM denotes the measured metric space (M, ad, u).
We write .7, for the space of all measured metric spaces equipped with the Gromov-weak
topology (see Section 4.1) and let .N denote the corresponding product space with
the accompanying product topology. For each n > 1, view (n*”%(f)(/\))pl as an object
in .#N by appending an infinite sequence of empty metric spaces after enumerating
the components in CM,(d,p,(\)). The main results for critical percolation on the
configuration model are as follows:

Theorem 2.3. Consider CM,,(d, p,()\)) satisfying Assumption 2.1, (2.5) and (2.6) for
some A € R. There exists a sequence of random measured metric spaces (#;(\))i>1
such that on .#N, as n — oo,

(n71EE (V) 1y 2 (V)

i>1

(2.7)

i>1

Theorem 2.4. Under Assumption 2.1, (2.5) and (2.6) for some A € R, the convergence
in (2.7) also holds for the components of UM, (d, p,,(\)), with the identical limiting object.

Remark 2.5. The limiting objects are precisely described in Section 4.6.

Remark 2.6. The notion of convergence in Theorems 2.3 and 2.4 implies weak con-
vergence of a wide array of continuous functionals with respect to the Gromov-weak
topology. For example, it implies the joint convergence of the distances between an
arbitrary (but fixed) number of uniformly (and independently) chosen vertices in the i-th
largest component of CM,,(d, p,,(\)) or UM, (d, p,(X)).
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Remark 2.7. The conclusion of Theorem 2.3 holds if the measure p..; on ‘5({.’) is re-
placed by more general measures. Indeed, define the probability measure p,,; =
D okea W/ Zke%{:) wy, for A C €). To prove analogous results as Theorems 2.3 and 2.4
with g, ;’s, we réquire w;’s to satisfy some regularity conditions (see Assumption 2.9
below). The reason will be discussed in Remark 7.18.

Remark 2.8. The results above can be extended to the case P(D,, > x) ~ L(x)z~ ("1,
where L(-) is a slowly-varying function. The scaling limits would be the same, however
the scaling exponents will be different as observed in [31]. In particular, the width of the
scaling window now turns out to be n~"L;(n)? (for some slowly varying L:(-)) instead
of n77, and results identical to Theorem 2.3 can be obtained by scaling the distances
by n"L;(n)~2.

2.2 Mesoscopic properties of the critical clusters: barely subcritical regime

One of the main ingredients in the proof of Theorem 2.3 is a refined analysis of various
susceptibility functions in the barely subcritical regime (see (2.9) below for a definition)
for the percolation process. The barely subcritical and supercritical regimes correspond
to regimes that are just below or above the critical window. For the percolation process
under Assumption 2.1, barely subcritical (supercritical) behavior is observed for p
satisfying n"(p — p,(0)) = —oco (n"(p — p(0)) — o0), where p,(0) is defined in (2.6) for
A = 0. These behaviors are well understood for Erd6s-Rényi random graphs [49, Section
23], [19, 51] and configuration models in the Erdés-Rényi universality class [40, 53, 60].
For barely supercritical configuration models in the heavy-tailed setting, the size of the
emerging giant component was obtained in [45]. We provide a detailed picture about
the component sizes and susceptibility functions in the subcritical regime below.

We will prove general statements about the susceptibility functions applicable not
just to percolation on the configuration model, but rather to any barely subcritical
configuration model. Since percolation on a configuration model yields a configuration
model [35, 46], the above yields susceptibility functions for percolation on configuration
model as a special case. To set this up we need a little more notation, where each
vertex in the network is associated with both degree and weight, satisfying the following
assumptions:

Assumption 2.9 (Barely subcritical degree sequence). Let d’' = (d}, ..., d,) be a degree
sequence and let w, : [n] — R be a non-negative weight function such that the following
conditions hold:

(i) Assumption 2.1 holds for d’ with some ¢ € ¢3\ (2, and

.1 y .1 .1 y
B oD dimpe fn oD wim el ) dw = e 29
1€[n] 1€[n] 1€[n]

(i) max;ef,) wi = O(n®), Xiepn) w? = O(n) and
max { Yiein] wy, i€[n] d?w;, > ien) diwf} = 0(n).

(iii) (Barely subcritical regime) The configuration model is at the barely subcritical
regime, i.e., there exists 0 < § < nand Ag > 0 such that

o di(d—1
V;L:ZZ“S [(]d’ )1 g o), 2.9)
i€n] i
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Let ¢”(j) denote the connected component of CM,,(d’) containing vertex j, and define

€' (i), ifi <j, Vje¥€ (),
¢ = (4) < VI (4) (2.10)
a, otherwise,
and %, =), <« Wi Define the weight-based susceptibility functions as
s*leW forr>1, st :lZergq. (2.11)
T n = 7 = pr n = g )

The definition in (2.10) takes care of the double counting in the definition of susceptibility
functions. Also, define the weighted distance-based susceptibility as
1
D =— Z w;w;d(i, j)1 {7, j are in the same connected component} , (2.12)
n
i,j€[n]

where d denotes the graph distance. The goal of the next result is to show that the
component sizes and the susceptibility functions defined in (2.11) and (2.12) satisfy
asymptotic conditions such as the entrance boundary conditions for the multiplicative
coalescent [4]:

Theorem 2.10 (Susceptibility functions). Under Assumption 2.9, as n — oo,

2
TL_(SS; £> K w : n_észr P ,ud,w, n_(a.}-ﬁ)% L Md,w ¢,
Md)\() )\0 :U'd>\0
3 oo ,U2 (2.13)
n—3a—35+1S§ E} </Jd,w ) Z C?, TL_Q&D; B) dﬂl;.
Hd Ao HAAG

i=1

For a connected graph G, A(G) denotes the diameter of the graph, and for any arbi-
trary graph G, Apax(G) := max A(%), where the maximum is taken over all connected
components ¥ C G. We simply write Ay for Anax(CM,,(d')). The asymptotics of Aayx
is derived below:

Theorem 2.11 (Maximum diameter). Under Assumption 2.9, as n — 0o, P(Apax >
n%(log(n))?) — 0.

Remark 2.12. By taking w; = 1 for all i € [n], implies that #; = |%;|, and thus Theo-
rem 2.10 hold also for the usual susceptibility functions defined in terms of the component
sizes (cf. [48]). In the proof of Theorem 2.3, we will require a more general weight
function, where w; is taken to be the number of half-edges deleted from vertex i due to
percolation.

Remark 2.13. Unlike Theorem 2.3, Theorems 2.10 and 2.11 yield statements about
convergence in probability to constants. So, under Assumption 2.9, one can use the fact
from [47] that lim inf,,_, ., P(CM,,(d’)is simple) > 0, and thus it immediately follows that
the results in Theorems 2.10 and 2.11 hold for UM,,(d).

2.3 Overview of the proof

We now summarize the key ideas of the proofs at a heuristic level.

Universality theorem

As discussed earlier, we first prove a universality theorem (Theorem 5.4) which roughly
states that if one replaces the vertices in a rank-one inhomogeneous random graph by
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small metric spaces (called blobs), then the limiting metric space structure remains
identical. The characterization of blobs leads to some asymptotic negligibility conditions,
formally stated in Assumption 5.3, which simply says that the diameter of the individual
blobs must be negligible compared to the typical distances in the whole graph. However,
the typical distance can be cumulatively affected by the blobs, hence we get a different
scaling factor for distances in Theorem 5.4 than in Theorem 5.2.

Mesoscopic or Blob-level analysis

Percolation on CM,,(d) can be viewed as a dynamic process by associating i.i.d. uniform
[0,1] weights U, to each edge e, and keeping e if U, < p. The parameter p € [0,1]
can be interpreted as time. Now for p,, = p,()\,), for some A\, — —oco, CM,,(d, pr.(\n))
lies in the barely subcritical regime and the estimates for different functionals can be
obtained using Theorem 2.10. We regard the components of CM,,(d, p,,(\,,)) as the blobs.
Under the current scaling, the blobs shrink to zero, and the edges appearing in the
dynamic process between the interval [p,(\,,), p,(A)] connecting the blobs give rise to
the macroscopic structure of the largest components of CM,,(d, p,())). However, the
effects of the blobs on the limiting structure are reflected via different functionals, which
is the reason for referring to the properties of the blobs as mesoscopic properties.

Coupling to the multiplicative coalescent

Finally, the goal is to understand the macroscopic structure formed between blobs within
the time interval [p,(\,), pn(A\)]. The merging dynamics of the components between
[Pn(An), Pn(N)] can be heuristically described as follows: Let pg be a time when an edge
appears. Then the two half-edges corresponding to the new edge are chosen uniformly at
random from the open half-edges (half-edges deleted due to percolation) of CM,,(d, po—).
Therefore, if (O;(p));>1 denotes the vector of open half-edges in distinct components at
time p, then the clusters corresponding to O;(p) and O;(p) merge at rate proportional to
Oi(p) x O;(p) and creates a new cluster with O;(p) + O;(p) — 2 open half-edges. Thus,
the elements of the vector (O;(p));>1, seen as masses, merge approximately as the
multiplicative coalescent (see Definition 3), in the sense that the dynamics experience a
depletion of half-edges in the components. Now, we can run a parallel process where the
paired half-edges are replaced with new dummy open half-edges to the corresponding
vertices [10, 31]. The dynamics in the latter process gives rise to an exact multiplicative
coalescent and due to this fact, the modified graph G,, can be shown to be distributed as a
rank-one inhomogeneous random graph with the blobs being the mesoscopic components
at time p,,(\,,). Now, the graph G,, becomes the candidate for applying our universality
theorem (see Theorem 7.15).

Structural comparison

Finally, we perform a structural comparison between CM, (d,p,()\)) and G, to con-
clude Theorem 2.3. Let us consider the largest component ¢/}, (respectively %}’i)) of
CM,,(d,p,()\)) (respectively G,,). By the above coupling (with dummy half-edges being
added), 6%, C ¢, and we know the asymptotic metric structure of %},,. Now, the idea
is to show that (a) |¢%) \ €7,| = o(|¢};,|) with high probability implying that the part of
%!, outside €7, is insignificant, (b) for any pair of vertices u, v € €7,, the shortest path
between them in %f{) and ‘é’f) are identical. These two properties conclude the proof of
Theorem 2.3 under the Gromov-weak topology.
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3 Discussion
Optimality of assumptions and Gromov-weak topology

As mentioned in the introduction, our goal is not only to consider critical percolation,
but to explore the universality class for the scaling limits in [15] in the same spirit as it
was done in [10] for the Erd6s-Rényi universality class. Our universality theorem (Theo-
rem 5.4) holds under optimal assumptions, and does not require additional restrictions
such as [10, Assumption 3.3]. However, it is worthwhile noting that the universality
theorem (and consequently Theorem 2.3) holds with respect to the Gromov-weak topol-
ogy instead of the stronger Gromov-Hausdorff-Prokhorov (GHP) topology. This is not a
restriction that we impose, but in fact there is a conceptual barrier. If the convergence
in Theorem 2.3 would hold in the GHP-topology only under Assumption 2.1, then the
limiting metric space would be compact for any 8 € Ki)’ \ #2, but additional restrictions are
needed for the compactness of the limiting metric space and simply assuming 0 € Ef \ Ef
does not suffice. See [5, Section 7], for an explicit conjecture about the compactness of
such metric spaces by Aldous, Miermont and Pitman. In a follow-up work [12], we extend
the scaling limit results in the GHP-topology by establishing the so-called global lower
mass bound property [9, Theorem 6.1], which ensures that the components have suffi-
cient mass everywhere and thus forbids the existence of long, thin paths, when the total
mass of the component converges. However, one needs additional technical conditions
in [12] on top of Assumption 2.1 to prove the global lower mass bound property.

Extensions, recent developments and open problems

(i) The universality theorem is applicable to dynamically evolving random networks
with heavy-tailed degrees, which evolve (approximately) as the multiplicative coales-
cent over the critical window, and satisfy some nice properties such as Theorem 2.10
in the barely subcritical regime. For this reason, we believe that the universality
theorem and the methods of this paper are applicable to many known inhomoge-
neous random graph models with suitable kernels [20], as well as Bohman-Frieze
processes which satisfy different initial conditions so that one gets a heavy tailed-
degree distribution at criticality. We leave these as interesting open problems.

(ii) In a recent work, Broutin, Duquesne and Wang [24] obtained structural limit laws
for rank-one inhomogeneous random graphs which evolve as general multiplicative
coalescent processes over the critical window. This framework unifies the scaling
limits for the heavy-tailed and non heavy-tailed cases in terms of a single limit law.
It will be interesting to prove a universality theorem for the limit laws in [24].

(iii) Recently, Conchon-Kerjan and Goldschmidt [29] derived the scaling limit of the max-
imal components at criticality for CM,,(d) when the degrees form an i.i.d. sample
from a power-law distribution with 7 € (3,4). The properties of the corresponding
limiting object was investigated in a recent preprint by Goldschmidt, Haas, and
Sénizergues [37]. The scaling limits in the i.i.d. setting has a completely different
description of the limiting object compared to the one in this paper. It will be
interesting to explore the connections between the results in the above paper and
the current work.

(iv) It turns out that the study of the component structures corresponding to critical
percolation plays a crucial role in the study of the metric structure of the minimal
spanning tree (MST) [2]. In fact, a detailed understanding of the metric structures
in the critical window obtained in [1] played a pivotal role in the proofs of [2]. The
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connections to the MST-problem such as those outlined in [2] suggest that the
scaling limit results in this paper will be useful in the study of metric structures for
the MST for graphs with given degrees in the heavy-tailed regime. However, the
MST problem in this regime is an open question.

4 Convergence of metric spaces, discrete structures and limit ob-
jects

The aim of this section is to define the proper notion of convergence relevant to
this paper (Section 4.1), set up discrete structures required in the statement and in the
proof of the universality result in Theorem 5.4 (Sections 4.2, 4.3, 4.4), and describe limit
objects that arise in Theorem 2.3 (Sections 4.5 and 4.6).

4.1 Gromov-weak topology

A complete separable measured metric space (denoted by (X, d, 1)) is a complete,
separable metric space (X,d) with an associated probability measure p on the Borel
sigma algebra B(X). The Gromov-weak topology is defined on .7, the space of all
complete and separable measured metric spaces (see [38, 39], [15, Section 2.1.2]). The
notion is formulated based on the philosophy of finite-dimensional convergence. Two
measured metric spaces (X1,d1, 1), (X2,do, pu2) are considered to be equivalent if there
exists an isometry 1 : support(u;) — support(us) such that us = p; o=, Let .7, be
the space of all equivalence classes of .#). We (slightly) abuse the notation by not
distinguishing between a metric space and its corresponding equivalence class. Fix
[ > 2and (X,d, ) € .%,. Given any collection of points x = (z1,...,7;) € X!, define
D(x) := (d(xi,7;))i e to be the matrix of pairwise distances of the points in x. A
function @ : ., — R is called a polynomial if there exists a bounded continuous function
¢ : R” — R such that

B((X,d, 1)) = / (D)), 4.1)

where ;®' denotes the [-fold product measure. A sequence {(X,,dn, itn)}n>1 C F is
said to converge to (X,d,u) € Y if and only if ®((X,,,d,, us)) — ®((X,d, n)) for all
polynomials ® on .%. By [38, Theorem 1], .%; is a Polish space under the Gromov-weak
topology.

4.2 Super graphs

Our super graphs consist of three main ingredients: 1) A collection of metric spaces
called blobs; 2) A graphical superstructure determining the connections between the
blobs; 3) Connection points or junction points at each blob. In more detail, super graphs
contain the following structures (see Figure 1):

(a) Blobs: A collection {(Mi,di,ui)}ie[m] of connected, compact measured metric
spaces.

(b) Superstructure: A (random) graph G with vertex set [m]. The graph has a weight
sequence p = (p;);cm] associated to the vertex set [m]. We regard M; as the i-th
vertex of G.

(c) Junction points: An independent collection of random points X := (X, ; : 4,5 € [m])
such that X; ; ~ p; for all 4, j. Further, X is independent of G.

Using these three ingredients, define a metric space (M,d, i) = I'(G, p, M, X), with
M = U;epm)M; (the disjoint union of the M;’s) by putting an edge of length one between
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Junction
points

Figure 1: Construction of supergraphs described Section 4.2. The blue line represents
the shortest path between z and y.

the pair of points {(X; ;, X;:) : (i,) is an edge of G}. The distance metric d is the natural
metric obtained from the graph distance and the inter-blob distance on a path. More
precisely, for any z,y € M with z € M; andy € Mj,,

k—1

d(l‘, y) = inf {k + dj1 (.%‘, le,i1) + Z diz (Xil7il—17Xil7il+1) + djz (XjQ:ik—l ) y)}’ (4.2)
=1

where the infimum is taken over all paths (iy,...,ix—1) in G and all £ > 1, and iy = j;
and iy = jo. The measure [ is given by ji(A) := Zie[m] pipi (AN M;), for any measurable
subset A of M. Note that there is a one-to-one correspondence between the components
of G and I'(G, p, M, X) as the blobs are connected.

4.3 Space of trees with edge lengths, leaf weights, root-to-leaf measures, and
blobs

In the proof of the main results we need the following spaces built on top of the
space of discrete trees. The first space T}, was formulated in [6, 7] where it was used to
study trees spanning a finite number of random points sampled from an inhomogeneous
continuum random tree (as described in the next section).

4.3.1 The space 7},

Fix I > 0and J > 1. Let T, be the space of trees with each element t € T}, having the
following properties:

(a) There are exactly J leaves labeled 1+, ..., J+, and the tree is rooted at the labeled
vertex 0+.

(b) There may be extra labeled vertices (called hubs) with labels in {1,...,I}. (Itis
possible that only some, and not all, labels in {1,...,I} are used.)

(c) Every edge e has a strictly positive edge length /..

Atree t € T, can be viewed as being composed of two parts: (1) shape(t) describing the
shape of the tree (including the labels of leaves and hubs) but ignoring edge lengths.
The set of all possible shapes 7757 is obviously finite for fixed I, J. (2) The edge lengths
I(t) := (I, : e € t). We will consider the product topology on T;, consisting of the discrete
topology on T;"»** and the product topology on R®®, where E(t) is the number of edges
of t.

EJP 25 (2020), paper 47. http://www.imstat.org/ejp/
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4.3.2 The space 17,

Along with the three attributes above in 77,, the trees in T}, have two additional prop-
erties. Let L(t) := {1+,...,J+} denote the collection of leaves in t. Then every leaf
v € L(t) has the following attributes:

(d) Leaf weights: A strictly positive number A(v).

(e) Root-to-leaf measures: A probability measure v ,, on the path [0+, v] connecting
the root and the leaf v.

For each v € L(t), the path [0+, v] can be viewed as a compact measured metric space
with the measure being 14 ,. Let A denote the space of compact measured metric spaces
endowed with the Gromov-Hausdorff-Prokhorov topology (see [15, Section 2.1.1]). In
addition to the topology on T7,, the space T, with the additional two attributes inherits
the product topology on R’ due to leaf weights and X'’ due to the paths [0+, v] endowed
with 14, for each v € L(t). For consistency, we add a conventional state 0 to the spaces
T,, and T7,. Its use will be made clear in Section 5.

For all instances in this paper, the shape of a tree shape(t) will be viewed as a
subgraph of a graph with m vertices. In that case, the tree will be assumed to inherit
the vertex labels from the original graph. We will often write t € T,7" to emphasize the
fact that the vertices of t are labeled from a subset of [m].

4.3.3 The space T,

We enrich the space 77" with some additional elements to accommodate the blobs.
Consider t € T;7" and construct t as follows: Let (M;,d;, 1;)icim] be a collection of
blobs and X = (X;; : ¢,j € [m]) be the collection of junction points as defined in
Section 4.2. Construct the metric space t with elements in M (t) = Li;c¢ M;, by putting an
edge of length one between the pair of vertices {(X; ;, X;;) : (¢,7) is an edge of t}. The
distance metric is given by (4.2). The path from the leaf v to the root 0+ now contains
blobs. Replace the root-to-leaf measure by v,,(A) = > ic(o 4 Ve ()pi(M; N A) for
A C Ujejoy,v)M;, where vy, is the root-to-leaf measure on [0+,v] for t. Notice that 77"
can be viewed as a subset of T?T In the proof of the universality theorem in Section 5,
the blobs will be a fixed collection and, therefore, any t € T, corresponds to a unique

—xm

teT,, .

4.4 p-trees

For fixed m > 1, write T,, and T;" for the collection of all rooted trees with vertex
set [m] and rooted ordered trees with vertex set [m] respectively. An ordered rooted tree
is a rooted tree where children of each individual are assigned an order. We define a
random tree model called p-trees [25, 59], and their corresponding limits, the so-called
inhomogeneous continuum random trees, which play a key role in describing the limiting
metric spaces. Fix m > 1, and a probability mass function p = (p;)ie[m) With p; > 0 for
all i € [m]. A p-tree is a random tree in T,,, with law as follows: For any fixed t € T,
and v € t, write d,(t) for the number of children of v in the tree t. Then the law of the
p-tree, denoted by Py, is defined as

IPtree(t) = IPtree(t§ p) = H pg”(t), teT,,. (4.3)

vE[m]

Note that a normalizing constant is not required in (4.3) to make it a probability distribu-
tion (see [25, Lemma 1]). Generating a random p-tree .7 ~ Py and then assigning a
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uniform random order on the children of every vertex v € . gives a random element
with law P,.q4(+; p) given by

d,(t)
Pord(t) = IPord(t; P) = H (fl)v(t))V te ’]quyl;d' (44)

vE[m]

4.4.1 The birthday construction of p-trees

We now describe a construction of p-trees, formulated in [25], that is relevant to this
work. Let Y := (Yp,Y7,...) be a sequence of i.i.d. random variables with distribution p.
Let Ry = 0 and for [ > 1, let R; denote the [-th repeat time, i.e., R; = min{k >
Ri_1:Y, € {Yo,.. .,Yk_l}}. Now consider the directed graph formed via the edges
T(Y) = {(Y;-1,Y;): Y; ¢ {Yy,...,Y;_1},j > 1}. This gives a tree which we view as
rooted at Y. The following striking result was shown in [25]:

Theorem 4.1 ([25, Lemma 1 and Theorem 2]). The random tree 7(Y), viewed as
an element in T,,, is distributed as a p-tree with distribution (4.3) independently of
Yr,-1,YR,-1, ... which are i.i.d. with distribution p.

Remark 4.1. The independence between the sequence Y, _1,YRr,_1,... and the con-
structed p-tree 7(Y) is truly remarkable. In particular, let 7, C 7(Y) denote the subtree
with vertex set {Yp,Y1,...,Yr,_1}, i.e., the tree constructed in the first R, steps. Further
take Y = (1?1, e ,ﬁ) to be an i.i.d. sample from p and then construct the subtree S,
spanned by Y. Then the above result (formalized as [25, Corollary 3]) implies that

A o d
(Yla }/25 ey YHST) = (YR1—17YR2—17 v 7YRT—1; 7;) (45)

We will use this fact in Section 5 to complete the proof of the universality theorem.

4.4.2 Tilted p-trees and connected components of NR,, (x, )

Consider the vertex set [n] and assign weight z; to vertex i. Now, connect each pair of
vertices ¢, j (i # j) independently with probability ¢;; := 1 — exp(—tx;x;). The resulting
random graph, denoted by NR,,(x, t), is known as the Norros-Reittu model or the Poisson
graph process [43]. For a connected component C C NR,,(x, ), let mass(C) := >, . s
and, for any ¢ > 0, let (C;(¢));>1 denote the components in decreasing order of their mass
sizes. In this section, we describe results from [14] that give a method of constructing
connected components of NR,,(z,t), conditionally on the vertices of the components.
This construction involves tilted versions of p-trees introduced in Section 4.4. Since
these trees are parametrized via a driving probability mass function (pmf) p, it will be
easy to parametrize various random graph constructions in terms of pmfs as opposed to
the vertex weights . Proposition 4.2 will relate vertex weights to pmfs.

Fix n > 1 and V C [n], and write G$? for the space of all simple connected graphs
with vertex set V. For fixed a > 0, and probability mass function p = (p,).cy, define
probability distributions Peoy (+; p, @, V) on GS™ as follows: For i, j € V, denote

¢ij =1 — exp(—ap;p;). (4.6)
Then, for G € G{",
1
Pcon(G;p»avv) = H qij H (1 - qij)a (47)
Z(p,a) . . -
(1L,7)EE(G)  (L.7)EE(G)

where Z(p, a) is the normalizing constant. Now let V be the vertex set of C;(¢) for i > 1,
and note that (V*);>; denotes a random finite partition of the vertex set [n]. The next
proposition yields a construction of the random (connected) graphs (C;(t));>1:
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Proposition 4.2 ([14, Proposition 6.1]). Given the partition (V”);>1, define, for i > 1,

2
p = (z:% T E V(”> , al = t( Z xv) . (4.8)

i) Ly
veY@ v UEV(i)

For each fixed ¢ > 1, let GG; € GJj}) be a connected simple graph with vertex set Vo,
Then
P (Ci(t) = Gy, Vi > 1| (V?)iz1) = [ Peon(Gis P, 0, V). (4.9)

i>1

Proposition 4.2 yields the following construction of NR,,(z, t):
Algorithm 1. The random graph NR,,(x, t) can be generated in two stages:

(SO) Generate the random partition (V”);>; of the vertices into different components.

(S1) Conditionally on the partition, generate the internal structure of each component
following the law of P.q,(-; p?,a”, V), independently across different compo-
nents.

Let us now describe an algorithm to generate such connected components using dis-
tribution (4.7). To ease notation, let V = [m] for some m > 1 and fix a probability
mass function p on [m] and a constant a > 0 and write Pcon(:) := Peon(; P, a, [m]) on
Gem = G[Cﬁ;]‘ To generate a sample G from P.,,, one needs to first generate a p-tree
(with suitable tilt). The rest of the edges of G are surplus edges, which are generated by
connecting the leaves to one of the vertices in their path to the root. Let us now describe
this process formally. As a matter of convention, we view ordered rooted trees via their
planar embedding using the associated ordering to determine the relative locations of
siblings of an individual. We think of the left most sibling as the "oldest". Further, in a
depth-first exploration, we explore the tree from left to right. Now given a planar rooted
tree t € T,,, let p denote the root, and for every vertex v € [m], let [p, v] denote the path
connecting p to v in the tree. Given this path and a vertex i € [p, v], write RC(g, [p, v]) for
the set of all children of i that fall to the right of [p, v]. Define P(v,t) := U RC(1, [p, v]).
In the terminology of [1, 15], (v, t) denotes the set of endpoints of all perm1tted edges
emanating from v. Define

Gom(®) = > D pil{j €RCG [p,0])}. (4.10)

i€[p,v] j€[m]

Let (v(1),v(2),...,v(m)) denote the order of the vertices in the depth-first exploration of
the tree t. Let y*(0) = 0 and y*(i) = y*(i — 1) + p,(;) and define

Ay (1) = 6, (v(1)), foruwe (y*(i—1),y" ()], and A(m)() = aAum (), 4.11)
where a is defined in (4.6). Define the function

Ay (t) = a Z P& (v (4.12)

Finally, let E(t) denote the set of edges of t, .7;P the p-tree defined in (4.4), P(t) =
UpemB(v, t), and define the function L : T9¢ — R, by

L(t)=L(t) = ][] [exp(ap’“p‘”)_l} exp( > apkpe>, (4.13)
(

(k,0)EE(t) aprpe k.0)EPB(t)
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fort T?,{d. Recall the (ordered) p-tree distribution from (4.4). Let 7P be a sample
from P..4. Using L(-) to tilt this distribution results in the distribution

£ a(t) = Pora(t) - Ede(f;m)]

In the algorithm below, all the objects depend on the tree t, but we often suppress
this dependence to ease notation.

t € Tor, (4.14)

Algorithm 2. Let Qm(p7~a) denote a random graph sampled from P, (+). This algorithm
gives a construction of G,,(p,a), proved in [15]:

(S1) Tilted p-tree: Generate a tilted ordered p-tree .7P* with distribution (4.14).
Now consider the (random) objects P (v, ZP*) for v € [m] and the corresponding
(random) functions &,,,(-) on [m] and A4,,,(:) on [0, 1].

(S2) Poisson number of possible surplus edges: Let P denote a rate-one Poisson
process on ]R?|r and define

Ay NP = {(s,t) eP:se0,1],t < Aw,)(s)}. (4.15)

Write A, NP = {(s;,t;) : 1 < j < N, } where N}, = |A,, N P|. We next use the
set {(s;,t;) : 1 < j < N7, } to generate pairs of points {(£;,R;):1<j < N, }in
the tree that will be joined to form the surplus edges.

(S3) First endpoints: Fix j and suppose s; € (y*(i — 1),y*(¢)] for some i > 1, where
y*(4) is as given right above (4.11). Then the first endpoint of the surplus edge
corresponding to (s;,t;) is £; := v(3).

(S4) Second endpoints: Note that in the interval (y*(i — 1),y*(i)], the function A,
is of constant value a®,,,,(v(i)). We will view this value or height as being parti-
tioned into sub-intervals of length ap, for each u € PB(v(i), Z,2*), the collection of
endpoints of permitted edges emanating from L. (Assume that this partitioning
is done according to some preassigned rule, e.g., using the order of the vertices
in P(v(é), Z;P*)). Suppose that ¢; belongs to the interval corresponding to u. Then
the second endpoint is R; = u. Form an edge between (£;,R;).

(S5) In this construction, it is possible that one creates more than one surplus edge
between two vertices. Remove any multiple surplus edges. This has vanishing
probability in our applications.

Definition 1. Consider the connected random graph gm(p, a), given by Algorithm 2,
viewed as a measured metric space via the graph distance and each vertex v is assigned
measure p,,.

Lemma 4.2 ([15, Lemma 4.10]). The random graph Qm(p, a) generated by Algorithm 2
has the same law as P, (). Further, conditionally on J®*, the following hold:

(@) N, has Poisson distribution with mean Ao (TP™), where A, is as in (4.12).

(b) Conditionally on J»* and N/, , = k, the first endpoints (L;),cx can be generated
in an i.i.d. fashion by sampling from the vertex set [m] with probability distribution

T (0) < pu& (v), v € [m].

(c) Conditionally on 2*, Ni, = k and the first endpoints (L;);c[x, generate the
second endpoints in an i.i.d. fashion where conditionally on L; = v, the probability

distribution of R; is given by

g)m)(y) = Zupu]l {’U, € RC(?/, [pv U])}/Qﬁ(m)(v) lfy S [p7 v]v (416)
0 otherwise.
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Create an edge between L; and R; for 1 < j < k.

4.5 Inhomogeneous continuum random trees

In a series of papers [5, 6, 7] it was shown that p-trees, under various assumptions,
converge to inhomogeneous continuum random trees (ICRTs) that we now describe.
Recall from [34, 54] that a real tree is a metric space (.7, d) that satisfies the following
for every pair a,b € 7:

(a) There is a unique isometric map f,: [0,d(a,b)] — 7 such that f,;(0) = a and
fap(d(a,b)) =Db.

(b) For any continuous one-to-one map g : [0, 1] — .7 with ¢g(0) = @ and ¢g(1) = b, we have
9([0,1]) = fa.([0, d(a, b)]).

Construction of the ICRT: Given 8 € (2 \ /] with ), 3?7 = 1, we will now define
the inhomogeneous continuum random tree .7”. We mainly follow the notation in [7].
Assume that we are working on a probability space (2, F,P3) rich enough to support
the following:

(a) For each i > 1, let P; := (&;1,&2,...) be rate 3; Poisson processes that are inde-
pendent for different i. The first point of each process &; ; is special and is called a
Joinpoint, while the remaining points §; ; with j > 2 will be called i-cutpoints [7].

(b) Independently of the above, let U = (U;”)iﬂ'z] be a collection of i.i.d uniform (0, 1)
random variables. These are not required to construct the tree but will be used to
define a certain function on the tree.

The random real tree (with marked vertices) ﬂ(g) is then constructed as follows:

(i) Arrange the cutpoints {¢; ; : ¢ > 1,j > 2} in increasing order as 0 < m; <72 < ---.
The assumption that ), 8% < oo implies that this is possible. For every cutpoint
M = &5, let n;, = ;1 be the corresponding joinpoint.

(ii) Next, build the tree inductively. Start with the branch [0, 7;]. Inductively assuming
that we have completed step %, attach the branch (7, 7,+1] to the joinpoint n;
corresponding to 7.

Write %ﬁ for the corresponding tree after one has used up all the branches [0, 7],
{(MK, k1] : & > 1}. Note that for every ¢ > 1, the joinpoint &; 1 corresponds to a vertex
with infinite degree. Label this vertex i. The ICRT ,ZZ> is the completion of the marked
metric tree %ﬁ . As argued in [7, Section 2], this is a real-tree as defined above which can
be viewed as rooted at the vertex corresponding to zero. We call the vertex corresponding
to joinpoint &; ; hub 7.

The uniform random variables (U ;))Z j>1 give rise to a natural ordering on Zfi) (or

a planar embedding of Zoﬁo)) as follows: For: > 1, let (Z“)) j>1 be the collection of

subtrees hanging off the i-th hub. Associate U;” with the subtree 7", and think of 7"
appearing "to the right of" 7" if U}’ < U;”. This is the natural ordering on 7, A when

(o0)

it is being viewed as a limit of ordered p-trees. We can think of the pair (9(51), U) as the
ordered ICRT.

4.6 Continuum limits of components

The aim of this section is to give an explicit description of the limiting (random)
metric spaces in Theorem 2.3. We start by constructing a specific metric space using
the tilted version of the ICRT in Section 4.6.1. Then we describe the limits of maximal
components in Section 4.6.3.
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Figure 2: An illustration of the ICRT construction with four point process {P; : 1 < i < 4}.
The red points represent the joinpoint of the corresponding point process and the blue
points the corresponding cutpoints. The last line contains the union of the four point
processes. See Figure 3 for the corresponding tree.

&
s 2
0 [ —(en 11— s |
o bs|—(en) &0
»

Figure 3: The tree constructed via the stick-breaking construction from Figure 2.

4.6.1 Tilted ICRTs and vertex identification

Let (Q, F,Pg) and Zoﬁo) be as in Section 4.5. In [7], it was shown that one can asso-
ciate a natural probability measure u, called the mass measure, to Z’i) satisfying
u(ﬁ(ﬁ(i))) = 1. Here we recall that £(-) denotes the set of leaves. Before moving
to the desired construction of the random metric space, we will need to define some
more quantities that describe the asymptotic analogues of the quantities appearing in
Algorithm 2. Similarly to (4.10), define &..,(y) = >_,5, Bi( 2,5, U” x 1{y € F,}).
Z,) and for
p-almost every y € 9(2) Fory € 7, let [p,y] denote the path from the root p to y. For
every y, define a probability measure on [p, y| as

It was shown in [15] that &, (y) is finite for almost every realization of .7,
B

o)’

BiU;"
Q) = .
6 o) (¥)
Thus, this probability measure is concentrated on the hubs on the path from y to the
root. Let v > 0 be a constant. Informally, the construction goes as follows: We will first

if v is the i-th hub and y € 7 for some j. (4.17)

EJP 25 (2020), paper 47. http://www.imstat.org/ejp/
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tilt the distribution of the original ICRT .7, g) using the exponential functional

L (7L,,U) := exp (7/ Q5<oo>(y)u(dy)> (4.18)
Y

8
€700

to get a tilted tree 22’)*. We then generate a random but finite number N7 of pairs of
points {(zx,yx) : 1 <k < N, } that will provide the surplus edges. The final metric space
is obtained by creating shortcuts by identifying the points x; and y;. The construction

mimics that of Algorithm 2. Formally the construction proceeds in four steps:

(a) Tilted ICRT: Define P} on Q2 by

dIPZ‘, B exp (7 fyeﬂ(’;) Q5(oo)(y)ﬂ<dy)) (4.19)
dPpg E[exp (’y fzeggo) (’5@)(%)#(‘113))]

The expectation in the denominator is with respect to the original measure Pz. Write

(ﬂf;f, p*)and U* = (U;i)’*)¢7j21 for the tree and the mass measure on it, and the
associated random variables under this change of measure.

(b) Poisson number of identification points: Conditionally on ((9(513*7 w*),U”), gen-

erate N/, having a Poisson(A7_) distribution, where
AL = 7/ L. G @ (dy) =7 Y B [Z U}”’*M*(zw*)} . (4.20)
YET (o) i>1 Lji>1

Here, (7;"");>1 denotes the collection of subtrees of hub i in 72",

(c) First endpoints (of shortcuts): Conditionally on (a) and (b), sample x; from 3(23*
with density proportional to & .., (z)u*(dx) for 1 <k < N7 ).

(d) Second endpoints (of shortcuts) and identification: Having chosen zj, choose
yx, from the path [p, 2] joining the root p and z;, according to the probability measure
QL) as in (4.17) but with UJ@’* replacing U;”. (Note that y; is always a hub
on [p,zi].) Identify z; and yg, i.e., form the quotient space by introducing the

equivalence relation zy, ~ y;, for 1 <k < N7 .

Definition 2. Fix v > 0 and 8 € (2 \ ¢} with }_, 37 = 1. Let G.,(3,7) be the metric
measure space constructed via the four steps above equipped with the measure inherited
from the mass measure on Zfo’)*.

4.6.2 Scaling limit for the component sizes and surplus edges

Let us describe the scaling limit results for the component sizes and the surplus edges
(#edges—#vertices+1) for the largest components of CM,,(d, p,(A\)) from [31]. Although
we need to define the limiting object only for describing the limiting metric space, the
convergence result will turn out to be crucial in Section 7 in the proof of Theorem 2.3,
and therefore we state it here as well. Consider a decreasing sequence 6 € (3 \ (2.
Denote by Z;(s) := 1 {¢; < s} where (; ~ Exp(6;) independently, and Exp(r) denotes the
exponential distribution with rate r. Consider the process

oo

S3(t) = 6: (Ti(t) — bit) + A, (4.21)

=1
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for some A € R. Define the reflected version of S (t) by refl(S3(t)) = Si(t) —
info<y,<¢ S2 (u). The processes of the form (4.21) were termed thinned Lévy processes
in [17] since the summands are thinned versions of Poisson processes. Let (Z;(0, A));>1,
(&(0,)));>1, respectively, denote the vector of excursions and excursion-lengths of
(refl(S2,(t))),»,, ordered according to the excursion lengths in a decreasing manner.
Using [31, Fact 1], there are no ties among the excursion lengths almost surely. Denote
the vector (&;(0, \))i>1 by £(0, A). The fact that £(6, \) is always well defined follows from
[4, Lemma 1]. Also, define the counting process of marks N to be a Poisson process that
has intensity refl (S, (¢)) at time ¢ conditional on (refl (S, (u)))u<¢. We use the notation
A3(0, A) to denote the number of marks within =;(6, \).

For a connected graph G, let SP(G) = #edges—#vertices+1 denote its surplus edges.
In the context of this paper, we simply write &;, € and .4; respectively for &;(0/(uv), A\/p),
€06/ (), A1) and (8 (), A/ ).

Proposition 4.3 ([31, Theorem 4]). Under Assumption 2.1, as n — oo,
_ d (1
(n =165 ] SPEH (V) 5y 5 (560 4) (4.22)

with respect to the topology on the product space Kf x INIV,

The limiting object in [31, Theorem 4] is stated in a slightly different form compared
to the right hand side of (4.22). However, the limiting objects are identical in distribution
with suitable rescaling of time and space, and by observing that rExp(r) = Exp(1), where
Exp(r) denotes an exponential random variable with rate r (see Appendix A). In fact, the
arguments in Appendix A establish the following lemma which will be used extensively
in Section 7:

Lemma 4.3. Fory;,m, >0, 0 € 3\ ¢ and A € R, £(m0,12)) = £(6, 3)).

4.6.3 Limiting component structures

We are now all set to describe the metric space M; appearing in Theorem 2.3. Recall
the graph G..(8,~) from Definition 2. Using the notation of Section 4.6.2, write ¢/ for
&((u(v —1)710, (u(v — 1)*)71v2)) and =} for the excursion corresponding to &. Note
that & has the same distribution as (v — 1)¢;/v, where ¢; is as in Proposition 4.3. Then
the limiting space M; is distributed as

*

ML &
v—1 (ZUEE;* 9121)

where 8 = (ﬁ 1j€E;) and ) = 57_1)(2 =2 9%)1/2-

u(v VEE

T39(07,9), (4.23)

5 Universality theorem

In this section, we develop universality principles that enable us to derive the scaling
limits of the components for graphs that can be compared with the critical rank-one
inhomogeneous random graph in a suitable sense. For the scaling limits in the basin of
attraction of the Erdés-Rényi random graphs, such a universality theorem was proved in
[10, Theorem 6.4], which was applied to deduce the scaling limits of the components for
general inhomogeneous random graphs with a finite number of types and the configura-
tion model with an exponential moment condition on the degrees. Here we focus on the
universality class of the scaling limits in the heavy-tailed case. We first state the relevant
result from [15] that was used in the context of rank-one inhomogeneous random graphs
and then state our main result below. The convergence of metric spaces is with respect
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to the Gromov-weak topology, unless stated otherwise. Recall the measured metric
spaces G, (p,a) and G (3, ) defined in Definitions 1 and 2.

Assumption 5.1. (i) Let o(p) := (Zl p?)l/Q. As m — oo, o(p) — 0, and p;/o(p) — Bi
for each fixed i > 1, where 8 = (8;);>1 € (2\ (L, 3, 82 = 1.

(ii) Recall a from (4.6). There exists a constant v > 0 such that ao(p) — 7.

Theorem 5.2 ([15, Theorem 4.5]). Under Assumption 5.1, a(p)ém(p,a) 4, Giy(B,7), as
m — Q.

For each m > 1, fix a collection of blobs M,,, := {(M;,d;, u;) : i € [m]}. Recall the
definition of super graphs from Section 4.2 and denote

G2 (p,a) = [(Gn(p, a), P, My, X), (5.1)

where X = (Xy;); jeim), Xij ~ pi independently for each i. Moreover, X is independent
of the graph G,,(p,a). Let u; := E[d;(X;, X!)] where X;, X! ~ u; independently and
B, = Zie[m] piui. Let A; := diam(M;) and Apax 1= max;em) Ai.

Assumption 5.3 (Maximum inter-blob-distance). lim,, "(g)ii“i“" =0.

Theorem 5.4 (Universality theorem). Under Assumptions 5.1 and 5.3, as m — oo,

o(p)

B 19 (P:a) 5 G (8,7) (5.2)

Remark 5.5. Assumption 5.3 only assumes that the diameter of the blobs are negligible
compared to the graph distances in QNE;(p, a). This, in a way, is a necessary condition to
ensure that the inherent structure of the blobs does not affect the limit. Theorem 5.4
shows that only Assumption 5.3 is also sufficient and additional assumptions as in [10,
Assumption 3.3] are not required to prove universality in the Gromov-weak topology.

The rest of this section is devoted to the proof of Theorem 5.4.

5.1 Completing the proof of the universality theorem in Theorem 5.4
To simplify notation, we write G,,, QN,b;L respectively, instead of G,,(p, a) and Q:,lb(p, a).

Lemma 5.6 ([15, Lemma 4.11]). Recall the definition of N} | from Algorithm 2. The

(m)
sequence of random variables (N/; | )m>1 is tight.

Recall the definition of Gromov-weak topology from Section 4.1. Fix some [ > 1
and take any bounded continuous function ¢ : R” +— R. We simply write ®(X) for
O((X,d, p)).

Key step 1 Let us write the scaled metric spaces as Qm = a(p)ém and g~;;; =5 (‘J’r)l gN;;;
Using Theorem 5.2 it is enough to show that

lim |E[®(Gh")] — E[®(G;,)]] = 0. (5.3)

m—o0

The above step, together with Theorem 5.2, completes the proof of Theorem 5.4.

Key step 2 For any K > 1, the difference |E[®(G:,)] — S, E[®(G;,)1{N?,, = k}]| is
at most [|¢[|P (NZ,, > K + 1) , and the same inequality also holds for Gr=. Thus, using

Lemma 5.6, the proof of (5.3) reduces to showing that, for each fixed & > 1,

. Sbl,s * _ s * _
lim_ ‘E[@(gm VI{NG,, = kY] — E[®(G;)1{N},, k}]‘ 0. (5.4)
EJP 25 (2020), paper 47. http://www.imstat.org/ejp/
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Main aim of this section. Below, we define a function g’;() on the space T}k s which
captures the behavior of pairwise distances after creating k surplus edges. Under
Assumption 5.3, we show that the introduction of blobs changes the distances within the
tilted p-trees and the g’; values negligibly. This completes the proof of (5.4).

For any fixed k > 0, consider t € T}, ,, with root 0+, leaves i = (1+,...,(k +)+)
and root-to-leaf measures v ; on the path [0+,i+] for all 1 <4 < k + 1. We create a graph
G(t) by sampling, for each 1 < ¢ < k, points i, on [0+, i+] according 14 ; and connecting
i+ with i,. Let dg(, denote the distance on G(t) given by the sum of edge lengths in the
shortest path. Then, the function g(’; 217 .y — R is defined as

gh(t) = B[¢(dow (i+,j+) 1 k+1<4,j <k+1)]1{t #09}, (5.5a)

where 0 is a forbidden state defined as follows: Given any t € T, and a set of vertices
v = (v1,...,0,), we denote by t(v), the subtree of t spanned by v, i.e., t(v) is the
subtree of t containing all vertices in v with minimal number of edges. We declare
t(v) = 0 if [p,v;] C [p,v;] for some i # j, where p is the root of t. Thus, if t(v) # 0,
the tree t(v) necessarily has r leaves. Notice that the expectation in (5.5a) is over the
choices of is-values only. In our context, t is always considered as a subgraph of the
graph on the vertex set [m] and thus we assume that t has inherited the labels from the
corresponding graph. Thus t € 7T}7}_, . There is a natural way to extend g ¢( ) to "
as follows: Consider t € TI (x+1, and the corresponding t € T*Z"Hl) (see Section 4.3.3).
Let O+, 4, (v4,i)ie[k+y and (is)iepr+) be as defined above. Let G(t) denote the metric
space obtained by introducing an edge of length one between X, ; and X,_;;, where
X;; has distribution y; for all j > 1, independently of each other and other shortcuts.
Fork+1<1¢<k+1, X, € M., have distribution yx,, independently for all - > 1. Let a(’;(g)
denote the distance on G(t). Then, let

I,(k+1)

gh(t) = E[¢(dee (X;, Xj) 1k +1<i,j <k+1)]1{t # 9}, (5.5b)

where the expectation is taken over the collection of random variables X;,; and X;_;;.
At this moment, we urge the reader to recall the construction in Algorithm 2, Lemma 4.2
and all the associated notations. Now, conditionally on .7,P*, we can construct the tree
TP+ (VEE) where

(@) VEF = (Vi,..., Vi, Vs, ..., Viys) is an independent collection of vertices from the
vertex set of ,77}; *;

(b) V; is distributed as Jm™ (), for 1 <i < kandV; is distributed as p, for k+1 <14 < k+1.

Note that, by [15, (4.25)], lim,, oo P(ZP*(VEFT) = 9) = 0. Whenever ZP*(VEF+!)
9, ZP*(VEFtl) can be considered as an element of 777", using the leaf-weights
(& oy (Vi))i=1, (B (Vi))i4.1, and root-to-leaf measures given by (Q (-))-y, (QF () 41-
Let ZP*(VEk+l) denote the element corresponding to FP*(Vkk+l) with blobs. Thus,
TP+ (V’C "+1) is viewed as an element of T, |, . Let V,, = (V4,..., Vi4y) be an ii.d. col-
lection of random variables with distribution p. Let £, , denote the expectation condi-

tionally on .ZP* and N(*m) The proof of (5.4) now reduces to

‘E[@(g;;;,s)]l{zv;m) = kY] - B[®(G,)1{N,, = }]‘
= ’El:Ep,* {gg(Bin(i)ljﬁ Vit )} Nt = k}] (5.6)

B [Ep [gh (00) 72 (V)1 (N, =8 ]| o)
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Notice that the tilting does not affect the blobs themselves but only the superstructure.
Recall also the definition of the tilting function L(-) from (4.13). Using the fact that
T (0) X pu® ) (v),

Ep.« [TTE S0 (VS (0(P) T8 (Vin))]

Ep. [gh(c(p) 72+ (Vi) = By [Bo (V)
p*Om) (V1

(5.7)

and an identical expression holds by replacing o(p)Z,P* by 5‘,’ (1)1 7P. Denote the expec-

tation conditionally on 7P and N,,,, by E, and simply write 7P, 7P for %?g(vm),
o(p)ZP(V,,) respectively. Now, (5.6) simplifies to

(231N, = k)]~ E[2(G,)1{N;,, = k]|
k >D,s
< 1 ‘E {Ep[niﬂ ®<m>(Vi)ng(§n§”)]
= P k
E[L(Tm)] (Ep[®<m>(vl)])
k s
_E {Ep[ni_l (’5<m>(V2)g’¢§ (yngj )]
k
(Ep[®<m>(vl)])
e4(78) ~eb(72)
We first show that it is enough to prove Proposition 5.7 to complete the proof of (5.8),
but before that we first need to state some results. The proofs of Facts 5.9 and 5.10 below

are elementary and we omit the proof here. The proof of Proposition 5.7 is deferred to
Section 5.2.

Lemma 5.8 ([15, Proposition 4.8, Theorem 4.15]). (L(.ZP))m>1 is uniformly integrable.
Also, for each k > 0, the quantity

(Ep {W] Ep[(ﬁ%)gi(fnﬁ”s)b (5.9)

i=1

L(TR)A{ Ny = k}] (5.8)

L(IP)1{N,,, = k}} ’

Proposition 5.7. As m — oo, Poo.

converges in distribution to some random variable.

Fact 5.9. Consider three sequences of random variables (X, )m>1, (Ym)m>1 and (Y,))m>1

such that (i) (X,,)m>1 is uniformly integrable, (ii) (Y,,)m>1 and (Y,),)m>1 are almost surely
bounded and (iii) Yy, — Y;, = 0. Then, as m — 0o, E[|X,, Yy — XY, |] — 0.

Fact 5.10. Suppose that (X,,)m>1 is a sequence of random variables such that for every
m > 1, there exists a further sequence (X,, ,),>1 satisfying (i) for each fixed r > 1,
Xm0 asm — oo, and (ii) lim, o limsup,, . P(| X, — Xp.r| > ) = 0 for any e > 0.
Then X,, 5 0asm — oo.

Proof of (5.8) from Proposition 5.7. We apply Fact 5.9 with X,,, = L(Z?)1{N,,., =k},
which is uniformly integrable by Lemma 5.8. Thus it is enough to show that

‘Ep[nf1 ®<vn>(w)g$<§n€’s)] B EP[H?:I Q5<m>(Vi)g$(9n5”s)] L (5.10)
(Ep[®0, (V)" (Ep[®0, (V)"
Applying Lemma 5.8 again, the above reduces to showing
k
G (Vi _ ‘
m[(T12202) @72 - (78] o 611
i=1

We now apply Fact 5.10. Let Y,, denote the term inside the expectation in (5.11).
Further, sample the set of leaves V,, independently r times on the same tree 7P and
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let Y, denote the observed value of Y,, in the i-th sample. Now, let X,,, = E,[V,,]
and X,,, = r~*>.._, V). First, to verify condition (ii), note that E,(X,,,) = X,, and
therefore Chebyshev’s inequality yields

BIXG] _ 4ll6l5 B[S0, (V)™ ]

er — g2r o(p)2k (5.12)

P(|Xm — Xl >e) <

< ||A¢m|loo, @and thus an application of [15, Lemma 4.9, (4.12)] yields
that forany x > eand m > 1,

P([|& . [loc > zo(p)) < e~ Crlosloss) (5.13)

where C' > 0 is a constant. Combining (5.12) and (5.13), the condition (ii) is verified.
Next, condition (i) in Fact 5.10 is satisfied by Proposition 5.7 and (5.13). An application
of Fact 5.10 concludes the proof of (5.11), and hence the proof of (5.8) follows. O

5.2 Comparing distances with and without blobs: Proof of Proposition 5.7

In this section, we will use the notion of Gromov-Hausdorff-Prokhorov topology on
the collection of measured metric spaces (X,d, 1), where (X, d) is a compact metric
space and u is a probability measure on corresponding Borel sigma algebra. Without
re-defining all the required notions, we refer the reader to [15, Section 2.1.1]. Let dgyp
denote the distances in this topology. We further recall the notation dis for distortion
and D(u; pq, ue) for discrepancy of measures as defined in [15, Section 2.1.1]. Denote
the root of .72(V,,) by 0+ and the jth leaf by j+. Let .#" := ([0+,j+],d,v;) be the
(random) measured metric space, where v; is any probability measure on the Borel
sigma-algebra of {[0+, j+],d}. In particular, we can take v;’s to be the corresponding
root-to-leaf measures. Let //Z;" := {M;,d, 7;} be the measured metric space with M, :=
Uie[o+,j+Mi and the induced root-to-leaf measure v;(A) = >_,c (o4 ;4 v ({1} i (AN M;).
For convenience, we have suppressed the dependence on .7?(V,,) in the notation. Note
that .Z]" is coupled to M 7" in the obvious way that the superstructure of M ;" is given
by ///Jm We need the following lemma to prove Proposition 5.7:

Lemma 5.11. For j > 1, as m — 00, deue (0(p). 4", B:,(Li)l M) Poo.

Proof. We prove this for j = 1 only. The proof for j > 2 is identical. For € M;, we
denote its corresponding vertex label by i(z), i.e., i(x) = k if and only if x € M),. Consider
the correspondence C,, and the measure m on the product space [0+, 1+] x M; defined
as

Note that the discrepancy of m satisfies D(m; vy, ;) = 0, since the marginals are exactly
equal to v; and ;. Further, m(C¢,) = 0. Therefore, Lemma 5.11 follows if we can prove
that

. L . . O'(p) - P
dis(Cy,) = wzg%h {J(p)d(z(x)7l(y)) "B ld(:r,y)} — 0. (5.15)

To simplify the expression for dis(C,,), suppose that i(x) is an ancestor of i(y) on the
path from 0+ to 1+. Then,

d(i(x),i(y)) = d(0+,
d(zo,y) — d(zo,2) < d(z,y) <

i(y)) — d(0+, i(x)),
C_l(l'o, ) d(l’o,(ﬂ) +2Amaxa
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for any x¢p € M,, . This implies that

aup {o(0)a(i(@).i(w) - =P d(r.v))

z,yEM; Bm +
o(p)

<2 sup {o(p)d(0+,i(y)) —
sup {o()d(0+i(0) - 5 55

20(P) A (5.16)

B, +1

a(xo,y)} +

Further, replacing y by any other point ¢’ in the right hand side in (5.16) incurs an error
of at most o(p)Amax/(Bm + 1). Now, write the path [0+,1+] as 0+ =iy = i1 — -+ —
ig+_9 — ip+—1 = 1+ .Then

GU(p)Amax

X
Bm +1 7

dis(C) <2 sup ‘J(p)d(io,ik)— o) 4x +

k<R*—1 B, +1

(5.17)

Qi1 Y ikfik+1)

where (X ;); je[m) are the junction-points. Using Assumption 5.3 and (5.17), it is now
enough to show that for any € > 0,

o(p)
md(xio.il ) Xik,ikJrl)

lim ]P( sup ‘a(p)d(io,ik)—

m— oo k<R*—1

> 5) =0. (5.18)

Denote the term inside sup above by Q. Then,

Q= {U(P)d(lovlk) B( ) d( 0, il’Xik‘ik+1):|

_ [a( ( Zk; iy X, w))] (5.19)

_ o) [v
"~ Bm+1 {; <B’” 4 (XWH’X”’”“))}

Recall the construction of the path [0+, 1+] via the birthday problem from Section 4.4.1.
Take J := (J;);>1 such that J; are an i.i.d. sample from p. Further let § := (£;);c[m) be an
independent sequence such that &; is the distance between two points, chosen randomly
from M; according to u;. Further, let J and £ be independent. Then R* can be thought
of as the first repeat time of the sequence J. Thus, (Qk)kR;l_l in (5.19) has the same
distribution as (Qx)_ !, where

k
Qr = 5.20
k B + 1 Z m ( )

=1
From the birthday construction E [£;,] = Zie[m] pit; = By, and (€,);>1 is an independent

sequence. Therefore, (Qk)kzo is a martingale. Further,

2
A o(p) o(p)?kAmaxBm
V Qr) < A E oy = =2 T HaR T .

ar( k) - <BnL 1) Bmax i€[m] e (B'nl + 1)2 5-21)

Thus, by Doob’s inequality (for example applying [61, Chapter II, Lemma 54.5] to Qi) it
follows that, for any ¢ > 0 and 7" > 0,

TU(p)2Amame

(B + 1)%22 (5.22)

P<SUPQI¢| >s) <
k<T

Recall from [25, Theorem 4] that (¢(p)R*)m>1 is a tight sequence of random variables.
The proof now follows using Assumption 5.3. O
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Proof of Proposition 5.7 using Lemma 5.11. We use the objects defined in (5.14), (5.15)
in the proof of Lemma 5.11 for all the path metric spaces with j < k. We assume
that we are working on a probability space such that the convergence (5.15) holds
almost surely for all j < k. To summarize, for fixed € > 0 and for each j < k, we can
choose a correspondence C3, and a measure m; of [0+, j+] x M; satisfying (i) (i, X;x) €
C4,, for all i,k € [0+, j4], (ii) dis(C¥,) < £/2k almost surely, and (iii) D(m;;v;,7;) = 0
and mj((Cﬁ;l)c) = 0. Recall the definitions of the function g(’; from (5.5a), (5.5b) and
the associated graphs G(-), G(-). We simply write G and G for G(o(p)Z?(V,,)) and
G‘(%?,};(V,ﬂ)), respectively. Let m®* denote the k-fold product measure of m; for
j < k. We denote the graph distance on a graph H by d,. Note that

(00172 (V) - & (22 72V,

< E[|o((da (it 54)5 1Lk i) — 0 ((da(Xa, X)L ) ]

where X; ~ p; independently for ¢ € [m], and the above expectation is with respect to
the measure m®*. Recall the notation while defining g;‘;(-) in (5.5a), (5.5b). Notice that
for any point k € [0+,i+] and xy, € My and x;, € M;_,

(5.23)

|dt(k7 ZS) - dg(xk, xis)

€
< % (5.24)
Now, for any path i+ to j+ in G, we can essentially take the same path from X; to X
in G and take the corresponding inter-blob paths on the way. The distance traversed
in G in this way gives an upper bound on ds(X;, X;). Notice that, by (5.24), taking a
shortcut contributes at most ¢/2k to the difference of the distance traveled in G and G.
Also, traversing a shortcut edge contributes o(p)B,,/(By, + 1) and there are at most k
shortcuts on the path. Furthermore, it may be required to reach the relevant junction
points from X; and X; and that contributes at most 20(p)Amax/(Bm + 1). Thus, for
k+1<1,j <k+1, and sufficiently large m,

e  ko(p)Bm  20(p)Amax <

de(Xi, X;) < dg(i+, j+) + = +

dea(2 ] . 5.25
5T B, 11 B 11 = c(i+,j+)+¢ ( )

By symmetry we can conclude the lower bound also, and the continuity of ¢(-) (see [15,
Theorem 4.18]) along with (5.23) completes the proof of Proposition 5.7. O

6 Mesoscopic properties: Proofs of Theorems 2.10 and 2.11

At this moment, we urge the reader to recall the definitions from (2.9), (2.10), (2.11),
and (2.12). The configuration model graphs considered in this section will be assumed
to have degree sequence d’ and the vertices have an associated weight sequence w such
that Assumption 2.9 is satisfied. We use the notation C,C’ to denote generic positive
constants, whose values can be different in different lines. The rest of the section is
organized as follows. In Section 6.1, we start by proving the required bound on the
diameter in Theorem 2.11. In order to deal with the different terms in Theorem 2.10, we
first obtain some moment estimates in Section 6.2, and these estimates are then used to
prove asymptotics of s5 in Section 6.3. The individual component weights are estimated
in Section 6.4. In Section 6.5, we prove asymptotics of s3, and finally the mesoscopic
typical distance is computed in Section 6.6.

6.1 Maximum diameter: Proof of Theorem 2.11

Let £}, = >_,c(, di- We will use path-counting estimates for the configuration model
from [48, Lemma 5.1]. Let P, denote the number of paths of length / in CM,,(d’). Then
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[48, Lemma 5.1] shows that for any [ > 1
E[P] < £, (v)) 7L (6.1)

If the maximum diameter is at least n’(logn)?, then there exists a path of length
n?(logn)?, and therefore
e (v, (os(n)?

P(Amax > n°(logn)’) < Y B[P < < Cnttoe=C'losm)® g oy

1-v]
1>nd%(logn)? n

where the second step follows using (6.1). Thus the proof of Theorem 2.11 follows. O

6.2 Moment bounds for total weights

Consider the size-biased distribution on the vertex set [n] with sizes (w;);c},). Let
V., and V7, respectively, denote a vertex chosen uniformly at random and according
to the size-biased distribution with respect to the sizes (w;);c[,), independently of the
underlying graph CM,,(d'). Let D!, W,, (respectively D, W) denote the degree and
weight of V,, (respectively V,7). For a vertex v € [n], let #/(v) := >} cor(,,) Wk, where €' (v)
denotes the component of CM,,(d’) containing v. The reader should note the difference
in notation that terms such as %;, ¢, with 7 in the subscript refer to the quantities defined
in (2.10).

In this section, we prove the following moment bounds for % (V,*), which will help us
compute the expectation and variance of s3:

Lemma 6.1. Under Assumption 2.9, the following holds:

) By (v;)] = SRRl 1 oy,

.. ) 2 E[D;(E[D,,W,])%03(n)
) B[(#/(v;))?] < HPAEDD 0 (1 L o1)), where aa(n) = & Yyeiu dild) —
1)(dy, —2),

(i) B[(#(V;))*] = o(n+20),

Proof of Lemma 6.1 (i). We use path-counting techniques for configuration models from
[48, Lemma 5.1]. Let J;(v, k) denote the collection of x = (z;)o<i<; such that zg = v,
x; = k and z;’s are distinct. Then, an identical argument to the proof of [48, Lemma 5.1]
shows that, for any [ > 1, the expected number of paths of length exactly [ starting from
vertex v and ending at k is given by

d.d. T2 d, (d, —1) d.e
oYy 1=1 Yx; \Vx; < /l 1 _ 1 / /lfl 6.3
DN vy By oy S T e L = ( +O< ))dn 63)

x€T;(v,k)

where the last step holds for [ = o(n). Let A;(v, k) denote the event that there exists a
path of length [ from v to k and let A;j(v, k) denote the event that there exist two different
paths from v to k, one of length [ and another one of length at most [ — 1. Notice that

E[#(V)I|V, =v] = {Zwkﬂ{v«»k}}<wv+22wk]? (Ai(v, k), (6.4a)

ke[n] 1>1 ke(n]

E (VO =0]>) Y wiP (Ai(v, k) ZZwk]PAlvk)) (6.4b)

1>1 keln] 1>1 keln
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Now, using (6.3) and Assumption 2.9, (6.4a) yields
E [ (V))IV, =]
(logn / / -1 y ’
d. d, T[—d. (d, —1) ' 2
< w, zo "z L1i=1 "z, \Pz; Crv 146 ,—C'(logn)
D IR LD B (/B Eay I L (6.5)

=1 ke[n] xe€T;(v,k)

d/ / oo
<wy+ (14+0(1)) =" Zull
1=1
where in the second step we have used (6.2) and (6.3), and in the last step, we have used
the facts that ¢;, = nE[D;,] and >, ., dwi, = nE[D],W,]. Thus,

E[¥ (VD) < EE[%;{]E( 1”3 ZZZ;] (1+0(1), (6.6)

where the multiplicative (1 + o(1)) term in the final expression comes observing that
(1—v/)"t = ©(n?), and lim,,_,, E[W,"] < co. For the computation of the lower bound in
(6.4b), we note that

P(A;(v,k)) > P(3 a unique path of length [ from v to k)
= Z P(x is the unique path between v and k)

ijL(U,k)
> Z P(x is a path from v and k)
z€T;(v,k)
— Z P(3y € J;(v, k) \ {z} : =,y both create paths from v and k),
xeT;(v,k)
(6.7)
where the final step follows from using the inclusion-exclusion principle. Also, the first
term inside the sum in (6.3) is the probability that « = (xo,...,x;) creates a path for

some x. Thus,

d{vodgvk Hi h d; (d/wt — 1)
P(A(v, k)) > Z 0 —1)- 1(6;1 20+ 1)

x€T;(v,k)

- Z P(Jy € J;(v, k) \ {x} : @,y both create paths from v and k).
xz€T;(v,k)
(6.8)

If we have two distinct paths, one being «, and another of length at most [ (say y),
then there must be two distinct vertices a,b in  such that the path between a,b on
x is disjoint from that of y. Depending on the choices of a, b, one of the structures in
Figure 4 occurs. Let r be the length of the path between «, b that is disjoint of . Denote
by Aj(v, k,z,i) the event that the structure of type ¢ (:=I, II, III, IV) in Figure 4 appears,
where x € J;(v, k). Using an argument identical to (6.5), and applying Assumption 2.9, it
follows that

log n)

Z Zwk > =1 -2)P (Aj(v, k2, 1))

=1 ke[n] z€T;(v,k)

<CdEDW,Y Y o3(n l —1)(1 - 2)re (6.9a)

/
1>1r>1 n

N3 d n6a73
no>3 n

= o(d,n’),
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| v

k k k k

Type I Type 11 Type III Type IV

Figure 4: Possible structures for two distinct paths from V' to k.

where the (I — 1)(I — 2) factor is due to the possible choices of a,b, o3(n)? is due to the
two branch points for which three half-edges needs to be paired, and in the last step we
have used the fact 6a — 3 + 36 < 6a — 3 4+ 3n = 0 since § < n. Similarly, with b = k, we
get the Type-II structures in Figure 4, and thus

log n)

Z Zwk > 1= )P(A(v, k,2,11))

=1 ke[n] xz€T;(v,k)

< Cd,o3(n ( = > wedy(dy, — 1) )ZZ )itr3 (6.9b)

£ ke(n] >1r>1
d;’n6°‘_3 L s
< Cq =y — o)
Again,
n° (log n)?
Z Zwk S (- 1)P (A (v, k,x, 10D)
= [n] =T (v.k)
< Cdy(d;, — 1)o3(n) <€/2 > wkd/> SN -y (6.9¢)
" keln] I>1r>1
d;2n6oc—3 2 Si1_3a
S Ogamrg — s~ oldem ),
and

n® (logn)?

Z Z W Z IP(AE(kaavaV))

=1  ke€n] z€T;(v,k)

1 2 6.9d

< cd, d’—l(/QZwkd’ (d), — )ZZ +r- (6.9d)
” k€[n 1>1r>1

d;? 6a—3

_ 2 0+1-3«

< n3e—1(1— )2 (dyn )-

Taking expectations with respect to V,*, all the terms in (6.9a), (6.9b), (6.9c) and (6.9d)
are o(n®), where we use that E[(D})?] = O(n*~!). Note that the estimates in (6.9a),
(6.9Db), (6.9c) and (6.9d) can be used to upper bound P(Aj(v, k)) in (6.4b) as well. To
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compute the leading contribution to (6.4b), using (6.2) and (6.8), we lower bound

log n)

Z Zw’f Z /11Hdl (d, — 1)dj, +o(1)

=1 k€[n] xeT;(v,k) tn =

n° (log n)? 1—2
d,E [D;, W] ao1 din®(logn)? . (6.10)
> SELERL 5 (o - R (5 - ) ) o)

=1 i€[n]
_ dLE[DLW,] (1 (v,)" loe™)?) A E[D,W,]
= E D] (1— 1) o) = Fioma — v

(1+0(1)),

where we have used the fact that dj/ < d;n°(logn)? and inclusion-exclusion to obtain the
third step, and (2.9), d\n"/¢, = ¢, /pa(1 + o(1)) and the fact (/)" (loen)* < ¢=Cllogn)” —
o(1) in the last step. Thus, it follows that
E[D}]E[D,Wy]
E[D;](1-v,)

and the proof of Lemma 6.1 (i) is now complete using (6.6). O

E7 (Vi) =

n

(1+0(1)), (6.11)

Remark 6.2. It may be worthwhile to point out that the upper bound (6.6) holds for any
configuration model satisfying v;, <1 —n~* for some g9 >0 and }_, ., w? = O(n). The
rest of Assumption 2.9 is not required in the proof of this upper bound.

Proof of Lemma 6.1 (ii). Note that

(POD) = D wn w1V~ ke Vi~ k) = Da(Vir) + Ea(Vr),
ki,..., kr€[n]
(6.12)
where
D, (V¥ r) = > Wiy - w, LV~ Ky Vo k)
1,k €[n] (6.13)

V2 ki,..., k.. distinct

Let us formulate a general upper bound on E[D,,(V,*, r)] using similar computations as in
(6.6). Note that if V,* ~ k; for all i € [r], then we must have a tree T" with V,* as root and
(ki)ie[r] as leaves. Let us “collapse” all the degree-two vertices in T except V7. More
precisely, we sequentially take a degree-two vertex (except V,), delete it, and create an
edge between its neighbors. Denote the obtained tree by 7" = (V(7”),E(T")). Thus, T”
can be thought of as a rooted tree with V,* being its root, and (k;);c},) being its leaves.
Also, T’ does not have any degree two vertices except possibly V*. Further, note that
r+1 < |V(T")] < 2r, and thus r < |E(T")| < 2r — 1. Let m;(7") denote the number of
degree-i vertices in 7" and let do(7”) be the degree of V,* in T".

Let [, be the number of edges that are collapsed to create e € E(T7”). In that case,
exactly I, — 1 degree-two vertices get collapsed in 7”. Using (6.2), we can restrict
ourselves to the case I, < n°(logn)?, and the error due to such a restriction is given
by (¢v)n!+de=C'(len)® For each T’ described above, i half-edges of V,* = v are being
paired, for which there are H (d’ — i+ 1) possible ways. Moreover, the number of
choices of the r distinct leaves (k; )iclr] gives rise to the factor (Y,c(, d,wg)" in the path
counting. Define

Q) = [y M0, Ry = 30 ) B,
i>3 (- \E(T ok
1<l,<n’(logn)?
(6.14)
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kl kg k’l k?

Type I Type I1
Figure 5: Possible paths when V) ~ ki, and V,J ~ ks.
Note that Q,,(7") gives the contribution due to the pairing of the half-edges of the vertices

in V(T")\{V,*, k1,...,k,}, and R, (T") is the total contribution due to degree-two vertices
of possible trees T that could give rise to T" after collapsing. Thus,

do(T")
E[D (Ve nVi = o] < (1400 [ (d—i+1)
NG (6.15)
x <£1/ Z d;cwk) Qn(THR,(T') + C(gg)rnlwefc’oogn)z,

™ ken)

for constants C, C’ > 0.
Let us now apply (6.12) and (6.15) for the special case » = 2. Figure 5 describes the
possible structures 7T”. Application of (6.15) yields

E[Dy] (X pep dhwn)?os(n)  E[Di (D) = D] (Xiepn d%“’k)%

FID V2] < = S ) o
The two terms are O(n?**39~1) and O(n3**+29-1) respectively. Also,
B[E, (1.2 < B[07:7] + W 4 B| ¥ wtt G~ K] ear)

ke(n]

where the first term is due to VJ = k; = ks, the second term is due to V] = k; but
V¥ # ko or V¥ = ky but V* # kq, while the third term due to k; = ks but V¥ # k;. The
three terms are respectively O(n*~1), O(n3**t9=1) and O(n3**9~1), where we have used
(6.5) to compute the second term, and an analogous computation as in (6.5) to compute
the final term (replacing wy by w,f in (6.5)). This proves our required upper bound that

E [D;] (B[D}, Wa])?0s(n)
(E[DL])?*(1 = vy)?

E[(#(V;)"] < (1+0(1)) (6.18)

O

Proof of Lemma 6.1 (iii). We again use (6.12) and (6.15). For the third moment, the
leading contributions to E[D,,(V,*, 3)] arise from one of the structures given in Figure 6.
We will use the fact that E[(D})"!],0,(n) = O(n"*~!) for r > 3. The contributions on
E[D, (V,F,3)] due to the first type of tree in Figure 6 are upper bounded by

Cos(n)?

m _ O(nﬁa—2+56) — O(n1+26+(6(x—3+36)) — O(n1+26), (6.19)

where in the last step we have used the fact that 6a—3+9 < 6a—3+1—2a = 2(2a—1) < 0.
The contributions due to the other three types of trees are respectively upper bounded
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ky k2 k3 k1 ko k3 k1 ks k3 ky ko k3

Figure 6: Possible paths when V) ~ ki, V¥ ~ ko, and V,} ~ k3.

by
CE[(DZ)?’] — O(pta—1+38 Coy(n) — O(pto—1+43 CE[(D;)Q]USW) — O(pSa—2+43
R er7a L 7 L

all of which are o(n'*2%). Also,
E[E,(Vy,3)] < E[(W;)]

+ E[ Z wil {V,* ~ k}} +3E [W;; Z Wil {V} ~ k}] + 3E[(W;)*# (V)]
ke(n] k€[n]

+ 3E[W; (W(V;))z] + 3E Z wilwkzﬂ {V: ~> kjl, V: ~> k‘g}:l s
kl,kQG[n]
(6.20)

where the first term is due to |[{V,’, k1, k2, k3 }| = 1, the three cases in the second line are
due to |{V,*, k1, k2, k3}| = 2 and the final two cases are due to |[{V,*, k1, k2, k3}| = 3. Using
the fact that max;e(,] W; = O(n%), we can use the estimates in (6.16) and (6.17) to show
that the first term is O(n**~!), the next three terms are O(n***°~1), and the last two
terms are O(n**+39=1)_ All these contributions are o(n'*2°) and hence we conclude that
E[(# (V)] = o(n'*2?). m

n

6.3 Analysis of the susceptibility function s}

Asymptotics of s5. The asymptotics of s} is a consequence of the Chebyshev inequality.
Denote ;7 =3, (,, wi. First, if Eq' denotes the conditional expectation given CM,,(d'),
then for any r > 1,

Ea (7 (V) ]=3 3 2"( > w) — e 0" (6.21)

i>1keg, ™ MeE), o>l

Therefore, using Lemma 6.1 and (2.9), it follows from Assumption 2.9 that

_ o T
‘B [sk] = 2n B [# (V" 2 6.22
n” I [s3] el 7 ( n)]_>,ud>\07 (6.22)

where we have used the fact that E [D}}] — 14,/ It remains to compute the variance.
Let U, denote another vertex chosen in a size-biased way with the sizes being (w;)cn),
independently of the graph CM,,(d’) and V,*. Then (6.21) yields

E[(s5)?] = leE{ 3 %27/]2} - ;E[ZW] N ;E[Z%g%z}

ij>1 ) i>1 i (6.23)
@;LU 1 1) 3 6% * * * *
=S e[+ () B @ v s ¢ e ).
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where the equality of the second term in the third equality follows using similar argu-
ments as in (6.21). Denote the last two terms of (6.23) by (I) and (II) respectively. To
estimate (II), observe that, conditionally on the graph %’ (V,*), the graph obtained by
removing ¢”(V;*) from CM,,(d’) is again a configuration model with the induced degree
sequence d and number of vertices 7. Let 7, denote the corresponding criticality param-
eter. In the proof of Lemma 6.1 (i), we observed that the upper bound holds whenever
Up <1—n"°withe € (0,1) (see Remark 6.2). To this end, let us show that there exists
€o € (0,1) and ¢; > 0 such that for all sufficiently large n,

c1

P (0, <1—n"%|%¢'(V;)) =1, with probability at least 1 —e " (6.24)
Denote ¢/, = Zie[n] d;. To see (6.24), first notice that
e di(ds = 2) S e &)
Uy —1=v, —1- O T T T )TV T (6.25)

Moreover, for any connected graph G, > ., di(d; —2) > —2 (this can be proved by
induction) so that
_ d; 2
(l/n—l)(l— Z /) gz/;—1+€—,. (6.26)
jee' (V) " "
Next we use the following:
Fact 6.3. There exists cy, c; > 0 (sufficiently small), and ng > 1 such that for alln > ny,
P(Y e vy dj = notote) <emnh
The proof of Fact 6.3 follows using the exploration process in Section 6.4, and
martingale concentration inequalities such as [36] (see Appendix C for a detailed proof).

The proof of (6.24) now follows using ¢,, = O(n), (2.9), and Fact 6.3.
As mentioned in Remark 6.2, now we can apply the upper bound from (6.5). Therefore,

E[#/(U3)1{U; ¢ €' (V) €' (V)]

- L) Y i (V). U (V)

oy
2
< Zie[n] wi2 i Zig%'(v;)wi % (Zi¢(g'(v;)d§wi) Zigfg'(v;)dg
- ey Dige (v Wi Digegr (viey (= Digegr vy di(di — 2))

(Zie[n] dng‘f

S 0 (= v T on(D) +01) =E[7 (V)] (14 0s(1)),

(6.27)
where the penultimate step again follows from (6.26). Thus,

E [ (U7 (VLT ¢ 2'(VO)Y < (B (V] (1+ (1), (6.28)

n

Now, (6.23), (6.28) together with Lemma 6.1 implies that Var (s}) = 0(n25). We can use
the Chebyshev inequality and (6.22) to conclude that n—%s% ~ 147,/ (HdXo)- O

Remark 6.4. The method used to obtain the asymptotics of s5 can also be followed
verbatim to obtain the asymptotics of s;,. Indeed, notice that

1
Efss] == 6| = . .
s3] = 1B| S At =Bl v (6.2
i>1
A similar identity for the second moment of s7, also holds.
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6.4 Barely subcritical masses

We now prove the asymptotics of #; in Theorem 2.10. The idea is to obtain the
asymptotics for #/(j) for each fixed j, and then show that #; = #/(j) with high probability.
Consider the breadth-first exploration of the graph starting from vertex j as follows:

Algorithm 3. The algorithm carries along three disjoint sets of half-edges: active,
neutral, dead.

(S0) At stage i = 0, the half-edges incident to j are active and all the other half-edges
are neutral. Order the initially active half-edges arbitrarily.

(S1) At each stage, take the smallest half-edge e and pair it with another half-edge f,
chosen uniformly at random from the set of half-edges that are either active or
neutral. If f is neutral, then the vertex v to which f is incident, is not discovered
yet. Declare the half-edges incident to v to be active and larger than all other
active vertices (choose any order between the half-edges incident to v). Declare
e, f to be dead.

(S2) Repeat from (S1) until the set of active half-edges is empty.

Define the process S, by S},(1) = S},(1 — 1) + d,J; — 2, and 5},(0) = dj, where .J; is the
indicator that a new vertex is discovered at time / and d,, is the degree of the discovered
vertex, if any. Thus, when the exploration starts from vertex j, then S/, tracks the number
of active half-edges. Let L := inf{l > 1 : S/(I) = 0}. By convention, we assume that
Si (1) =0for !> L. Let ¥, denote the vertex set discovered up to time / excluding j and
Z3(1) == 1{i € ¥;}. Define Z}'(l) = 0. Also, let .#; denote the sigma-field containing all
the information upto time [ in Algorithm 3. Note that

D=d+ Y dzri) -2 =d+ > d (I" di ) + (v, = DL (6.30)

1€[n]

Consider the re-scaled process S! defined as SJ(t) = n=*SJ([tn®*°|). Then, using
Assumption 2.9,

Sit)=c;+n > df (I;l(tna”) — thna”) — Xot + o(1). (6.31)
i€[n] "
The following three lemmas determine the asymptotics of #; and s3:
Lemma 6.5. Let L; be the function with L;(t) = c¢; — Aot fort € [0,¢;\; "] and L;(t) =0
fort > c¢;\;'. Then, under Assumption 2.9, as n — oo,

sup |57(t) — L;(t)| — 0. (6.32)
t<ciAg !

Zie[n] w; L (1) — Ml = 0p(not9).

Lemma 6.6. For any T' > 0, sup;<r,a+s
— i€[n] “i

Lemma 6.7. Fix any j > 1. Then with high probability # (j) = #;.

Asymptotics of #;. Note that, since the exploration process explores one edge at each
time, Lemma 6.5 implies that (see e.g. [62, Theorem 13.6.4])

g, 2 455 (639
kee’ (5
Moreover, Lemma 6.6 yields that
1 ze[n] d Wi 1 /,[,d w
nO‘*‘sW Z Wi, —7@ p— Z dk—&—oP /~Ld>\ ——c;. (6.34)
" e kEE (5) 0

Now the asymptotics of #; in Theorem 2.10 follows by an application of Lemma 6.7. O
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Next we provide a proof for Lemma 6.7. The proofs of Lemmas 6.5 and 6.6 follow
using similar techniques as in [31], and thus are provided in Appendix B.

Proof of Lemma 6.7. Recall the definition of ‘K;, #; from (2.10). For fixed K > 1, if all the
components (¢”(j)) e[k are disjoint, then j = min{k : k € €’(j)}, i.e., j is the minimum
index among the vertices in ¢”(j). In that case, ¢”(j) = ¢/ and thus #/(j) = #;. Thus, it
is enough to show that, for each fixed 7,5 > 1,

P(i and j are in same connected component) — 0. (6.35)

If 7,5 are in the same connected component, then the S{L will have a jump of size
d; = (1+ o(1))¢e;n®. By Lemma 6.5, and the fact that L; is continuous, it follows that
the probability of S/, having a jump of size at least en® tends to zero for any fixed ¢ > 0.
Thus we conclude (6.35) and the proof follows. O

6.5 Analysis of the susceptibility function sj

The aim of this section is to prove the following proposition which estimates the
contribution on s3 due to components (%)~ x:

Proposition 6.8. Suppose that Assumption 2.9 holds. For any ¢ > 0,

. . 3 3(a+d) |\ _

Jim h;r;sogp]P(g( (#;)” > en®™ )) =0. (6.36)
Proof. Let G¥ denote the graph obtained by deleting all the edges incident to the vertices
in [K]. In this proof, a superscript K to any previously defined object will correspond to
the object in GX. Note that G* is again distributed as a configuration model conditioned
on the new degree sequence d* = (dF )ic[n]- We also augment a previously defined
notation with K in the superscript to denote the corresponding quantity for GX. Note
that 3, di > €, =23, di = £,(1+O0(n*")). Also, dff = 0 for all i € [K], and
df < d} foralli € [n] \ [K]. Recall the definition of ¢;’s from Assumption 2.9. First, for
each fixed K > 1,

K. Zie[n] df((df - 1) < Zi>K d;(d; B 1)

T T T G+ 0(me )
Diem dildi = 1) Dieqx di(d; — 1) o1 (6.37)
= El - f/ + O(TL )

=, +0n** ) +0mn* ) =1-Xn"% +o(n?),

where we have used the fact that 6 < n =1—2a < 1 — « in the last step. We aim to apply
the upper bound (6.18). Since we have only deleted K = O(1) many vertices and ©(n®)
many half-edges to obtain G*, it follows that (d;");c[, also satisfies Assumption 2.9. We
can apply the upper bound in (6.18), and thus

1 K\3 61;: K ) 2 Zi> d;(d: B 1)(d: - 2)
7| S oy| = ooy < o= TR 0

< Cn3a+35—1 (n—3a Z d;B),

i>K

which tends to zero in the iterated limit limg_, . limsup,,_,.,. Therefore, using the
Markov inequality and the fact that c € Ei” \ £2, it follows that, for any ¢ > 0,

lim limsuplP(Z () > an3<a+5>) =0. (6.39)

K—oo
n— oo i>1
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Now, the proof is complete by observing that >_,_ . #;> < > (#;%)>. O

Remark 6.9. Notice that the proozf of Proposition 6.8 can be modified to conclude
the similar results for >, . (#;)7|¢/| and Y .. x #i|¢/|>. Indeed, an analogue of
(6.38) can be computed by observing that E[Zizl(%K)QFKi’Kﬂ = nE[#*(V,)], and
B[ i1 #(1%7))%] = GUE[€" (V)]

Finally we prove the asymptotics of s3 stated in Theorem 2.10:

Asymptotics of s3. The proof follows by combining the asymptotics of % and Proposi-
tion 6.8. O

Remark 6.10. The argument for s3 can be followed verbatim to also conclude that

oo

—3a— P /’(‘d w < —3a— P ,LLd
3a—36 Z |<5’ % e, 3a—30 Z VA G = Zc (6.40)
=1 =1

6.6 Mesoscopic typical distances

In this section, we obtain the asymptotics of D} in Theorem 2.10 using a similar
analysis as in Section 6.3. Again the proof involves the Chebyshev inequality where the
moments are estimated using path counting. We sketch the computation of E[D}]. Recall
the notations U}, V¥, A;(v, k) and Aj(v, k) from Section 6.3. Note that

E (D] = i]E{ > wiwrd(i k)1 {k € €7 (i)} } = ”]E{ Z wrd(V,5 k)1 {k € €'(V, )}}

i,k€[n]
gw
<n *
< S we Y IR (A(Vyr k) Zz > wiP (A(Vy k)
k€[n] >1 I>1 ke€n]

and also

> b Zz( S wn (P (AUV K) —P(A;(v;,k)))) (6.41)

1>1 “Nken]
Now compare the terms above to (6.4a), (6.4b). The only difference is that there is an

extra multiplicative [ here. Thus we can follows identical arguments as in the proof of
(6.5), (6.11), and at the final step, we can use that )_,, I(v] /)=t = (1 —v!)~2. Thus,

E W] E[D}]E [D;, W]
E[D;] (1 -v)?

n

(B [D;, Wa])?
E[D;] (1 -v,)?

n

E[D}] = (1+o0(1) = (1+0(1)). (6.42)
The variance terms can also be computed similarly. Due to the presence of [? in the
second moment, we can use »_;5, (I — 1)(v; ')=2 = (1 — v/)3. This gives rise to an
additional fact 1/(1 — v/))?> = O(n??). Again, the identical arguments as (6.27) can
be applied to show that Var (D) = o(n*’). Thus the proof of the asymptotics of D},

follows. O

7 Metric space limit for critical percolation clusters

The aim of this section is to complete the proof of Theorem 2.3. We start by defining
the multiplicative coalescent process [3, 4] that will play a pivotal role in this section.

Definition 3 (Multiplicative coalescent). Consider a (possibly infinite) collection of parti-
cles and let X(s) = (X;(s));>1 denote the collection of masses of those particles at time s.
Thus the i-th particle has mass X;(s) at time s. The evolution of the system takes place
according to the following rule at time s: At rate X;(s)X,(s), particles ¢ and j merge into
a new particle of mass X;(s) + X;(s).
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Before going into the details, let us describe the general idea and the organization
of this section. The proof combines many ingredients and ideas from [10] and [31]. In
Section 7.1 we consider a dynamically growing process of graphs that approximates the
percolation clusters in the critical window. Now, the graphs generated by this dynamic
evolution satisfy the following properties: (i) In the critical window, the components
merge approximately as the multiplicative coalescent where the mass of each component
is approximately proportional to the component size; (ii) The masses of the barely
subcritical clusters satisfy nice properties due to Theorem 2.10. In Section 7.2, we
derive the required properties in the barely subcritical regime for the dynamically
growing graph process using Theorems 2.10 and 2.11. Section 7.3 is devoted to deriving
scaling limits of functionals of G, (¢.())). In Section 7.4, we modify the dynamic process
in such a way that the components merge exactly as multiplicative coalescent. Since
the exact multiplicative coalescent corresponds to the rank-one inhomogeneous random
graphs, thinking of these barely subcritical clusters as blobs, we use the universality
theorem (Theorem 5.4) in Section 7.5 to determine the metric space limits of the largest
components of the modified graph (Theorem 7.15). We finally complete the proof of
Theorem 2.3 in Section 7.6.The proof of Theorem 2.4 is given in Section 7.7.

7.1 The dynamic construction and its properties

Algorithm 4 (The dynamic construction). Let G,,(t) be the graph obtained up to time ¢
by the following dynamic construction:

(S0) Initially, any vertex i has d; incident half-edges and all the half-edges are alive.
During the construction, a half-edge can be in one of the following two sets: alive or
dead. All the half-edges have an independent unit rate exponential clock attached
to them.

(S1) Whenever a clock rings, we take the corresponding half-edge, Kkill it and pair it with
a half-edge chosen uniformly at random among the alive half-edges. The paired
half-edge is also killed and the exponential clocks associated with killed half-edges
are discarded.

Since a half-edge is paired with another unpaired half-edge, chosen uniformly at
random from the set of all unpaired half-edges, the final graph G, (co) is distributed as
CM,,(d). Define

Up, A

1 Vp
tc()\):2log(yn_1) +2(Vn—1)ﬁ' (7.1)

We denote the i-th largest component of G, (¢) by €.,,(¢). In the subsequent part of this
paper, we will derive the metric space limit of (¢, (t.(A)))i>1. The following lemma
enables us to switch to the conclusions for the largest clusters of CM,,(d, p,()\)):

Lemma 7.1 ([31, Proposition 24]). There exists €, = o(n~") and a coupling such that,
with high probability,

Gn(te(N) —en) C CM,(d, (X)) C Gr(te(N) +en), (7.2)
CM,,(d, pn(N) — ) C Gn(te(X) C CM,(d, pr(N) + €4). (7.3)

Let w;(t) denote the number of unpaired/open half-edges incident to vertex i at time ¢
in Algorithm 4. We end this section by understanding the evolution of some functionals of
the degrees and the open half-edges in the graph G, (¢). Let s1(¢) denote the total number
of unpaired half-edges at time ¢. Denote also sa(t) = >, wi(t)?, saw(t) =3 diw;(t).

i€[n]
Further, we write u,, = £,/n.

Lemma 7.2. Under Assumption 2.1, the quantities sup,< |Ls1(t)—pne™?
,une_‘“(un —i—th)

, SUP < | Lso(t)—
|, supi<r | LS00 (t) — pn (1l + vy )e~%| are all Op(n~'/2), for any T > 0.
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Proof. The proof uses the differential equation method [63]. Notice that, after each ring
of an exponential clock in Algorithm 4, s;(¢) decreases by two. Let Y denote a unit-rate
Poisson process. Using the random time change representation [33],

s1(t) =4, — QY(/ot Sl(u)du> =Ly + M,(t) —2 /Ot s1(u)du, (7.4)

where M, is a martingale. Now, the quadratic variation of M, satisfies (M,)(t) <
4tl, = O(n), which implies that sup,.r |M,(t)| = Op(y/n). Moreover, notice that the

function f(t) = pne~ % satisfies f(t) = pn — 2f0 u)du. Therefore,

M, (t T 1
< sup & + 2/ sup du. (7.5)
t<T n 0 t<u|T

1 B _
sup | —s1(t) — pne”> —s1(t) — pne” >

t<T | T

Using Grénwall’s inequality [55, Proposition 1.4, page 204], it follows that
M, (t
up [ (0)

t<T n

1
sup |—s1(t) — ppe | < e’ = 0p(n~1/?), (7.6)

t<T | M

as required. For s5(t), note that if half-edges corresponding to vertices i and j are paired,
so changes by —2w; — 2w; + 2 and if two half-edges corresponding to i are paired, s»
changes by —4w; + 4. Thus,

9 , w; (w)w; (w)(—2w; (u) — 2w;(u) + 2)
> wi Zd + M, ( / > ) 1 du

i€[n] i#j

wz z 1)(_4(-*)1' (’LL) + 4)
/Z (u)—l du  (7.7)

1€[n]
= npn (14 vy) + M) (t) + /0 (—4s2(u) + 251 (u))du + O(1),

where M, is a martingale with quadratic variation given by (M/)(t) = O(n). Again, an
estimate equivalent to (7.6) follows using Grénwall’s inequality. Notice also that when a
clock corresponding to vertex ¢ rings and it is paired to vertex j, then s4 ,, decreases by
d; + dj. Thus,

Sd7w(t)
_ 2 " wi(u d +d,; ) v — ! w;(u)(w;(u) — 1)2d; w
,;[n]d + M / Z T ¢ /O g{% s -1 °

¢
= npn(l +vy) + M) (t) — 2/ Sdw(u)du,
0
(7.8)

where M is a martingale with quadratic variation given by (M/)(t) < 2t > i) dz =
O(n). We can now apply Grénwall’s inequality as before. The proof of Lemma 7.2 is
complete. O

7.2 Entrance boundary for open half-edges
Define

1 V. v, 1
t, = =1 e — L 0<d . 7.9

The goal is to show that the open half-edges satlsfy the entrance boundary conditions.
Let d(t) = (di(t))ic[n) denote the degree sequence of G, (t) constructed by Algorithm 4.
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Recall that G, () is a configuration model conditionally on d(t). Let us first derive the
asymptotics of v, (¢,). Recall that w;(t) denotes the number of open half-edges adjacent
to vertex ¢ in G, (¢). Notice that

) d; — w;i(tn))? ) d? — 284, (tn) + s2(tn
Vn(tn) = 2ici Un))” ) _ el dultn) ¥ 52(tn) (7.10)
Ly — Sl(tn) by — Sl(tn)
Using Lemma 7.2 and Assumption 2.1,

1, _ _ a—2tn —5y _ HBn (1 _Vn -8
(B = s1(t0)) = (1 = e72%) 0y (n %) = 2 (1-25) +ortn™), (7.11)

d 9 t Hn 2 3Vn -5
Z — 254, (tn) + 52(tn) Vn( - n5)+0P(n )- (7.12)

Thus, (7.11) and (7.12) yields that v,(t,) = 1 — v,n~% + 0,(n°%). Further, using the
differential equation method again, the evolution of (w;(t)):>¢ is given by

E 12w, (u)(s1(u) — wi(u))  2w;(u)(w;(u) — 1)
e RS e

wilt) = d; + M (t) + /

0

; (7.13)
=d; + M, (t) + 2/ wi(u)du,
0
and Assumption 2.1 yields that, forall 7' > 0,
sup |n~%w;(t) — Bie 2| 5 0. (7.14)

t<T

We aim to apply the results for the barely subcritical regime in Theorem 2.10 to the
number of open half-edges w(t,) = (wi(tn))ic[n)- Notice that, by Lemma 7.2, (7.14) and
Assumption 2.1, w(t,) and d(t,) satisfy Assumption 2.9 with

v—1 v—1 0;
Pt S P Cank ) RN 3 (7.15)

14 v 1% 1%
Let %;(t) be defined analogously as (2.10) for the graph G,, (). Denote f;(t)= 3" c«, 1) wk(t)
and f(t) = (fi(t));>1. The following theorem summarizes the entrance boundary condi-
tions for f(t). Let s§, s§, D% respectively denote the quantities s3, s3, D}, respectively
with the weights being the number of open half-edges, and the underlying graph being

Gn(tn)-

Theorem 7.3. Under Assumption 2.1, as n — oo,

-1 -1 -1
n~0s¢ 5 7M(V 5 ) n 0w I M nf(o‘+6)f7;(tn) LN <V )Qi (7.16)
v

B _1)2
pa=35+1 g T, (V 1> Zg n—%pggu, (7.17)

Remark 7.4. Setting w; = 1 for all i, we get the entrance boundary conditions for the
component sizes also. In this case uq = p4. = p/v. Replacing w by c in the above
notation to denote the component susceptibilities, it follows that

—5.c P H —(a+8) o p b p3e—30+1 g 3
n SS—);, n—\¢ |<€Z(tn)|—>ﬁ, - S 620
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7.3 Components of the dynamically constructed graph

The idea is to regard (%;(t,)):>1, the connected components at time ¢,, as blobs.
For t > t,, the graph G, (¢) should be viewed as a super-graph with the superstructure
being determined by the edges appearing after time ¢,,. Thus, the components of G, (¢)
can be regarded as a union of the blobs. For a component ¥, we use the notation
$B(%¢') to denote the collection of indices corresponding to the blobs within %" given by
{b:6(tn) C €,%(t,) # @}. Denote

Fity= > filta).

bEB(C(4)(t))

Let us denote the ordered components and the F-values of G, (t.())) simply by (6, (A))i>1
and (F;(X))i>1 respectively. The goal in this section is to obtain the scaling of these
component functionals, and also understand structural properties related to the surplus
edges. Recall that SP(%) denotes the number of surplus edges in the component %,
i.e. SP(¥) = #edges in ¥ — |¢| + 1. The following result gives the scaling limits of the
rescaled component sizes and surplus edges of G, (¢.())):

Proposition 7.5. Let (4;,(\));>1 denote the ordered vector of components sizes of the
graph G, (tc(\)). Then, (n="|%,,(\)],SP(%(N))),o, = (2&,47)i=1 as n — oo, with re-
spect to the topology on éf x INW, where the limiting objects are defined in Proposition 4.3.

The proof is a direct consequence of Lemma 7.1 and Proposition 4.3. See for example
[31, Proposition 25]. The components consist of surplus edges within the blobs and the
surplus edges in the superstructure. Next, let SP’(%,,()\)) denote the number of surplus
edges in the superstructure of ¢,;,(\). Thus SP’(%/,,()\)) denotes the macroscopic surplus
edges which are not inside some blob. The next result proves that all the surplus edges
in the critical components are macroscopic. Further, it relates the component sizes and
the F-values of G, (t.(\)):

Proposition 7.6. Assume that /2 < 6 < n. Then, for each 1 < i < K, the following
hold:

(a) With high probability, SP'(%,,,(\)) = SP(%,,,()\)). Consequently, there are no surplus
edges within blobs in 6;,(\) with high probability;

() F:(\)/|6.,(\)| 2 v — 1. Consequently, (n=PFi(N),, 4 v=1¢ with respect to the
product topology. -

Since SP'(%;,()\)) < SP(%,,,()\)) almost surely, for Part (a) it suffices to show that
SP’(€.,,()\)) and SP(%,,()\)) have the same distributional limit. (7.18)

Let G/, denote the graph obtained from G, (¢.()\)) by shrinking each blob to a single node.
Then, SP'(-) can be viewed as the surplus edges in the components of G/,. The graph
G/ can also be viewed to be constructed dynamically as in Algorithm 4 with the degree
sequence being (fi(¢,)):>1. In the following, we investigate the relations between G,,(t,,)
and G,,. Lemma 7.2 implies that the number of unpaired half-edges in G, (¢,) that are
paired in G, (t.(\)) is given by

51(tn) — 51(te(N)) = npin(n™° + An"") + 0p(n*~7), for some 7 < 7. (7.19)

Note that the we have used § > 1/2 in (7.19).

Algorithm 5. Define w1, = V,,”il(”_(s + An~") and associate f;(¢,) half-edges to the

vertex i of G/,. Construct the graph G/ (my,) as follows:
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(S1) Retain each half-edge independently with probability .

(S2) Create a uniform perfect matching between the retained half-edges and obtain
G! (my,) by creating edges corresponding to any two pair of matched half-edges.

In (S1), if the total number of retained half-edges is odd, then add an extra half-edge
to vertex 1. However, this possible addition of 1 extra half-edge will be ignored since
it does not make any difference in the asymptotic computations. Notice that a;, the
number of half-edges attached to ¢ that are retained by Algorithm 5 (S1), is distributed
as Bin(f;(t,), ), independently for each . Thus the number of half-edges in the graph
G/ (my,) is distributed as a Bin(s; (¢,), 7,) random variable. We claim that there exists
en = o(n~") and a coupling such that, with high probability

Gl (mn —€n) CGl, C Gl (mn+en). (7.20)

The proof follows using an identical argument as [31, Proposition 24] using the es-
timate (7.19) and standard concentration inequalities for binomial random variables.
We skip the proof here. We now continue to analyze G/ (7,), keeping in mind that the
relation (7.20) allows us make conclusions for G/,. To analyze the component sizes and
the surplus edges of the components of G'(7,,) we first need some regularity conditions
on a, the degree sequence of G, (7,,), as summarized in the following lemma:

Lemma 7.7. Forany 0 < 6 < 7, asn — oo, n”%a; L, ‘9', Z —nf~ s B %, vn(a) =
% =1+ M7 4 0,(n~""%), and for any ¢ > 0,
hm hmsupIP< Z a; > en’ ) =0. (7.21)
K—o00o posoo

i>K

Proof. Using Theorem 7.3 and the fact that a; ~ Bin(f;(¢,),7,), one gets n™%a; =

(14 0p(1))%. Moreover, ", a; ~ Bin(Y; fi(tn), m) and 3, a; = (1 + 0p(1))m X, fi(tn)
yield the required asymptotics for a;/ ), a;. Next note that if X ~ Bin(r,7), then
Var(X (X — 1)) =2r(r — 1)7?(1 — 7)(1 + (2r — 3)7). Thus,

ar(Zai(ai - 1)’( tn z>l> ZV&I‘ az i )’(fl( n))l>1)
( Zf _|_7_‘_3 ZfS ) _ ( 1— 5+n3a)zow(n3a).
Therefore, for any € > 0,

P(‘ Zai a;—1) -, Zfl n)(fi( 1)‘ > 5”1_6’(f¢(tn))z‘>1> = Op(n3*~2+29),

(7.23)

(7.22)

which is 0,(1) since § < n and 3a — 2 + 21 = 3a — 2 + 2 — 4o < 0. We conclude that
Y ai(ai—1) = (L +ox(1 Zfi w)(filtn) = 1), (7.24)

and the required asymptotics for v,(a) follows. To see (7.21), note that E[ >, » a;(a; —
1)(a; — 2)[(fi(tn))iz1] = 73 3 ;< g fi(tn)?, and the proof follows again by using the condi-
tion on s4 in Theorem 7.3. O
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Consider the exploration of the graph G, (7,,) via Algorithm 3, but now the first vertex is
chosen proportional to its degree. Define the exploration process by S,, similarly as the
process 87 (1) in Section 6.4. Call a vertex discovered if it is either active or killed. Let
¥ denote the set of vertices discovered up to time [ and Z'(l) := 1 {¢ € #;}. Note that

)= ZaiIi”(l) -2 = Zai <If(l) — Eal) (Vp(a) — 1)1, (7.25)

%

where (¢ = 3" a;. Consider the re-scaled version S,, defined as S,,(t) = n=*S,([tn*~?]).
Define the limiting process

> 01 oi
; V (]l{Exp (0:)(uv)) <t} — Wt) + At (7.26)

Proposition 7.8. Asn — oo, S,, 4 S with respect to the Skorohod .J, topology.

The proof of Proposition 7.8 can be carried out using similar ideas as [31, Theorem
8]. A sketch of the proof is given in Appendix D. The excursion lengths of the exploration
process give the number of edges in the explored components. Now, at each step [, the
probability of discovering a surplus edge, conditioned on the past, is approximately the
proportion of half-edges that are active. Note that the number of active half-edges is the
reflected version of S,, given by refl(S,,(¢)) = S, (t) — inf,<; S, (u). Thus, conditional on
(S4(1))1<tne-s, the rate at which a surplus edge appears at time tn”~? is approximately

p—s1efl(Sn(tn”7?)) _ srefl (S,(t)) (1 + 0p(1)). Therefore, Proposition 7.8 implies that for

i @i

each K > 1, there exists components C1,...,Cx C G/, (m,) such that

(n=7T°|Cy], SP(Cy)) (7.27)

i€[K) (5“ )7,6 (K]
where &; and .#; are defined in Proposition 4.3. We refer to [31, Section 5.4] for more
details regarding the proof of (7.27). Here we have also used the fact that the ordered
excursion lengths of the process (S(t));>o0, defined in (7.26), are identically distributed
as the ordered excursion lengths of (S(t)/u)¢>0. We can now combine (7.20) and (7.27)
to obtain the asymptotics for the number of blobs in the largest connected components
and SP’(+). Denote (%) = |B(¥)| for a component € C G, (t.(\)).

Lemma 7.9. For K > 1, there exist components ¢, . %K C Gn(tc(\)) such that the
following convergence holds: (n=*T9%(¢"), SP’ (%Z))ZG (K] 5 (&, N)ielK]-
Lemma 7.10. For any K > 1, €' = ¢,,)(\), Vi € [K] with high probability.

Proof. Notice that, >, |€7] < > j<i € (A)| for all i € [K], almost surely. Thus, it is
enough to prove that |¢"| and |, (\)| involve the same re-scaling factor and have the
same scaling limit. We again make use of the inclusions in graphs in (7.20). Algorithm 3
explores the components of G/, (7,,) in a size-biased manner with the sizes being (a;);>1.
An application of Lemma 7.14 with y; = %;(t,,) yields that, for any ¢ > 0, uniformly for
1 <tnP9,

Z 1%, (tn)|Z7 (1) Z 6, (tn z + 0p(n”). (7.28)

Since a; ~ Bin(f;(t,), 7,), we can apply concentration inequalities like [51, Corollary
2.27] and use the asymptotics from Theorem 7.3 to conclude that

sl _ M
Z a; H(V 9]

v

(1+0p(1)) = %(1—1—0&)(1)). (7.29)
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Thus, (7.28) and (7.29), together with (7.20), imply that % i 1, and it follows from

Lemma 7.9 and Lemma 4.3 that (n?|€"|);c(k RN (L&)ielk)- O

Proof of Proposition 7.6. We are now finally in the position to prove Proposition 7.6.
Using Lemmas 7.9, 7.10, and Proposition 7.5 together with (7.20), we directly conclude
Part (a) from (7.18). For Part (b), we can follow the same arguments as (7.28) to conclude
that, uniformly for | < tn”=9,

%

Zfi(tn)I?(l) = Zfi(tn)z‘a}Hop(n”), (7.30)

where n 0 Zulililla) — v=1(1 4 o,(1)). Now, (7.28) and (7.30) together with (7.20) prove

i Qi

Part (b). O

7.4 Coupling with the multiplicative coalescent

Recall the definitions of ¢.()\) and ¢, from (7.1) and (7.9). Now, let us investigate
the dynamics of f(t¢) starting from time ¢,,. Notice that, in the time interval [t,,t.(\)],
components with masses f;(t) and f;(¢) merge at rate

fi(t) fit)  2fi(®)fi @) 2vfi(t)f@)

fi(t)sl(t)ifl—kf'j(t)sl(t)fl_ si(t) —1 - plv —1n ’

(7.31)

and create a component with f;(¢) + f;(¢) — 2 open half-edges. Thus f(t) does not exactly
evolve as a multiplicative coalescent, but it is close. We define an exact multiplicative
coalescent that approximates the above process:

Algorithm 6 (Modified process). Conditionally on G, (¢,), associate a rate 2/(s1(t,) — 1)
Poisson process P(e, f) to each pair of unpaired-half-edges (e, f). An edge (e, f) is
created between the vertices incident to e and f at the instance when P(e, f) rings.
However, the half-edges are not discarded after the pairing. At time ¢ > ¢,,, the obtained
modified graph G, (t) consists of the edges of G,(t,), and the edges created by this
algorithm between times ¢,, and .

Proposition 7.11. There exists a coupling such that G, (t) C G,(t) for all t > t,, with
probability one.

Proof. Recall the construction of G, (t) from Algorithm 4. We modify (S1) as follows:
whenever two half-edges are paired, we do not kill the corresponding half-edges and
do not discard the associated exponential clocks. Instead we reset the corresponding
exponential clocks. The graphs generated by this modification of Algorithm 4 have the
same distribution as G, (¢), conditionally on G, (t,). Moreover, the above also gives a
natural coupling such that G, (t) C G,(t), by viewing the event times of Algorithm 4 as a
thinning of the event times of the modified process. O

Henceforth, we will always assume that we are working on a probability space
such that Proposition 7.11 holds. Recall that the connected components at time ¢,
(%;(ts))i>1, are regarded as blobs, and we can also view G, (t) as a super-graph with the
superstructure being determined by the edges appearing after time ¢,, in Algorithm 6.
Let us denote the ordered connected components of G, (t) by (%, (t))i>1. Define

FEO= Y hlt)

bEB(E4) (1))
where B(%) := {b: Cy(t,) C ¢,%(tn) # o}. The F-value is regarded as the mass
of component %,,(t) at time ¢. Note that for the modified process in Algorithm 6,
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conditionally on G,(t,), at time t € [t,,t.(\)], € (t) and €, (t) merge at exact rate
2Fi(t)F;(t)/(s1(t,) — 1) and the new component has mass F;(t) + F;(t). Thus, the vector

of masses (F;(t));>1 merge as an exact multiplicative coalescent.

7.5 Properties of the modified process
Notice that, conditionally on G, (t,), blobs b; and b; are connected in G, (t.()\)) with
probability
1 v? n 1 v?
n! o p(y —1)2  nltn p(v — 1)

pij = 1= exp (= i (ta) o, (ta) A1+ 0(1)), (7:32)
where the o (-) term appearing above is uniform in ¢, j. Thus, using Theorem 7.3, (7.32)
is of the form 1 — e~ @izi(1+or(1)) with

"= 0 fy (t) L, (7.33)

xi =n i\“n /s q= ) .
’ oa(@m) | p(v—1)2

where o,(z") = >_,5,(27)". By Theorem 2.10, the sequence z" satisfies the entrance
boundary conditions of [4], i.e.,

0’3(.’13") P 1 > 3 I:L P 1
EAE R P VD DL = Ry

0;, oa(z™) 0. (7.34)

To simplify the notation, we write F;(\) for F;(t.(\)) and %, ()\) for €, (t.(\)). The
following result is a consequence of [4, Proposition 7], [15, Lemma 5.3], and Lemma 4.3:

Proposition 7.12. Asn — oo, (R ?F;(\))
where € is defined in Proposition 4.3.

We next relate (F;()\))i>1 to (%,,,()\))i>1, for each fixed i.
Proposition 7.13.As n — oo, F(\) = (v — 1)|%,(A\)| + ox(n?). Consequently,
(=160 (N]) 54 4 1¢ with respect to the product topology.

d 1 . 2
i>1 “==¢ with respect to the {7 topology,

We will need the following lemma, the proof of which is same as [14, Lemma 8.2]:

Lemma 7.14 ([14, Lemma 8.2]). Consider two ordered weight sequences x = (;)ic[m]

and y = (:)ie[m)- Consider the size-biased reordering (v(1),v(2),...) of [m] with respect

to the weights « and let V(i) := {v(1),...,v(i)}. Denote m,s = >, z}y;, define M,, =

m11/myo and assume that M,, > 0 for each n. Suppose that the following conditions hold:
Imoy mi12M10 Imag

—F =0, — — 0, 5— — 0, asn — oco. (7.35)
mipmi1 Imy, mi,

Then, as n — 0o, Sup,<; |ﬁ Suyl{ieV(k)} — §| oo

Proof of Proposition 7.13. We only prove the asymptotic relation of F;(\) and |%,,())].
Consider the breadth-first exploration of the supestructure of graph G, (t.()\)) (which
is also a rank-one inhomogeneous random graph) using the Aldous-Limic construction
from [4, Section 2.3]. Notice that the vertices are explored in a size-biased manner with
the sizes being « = (z;);>1, where z; = 2 = n™"f,,(¢,) are as defined in (7.33). Let v(i)
be the i-th vertex explored. Further, let f(i‘)()\) denote the component %/,,(\), where the
blobs have been shrunk to single vertices. Then, from [4], one has the following:

(i) there exists random variables m, mg such that @&

i(A) is explored between mp, + 1
and mpg;

(i) Yicpmy, Toco 1S tight;
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d ) -, .
(i) Y2 1%, — 7, where v is some non-degenerate, positive random variable.

Let y; = n="|%}, (tn)|. Using Theorem 7.3, Remark 6.10 and Remark 7.4, it follows that
S alyf = Op(n¥3) forr +5 =3, >, 2 = Op(n'7°), and 3, a7y = Op(n=2°+1+9); for
r + s = 2. Below, we show that
MR v )
Z;;TL“ oo o 2T Py (7.36)
Zz’:hm-&-l Loy (1) Zz TiYi

The proof of Proposition 7.13 follows from (7.36) by using Theorem 7.3 and observing

2 w
that szy = 853 ((tt")) B 1. To prove (7.36), we will now apply Lemma 7.14. Denote
i tilYi pritn

mo =Y, x;/ >, x? and consider | = 2T'm, for some fixed 7' > 0. Using Theorem 7.3, an
application of Lemma 7.14 yields

sup £> 0. (7.37)

k<2Tmo

k
> ’
Toiry — —

v (i)
i=1 mo

Now, for any ¢ > 0, T' > 0 can be chosen large enough such that Z:’;’} Z, > 1 has

probability at most ¢ and on the event { Supy <oz, | Sh_i Tuiy — Al <epn{XM v, <
T}, one has m; < mp < 2T'mo. Thus, it follows that

mpg
mg—m
P % 5o. (7.38)
i=mp+1 0
An identical argument as above shows that
MR
mr—Mr| P
> v - T 0, (7.39)

i=mp+1

where my = Y, z;/ >, z;y;. The proof of (7.36) now follows from (7.38) and (7.39). The
asymptotic distribution for (n~?|%,,()\)|);>1 can be obtained using Proposition 7.12. O

Recall that w;(t,) denotes the nl{mber of open-half edges attached to vertex 7 in
the graph G, (t,). We now equip %, (\) with the probability measure u’ given by
i (A) = 3 ca wi(tn)/Fi(X) for A C €, ()), and denote the corresponding measured

metric space by ¢} ()).
Theorem 7.15. Under Assumption 2.1, as n — oo,

(W71 (N) 1oy = (Mi)iz1, (7.40)

with respect to the .#N topology, where M; is defined in Section 4.6.3.

Proof. We just consider the metric space limit of <Kf(f;)(/\) for each fixed ¢ > 1 and the joint
convergence in (7.40) follows using the joint convergence of different functionals used
throughout the proof. Recall the notation B(%) := {b: €s(tn) C €, %(t,) # @} for a
component %. Now, %_(f,;)()\) can be seen as a super-graph as defined in Section 4.2 with

(i) the collection of blobs {%}(t,) : b € B(%,,,(\))} and within blob measure /1, given
by ps(A) =3 keawi(tn)/ foltn), A C C(tn), b € B(E:,(N));
(ii) the supersturcture consisting of the edges appearing during [t,, t.(A)] in Algorithm 6

and weight sequence (f,(t,)/F:(\) : b € B(E,)(N))).
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Recall z; = a2} = n™" fy,(t,) defined in (7.33). Let d(-,-) denote the graph distance on
%.,(\) and define

Wayy Wy Zb JEB(Cray(N) %“J

fi (tn) (74D

U = d(Ul,’Ug), B;;)

xT;
'U17’U2€Cb”b t”) Zb G% <g(l)()\)) J

Here u; gives the average distance within blob %, (¢,,). Using Lemma 7.14, we will show
2
BO x 2T Py (7.42)

The argument is same as the proof of (7.36). We only have to ensure that (7.35) holds
with y; = z;u;. Thus, we need to show that

p—0o IR
LD VEAU NS L (D ULINE M) (7.43)
D Ti D T ne=0 (32, aju;)

First, notice that, by Lemma 7.2 and Theorem 7.3,

2w, vn~ite Woy Wy .
My = ZE (o () I Y R Y S aw,))

2 1
S p-n" 2 2 ) o
yn~ite 1—9 oV — 1
=2 pl2pw 26— 1
‘LL(Z/*].)TL n ( +01P( ))
Also, recall from Theorem 2.11 that uy., = max;, uy = Op(n’ log(n)). Now,
np76 Zi mful 76umax Z xd

Zzzzzl:pful Ty, z?u;
_0 np—é 510g ( ) —3pn3a+36
- P nl—pPn26—ppl-p

) = Op(n "log*(n)) = 0e(1),

> z}u? > i Ti ~ PmaxUmax > i Ti
nP= (Y, foZ)Q T oY wuy

—Pptdnd o2
=op(” n*T n’ log (”>)=0P<n5-ﬂog2<n>>=op<1>,

nP—0n26—p

and (7.43) follows, and hence the proof of (7.42) also follows. Recall that the superstruc-
ture of G, (t.(\)) has the same distribution as a Norros-Reittu random graph NR,,(z, ¢)
with the parameters given by (7.33). Thus, using Proposition 4.2, we now aim to use
Theorem 5.4 on %% (\) with the blobs being (%i(t,))i>1, and p};’, ai) given by (4.8).
Define T = (py/co(p’) : b € B(%;)(1))). Let N(R,) denote the space of all counting
measures equipped with the vague topology and let S := Ri x N'(R.) denote the product
space. Define

1 |
— (i) () 2 (i)
P =(aPo®), > w, e Sy )_>1, (7.45)

bEB(€1) (V) bEB(€11) (M) '

viewed as an element of $™. Recall the definition of ¢} and =} from Section 4.6.3. Define

ym:< u—1<292> ,fw 229 ( ve:*02 jeE;‘>)i>l

(7.46)
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The following is a consequence of [15, Proposition 5.1, Lemma 5.4]:
o(p) &0, and 2, % 2. onS". (7.47)

Without loss of generality, we assume that the convergence in (7.47) holds almost surely.
Now, using (7.42), it follows that

1/2
o) _ 2@ (Tez: )" a2 (1+0(1))
+BY  plv-DE R

0-2( n) vEET 912; 2
B Z(zx/ —(3;?‘ Z xg)ui (I+o0(1)) =n""

(s ) e

=
veES]

where the last step follows from Theorem 7.3, (7.44) and (7.47). The proof of Theo-
rem 7.15 is now complete using Theorem 5.4. O

In the final part of the proof, we will also need an estimate of the surplus edges in the
components %}i) (M), that can be obtained by following the exact same argument as the
proof outline of Lemma 7.9. Recall that the superstructure on the graph G, (t.()\)) is a
rank-one inhomogeneous random graph NR,, (x, ¢). The connection probabilities given by

(7.32) can be written as 1 — exp(—z;(A)z;(A)/ >, zx(A)), where z;(\) = % (1+
Jlgam

An="+% 4 0,(n="+%)). Moreover, using Theorem 7.3, it follows that

v Ym0 YT

Now, we may consider the breadth-first exploration of the above graph and define the
exploration process Sy*(1) = >, z;(A)Z7(l) — I, as in (7.25). The only thing to note here
is that the component sizes are not necessarily encoded by the excursion lengths above
the past minima of SY*. However, if S%(I) = 3°, Z*(I) — I, then it can be shown that (see
[17, Lemma 3.1]) SZR and S}¥ have the same distributional limit. Thus, a conclusion
identical to Proposition 7.8 follows for G, (t.()\)). Due to the size-biased exploration of
the components one can also obtain analogues of Lemmas 7.9 and 7.10 for G, (¢.()\)).

Proposition 7.16. For fixed K > 1, (n*P+5<%’(<g_(i)(/\)),SP’(%—(”(A)))%[K] 4, (&, Niclr)»
as n — oo.

n=“z(\) N =14+ "0 4 op(n_"+6). (7.48)

7.6 Comparing modified and the original process: Completing the proof of
Theorem 2.3

In this section, we finally conclude the proof of Theorem 2.3. We start with the
following:

Lemma 7.17. For each fixed i > 1, €,,,()\) C 6.;,(\) with high probability.

The proof is identical to [31, Lemma 31]. Recall Theorem 7.15 and the terminologies
therein. Let n~"%% (\) denote the measured metric space with measure ut and the
distances multiplied by n~". At this moment, let us bring together the relevant properties
Cy(A) and €, (A):

(A) By Lemma 7.17, it follows that with high probability €;,(\) C %, ()\) for any fixed
1> 1.

(B) Part (A) implies F;(A\) > F;(\) with high probability. The same scaling limits from
Propositions 7.6 (b) and 7.12 implies F;(\) — F;(\) — 0 and consequently % (€,,,(\)\
G (N) = 0.
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(C) By Propositions 7.6 (a) and 7.16, there are no surplus edges with one endpoint in
%.»(\) \ €, (\) with high probability. Moreover, with high probability there is no
surplus edge within the blobs by (7.18). This implies that, for any pair of vertices
u,v € €. (A), with high probability, the shortest path between them is exactly the
same in €,,(\) and €;,(\).

Thus, from the definition of Gromov-weak convergence in Section 4.1, an application of
Theorem 7.15 yields that (n*"‘éf;)%l N (M;);>1, The only thing remaining to show is
that we can replace the measure p; by p.... Now, using Propositions 7.5 and 7.6 (b), it
is enough to show that

S hltn) = (v = DIG(ta)]] = 0n(n”). (7.49)

bEDB(C(3)(N))

Indeed, during the breadth-first exploration of the superstructure of G, (t.()\)), the blobs
are explored in a size-biased manner with the sizes being (f;(¢,));>1. Therefore, one can
again use Lemma 7.14. Recall that, by Lemma 7.10, for any € > 0, one can choose T' > 0
so large that the probability of exploring %;,(\) within time TnP~9 is at least 1 — e. Thus,
if 7, denotes the set of blobs explored before time /, then, for any 7' > 0,

Z |fb n V_l)‘(gb( n)||

b
be VTnP 5

=(1+o0p(1))Tn"~ 6ZZf

i(tn) — (v = D|Ei(tn)|.

Using the Cauchy-Schwarz inequality and Theorem 7.3 it now follows that the above term
is o(n?). Therefore (7.49) follows. Finally, to conclude the result for percolated graphs,
we use Lemma 7.1. In fact, if 4;;()\) and %,;(\) denote the i-th largest component of
Gn(te(N) +ep) and G, (t.(\) — e,,) respectively, then analogously to Lemma 7.17, we can
conclude that with high probability

€

SN S EE () S e, (7.50)

(i)

for any fixed ¢ > 1. This completes the proof of Theorem 2.3. O

Remark 7.18. The fact that the measure can be changed from y‘ to .., in n= el
follows only from (7.49), which again follows from the entrance boundary conditions.
However, the entrance boundary conditions in Theorem 2.10 hold for weight sequences
w = (w;);c[,) under rather general assumptions (see Assumption 2.9). Therefore, one
could also replace the measure ., ; by jtw, i, Where fi,; = > o4 wi/ Zke%’(i)(/\) w; and w
satisfies Assumption 2.9.

7.7 Graphs conditioned on simplicity: Proof of Theorem 2.4

We will use the following joint construction of the CM,,(d, p,,(A\)) and CM,,(d).

Algorithm 7. (S0) Let (2 = 2X, where X ~ Bin(¢,/2,p,())). Pick £ many half-edges
uniformly at random and color them blue. Color the rest of the half-edges red.

(S1) Pair the blue half-edges using a uniform perfect matching.

(S2) Pair the red half-edges using another independent uniform perfect matching.

If G is the graph obtained after (SI) with I=1,2, then (G;, G2) is jointly distributed as
(CM,,(d, pn(N)), CM,,(d)) [32, Lemmas 8.1, 8.2]. Let d¥ be the number of blue half-edges
incident to i and let d” = (d});c,,)- Then, by construction, G, conditionally on d”, is
distributed as CM,,(d”). To complete the proof of Theorem 2.4, consider the exploration
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algorithm given by Algorithm 3, now on the graph G;, conditionally on the blue half-
edges selected in Algorithm 7 (S0). The starting vertex is chosen in a size biased manner
with sizes proportional to the degrees d”. Let .%; denote the sigma-algebra generated
by the exploration process up to time /. Let Z'(I) denote the indicator that vertex i is
discovered upto time / and note that Algorithm 3 will explore the vertices in a size-biased
manner with sizes being d”. For convenience, we denote X = (4},(\))i<k in this section.
Consider a bounded continuous function f : (y*)K — RR. Recall from [47, Theorem 1.1]
that
liminf P (G, is simple) > 0.

n—oo

Thus, it is enough to show that
E[f(X)1{G> is simple}] — E[f(X)]P (G2 is simple) — 0. (7.51)

Now, for any T > 0, let A,, r denote the event that X is explored before time T'n” by the
exploration algorithm. Using [31, Lemma 13], it follows that

lim limsup P (A5 ;) = 0. (7.52)
T—00 nosoco ’
Let X7 denote the random vector consisting of K largest ones among the components
explored before time T'n”. Thus,
lim limsupE [f(X)1{G> is simple} 1[Af, 7]]

T—o0 posoo

< oo lim lim P (AS =0,
£l 7 ln sup ( n,T)
which implies that

Jim 117rlnj£p |E [f(X)1{G2 is simple}] — E [f(X1)1{G2 is simple}] | = 0. (7.53)
Further, let B, r denote the event that a vertex v is explored before time Tn” such that
v is involved in a self-loop or a multiple edge in G>. Let v; denote the exploring vertex in
the exploration at time . Without loss of generality, we assume that during the sequential
pairing of the half-edges in Algorithm 7 (S2), we first pair the red half-edges associated
to (Ul)lgTbn- Let f; = fﬁ — 2Tbn — dll) + 1 and é;{ = (fn — fﬁ) — Zze[n] dlL(Tn”) Note that,
by Assumption 2.1 (ii), ) ;. d; = o(n) whenever |V| = o(n). Also, using concentration
inequalities for the Binomial distribution, 2 = p,,(A\)¢,(1 + o(1)) almost surely. Thus, we
assume that ¢, , ¢! > ¢1¢,, with probability 1 for some 0 < ¢; < 1. Note that, uniformly
over ! < Tb,, any blue half-edge of v; creates a self-loop in G; with probability at most
db, /¢,,, and any red half-edge creates a self-loop with probability at most (d,, —db,)//;,.
Thus the expected number of self-loops incident to v; is at most E[d2,]/c1/,. Moreover,
the expected number of blue-blue multiple edge attached to v; in (G4, is at most

Licpy dildi 1) _ CE[d})]
clﬁn(clén — ].) - En ’

B[d, (d, — 1) (7.5
where we have used Assumption 2.1. While counting the multiple edges incident to
v; in G2, we have to take care of (i) the creation of a red edge between two vertices
having a blue edge and (ii) the creation of two red edges between two vertices. Using
identical arguments, the expected number of multiple edges incident to v; in Gs is at
most CE[dZ,]/¢,. Therefore,

. (7.55)

E [#{self-loops or multiple edges discovered while v; is exploring}] <
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Thus,
O C K n
< = 270(TnP)| = — 271 (Tnf 270 (TpPY| ).
P(B,. 1) < én]ELz[:] 21 (Tn )} A (]ELZ_%dZIZ (Tn )} +EL;1dZL (Tn )D

Now, using Assumption 2.1, for every fixed K > 1,

K K
1 1 P
—F 2TM(TnP)| < — 2 . 7.
5 [zd n( n>}_€n;dﬁo (7.56)

Further, conditionally on Algorithm 7 (S0), the vertices are explored in a size-biased
manner with sizes being (df /% );c[,]. Therefore, using that (2 = p,,(A\)¢,(1 + o(1)),

;]Ep[ Zn: d?Ii”(Tnp)} < I;”p zn: d?E[%] gc(n—?’“ zn: d?). (7.57)

i=K+1 i=K+1 i=K+1

Now, by Assumption 2.1, the final term in (7.57) tends to zero if we first take lim sup,,_,
and then take limg_, ... Consequently, for any fixed 7" > 0,

lim P (B, r) = 0. (7.58)

n—oo

Let &, 7 denote the event that no self-loops or multiple edges are attached to the vertices
in G5 that are discovered after time Tn”. Then (7.53) and (7.58) implies that

lim E[f(X)1{CM,(d) is simple}] = lim lim E[f(Xr)1[E,. 7]]

n—00 T — 00 n—00

= lim lim E [f(XT)IP (£n,T|ﬁTnp)] = lim lim E [f(XT)IP (5n,T|§TnPaBn,T)] .

T— 00 n—00 T — 00 n—00

(7.59)

Let G7,,» denote the graph obtained from G, after removing the vertices discovered upto
time Tn”. Then, conditionally on .#r,. N B, r, &, happens if and only if G, , is simple.
Also, G7,,, is distributed as a configuration model conditional on its degree sequence,
and since only o(n) vertices have been removed, the corresponding v, in G, converges
in probability to 1. Thus, [43, Theorem 7.12] implies that

P (G, is simple| Fin) —> e 3/4, (7.60)

and also P (G is simple) — e 3/, so that
P (G5, is simple|.F,0) — P (Gy is simple) = 0. (7.61)

Now, using (7.59), (7.51) follows, and the proof of Theorem 2.4 is complete. O
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A Rescaling the excursions: Proof of Proposition 4.3

Note that due to the difference in the choice of p, () in [31, Assumption 2] and this
paper, A must be replaced by Av. Let £(-) denote the operator that maps a process to
its ordered vector of excursion lengths, and .A(-) maps a process to the vector of areas
under those excursions. Let us use Exp(b) as a generic notation to write an exponential
random variable with rate b. Now,

(s
gg(z

a/u\f)))+>\ut)

() < u} — (6 (u)u) + Auﬁ) A

i>1
a1l 0; A
- 2L (1 {Exp(6; <u}—(6; z
2 (30 o 1 035m0/ ) < @/ )+ ).
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where the last step follows by rescaling the space by u+/v and noting that the rescaling
of space does not affect excursion lengths. Again,

AV
A(ZM\[(R{Epo/,uf <1y e/uf)))—i—#t)

i>1

i A(Z %(:ﬂ' {Exp(ez/(/w)) < U} — (91/(MV))t) -+ 2u>7

i>1

(A.2)

which is obtained by rescaling both the space and time by /v. Thus, the proof follows.

B Barely subcritical exploration process: Proofs of Lemmas 6.5
and 6.6

Proof of Lemma 6.3. Recall the representation of S (t). It is enough to show that

d/
d/ In a+5 ta+5
| = a(zane -

i€ln] n

= sup n~ %M, (tn>"%)] 5o (B.1)
te[0,T7]

sup n-
t€[0,T

Fix any 7' > 0 and define £,(T) = £, — 2Tn*"* — 1, and M},(I) = X,y di(Z7'(1) —
(d;/¢, (T))l). Note that

s @Tnot0 —1) 37, 0 d?

sup n”%|M, (tn®*0) — M! (tn®+°)| < Tn s = op(1), (B.2)
te[0,7] 0,(T)

and thus the proof reduces to showing that

sup n~ M. (tn*+0)| s 0. (B.3)
t€[0,T]
Note that, uniformly over [ < Tn®*9,

d!

P(Zr(+1)=1]%7) < 7 (ZT) on the set {Z["(I) = 0}. (B.4)

Therefore,
E[M)(1+1) — M, (1)|.#]
_ E{ S ned, (Iy(z Y1) - T — /?T)) \%}

i€[n]

= Y et (Bl DFLE0 - 0) - ;) <0

Thus (M, (1))E :” * is a super-martingale. Further, uniformly for all I < Tno+?,

P (ZM() = 0) < (1 - Zl)l . (B.5)

Thus, Assumption 2 gives

w BB <0 Y (1 (-8 ) 3 (gt )

1€[n] i€[n]

2

l
< 202 ne Zd/?’—i—o 1) = o(1),

i€[n]
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where we have used the fact that n=*13",c(, d?(1/6,(T) — 1/6,) = O(n**17272%) =
O(n"=4/(r=1) yniformly for [ < Tn®*? and, in the last step, that fact that § < 7.
Therefore, uniformly over [ < Tnots,

lim |E[M;(1)]| =0. (B.6)

n— oo

Now, note that for any (z1,22,...), 0 < a+b < z; and a,b > 0 one has Hf;l(l —a/x;)(1—
b/x;) > Hfil(l — (a+b)/x;). Thus, foralll > 1 and i # j,

P (Z7(1) = 0,27 (1) = 0) <P (Z}(I) = 0) P (Z} (1) = 0) (B.7)

and therefore Z'(l) and Z7'(l) are negatively correlated. Observe also that, uniformly
over! <Tb,,

l

ld!
Var (Z7'(D) <P ((Z!'(1)=1) < Z P (vertex ¢ is first discovered at stage [;) < 7 (r})
11:1 n
(B.8)
Therefore, using the negative correlation in (B.7), uniformly over | < Tnots,
9% l
n~2*Var (M (1)) < W Z di? = o(1). (B.9)

1€[n]

Now we can use the super-martingale inequality [61, Lemma 2.54.5] stating that for any
super-martingale (M (t)):>o, with M (0) =0,

P (sup M (s)| > 35> <SE[M(t)] <3 (|]E [M(t)]| + /Var (M(t))) . (B.10)

s<t
Thus (B.3) follows using (B.6), (B.9), and (B.10). O

Proof of Lemma 6.4. Fix any T > 0 and recall that £,(T) = ¢/, — 2I'n®*° — 1. Denote
W(l) = >_epn wiZi' (). Firstly, observe that

EW(I+1) - WA = > wE[I(+1)|%]1{I'(1) =0} < AR

1€[n]

uniformly over | < Tn®*9. Therefore, (W (1))2%""" is a super-martingale, where W (l) =
W(l) = (Xiep diwi/ly)l. Again, the goal is to use (B.10). Using (B.5), we can show
that [E[W(1)]| = o(n®*?), uniformly over | < Tn®*%. Also, using (B.7) and (B.8) and
Assumption 2.9, var(W(l)) < > e wivar(Z (1)) = o(n*@*9), uniformly over I < Tn**°.
Finally, using (B.10), we conclude the proof. O

C Barely subcritical exploration process: Proof of Fact 6.3

Consider exploring CM,,(d") by Algorithm 3 with V,* being the starting vertex. Let
us denote the degree of the vertex found at step [ by d,,. If no new vertex is found at

step [, then d’(l) = 0. Also, let .%; denote the sigma-algebra containing all the information

revealed by the exploration process upto time /. Thus,
Sn(0) = d’V;, and S,(I)=S,(1-1)+ (de> —2), (C.1)

and when S, hits zero, then ¢’(V,*) has been explored. Using the Doob-Meyer decompo-
sition, one can write
Sp(l) = S,(0) + M, (1) + A, (1), (C.2)
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where M, is a martingale with respect to (.%;);>1. The drift A, and the quadratic

variation (M,,) of M,, are given by

l

l
An(D) =Y E[d,, —21F;],  (Mu)(1) =Y Var(d,|F_1). (C.3)
j=1 J=1

Let t,, = n®t9+c where we choose ¢y > 0 (sufficiently small) such that a« + 8§ + ¢y < 1 — 4.
Such a choice of ¢ is always possible since o + 20 < a+2n=2—-3a < 1 as 3a > 1. We
will show that, for all sufficiently large n,

A
Ap(tn) < —?Otnn_‘; almost surely, (C.4)

where )\ is given by (2.9), and for any € > 0,
P(M,(t,) > stan~) < e~ (C.5)

where C’,C” > 0 are constants. Note that S,,(0) = dy+ < Cn® = o(t,n~?). Thus, if
M, (t,) < et,n~? and (C.4) holds, then S, (t,) < 0 and hence ¢”(V,") is explored before
time ¢,,. This in turn implies that ), € (V) d; < 2t,, since one edge is explored per step.
Therefore it is enough to prove (C.4) and (C.5). Let #; denote the set of vertices explored
up to time j. Recall that, by the definition of /, in (2.9), é i) d??—2 = Xon"%+o0(n7%).
Then, uniformly over j < t,,

E[d, —2|%; 1] = E[d, |Z g < Zigria i
[u)_ | Fia] = B[d, | 7] - =0 o, +1
2 _ —
iem b, 2= don " +o(n?) (C.6)
= =2t + 1 o =2, +1
— don 0+ Oltn/n) + ofn~?) < —20n=0

— 2 )
for all sufficiently large n, where in the final step we have used the fact that ¢,, = o(n'~?).
Thus (C.4) follows.

To prove (C.5), we use Freedman’s inequality [36, Proposition 2.1] which says that if
Y (k) =3, < X; with E[X;|F;_1] = 0 (for some filtration (F;);>1) and P(|X;| < R, Vj >
1) =1, then, for any a,b > 0,

2

P(Y (k) > a, and (Y)(k) < b) < exp < - 2(RZ+b)> (C.7)

Note that, uniformly over j <,

Yigr, 4 Xiemd?
2 g JEI] 7J 3a—1
Var (&, | 7j-1) < B\ 7] = G752 S g g <On®*h (€8)

so that, almost surely,
<Mn>(tn) < Ct'nngail- (C.9

Also, d;, < Cn® almost surely. Thus, applying (C.7) with a = et,n~°, b = Ct,,n3*~! and
R = Cn®, and also using (C.9), it follows that

e2t2n=2
(tpn3o—1 + enot,n=9)

P(M,(t,) > et,n~°) < exp <— ' ) < Cle @ (C.10)

where in the last step we have used the fact that « —§ > o —n = 3a— 1 and t,, = n®*+o+e0,
Thus the proof of (C.5) follows. O
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Universality for critical heavy-tailed networks

D Limit of exploration process: Proof sketch for Proposition 7.8

The proof of Proposition 7.8 can be carried out using similar ideas as [31, Theorem 8].
The key idea to prove Proposition 7.8 is that the scaling limit is governed by the vertices
having large degrees only. More precisely, for any ¢ > 0 and 7" > 0,

Z a; (Ii”(tn”_‘s) — %tn”_‘s)

i>K

«

lim hmsuplP(supn_ > 8) =0. (D.1)

K—oco posoo t<T

This can be proved using martingale estimates, see [31, Section 4]. Thus, if one considers
the truncated sum

S (220~ 21) + e - 11,

with the first K (fixed) terms it is enough to show that the iterated limit of the truncated
process (first taking lim,, _,., and then limg_,.,) converges to S with respect to the
Skorohod .J; topology. Now, using the fact that a;/ ", a; — 6;/(uv), and the fact that the
vertices are explored in a size-biased manner with sizes being (a;);>1, it follows that (see
[31, Lemma 9]), for each fixed K > 1,

(If(tnpfé))ie K1,6>0 - (]l {Exp(6:/(nv)) <t} )ie K],¢>0° (D.2)
[K],t> [K],t>

This concludes the proof of Proposition 7.8.
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