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Abstract In this paper, we study the critical behavior of percolation on a configuration
model with degree distribution satisfying an infinite second-moment condition, which in-
cludes power-law degrees with exponent T € (2,3). It is well known that, in this regime,
many canonical random graph models, such as the configuration model, are robust in the
sense that the giant component is not destroyed when the percolation probability stays
bounded away from zero. Thus, the critical behavior is observed when the percolation prob-
ability tends to zero with the network size, despite of the fact that the average degree remains
bounded.

In this paper, we initiate the study of critical random graphs in the infinite second-
moment regime by identifying the critical window for the configuration model. We prove
scaling limits for component sizes and surplus edges, and show that the maximum diame-
ter the critical components is of order logn, which contrasts with the previous universality
classes arising in the literature. This introduces a third and novel universality class for the
critical behavior of percolation on random networks, that is not covered by the multiplica-
tive coalescent framework due to Aldous and Limic [S]. We also prove concentration of
the component sizes outside the critical window, and that a unique, complex giant compo-
nent emerges after the critical window. This completes the picture for the percolation phase
transition on the configuration model.

Keywords Critical percolation - configuration model - scale-free networks

Mathematics Subject Classification (2010) 60C05 - 05C80

This project was supported by the Netherlands Organisation for Scientific Research (NWO) through Gravita-
tion Networks grant 024.002.003. In addition, RvdH was supported by VICI grant 639.033.806.

Souvik Dhara

Department of Mathematics, Massachusetts Institute of Technology
Microsoft Research

E-mail: sdhara@mit.edu

Remco van der Hofstad
Department of Mathematics and Computer Science, Eindhoven University of Technology
E-mail: r.w.v.d.hofstad @tue.nl

Johan S.H. van Leeuwaarden
Stochastic Operations Research, Tilburg University
E-mail: j.s.h.vanleeuwaarden @tilburguniversity.edu

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.



2 Dhara, van der Hofstad, & van Leeuwaarden

1 Introduction

Bond percolation, or simply percolation, refers to the random graph obtained by indepen-
dently keeping each edge of a graph with some fixed probability p (and deleting with proba-
bility 1 — p). Percolation is a classical and important model in statistical physics and network
science, as it serves as a canonical model for assessing robustness of a network when the
edges of the underlying network are randomly damaged, and also as a basic model of vacci-
nation for the prevention of an epidemic on networks. A detailed account of many of these
applications can be found in [7, 50]. From a theoretical perspective, percolation is one of the
most elementary models that exhibits a phase transition, i.e., there exist values p. = p.(n)
such that for p > p.(1+€) and € > 0, the proportion of vertices in the largest connected
component is bounded away from zero with high probability, whereas for p < p.(1 — €) this
proportion becomes negligible. The critical behavior is observed when p ~ p., and fascinat-
ing behavior starts to emerge for the percolation process around this critical value.

It turns out that there is a window of values of p where the component functionals show
intermediate and unique behavior. For example, rescaled component functionals converge to
non-degenerate scaling limits, in contrast to the fact that they always concentrate for other
values of p. Also, the large components in this window are structurally intermediate in the
sense that neither there is a giant component with a growing number of cycles, nor do the
components look like trees. This regime is called the critical window of the percolation
phase-transition. Starting with the pioneering work of Aldous [4], deriving scaling limits for
critical component functionals has been the ground for an enormous literature with several
interesting scaling-limit results over the past decades [5, 6, 11, 12, 27, 28, 44, 48, 49, 53].
We refer the reader to [26, Chapter 1] and references therein for an elaborate discussion of
the nature of this transition, and a literature overview.

In the literature, two fundamentally different types of behavior have been proved for the
scaling limits and the critical exponents associated to the critical window and component
sizes depending on whether the asymptotic degree distribution satisfies a finite third-moment
condition [11, 28] or an infinite third - but a finite second-moment condition [12, 27]. How-
ever, the study of critical behavior in the infinite second-moment setting was an open ques-
tion.

When the degree distribution is asymptotically a power-law with exponent 7 € (2,3),
then the finite second-moment condition fails. These networks are popularly known as
scale-free networks [7] in the literature. Many real-world networks are observed to be scale-
free [2, 30, 36, 50]. One of the well-known features of scale-free networks is that they are ro-
bust under random edge-deletion, i.e., for any sequence (p,),> satisfying liminfy,_... p, >
0, the graph obtained by performing percolation with probability p, is supercritical. This
feature has been studied experimentally in [3], using heuristic arguments in [23, 24, 25, 29]
(see also [19, 20, 34] in the context of optimal paths in the strong disorder regime), and math-
ematically in [17]. Thus, in order to observe the percolation critical behavior, one needs to
have p, — 0 with the network size, despite of the fact that the average degree of the network
remains bounded.

In this paper, we initiate the study of critical behavior in the scale-free regime. As a
canonical random graph model on which percolation acts, we take the multigraph gener-
ated by the configuration model. When the degree distribution satisfies a power-law with
exponent T € (2,3), it was heuristically argued in [24, 29] that the critical value is p, ~
n~3=2)/(t=1) "5o that the critical window is given by the collection of values p. = p.(A) =
An~G=9/=1 where A > 0 indicates the location inside the critical window. We establish
that the scaling exponents from [24, 29] are indeed true, and discuss asymptotics of compo-
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Critical percolation on scale-free configuration model 3

nent functionals inside the critical window. We also show that p, = p.(1) = An~—G-0)/(1-1)
with A > 0 gives the right critical window, by showing that a giant component emerges at
the end of the critical window (A — o), while components have a trivial star-like structure
before the critical window (A — 0). The main contributions of this paper can be summarized
as follows:

Critical window. At criticality, we obtain scaling limits for the largest component sizes and
surplus edges in a strong topology. The result displays a completely new universality class of
scaling limits of critical components. The scaling limits here are different from the general
multiplicative coalescent framework in [5]. In particular, the limiting exploration process
has bounded variation, so that the general tools from [5] cannot be applied. We also study
the diameter of these components and show that the maximum diameter is of order logn.

Near-critical behavior. For p, = A,n~3~9/(2=1) with A, — 0, the graph is subcritical and
we show that the largest components sizes, rescaled by n* p,,, concentrate. On the other hand,
when A,, — oo, the largest component size, rescaled by np,l/ (3-17) , concentrates, and this is the
unique giant component in the sense that the size of the second largest component is much
smaller than np,l,/ (=) The nature of the emergence of this giant component for p, > p.
is markedly different compared to the universality classes in the T € (3,4) and the 7 > 4
regimes, where the giant emerges when the percolation probability satisfies (p, —pc(11)) >

(pc(A2) — pe(A1)), for some strictly positive p, and —eo < A; < Ay < 00 [38].

Methods. Technically, analyzing percolation on random graphs like the configuration model
is challenging, because in order to make Aldous’s exploration process approach [4] work,
one is required to keep track of many functionals of the unexplored part of the graph [48],
resulting in a high-dimensional exploration process. This difficulty was circumvented in [27,
28] by using Janson’s algorithm [39]. Unfortunately, Janson’s algorithm does not work here
due to the fact that the algorithm creates n — o(n) degree-one vertices. Instead, we sandwich
the percolated graph in between two configuration models, which yield the same scaling
limits for the component sizes. Also, in order to deduce scaling limits of the component sizes
from that of the exploration process, we prove several properties of the limiting exploration
process, which are interesting from an independent perspective.

Remark 1 (Single-edge constraint) In a parallel work [10], Bhamidi and the first two au-
thors consider critical percolation on simple random graphs, i.e., random graphs having no
multiple-edges, namely generalized random graphs. It turns out that the critical window
there is p, ~ n~(3=0/2 5 »=G-9/(c=1) This is a distinctive feature in the infinite second-
moment case that never surfaced in the other two universality classes of critical random
graphs.

Organization of the paper. In Section 2, we state our results precisely. In Section 2.1, we
give the precise definitions of the model and the scaling limits. Section 2.2 is devoted to
comments about the heuristics, and some important special cases. In Section 3, we study
excursions of the limiting exploration process. Section 4 contains the proofs of the results at
criticality, and in Section 5, we analyze the near-critical regimes.
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2 Main results
2.1 The configuration model
2.1.1 Model description

The configuration model generates random multigraphs with any given degree sequence.
Consider n vertices labeled by [n] := {1,2,...,n} and a non-increasing sequence of degrees
d=d, = (di)ie[n] such that /¢, = Zie[n] d; is even. The configuration model on n vertices
having degree sequence d is constructed as follows [8, 16]:

Equip vertex j with d; stubs, or half-edges. Two half-edges create an edge once they
are paired. Therefore, initially we have £, = };c|, d; half-edges. Pick any half-edge and
pair it with a uniformly chosen half-edge from the remaining unpaired half-edges and
remove both these half-edges from the set of unpaired half-edges. Keep repeating the
above procedure until all half-edges are paired.

Let CM,,(d) denote the graph constructed by the above procedure. Note that CM,,(d) may
contain self-loops and multiple edges. In fact, the probability that CM,,(d) is a simple graph
tends to zero in our setting with an infinite second-moment condition on the degree distri-
bution [36, Proposition 7.12]. Before stating the main results about the configuration model,
we set up some necessary notation.

2.1.2 Notions of convergence and the limiting objects

To describe the main results of this paper, we need some definitions and notations. We use
the Bachmann-Landau asymptotic notation O(-), o(-), ©(-) for large-n asymptotics of real
numbers. For (a,),>1, (by)n>1 C (0,00), we write a, < by, a, ~b, and a, > b, as a short-
hand for lim,_,.a,/b, = 0, 1,0, respectively. We often use C as a generic notation for a
positive constant whose value can be different in different lines. We also use the standard
notation of 3, and -5 to denote convergence in probability and in distribution, respectively.
The topology needed for the convergence in distribution will always be specified unless it
is clear from the context. We say that a sequence of events (&,),>1 occurs with high prob-
ability (whp) with respect to the probability measures (IP,),>; when P, (é"n) — 1. Define

fo= OIP(gn) when (|fn‘/|gn‘)n21 is tight; f, = OIP(gn) when fn/gn =z 0; fu= @]P(gn) if
both f,, = Op(g,) and g, = Op(f,). Denote

o= {x: (x:)) C[0,00) ¢ xip1 < x; Vi, and Y xf < 00}
i=1
with the p-norm metric d(x,y) = (X7, |x; —yi|”) VP Let (2 x N> denote the product topol-

ogy of Zf and IN* with N* denoting the sequences on IN endowed with the product topology.
Define also

U, := {((xi,yi))}"’:l S Zf x N : inyi < o and y; = 0 whenever x; = OVi},
i=1

endowed with the metric

o

12
(xli*le')z) + Y k1 — xivai- 2.1

i=1

T~

du((x1,¥1), (x2,¥2)) := (

1

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.
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Further, let U(f C U, be given by
U(f = {((xi,30))721 €U, ¢ if X = xpn,k < m, then yg >y }.

Let (U?)* denote the k-fold product space of U.

Throughout, we write D[0, «) to denote the space of cadlag functions [0, «) — R equipped
with the Skorohod J;-topology. Also, let D[0,00) C D[0,00) be the collection of functions
with positive jumps only, and C[0,0) C D[0, ) be the collection of continuous functions.
For any fixed T >0, D[0,T],D, [0, T],C[0,T] are defined similarly for functions [0, 7] +— RR.
For any function f € D[0, o), define f(r) = infs<, f(s). Note that f is non-increasing. More-
over,

f €CJ[0,%), whenever f&Dy[0,). 2.2)

Indeed, if f is discontinuous at some point ¢, then f(t—) > f(t), but that would mean that f
has a negative jump of size f(t—) — f(¢) at . Thus (2.1.2) holds. Next, for any f € D [0, ),
define the zero set of f by 27 = {t > 0: f(¢) — f(t) = 0}, and let cI(2}) denote the closure
of Z7. An interval (,r) is called an excursion above the past minimum of f, or simply
excursion of f (see [9, Section IV.2]) if

f(t) = f(t) >0, Vte(l,r), wherel € cl(Z)and r € cl(Z}) U{eo}. (2.3)

For f € D.[0,T], we consider (/,r) C [0,T], and define an excursion similarly as in (2.1.2).

We often use boldface notation X for the stochastic process (X (s))s»0, unless stated
otherwise. Consider a decreasing sequence 8 = (6,6,...) € éf \ £} Denote by .#(s) :=
gy Where & ~ Exp(6;/p) independently, and Exp(r) denotes the exponential distribu-
tion with rate . Consider the process

A _
Si(t) = Henzzef(t (2.4)

for some A, 1 > 0. Note that, for all r > 0, E[S% (¢)] < oo since ¥, 7 < oo, and consequently
Si(t) < oo, almost surely. Also, for any u < t,

E[|S2(1) — S (u)|] _HOHZZGe*"” e O =) flr—u| < A+ 1))t —ul,

so that S2 has bounded variation almost surely. However, since }; 6; = oo, the process expe-
riences infinitely many jumps in any bounded interval of time. Define the reflected version
of SA (1) by

refl(S4(1)) = SA(1) — Join, Sk (u).

We will show that, for any A > 0, the excursion lengths of the process S% = (S (1));>0 can
be ordered almost surely as an element of 62. We denote this ordered vector of excursion
lengths by (%(A))i>1. For v,t > 0, define M,(v) =Y jve;<1, 10;<1 6]3. We will assume that
for any t > 0,

/ e M)y < oo, (2.5)
JO

The technical condition in (2.1.2) on top of @ € 2\ ¢! will be used to ensure that the distri-
bution of S (r) is non-atomic for all 7 > 0 (see Lemma 4 below), which in turn implies that

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.



6 Dhara, van der Hofstad, & van Leeuwaarden

we have strict ordering between excursion lengths, i.e., %i1(4) < %(4) for all i > 1 almost
surely. The condition (2.1.2) is relatively weak, and is, for example, satisfied for 6; = j=¢
for o € (1/2,1). To see this, note that v2M,(v) is of the same order as v~ '*1/% However,
this also shows that (2.1.2) is not satisfied for the extreme case & = 1, i.e., 8; = j L

Also, define the counting process N* = (N*(z));>0 to be the Poisson process that has
intensity (Au?)~"(0]13 x refi(S%(¢)) at time 7, conditionally on (S ()),<,. Formally, N* is
characterized as the counting process for which

t

2
N —% / refl(S2 () )du 2.6)
0

is a martingale. We use the notation N;(A) to denote the number of marks of N* in the i-th
largest excursion of S%. Define

Z(A) = ((3(A),Ni(A)))i>1, ordered as an element of U?. 2.7)

2.1.3 Results for the critical window

Fix 7 € (2,3). Throughout this paper, we denote
a=1/(t=1), p=(t=2)/(z=1), n=0C-1)/(z=1).

Also, let D, be the degree of a vertex chosen uniformly at random from [n]. We start by
stating our assumptions on the degree sequences:

Assumption 1 For eachn > 1, letd =d, = (d1,...,d,) be a degree sequence satisfying
dy > dp > ... > d,. We assume the following about (d,),»1 as n — oo:

(i) (High-degree vertices) For any i > 1, n~%d; — 6;, where 6 := (6;);> € Ef \ ¢} is such
that (2.1.2) holds.

(ii) (Moment assumptions) (Dy)n>1 is uniformly. integrable, lim,_. %Zie[n] d; = u for
some u > 0, and

n

lim limsupn>* Y d} =0. (2.8)

T ¢ gl i=K+1

In Section 2.2, we discuss the generality of Assumption 1 and show that power-law degrees
satisfy these assumptions. For CM,,(d), the criticality parameter v, is defined as

v Yici di(di— 1)
! Yiewdi

Molloy and Reed [46], and Janson and Luczak [41] showed that, under some regularity
conditions, CM,,(d) has a unique giant component (a component of size @(n)) with high
probability precisely when v, — v > 1. Under Assumption 1, Vv, — oo, as n — oo since
Liel) d? > d? = ©(n**) > n, and CM,,(d) always contains a giant component (see the
remark below [37, Theorem 4.5] and consider & = 1).

We study percolation, which refers to deleting each edge of a graph independently with
probability 1 — p. In case of percolation on random graphs, the deletion of edges is also inde-
pendent from the underlying graph. The percolation probability is allowed to depend on the

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.
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network size, i.e., p = p,. Let CM,,(d, p,) denote the graph obtained from percolation with
probability p, on the graphs CM,(d). Fountoulakis [32] showed that CM,(d, p,) is dis-
tributed as CM,,(d?), where d” is the degree sequence of the percolated graph. Note that the
degrees in d” could be correlated, so later Janson [39] gave an explicit construction which
is simpler to analyze. This construction was used to identify the percolation phase transition
in [39] and to study the critical window in [27, 28]. An interested reader is also referred to
[28, Algorithm 4] where a construction of the whole percolation process (CM,(d, p)) pe(o,1]
is provided.

Now, under Assumption 1, if liminf,, . p, > 0, then CM,,(d, p,) retains a giant com-
ponent with high probability, i.e., CM,(d, p,) is always supercritical; see the remark below
[37, Theorem 4.5]. Thus, in order to see the critical behavior, one must take p, — 0, as
n — oo. For p, — 0, the graph always contains n — op(n) degree-zero or isolated vertices,
which makes Janson’s construction inconvenient to work with.

For a sequence of finite graphs, the critical behavior is where we see intermediate be-
havior in the sense that it inherits some features from the subcritical (such as the absence
of the giant component) and the supercritical regimes (the largest component is not a tree).
The collection of such values of p is called the critical window. However, due to our lack of
knowledge about the subcritical phase and the structural propeties therein, it is not a priori
evident here how to define the critical window. One way to define the subcritical regime
and the critical window would be to say that inside the critical window, the rescaled vec-
tor of ordered component sizes converge to some non-degenerate random vector, whereas
the component sizes concentrate in the subcritical regime. This property has been observed
quite universally for the percolation critical window. In this paper, we take this as our defi-
nition of the critical window. It is worthwhile to mention that there is a substantial literature
on how to define the critical value. See [18, 35, 37, 43, 47] for different definitions of the
critical probability and related discussions.

We will show that the critical window for percolation on CM,,(d) is given by

pe=pelA) = 2 (1 401, A € (0.%) 9)

Notice that, under Assumption 1, p. ~n 2% ~ »n~1 where n = (3—1)/(t—1) > 0. The
case where p < p. will be called the barely subcritical regime and the case p. < p < 1
will be called the barely supercritical regime. We will show that a unique giant component
emerges in the barely supercritical regime. We first state the results about the component
sizes and the complexity in the critical window, and then discuss the barely sub-/supercritical
regimes.

We will always write 4{; (p) to denote the i-th largest component in the percolated graph.
The random graph on which percolation acts will always be clear from the context. A vertex
is called isolated if it has degree zero in the graph CM,,(d, p.(1)). We define the compo-
nent size corresponding to an isolated vertex to be zero (see Remark 2 below). For any
component ¢ C CM,(d, p.(1)), let SP(%¢") denote the number of surplus edges given by
#{edges in ¢} — |%| + 1. Finally, let

Z,(A) = (n"P|G (pe(R))], SP(€ (Pe(A)))) > ordered as an element of uy.

The following theorem gives the asymptotics for the critical component sizes and the surplus
edges of CM,,(d, p.(1)):

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.



8 Dhara, van der Hofstad, & van Leeuwaarden

Theorem 1 (Critical component sizes and surplus edges) Under Assumption 1, as n —

00’

Z,(2) S Z(1)
with respect to the U? topology, where Z(1) is defined in (2.1.2).

Remark 2 (Ignoring isolated components) Note that 2p < 1 for T € (2,3). When percolation
is performed with probability p., there are of the order  isolated vertices and thus n 2P
times the number of isolated vertices tends to infinity. This is the reason why we must
ignore the contributions due to isolated vertices, when considering the convergence of the
component sizes in the éf-topology. Note that an isolated vertex with self-loops does not
create an isolated component.

For a connected graph G, diam(G) denotes the diameter of the graph, i.e., the maxi-
mum graph distance between any pair of vertices. For an arbitrary graph G, diam(G) :=
max diam(%’), where the maximum is taken over all connected components. Our next result
shows that the diameter of the largest connected components is of order logn:

Theorem 2 (Diameter of largest critical clusters) Under Assumption 1,
diam(CM,,(d, p.(1))) = Op(logn).

Thus, the maximum diameter scales logarithmically in the T € (2,3), in contrast to the other
universality classes in the T € (3,4) and 7 > 4 regimes, where graph distances scale as a
positive power of n [1, 13].

2.1.4 Behavior in the near-critical regimes

We now discuss asymptotic results for the component sizes in the barely subcritical (p, <
pe(A)) and barely supercritical (p, > p.(A)) regimes. The next two theorems summarize
the behavior outside the critical window:

Theorem 3 (Barely subcritical regime) For CM,,(d, p,,), suppose that n=% < p, < p.(1)
and that Assumption 1 holds. Then, as n — o,

¢ P
() %0 (P))) 12y — ()1,
in ﬁf topology, and P(SP(€ ;) (pn)) =0) — 1, forall i > 1.

Remark 3 (Components and hubs) In the barely subcritical regime, we show that the i-th
largest component is essentially the component containing the i-th largest degree vertex, or
the i-th hub. Since the hubs have degree © (n%*), we need the assumption that p, > n~% in
Theorem 3, as otherwise the hubs become isolated, in which case components are likely to
be extremely small.

For the result in the barely supercritical regime, let p.(1) < p, < 1. The exact asymptotics
of the high-degree vertices and the tail behavior in (ii) will not be required. Below, we
state the sufficient conditions for the concentration of the size of the giant component. In
Section 2.2, we will see that these conditions are satisfied when the degrees are sampled
from a power-law distribution:

© 2021 Springer-Verlag GmbH Germany, part of Springer Nature.



Critical percolation on scale-free configuration model 9

Assumption 2 For each n > 1, letd =d, = (d1,...,d,) be a degree sequence satisfying
dy > dp > ... > d,. We assume the following about (d,),>1:

() d) = 0(n%).
(i) (Dp)n>1 is uniformly integrable, and lim,_.c % Yicsdi = u for some p > 0.
(iii) Let D} denote the degree of a vertex chosen in a size-biased manner with the sizes
being (d;/ly)ic|s)- Then, there exists a constant k > 0 such that

1/(3-7) 1y« — —
1—Ele P = ikplT B2 (1)), (2.10)
Let E(G) denote the number of edges in the graph G.

Theorem 4 (Barely supercritical regime) For CM,,(d, p,), suppose that p.(1) < p, < 1
and that Assumption 2 hold. Then, as n — oo,

[Cwlp)l P 1y E(@w(pn) P, /-7

— ,
/0 b/

and for all i > 2, % (pa)| = o (nps' O ), E( (pa) = ow (nph! ® 7).

Remark 4 (Relation to Abel-Tauberian theorem) The infinite second-moment assumption is
captured by (iii). The identity (iii) is basically a version of the celebrated Abel-Tauberian
theorem [31, Chapter XIIL5] (see also [15, Chapter 1.7]). However, since both D} and p,
depend on n, the joint asymptotics needs to be stated as an assumption. In Section 2.2, we
discuss how this assumption is satisfied when (i) d; = (1 — F)~'(i/n) (ii) d; is the i-th order
statistic of an i.i.d sample, where F is a power-law distribution with 7 € (2,3).

2.2 Discussion

Critical window: emergence of hub connectivity. The critical window is the regime in which
hubs start getting connected. Hubs are the high-degree vertices, whose asymptotic degree
is determined by Assumption 1(i). To understand the above remark more precisely, let us
denote the probability that i and j are in the same component in the p-percolated graph by
7(i, j, p). Then, for any fixed i, j > 1,

limsup (i, j,pn) =0 for p, < pe, (2.11)
n—oo
0 < liminf7(i, j, pn) < limsupz(i,j, p,) <1 for p, = O(p.), (2.12)
n—oo Nn—soo
limsup (i, j,pn) =1 for p, > pe, (2.13)
n—oo

Indeed, any two vertices i and j share p,d;d;/(¢, — 1) edges in expectation. This expecta-
tion is o(1), (1), or @(1) depending on whether p, < p¢, pp ~ pec, OF py >> p.. In the
subcritical regime, this observation and a simple union bound yields (2.2). For the critical
case, a method of moment computation shows that the number of edges between hubs i and
Jj converges in distribution to Poisson(A6;60;/ ). We don’t prove this here, but instead refer
the reader to [36, Proposition 7.13] where similar Poisson approximation computations have
been done for the configuration model. This shows (2.2). In the super-critical regime,

d;
P((i, j) don’t share any edge) < 11;11 <1 - énfnflll) < e Pndidi/2n _, (),
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10 Dhara, van der Hofstad, & van Leeuwaarden

so that 1 — (i, j, pn) — O which yields (2.2). Intuitively, in the barely subcritical regime,
all the hubs are in different components. Hubs start getting connected to each other directly,
forming the critical components as the p varies over the critical window. Finally in the
barely super-critical regime the giant component, which contains all the hubs, is formed.
The features (2.2), (2.2) and (2.2) are also observed in the T € (3,4) case [12]. However,
the key distinction between 7 € (3,4) and 7 € (2,3) is that for 7 € (3,4) the paths between
the hubs have lengths that grow as n(7=3)/(==1) whereas they are directly connected in the
T € (2,3) regime.

Intuitive explanation for the exploration process. Suppose that we explore the critically per-
colated configuration model sequentially in a breadth-first manner. The reflected version of
the stochastic process in (2.1.2) turns out to be the limit of the process that counts the num-
ber of unpaired half-edges incident to the discovered vertices. This limiting process can be
intuitively understood as follows. When we explore hubs, the exploration process increases
drastically, causing the jumps in the first term in (2.1.2). The negative linear drift is an accu-
mulation of two effects. (1) Because we explore two vertices at each time, we get a negative
drift —2¢. (2) The exploration of the low-degree vertices cumulatively causes a linear posi-
tive drift 4. The main contribution in the latter case comes due to the degree-one vertices
in the system. Thus in total, we get a drift of — in the exploration process (2.1.2).

Assumption on the degrees. Assumptions 1, 2 hold for two interesting special cases of
power-law degrees that have received special attention in the literature: Case (I) d; = (1 —
F)~!(i/n), Case (Il) d;’s are the order statistics of an i.i.d sample from F. Here F is some
distribution function supported on non-negative integers and (1 — F)(x) = ¢k~ ("= for
k <x < k+1, and we recall that the inverse of a bounded non-increasing function f: R +— R
is defined as

SN @) = inf{y: f(y) S
We add a dummy half-edge to vertex 1 if necessary to make };c(, d; even. However, we
ignore this contribution since this does not change any asymptotic calculation below. Recall
that we use C as a generic notation for a constant whose value can be different between
expressions, and a, ~ by, denotes limy,—.. a, /b, = 1.
For Case (1), d; ~ (cpn/i)* for alli = o(n) and d; < C(n/i)* for all i € [n]. Consequently,
Assumption 1(i) is satisfied with 6; = c¢%i~%. To see Assumption 1(ii), note that

1
n

! ~1
z]d,w/o (1-F)" (x)dr = E[D],

icn
where D has distribution function F', and

n_zaZdiZSCZi_zaNcKl_zaHO as K — oo, (214)

i>K i>K
Also, D, 4, D, and E[D,] — E[D] implies that (D,),>; is uniformly integrable. To see
Assumption 2, with the above computations, we have already verified all the conditions in

Assumption 2(i),(ii). To verify Assumption 2(iii), we now show that, for ¢, =1 p,l/ (-7 with
fixedr > 0,

- 1 o0 -
1Bl = ly Z (1 ’eit"dk) Ntrf*2/g err (1 — Tz,
[

n keln)
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Critical percolation on scale-free configuration model 11

and thus (iii) holds as well. Let us split the last sum in three parts by restricting to the set
{k:dp < e(ty)™"}, {k:di € [e(t,)~", (et,) "]}, and {k : di > (€t,)"'} and denote them by
(I), (IT) and (III) respectively. Using the fact that 1 —e™ < x, it follows that

(n 6~ 2 20-1,3-1 “2a
—5 < 7 Z di; ~Cn t, Z k
In n o edy<e(ty) ) k>Cn(ty /€)' (2.15)

O e O (Cnl ) ) R e
P n\ty

n

and
11 a1 Cn(te)™"
um . _¢ dp< < / e e
Iy t’ST* )én kfdk>(£tn)7] 1y 1 X

Also, we compute (/1) by

(II) _ 1 Z dk(l_eft,,dk)

-2 T2
o e (o))

nafl

5 Ckaoc(l _eftn(CFn/k)a)

I keleqn(e) s (n/e)71]

1 —a
= Z crz ¥ (1—e F2 7)),

7—1
nip 2€[coe™ e /eT 1]

where we have put k = ntf 'z, so that the z values increase by 1/(ntf~!) in the final sum.
Thus, in the iterated limit limg_.¢ limsup,,_,.,,

)

- —a —crz% y
= [ e —e T = x,
1y JO

which yields (iii) by combining it with (2.2) and (2.2).

Let us now consider Case (Il), i.e., the i.i.d degree setup. We have assumed that the
degree sequence is ordered in a non-decreasing manner, i.e., d; is the i-th order statistic of
the i.i.d samples. We use the following construction from [21, Section 13.6]. Let (E1, Ea, .. .)
be an i.i.d sequence of unit-rate exponential random variables and let I; := 23-:1 E;. Let

dy= (1-F) (/L) (2.17)

Then (dy,...,d,) < (dy;...,dy). Now, I7’s follow a Gamma distribution with shape param-
eter n and scale parameter 1. Note that, by the stong law of large numbers, I, /n =2 1.
Thus, for each fixed i > 1, I,y1/(nI;) =2 1/I;. Using (2.2), we see that d satisfies As-
sumption 1(i) almost surely with 6; = (Cr /I;)*. To see that (6;);>1 € £7\ ¢}, observe that
I[/i * 1, and o € (1/2,1). Next, the first condition in Assumption 1(ii) follows from the
strong law of large numbers. To see the second condition, we note that } ;I ~2% < o0 almost
surely. Now using the fact that I, { /n > 1, we can use arguments identical to (2.2) to show
that limg .. limsup,_,.,n~2* Y. x d? = 0 on the event {¥° | I; 2% < oo} N {L41/n — 1}.
Thus, we have shown that the third condition of Assumption 1(ii) holds almost surely. The
verification of Assumption 2 is also identical to Case-(I) if we do the computations condi-
tionally on the Gamma random variables and use the above asymptotics.
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12 Dhara, van der Hofstad, & van Leeuwaarden

Extension to the Norros-Reittu model. A related model where one would expect the same
behavior as the configuration model is the multigraph version of the Norros—Reittu model
or the Poisson graph process [51]. Given a weight sequence (wi)ie[n], the Norros-Reittu
multigraph is the multipgraph generated by putting Poisson(w;w;/L,) many edges between
vertices i and j, where L, = Y e[,y wi. If Assumptions 1, 2 holds with (d;);c[, replaced by
(Wi)icn)» then we expect the same results for percolation on the Norros-Reittu multigraph
about the critical and near critical regimes as described above. We do not pursue the Norros-
Reittu multigraph here.

Open Problems. We next state some open problems:

Open Problem 1. Theorem 1 studies convergence of Z,(A) for each fixed A. It will be
interesting to study the distribution of (Z,(1));¢ as a stochastic process, when the perco-
lated graphs are coupled through the Harris coupling. In the T > 4 and 7 € (3,4) regimes,
such evolution of critical components is described by the so-called augmented multiplicative
coalescent process. However, we do not expect the limit to be the augmented multiplicative
coalescent here. This is clear from the fact that the scaling limit in (2.1.2) is not related to the
general characterization of exploration processes that arise in relation to multiplicative co-
alescent in [5]. Heuristically, one would expect that if ¥ ;cer d;1{i is hub} denotes the mass
of a component, then the components would merge at rate proportional to their masses, but
additionally, there are immigrating vertices of degree-one that keep on increasing the com-
ponent sizes as well. The description of the process, and proving its Feller properties and
entrance boundary conditions, are interesting open challenges.

Open Problem 2. Is it possible to prove that the metric structure of components converges in
a suitable topology? This question is motivated by a strong notion of structural convergence
of critical components that was first established in [1] ( > 4) and [13] (7 € (3,4)). Since the
components have small distances, it may be natural to consider the local-weak convergence
framework. However, the hubs within components have unbounded degrees, which is not
covered directly in the local-weak convergence framework.

3 Properties of the excursions of the limiting process

In this section, we prove some good properties of the process (2.1.2) that allows us to con-
clude the convergence of largest excursion lengths from the stochastic process convergence.
In Section 3.1, we identify these good properties for functions in D [0,e) that ensure con-

tinuity of the largest excursion map. Then, we prove in Section 3.2 that S% satisfies these
good properties almost surely.

3.1 Continuity of the largest excursion map

Recall the definitions of excursions from (2.1.2). Also, recall from Section 2.1.2 that f(¢) =
inf,<, f(u) and 27 = {t : f(t) = f(¢)}. Define the set of excursions of f as

&r={(l,r) : (I,r) is an excursion of f}.
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Critical percolation on scale-free configuration model 13

We denote the set of excursion begin-points (or left-points) and end-points (or right-points)
by £ and % respectively, i.e.,

Ly={1>0:(l,r) € & forsome r} and Zy:={r>0:(l,r) € & for some [}.

We will use the following elementary fact:

Fact1 Let f € D[0,0). Then, for all r € %\ {e}, f is continuous at r. Consequently,
re ;.

Proof Using the right-continuity of f, it suffices to show that f(r) = f(r—). Suppose that
is not the case. Since f has positive jumps only, we must have that f(r—) < f(r). Since r is
an excursion ending point, there exists € > 0 such that f(z) — f(¢r) > Oforallr € (r—g,r).
On the other hand, using the right-continuity of f and the fact that f(r) > f(r—), we obtain
that f(¢) — f(r) > O for all t € [r,r+ &) for some € > 0. Thus, there exists a sufficiently
small € > 0 such that f(¢) — f(t) > 0 for all € (r — &, 7+ €). This contradicts the fact that
recl(2))\ {=}. ) o

For f € D4[0,0), let ¢;(f) be the length of the i-th largest excursion of f. Also, let <Z(f)
denote the area under i-th largest excursion of f. We will show that if f, — f in D[0, )
then ¢; and .«7; converge when the limiting function has some good properties. Let us start
by describing these good properties:

Definition 1 (Good functions) A function f € D_ [0, o) is said to be good if the following
holds:

(a) Forall r € %\ {eo}, r is not a local minimum of f.

(b) There does not exist any interval (g1,¢>) with g1,9> € @+ such that (¢1,92) C Z7.

(c) Forall (I,r) € & with r < oo, there exists & = & ([, r) > 0 such that the following holds
for all € € (0,¢&)): There exists 6 = d(g,l,r) > 0-such that

f()>f(r)+6 Vre(l+e,r—e). 3.1

(d) f does not have any infinite excursion, i.e.; ¢ (f) < oo.
(e) For any 6 > 0, f has only finitely many excursions of length at least §.
(f) Foralli> 1, ¢ir1(f) < ¢i(f)-

Lemma 1 Suppose that f € D4.[0,0) is good. Further, let (f)n>1 C D[0,00) be such that
Jfn — [ in D[0,e0). Moreover; let limsup,_.., ¢1(fn) < oo, and if z,(T) denotes the length of
the largest excursion of f, starting after T, then limy_.. limsup,_.., 2,(T) = 0. Then, for all
m>1,asn— oo,

(0:i(fn))icim) — (9i(f))icim, and  (Fi(fn))icim — (F(f))iem)-

Proof The proof here is for m = 1, and for m > 1, we can proceed inductively. Using Def-
initions 1(d),(e), as well as the assumptions of the lemma, we can take 7 > 0 and ng > 1
large so that the largest excursions of f, and f end before T for all n > ng. Let L de-
note the set of continuous functions A : [0,e0) — [0,00) that are strictly increasing and sat-
isfy A(0) = 0,A(T) = T. Suppose (I,r) is the longest excursion of f on [0,7], and thus
¢1(f) = r—1. We will first show that lim,, . ¢ (f,,) = ¢1(f).
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14 Dhara, van der Hofstad, & van Leeuwaarden

Fix €,8 > 0 such that (c) holds. Let || - || denote the sup-norm on [0, 7]. Recall the def-
inition of the metric for Skorohod J;-topology from [14, (12.13)]. Since f,, — f in D[0,T],
there exists (Ay),>1 C L, and n > ng such that for all n > ny,

5
1fno A= fllr <5 and [|A,—1]lr <&, (3.2)

where [ is the identity function. Using (c) and (3.1), for all7 € (I+€,r — €) and n > ny,

JuoM(e) > 1) =3 > 1)+ 3 = f(r)+5,

where the last equality is due to r € 2 from Fact 1. Thus, using ||A, —I||; < € from (3.1),

ﬁm>fm+g Vi€ (1+2¢e,r—2¢). (3.3)

Next, note that the infimum operation is continuous in the Skorohod J;-topology [56, Theo-
rem 13.4.1], and thus f, — fin D[0, T]. Moreover, using (2.1.2), fe C[0,T], and therefore,
there exists ny > ng, such that for all n > n»

S
||fn _fHT < 1 3.4

Using f(t) = f(r) for all ¢ € [1, 7], this implies that, for all n > ny,

f(r)=f() >fn(t)—§ vt € (I+2¢,r —2¢),

and consequently (3.1) yields that for all n > max{n;,n,}

Jalt) = fu(2) >§ vt € (L+2¢&,r—2¢). (3.5)

Thus,
ligrlicglfq)](fn)2r—l—4£:¢1(f)—48, 3.6)

which provides the required lower bound. We now turn to a suitable upper bound on the
quantity limsup,, ., ¢; (f»). We claim that, using Definition 1(b), one can find ry, ..., ry € Zy
suchthatry < @1(f)+&,T—r <1 (f)+e,andri—ri1 < ¢ (f)+€,Vi=2,... k. Indeed,
since @y (f) is the largest excursion length of f, if there is no excursion end-point in between
0 and ¢, (f) + €, then there is no excursion begin-point in [0, €). The latter shows that the
interval [0, €) is contained in 27 = {r: f(t) = f(¢)}, which contradicts Definition 1(b). The
existence of the points 7, ..., 7 can be shown inductively using similar argument as above.
Let!y,...,I; be the excursion begin-points corresponding to the endpoints 7y, ..., r;. We will
show that, for all i, f, will have an excursion begin-point in (/; — 4€,l; + 2¢) and end-point
in (r; —3¢&,r;42€), so that the largest excursion of f, is contained inside one of the intervals
(l; —4e,ri+2¢) for i € [k].

Using Definition 1(a), ; is not a local minimum, and thus for any &€ > 0 (sufficiently
small), there exists § > 0 and ; € (r,r; + €) such that f(r;) — f(¢;) > 6. We also let § > 0
be sufficiently small such that (3.1) holds. Thus, using (3.1), for all n > ny,

)

ﬂM*ﬁmwmzﬂmfﬂmf§>3
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Critical percolation on scale-free configuration model 15

Since t; € (rj, i+ €), we have that 1" = A, (t;) € (r; — &,r;+2€). Thus, for all n > ny, there
exists a point #* € (r; — €, r;+ 2€) such that

S
f(ri) = fu(t]) > 7 3.7
Next, using (3.1),

Ju(ri—3¢€) — f(ri=3€) = f(ri) = f(ri), (3.8)
since r; € Z7. Combining (3.1) and (3.1), we see that f,,(r; —3€) > f,,(¢'), and by (3.1), we
also have that f,,(r; — 3€) — f,(r; — 3€) > 0, when & > 0 is so small that r; — 3¢ > [; + 2¢.
Thus f, must have an excursion end-point in (r; — 3¢, r; 4 2€). Also, using Definition 1(b), f
has an excursion end-point r? € (l; —&,1;). The previous argument shows that f, has to have
an excursion end-point 7" € (1) — 3¢, ) +2¢), and thus by (3.1), £, must have an excursion
begin-point in (r¥",1;+2¢) C (I; — 4€,1;+ 2¢). Therefore,

limsup ¢; (f») < maﬁ)]((ri —1;)+6¢ < m%(ri —ri—1)+6€ < @1 (f)+Te. (3.9)
1S e

n—o0

Hence, the convergence of the largest excursion length follows from (3.1) and (3:1).
Next, we show that lim,, ... <7 (f,) = <% (f). Let e = (I, r) be the largest excursion of f.
Using (3.1), the interval (I —2¢,r+2¢) is part of some excursion of f,. Let us denote this

excursion by e, = (L,(e),R,(e)). We will show that e, is the largest excursion of f, when n
is large. Indeed, the arguments above already show that

I—4e <L,(e) <I+2, and r—3e<R,(e)<r+2e,

and thus R, (e¢) —L,(e) > r—1 —5¢. Now, using Definition 1(f), we can take € > 0 sufficiently
small such that ¢ (f,,) < r—1—5¢ for all sufficiently large n. Thus, e, = (L, (e),R,(e)) must
be the largest excursion of f,,. The convergence of <7 (f,,) follows by using f,, — f in D[0,c0)
together with L, (e) — [ and R,(e) — r as n — oo, O

Remark 5 We emphasize that the strict ordering between excursion lengths in Definition 1(f)
is only used in the convergence of 7 f,). This ensures that the location of largest excursions
of f, and f approximately coincide, which is strictly stronger than requiring the convergence
of excursion lengths.

Next, we define what it means for a stochastic process X € D_.[0,0) to be good:

Definition 2 (Good stochastic process) A stochastic process X with sample paths in D4 [0, =)
is said to be good if the sample path satisfies all the conditions of Definition 1 almost surely.

The following is a direct consequence of Lemma 1:

Proposition 1 Consider a sequence of stochastic processes (Xn)n>1 and a good stochas-

tic process X such that X, > X. Also, let (¢1(X,))ns1 be tight, and if Z,(T) denotes the
length of the largest excursion of X, starting after time T, then assume that, for any € > 0,
limy e limsup,_... P(Z,(T) > €) = 0. Then, for allm > 1,

(91X, (X)) iy = (94(X), (X)) i
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16 Dhara, van der Hofstad, & van Leeuwaarden

3.2 The limiting process is good almost surely

In this section, we will show that the sample paths of S% are good almost surely. Throughout
this section, we assume without loss of generality that 4 =1 and }; 61-2 =1 to simplify writ-
ing. An identical proof works for the general u and @ by replacing 2 with A’ = Au /Y, 67.
Consider the sigma-field % = o({& < s} :s <t,i > 1), where (&;);> are the exploration
random variables used in the definition of Si in (2.1.2), and, for a collection of sets &7,
o (2/) denotes the minimum sigma-algebra containing all the sets in 7. Then (% );>0 is a
filtration and S? is adapted to (.%,);>0. Our goal is stated formally in the following proposi-
tion:

Proposition 2 The sample paths of s satisfy the conditions of Definition 1 almost surely.
Proof of Proposition 2. The verification of each of the conditions in Definition 1 are given
separately below.

Verification of Definition 1(a). Let g € Q4 and define the random time T, = inf{r > ¢ :
SA(t) = inf,<, S (1) }. We will show that, almost surely,

inf{t > 0: SA(T,+1)—S*(T,) <0} =0, on{T, <eo}, forallge Q.. (3.10)

Note that if ¢ lies in the interior of some finite-length excursion then T, € (¢, ), and also T,
is the end-point of that excursion. Therefore, {7, : ¢ € Q and T, < oo} contains the set of
excursion end-points of Si. Now, (3.2) ensures that 7 is not a local minimum because we
can find u arbitrarily close to 7, such that S% (u) < S (T,). Hence, Definition 1(a) holds for
S* almost surely.

Thus it suffices to prove (3.2). Since (3 is countable, it is enough to prove (3.2) for
each fixed ¢ € Q4. Let V, = {i : %(T;) = 1}. Note that T} is a stopping time. Moreover,
conditionally on the sigma-field .77, the process (SX(T, +1) —S&(T,));>o is distributed as
S% given by

Sty =2 Z 6,.7i(t) 1. 3.11)

i¢Vy
Define L(t) = A Y. | 6;4i(t) —t, where (A;(t));>0 is a rate-6; Poisson process, indepen-
dently for different i. We assume that S and L are coupled by taking .%(s) = 1{#{(s) > 1},
so that S () < L(z) for all > 0 almost surely. Thus, if Ry = inf{r > 0: L(z) < 0}, then it

suffices to show that

P(Ry=0)=1, (3.12)

and (3.2) follows. Fix € > 0 and K > 1. Then,

P(Ry < &) > P(L(g) <0)

> IP(/’L i 0;.4i(€) < €, and A/ (g) =0, Vi e [K])

i=K+1

K -
HIP(JV(S) xIP()L )y 9im(8)<8)

i=K+1

S G CHREEED)

A > K >
> —eYX g _ = N _ e €L 6 _ 2
>e 1 (l SIE{ 2 91%(6)}) e 1 (1 A E 6; ),

=K1 i=K+1

(3.13)
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where the one-but-last step follows from Markov’s inequality. Thus, using the fact that {Ry <

e} N\ {Ro =0}, as e \,0,

P(Ry=0)=1limP(Ry<&)>1—21 6?
(Ro=0) EI{I})(O_)_ i:;,ﬂm

and since the above holds for any K > 1, and }; 87 < o, we have proved (3.2).

Verification of Definition 1(b). Next, we verify that Definition 1(b) holds almost surely
for SX. Since Q) is countable, we may again work with fixed g, € Q. i.e., it suf-
fices to prove that (¢1,¢2) ¢ {t : SX(t) = inf,<,; S (u)} almost surely. By the description of
our thinned Lévy process, it has positive jumps only, and if there is a jump of size 6; at time
1, then S (1 + 6;/2) > inf,<; SX(u) = inf, </ 16,2 S* (u). Therefore, if (q1,q2) C {r: S%(1) =
inf,<; A (u)}, then there is no & such that & € (q1,¢>). We compute

o

P> 1:& ¢ (91.92) = [[P(E ¢ (a1.42)) = [J(1 e % +e02)
i=1

i=1

=exp (Zlog (1 —e (1 - 679,-((12741)))
i=1
<exp (— e 01 i(l — e—9i<qz—cn))) =0,
i=1

where the one-but-last step follows using log(1 —x) < —x for all x € (0,1) and e~ %41 >
e %191 for all i > 1, and the last step uses the fact that Y (L= e’ei(qfql)) = oo, which
follows by applying the limit comparison test together with (1 —e~%(92-9)) /6, — ¢, — ¢,
as i 7 oo, and Y7 | 6; = co. Thus we have verified that Definition 1(b) holds almost surely
for SZ.

Verification of Definition 1(c). Similarly as above, for any g € (., define the stopping time
T,(¢) = inf{t > q: SX(t) <inf,<,S%(u)+ €}. Thus, T, (&) > q if SA(g) > inf,<, A (u) +€
and T, (&) = g otherwise. Observe that T, (&) < oo almost surely since there are no infinite
excursions. We claim that it is sufficient to prove

li{I(l)IP(Sf; has an excursion end-point in (7, (€),T,(€) +2¢), and T, (&) < o) =1. (3.14)
€

Let 7, :=inf{r > g: SA(t—) = inf,<, S (u)}. Indeed, if ¢ lies inside some excursion, i.e.,
S%(g) > infuzy:St(u), then T,(g) / T, as € \, 0, and (3.2) shows that 7" must be an
excursion end-point with probability 1. Now, if S2 contains an excursion (/,r) having a
point ¢ € (I, r) such that S (r—) = inf,<; S* (u) = inf,<, SA(u), then there exists some g €
@+ N (I,r) such that T, is not an excursion endpoint. The later has zero probability as we
showed above. This completes the verification of Definition 1(c).

It remains to prove (3.2). As before, let L(t) = A Y5, 6;.4{(t) — ¢, and let us also work
under the coupling under which S (7, (€) +1) — SA(T,(g)) < L(t) for all > 0 almost surely.
We have S%(T,(¢)) < inf,<,S%(4) + € on {T,(€) < o}, since the process has only positive
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18 Dhara, van der Hofstad, & van Leeuwaarden

jumps. Also, if L(2€) < —&, then S (T, (€) +2¢) < SA(T,(€)) — & < inf,<, % (u), and con-
sequently infy<7, (¢)+2¢ SA(u) < inf,<7, (¢) Sk (u) = inf,<4 S* (u). Therefore, the event in (3.2)
holds. Thus, using identical computations as (3.2), it follows that

IP(S% has an excursion end-point in (T,(e),T,(€) +2€), and T, (€) < o)

>P(L(2¢) < —€) = IP(/I Y 6.4i(2¢) < z—:) > e 26L51 6 (1 -2 Y 9?),
=1

i=K+1

and (3.2) follows by taking the iterated limit limg_,. limg_.0, and using }'; 61-2 < oo,

Verification of Definition 1(d). We start by providing the martingale decomposition for S%:

Lemma 2 The process S% admits the Doob-Meyer decomposition S (t) = M(t) +A(t) with
the drift term A(t) and the quadratic variation for the martingale term (M) (t) given by

A =AY @minf{&nry—1. (M)(6) =AY 67 min{&.1}.
i=1 i=1

Proof Define M;(t) = 1g<,) — 6;min{;,¢}. Then
(M;(t));>0 is a martingale. (3.15)
Indeed, note that M;(r +s) —M;(t) = 0 if & < t. Thus,

E[M;(t+s) —=Mi(t) | 7] = E[lycg<ip5) — Oi(min{&;, 1 + s} —min{&;,1}) | & > 1]
= ]E[]l{t<§,-§t+s} —O;min{& —t,s} | & >1] (3.16)
=P(0< & <s)— 6E[min{;s}],
where the last step follows from the memoryless property of the exponential distributions.
Now, using the fact that [ xe™**dx = —e~*(ax+ 1) /a?, one can verify that 6;E[min{&;,s}] =

1 —e~%, Applying this to (3.2), we can conclude that B[M; (¢ +s) — M;(t)|.%] = 0, thus ver-
ifying (3.2). Moreover, the quadratic variation of (M;(t));>0 is given by

(M;)(¢) = 6;min{&;,1}. (3.17)

This follows from the characterization of unit-jump processes given in [52, Lemma 3.1],
together with the fact that 6; min{&;, 7}, the compensator of 1 ¢ <, is continuous in 7. Then
(3.2) and (3.2) completes the proof of Lemma 2. O

We are now ready to verify Definition 1(d). In order to prove that S% does not have an
excursion of infinite length almost surely, it suffices to show that

lim Si(t) = —oo almost surely. (3.18)

1—o0

Fix K > 1 such that A ¥,;.x 67 < 1/2. Such a choice of K is always possible as 8 € (7.
Further define the stopping time 7 := inf{r : & <1, Vi € [K|} = max;<g §;. Thus, T < o
almost surely. Note that min{&;,7} <t and thus,

1 1
-A2'Y 6?min{&;,t} < =, almost surely.
p i;( 2 min{&;, 1} 5 almost surely
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Critical percolation on scale-free configuration model 19

Therefore, for any t > T,

Alt)=2 Z 67E + A Z 67 min{&;,1} —1 <A Z 67 — %, almost surely.
i€[K] i>K i€[K]

We conclude that, for any r € (0,1), 17 "A(t) =+ —oo. For the martingale part we will use the
exponential concentration inequality [55, Inequality 1, Page 899], which is stated below:

Lemma 3 [fM is any continuous time local martingale such that M(0) = 0, and sup, (g .., |[M (t) —
M(t—)| < ¢, almost surely, then for any t >0, a >0 and b > 0,

IP(SZE]M(s) > a, and (M)(t) < b) <exp (_ g‘”(%))

where y(x) = ((1+x)log(1+x) —x)/x%
In particular, y(x) > 1/(2(1+x/3)) (see [42, Page 27]). Note that (M) (1) < A%t Y7, 3.

We apply Lemma 3 with a = &1", b= A%t Y7, 67, and ¢ = ;. Using Lemma 2, (M)(t) <b
almost surely. Now, y(ac/b) > C/(1+¢"), and thus for any € > 0, and r € (1/2,1)

IP( sup [M(s)| > sr’) < 2exp(—Cr¥ ),
s€[0,]

for some constant C > 0, where the bound on the absolute value of M follows from the fact
that —M is also a martingale, so Lemma 3 applies to —M as well. Now an application of the
Borel-Cantelli lemma proves that t~"|M(¢)| == 0, for any r € (1/2;1). This fact, together
with the asymptotics of the drift term, completes the proof of (3.2). a

Verification of Definition 1(e). Fix 6 > 0. Let t, = (k— 1)8/2 and define the event

C,‘(S = { sup St (1) = SA (1) > 0}.
re(

T 1:1%)
Suppose that there is an excursion (/,r) with » —1> & and [ € (#;_;,#] for some k. Since
r > tiy1 and [ € (1,1, we have that inf,<, | S*(u) = infuc, S*(u). Consequently,
S*(tey1) > infic | SA(z), and therefore C,‘f must occur. Therefore, if 8% has infinitely

many excursions of length at least 8, then C,‘j must occur infinitely often. Using the Borel-
Cantelli lemma, the proof follows if we can show that

P(CY) < co.

gk

k

1

As before, fix K-> 1 such that 1Y~ ¢ 61-2 <1/2,and let T :=inf{r: & <1, Vi€ [K]|} =
max;<y &;. Notice that for each K > 1,

P(T >t 1) = ZIP(EiE K]:&>01) <
k=1 k

Ke 0x(-18/2 _ o

agk
agl

k

and therefore it is enough to show that

ilp(c,‘fm{Tgtk_l}) < oo, (3.19)
k=1
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20 Dhara, van der Hofstad, & van Leeuwaarden

Now,
sup  [SE (1) —SA()] <M(t)+ sup —M(1)+ sup [A(tegr) —A(1)]
1€t 1.1] t€ltr—1] 1€ty
<M(tgy1) —Mt—1)+ sup [M(f—y) —M(1))
1€t 1.
+ sup [QL Y 67 (min{&;, 11} —min{&;,1}) — (1 — t)}
tEt_ 1t i=1
<2 sup M) - My )
1€t k41
+ sup [l Z 02 (min{&;, 1} —min{&,1}) — (frp1 — t)} .
1€ty 1] i=1
On the event {T < ;_ }, the second term inside the supremum above reduces to
. . 6
AY 67 (min{&,f 1} —min{&,1}) = (trey —1) < (g1 —1)A Y, 07 — (i1 —1) < —5
i>K i>K
(3.20)

using 1Y~ x 67 < 1/2. Thus we only need to estimate

]P(,E[ sup  |M() —M(t_)| > 2)

Tk 1olks 1)

Note that (M(r) —M(tk—1))s>1,_, is a martingale with respect to the filtration (% );>,,_, start-
ing from zero. Moreover, using an identical argument as Lemma 2 yields that the quadratic
variation of (M(t) —M(tx—1)):>,_, is given by

22 i 6 (min{&, 1} — minf& 1 })-

Further, E[min{&;,#}] = 6,”' (1 —e~%"). Therefore, Doob’s martingale inequality [45, The-
orem 1.9.1.3] implies

;IP( sup M0) - L) 5

1€tk 1tk41]
= 1642 & y _ 1642 & S\ e .
< Z 7 Z 9i2(e*9,tk71 _efﬂltkﬂ) — 7 9i2(1 _676,5) Z efellkfl < oo,
k=1 i=1 i=1 k=1

and the proof of (3.2) now follows using (3.2).

Verification of Definition 1(f). We first prove the following:

Lemma 4 The distribution of S (t) has no atoms for all t > 0.

Proof Let ¢;(v) = E[e"")] for v € R. Using the sufficient condition for random variables
to have non-atomic distribution stated in [33, Page 189], it suffices to prove that

[ty <.
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Note that

o (v ( _ eflvt H]E ivA8; ]l{§/<t} 71vt H(enle G_/t) _1_67(9_/;)

—e 1‘[ (1—e"®)cos(vA8;) +e "% +i(1—e%)sin(vA0))).
j=1

Therefore,

Il
s

ok (((l—e %) cos(vA.6;) +¢1%) +(1—e”91)2sin2(v16j)>

Il
-

J

Il
:8

(729 +2c05(v2.6)e 1 (1 —e71) + (1-¢1%)?)

~.
Il

Il
.Eg

(1 20 (1 —e 0 (1 — cos(vw,-)))

J
< o L 2e Y (1—e %) (1-cos(v26)))

= ’

where in the last step we have used the fact that 1 —x < e ™ for all x > 0. Recall (2.1.2). Let
Jo > 1 be such that max{(2|v|A/7)0;,16;} <1 forall j > jo. Now, for j > jo, we have that

e % >e" ! (1—-e7%)>10;/2 and 1 —cos(vA ;) > %1129]2. Thus, using (2.1.2),

[ lawavs [ e mmeimg <o,

and the proof now follows. a

In order to prove the strict ordering between excursion lengths, it is enough to show that
no two excursions of S% have the same length almost surely. For any ¢ € @+, if ¢ is in some
excursion of S%, i.e., if Si(q) > infi< Si(t), then we let e(g) be the excursion containing g,
and otherwise we let e(¢) = [Thus it is enough to show that for any ¢;,¢» € Q,

P(e(g1) # e(q2), but [e(q1)| = |e(q2)]) = 0.

Without loss of generality, let g; < ¢2. Thus, if e(q1) # e(g2), then e(g; ) appears earlier than
e(qn). LetV,, = {i: #(¢q2) = 1}. As before, conditionally on .%,, , the process (SA(qy+1) —
S*(q2))i>0 is distributed as S% given by

k(1) &%G(f (1) = (6:/k)t) + Ar. (3.21)

Therefore, the process in (3.2) again has the form (2.1.2) (see (3.2)). Now, for any x > 0, the
probability that |e(g2)| = x, conditionally on .%,, and |e(q1)| = x, is zero using Lemma 4
together with the fact that [V7 | = co. This concludes the verification of Definition 1(f).
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4 The critical window

In this section, we prove our results related to critical percolation on CM,,(d). In Section 4.1,
we start by describing a way to approximate percolation on a configuration model by a
suitable alternative configuration model. In Section 4.2, we analyze the latter graph. The
first step is to set up an exploration process that approximately encodes the component
sizes in terms of excursion lengths above past minima. This exploration process is shown
to converge to S% (Section 4.2.1). We must also ensure that the exploration process does
not have large excursions appearing beyond the time scale of the exploration process, which
allows us to prove that the largest component sizes converge to largest excursion lengths
of SA (Section 4.2.2). Next we analyze the surplus edges (Section 4.2.3) and the proof of
Theorem 1 is completed in Section 4.2.4. Finally, we analyze the diameter of the critical
components in Section 4.3 and complete the proof of Theorem 2.

4.1 Sandwiching the percolated configuration model

Following the pioneering work of Aldous [4], the main tool to prove scaling limits of the
component sizes is to set up an appropriate exploration process. The idea is to explore the
graph sequentially, and the exploration process keeps track of some functional of vertices
that have been discovered but their neighborhoods have not been explored. For percolation
on the configuration model, this could be the number of unpaired half-edges of those ver-
tices. Now, for random graphs with independent connection probabilities, the exploration
process is usually Markovian, but not for the configuration model. Indeed, one has to keep
track of the degree-profile outside the explored graph in order to know the distribution of
the degree of a newly discovered vertex. For d-regular graphs, Nachmias and Peres [48]
used the above approach, but this becomes difficult in the unbounded degree case. In earlier
papers with Sen [27, 28], we have used a construction by Janson [39] which says that the
percolated configuration model can be viewed as a configuration model satisfying some crit-
icality condition, so that it is enough to analyze the behavior of these critical configuration
models. However, in the T € (2,3) regime, this construction does not work because it gives
rise to n — o(n) many degree-one vertices. As a remedy to this problem, we use a result of
Fountoulakis [32] to show that the critical configuration model can be sandwiched between
two approximately equal configuration models, as stated in Proposition 3 below. We empha-
size that Proposition 3 holds for percolation on the configuration model without any specific
assumption on the degree distribution, as long as ¢,p, > log(n), and this will be used in
the proofs for the near-critical results as well. We start by describing the approximating
configuration model below:

Algorithm 1

(S0) Keep each half-edge with probability p,, independently, and delete the half-edges oth-
erwise. If the total number of retained half-edges is odd, then attach a dummy half-edge
to vertex 1.

(S1) Perform a uniform perfect matching among the retained half-edges, i.e., within the re-
tained half-edges, pair unpaired half-edges sequentially with a uniformly chosen un-
paired half-edge until all half-edges are paired. The paired half-edges create edges in
the graph, and we call the resulting graph 4, (p,).

The following proposition formally states that ¢, (p,) approximates CM,,(d, p,,):
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Proposition 3 Let p, be such that {,,p, > log(n). There exists (€,),>1 C (0,00) with g, — 0,
and a coupling such that, with high probability,

ggn(pn(l - gn)) C CMn(d,pn) C gn(pn(l +8n))~

Proof The proof relies on an exact construction of CM,,(d, p,,) by Fountoulakis [32] which
goes as follows:

Algorithm 2

(SO) Perform a binomial trial X ~ Bin(¢, /2, p,) and choose 2X half-edges uniformly at ran-
dom from the set of all half-edges.

(S1) Perform a perfect matching of these 2X chosen half-edges. The resulting graph is dis-
tributed as CM,,(d, p,,).

Notice the similarity between Algorithm 1 (S1) and Algorithm 2 (S1). In both algorithms,
given the number of retained half-edges, the choice of the half-edges can be performed
sequentially uniformly at random without replacement. Thus, given the number of half-
edges in the two algorithms, we can couple the choice of the half-edges, and their pairing
(the restriction of a uniform matching to a subset of half-edge remains uniform matching
on that subset). Let 777, 7%~ and e%”;, respectively, denote the number of half-edges in
CM,.(d, pn), 9(pu(1 —€,)) and 4, (pu(1 + €,)). From the above discussion, the proof is
complete if we can show that, as n — oo,

P < IR <HT) = 1.

We ignore the contribution due to the possible addition of only one dummy edge in Al-
gorithm 3 (S0), as it does not affect asymptotic computations. Notice that .7 = 2X, where
X ~Bin(¢,/2, p,), and %”;/ ~ ~Bin({,, p,(1+¢,)). Using standard concentration inequal-
ities [42, Corollary 2.3], it follows that

S = Lypu+0p (\/Iapalog(n)),

and
jé+ = énpn + énpngn + OIP( V Enpn 10g(n)) .
If we choose &, such that &, > (log(n)/(,p,))"/? and &, — 0, then, with high probability,

A < 5", Similarly we can conclude that %~ < 7 with high probability, and the proof
of Proposition 3 follows. g

We conclude this section by stating some properties of the degree sequence of the graph
4, (py,) that will be crucial in the analysis below. Letd = (di, . .., d,) be the degree sequence
induced by Algorithm 1 (S1), and let 7, = ¥;d; be the number of retained half-edges. Then
the following result holds for d:

Lemma 5 (Degrees of &, (p,)) Suppose that p, > n~%, and Assumption 1 holds. For each
fixedi> 1, di=dip,(1+0p(1)), by =L,pp(1+0p(1)), and;ie[n] di(d;—1)=p? Yicn di(di—
1)(14o0p(1)). Consequently, for p, < pc(L), Liep) d? = 0,(1+o0p(1)), whereas for p, =

pe(R),

et di(di — 1 - .
V,l:Zle[rL]iU:l(l+0p(l)), and  lim limsupIP(Zdi(difl)>8€,,> =0,
icln) di K=o oo i>K
4.2)
SJor any € > 0.
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Proof Note that d; ~ Bin(d;, p,), independently for i € [n]. For each fixed i > 1, dip, — oo,
as p, >n~%. Thus the first fact follows using [42, Theorem 2.1]. Since, by~ Bln(é,,,p,l) the
second fact also follows usmg the same bound. To see the asymptotics for mz =Yicl d; (d —
1), note that E[sity] = p2m,, where my = Yieln di(di —1). Also, Var(d;(d; — 1)) = 2d;(d; —
1)[’%(1 _pn)(l + (Zdi - 3)pn)' Thus,

Var (Yicp di(d; — 1)) 4d1 pamy ( 1
IS T =
mm@l< o=l
where the penultimate step uses the fact that my = @ (n?%), d; = @(n*), and in the last step

we have again used the fact that p, > n~%. Using Chebyshev’s inequality, it now follows
that /7, = pﬁmz(l +op(1)). Thus,

) =olb).

Yicp di(di—1)
Yicn di

For p, < pe(A), pnVa = o(1). Thus, Yicpdi = 0,(140p(1)). For p, = p(A), the first
equality in (5) follows using (2.1.3).

We now prove the second inequality in (5). For any € > 0, the required probability is at
most

Vo= (1+o0p(1))pn =(1+o0p(1))pnVa-

(Z di(di—1) > ely, baPn 7, < 2€npn> +o(1)
i>K 2

<p( L aw@-1> ) von)

i>K
4172 Yioxdi(di—1) dpaYisk d;
< n i 1) = i i 1
Sgnpn +0( ) Sén +0( )7

where the penultimate step follows from Markov’s inequality. The proof now follows us-
ing (i) and p, = @(nl_za) for p, = pe(R). O

4.2 Scaling limits of critical components
4.2.1 Convergence of the exploration process

Letd = (dy,...,d,) be the degree sequence induced by Algorithm 1 (S1) with Pn = pe(R),
and consider % ( pe(A)). Note that &, (p.(A)) has the same distribution as CM,, (d). We start
by describing how the connected components in the graph can be explored while generating
the random graph simultaneously:

Algorithm 3 (Exploring the graph) The algorithm carries along vertices that can be alive,
active, exploring and killed, and half-edges that can be alive, active or killed. Alive and
killed half-edges correspond to unpaired and paired half-edges respectively, whereas active
half-edges correspond to half-edges that have been found during the exploration, but have
not been paired yet. Thus a half-edge can be alive and active simultaneously. Similarly, a
vertex is killed when all its half-edges have been explored, otherwise the vertex is alive. An
active vertex is an alive vertex that has been found already during the exploration, whereas an
exploring vertex is currently being explored. We sequentially explore the graph as follows:
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(S0) At stage i = 0, all the vertices and the half-edges are alive but none of them are active.
Also, there are no exploring vertices.

(S1) Ateach stage i, if there is no active half-edge at stage 7, choose a vertex v proportional
to its degree among the alive (not yet killed) vertices and declare all its half-edges to be
active and declare v to be exploring. Proceed to step i + 1.

(S2) Ateach stage i, if the set of active half-edges is non-empty, then take an active half-edge
e of an exploring vertex v and pair it with a half-edge f chosen uniformly among the alive
half-edges. Kill e, f. If f is incident to a vertex V' that has not been discovered before,
then declare all the half-edges incident to v/ active (if any), except f. If degree(v') = 1
(i.e. the only half-edge incident to V' is f) then kill v'. Otherwise, declare V' to be active
and larger than all other vertices that are active. After killing e, if v does not have another
active half-edge, then kill v also, and declare the smallest vertex to be exploring.

(S3) Repeat from (S1) at stage i+ 1 if not all half-edges are already killed.

Algorithm 3 gives a breadth-first exploration of the connected components of CMH(J). De-
fine the exploration process by

Sp(0) =0,  Su(l) =Sp(l—1)+dJi -2, 43)

where J; is the indicator that a new vertex is discovered at time / and J(,) is the degree of
the new vertex chosen at time / when J; = 1. The —2 in (4.2.1) takes into account the fact
that two half-edges are killed whenever two half-edges are paired at some step. However, at
the beginning of exploring a component when Algorithm 3 (S1) is carried out, we do not
pair half-edges but the exploration process subtracts —2 nonetheless. For this reason, there
is an additional —2 in (4.2.1) at the beginning of exploring each component, and thus the
first component is explored when the exploration process hits —2, the second component
is explored when the process hits —4 and so on. More formally, suppose that %} is the k-
th connected component explored by the above exploration process and define 7; = inf {i :
S,(i) = —2k}. Then % is discovered between the times Tj_; + 1 and T, and 7, — T — 1
gives the total number of edges in %. Call a vertex discovered if it is either active or killed.
Let ¥ denote the set of vertices discovered up to time /'and .#" (1) := 1 (;c ;). Note that

5.0 = Y/ a0 21
i€[n]

In the rest of this section, we often use the asymptotics in Lemma 5 even if it is not stated
explicitly. Recall that we write .Z' = &(.#](I) : i € [n]). All the martingales and related
computations will be done with respect to the filtration (.%]");>0.

Define the re-scaled version S, of S, by S,,(t) = nPS,(|tn”]). Then,

)=nP Y (di— 1) I (tnP) +n P Y I (tnP) =2t +0(1), @.4)

i€[n] i€n]

where we have used the convention that 7" (tn”) = .#/"(|tnP |) when tnP is not an integer.
The following theorem describes the scaling limit of this rescaled process:

Theorem 5 Consider the process S, = (S_n(t)),zo defined in (4.2.1) and recall the definition
ofo}o in (2.1.2). Then, under Assumption 1, as n — oo,

with respect to the Skorohod Ji-topology.
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To prove Theorem 5, we need to obtain asymptotics of the first two terms in (4.2.1). The first
term accounts for the contribution due to the non-degree-one vertices during the exploration.
The first term is dominated by the contributions due to hubs, which allows us to use a
truncation argument. The convergence of the truncated sum is given by the following lemma:

Lemma 6 Fix any K > 1, and 9(s) := 1yg,<;) where & ~ Exp(6;/11) independently for
i € [K]. Under Assumption 1, as n — oo,

d
(tﬂin(tnp))ie[l(],tzo - ('ﬂi(t))ie[K],tzo
with respect to the Skorohod Ji-topology.

The second term in (4.2.1) describes the proportion of time when a new vertex is found.
Since we see a new vertex of degree one in most steps of the exploration process, this term
is shown to converge to the constant function #, which is proved using martingale arguments.
This is summarized in the next lemma:

Lemma 7 For any u >0, as n — oo, sup, ., n" P | Yici) i (unP) —unP ’ LN}

We first prove Theorem 5 using Lemmas 6 and 7. The lemmas will be proved subse-
quently. Let 7, (u) denote the number of unpaired half-edges at time |[un® |. Thus, /,(u) =
Oy —2(|unP | — Clunp|) + 1, where ¢; is the number of components explored up to time /.
Note that 7, — 2unP +1 < 7, (u) < Z,,. Since 7, = Op (n*P), we have 7, (u) =1, (1+o0p (1))
uniformly over u < t. Let P(-) (respectively IE[-]) denote the conditional probability (respec-

tively expectation) conditionally on (d;);cy-

Proof (Proof of Theorem 5) Note that, .#/(I) =0 forall I > 1 ifd; = 0. Now, if d; > 1, then
for any ¢ > 0, uniformly over [ < tn”,

1d;

B[ (D] =P (5 (1)=1) < T2 1

4.5)

Let X, x(t) :=n"Psup,, Yok (di — 1).7(unP). Note that .7/ (unP) < .7/ (tnP). Also, us-
ing .77 (unP) = 0 whenever d; = 0, it follows that (d; — 1).#(unP) > 0 for all i € [n] and
u > 0. Thus,

E[X, (1) < 7E| IR 057 0)]| < r%ﬁt‘;‘” -

where limg_...limsup,,_ P (€ () > 6) = 0 for any § > 0, due to Lemma 5. Therefore,
for any €,0 > 0, using Markov’s inequality,

}im limsupIP(I'F’(X,,yK(t) >€)> 6) < [}im limsupIP(fE[Xn’K(t)} > 68) =0.

n—0 n—oo

Let B,k = {P(X,k(t) > €) > 8}. It follows that
P(X, k(1) > €) = E[P(X,k(t) > €)] <P(HBx)+ 6.
Taking the iterated limit limg .o limsupg_,., limsup,,_,., yields, for any € > 0,

%im limsupP (X, k(1) > €) =0. (4.6)

n—oo
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Using (4.2.1) and Lemma 7, it is now enough to deduce the scaling limit, as n — oo, for
- K ~
SK@)y=n"PY d.g"(tnP) —1
i=1

and then taking K — co. But for any fixed K > 1, Lemma 6 yields the limit of S,’f , and the
proof of Theorem 5 follows. O

Proof (Proof of Lemma 6) By noting that (.#/(tn”));>¢ are indicator processes, for any
my < my < ms, it follows that min{.#/" (my) — 7" (m1), F (m3) — 7" (mz)} = 0, and thus
[14, Theorem 13.5] implies tightness of (.7 (tnP)),;>0n>1 for each fixed i > 1. Thus, it is
enough to show that

P (97 (6mP) = 0, Vi € [K]) T B (A1) = 0, Vi € [K]) = exp (— p! f 9,1,),
i=1

for any 11,...,tx € [0,00). Now,

B () — i — s _ i
P (77 (m;) =0, Vi € [K]) [1:11(1 igggm,,in—@(n)' @.7)

Taking logarithms on both sides of (4.2.1) and using the fact that [ < maxm; = @(nP) we
get

- . - d; dim;
P (.4 (mﬂzOVzG[K]):exp(—Z ~—+0(1)):exp(— Z 7 +0(1)).
[=1i<K:I<m; *n ielk] *n
(4.8)
Putting m; = £;nP, Assumption 1 (i), (ii) give
mid;  Ot;
L= N+ 1)). 4.9
1= 214 0g(1) @9)
Hence (4.2.1) and (4.2.1) complete the proof of Lemma 6. O

Proof (Proof of Lemma 7) Define W, (1) = Xic| #;" (1) —I. Recall that ¥ denotes the set of
vertices discovered up to time /, 7 is the time when the k-th component has been explored,
and ¢; is the number of components explored up to time /. Observe that

EW, ([ +1)=Wa(1) | Zi]= Y E[A"(1+1) | F] Liigyy — 1
i€[n]

-y d; _1721_1_21'67/162;_26.[
i¢%2n—2z+2c,+1 Oy —=20+2c;+1

(4.10)

To see that the final term in (4.2.1) is negative, note that if / = 7} for some k, then Zieﬂt/‘rk J, —
27 = 2k, and ¢y, = k so that

25 —1— Y di—2c;, =—-1<0.
ie%k

(4.11)

If 7, <1 < 7441, then Zienf/l\%k d; — 2(l — ) > —1, and also ¢; = ¢, + 1. Therefore, using
(4.2.1), we conclude that the final term in (4.2.1) is negative for all / > 1, and consequently,
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(W,,(1))1>1 is a super-martingale. We will use the martingale-inequality [54, Lemma 2.54.5]
stating that for any sub/super-martingale (M(¢));>o, with M(0) = 0,

P <sgg M(s)| > 3.«3) <3E[M(1))] <3 (|IE M(1)] |+ \/Var (M(z))) L @)
Using Taylor expansion,

! Id; 1°d?
)=(7 -

B =121~ (1- - LTS

S 2

and thus, using Lemma 5, and [ = tn”,
n P BW,(tn?))| =1 —n P Y B(S(1nP) = 1)
i€[n]
AL (g7, /m} N 1P ¥l d7
7, 7

(4.13)

<t
i€(n]

Let &, denote the good event that £, p.(A) /2 < 7, <20,pc(A) and p.(A)d; /2 < d; < 2pe(1)d;
for all i such that d; > CynP for some Cy (sufficiently small). Using standard concentration

inequalities for the binomial distribution [42, Theorem 2.1], P(&°) < 2e~"" forsome € > 0.

On the event &,, d; > CnP, and thus d; > CnP. We can bound

dily:_;
! di>ly nP C
% < Z dilig>cory =0(1),

" ie[n]

)y

i€n]

where the final step follows using the uniform integrability from Assumption 1. The second
term in (4.2.1) is op (1) using Lemma 5. Thus,

nP|E[W,(tnP)]| = op(1). (4.14)

Next, note that for any (x1,x2,...),0 <a+b < x; and a,b > 0 one has [T8 (1 —a/x;)(1 —
b/x;) > I8, (1 — (a+b)/x;). Thus, forall 1 > 1 and i # j,

P(F(1) = 0,47 (1) = 0) < B(A"(1) = 0)P(F] (1) = 0),
and thus
P (1) =1,77(1) =1)
=1-PB(F"(1) = 0) - P(S] (1) = 0) + P(I (1) = 0,.5] (1) = 0)

<1- B0 = 0) ~ B(I7(1) = 0) + B(A(1) = )B(S2 (1) = 0)
= P((1) = DB(S2(D) = 1).

(4.15)

Therefore .#" (1) and .#}'(I) are negatively correlated. Using (4.2.1), it follows that

Id;
Ca(t)’

Var(F (1)](di)ien) < B(F (1) =1) <
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uniformly over [ < tnP. Therefore, using the negative correlation in (4.2.1),

n 2P Var (W, (tnP)|(d))icpny) <n P Y, Var (I (tnP)|(d))icjn)

i€[n]
- (4.16)
Yicm di
_ 2, p iE ST -y —
=n PP — =0Op(n =op(l).
= Ol ) = 0s()
Using (4.2.1) and (4.2.1), the proof now follows by an application of (4.2.1). O

4.2.2 Large components are explored early

In this section, we prove two key results that allow us to deduce the convergence of the
component sizes. Firstly, we show that the rescaled vector of component sizes is tight in éf
(see Proposition 4). This result is then used to show that the largest components of %, (p.(1))
are explored before time O (n”) (Proposition 5). The latter allows us to apply Proposition 1.
Let €, denote the i-th largest component for %, (p.(A)). Recall that our convention is to
take |%’| = 0, if the component consists of one vertex and no edges.

Proposition 4 Under Assumption 1, for any € > 0,

lim limsupIP(Z |G > > en2p) =0.
K=o oo i>K

Let ¥¥ be the random graph obtained by removing all edges attached to vertices 1,...,K

and let d’ be the obtained degree sequence. Further, let €% (v) and 45 denote the connected

component containing v and the i-th largest component respectively in 4. Let D¥(v) =

Yhewk () di and DY = Zke‘f(’f) dy. Let V, be chosen according to the following size-biased

distribution:

P(VIK =) = ij” for i € [n] \ [K].
én_ i:ldi

Also, denote the criticality parameter of 4X by vX.

Lemma 8 Suppose that Assumption 1 holds. Then, for any € > 0,

I}imlimsupIP(fE[ ) (d}—l)}>e):0.

—00 .
" ke €K (virX)

Proof Note that the criticality parameter of 4,(p.(4)) is ¥, = (1 +o0p (1)), by Lemma 5.
Now, conditionally on the set of remg)ved half-edges, ¢ is still a configuration model with
some degree sequence d” with d! < d; for all i € [n]\ [K] and d/ = 0 for i € [K]. Further, the
criticality parameter of X satisfies

vk — Zie[n] dlf(d{ - 1) < Zi>Ka§(Ji - 1) _ Zi>KJi(Ji - 1)

; <4 = o 14op(1)), (417
Yicin d; by —2YK d; Zie[n]di(di_l)( ov(l) @17

where we have used ¥, = A(1+o0p (1)) in the last step. Now, by Assumption 1 and Lemma 5,
it is possible to choose Ky large such that for all K > K

K
vn

<1 with high probability.
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This yields

d.
(1[ })+olp(1)) (4.18)

Bl ) (dk—l)]<IE}[ xK—l](1+

keeK (v k)

where d «k is the degree of the vertex V"X in 4,(p.(L)). The proof of (4.2.2) uses path-
counting technlques for the configuration model [40]. Since the arguments are adaptations of
[27], we move the proof to Appendix A.1. We now use Lemma 5 to compute the asymptotics
of the different terms in (4.2.2). Note that B[d,..x] < (1+0p (1)) Lok d7 /0y = Op(1), and

~r 7 Zz>K d ( ) Pn Zz>K d ( 1) IP
Eld .« —1] = ﬁ:(l—ko (1))— 0,
V" én IK:1 dl g ZiG[H
in the iterated limit limg_,e lim,,_,o. Thus the proof of Lemma 8 follows. O

Proof (Proof of Proposition 4) Recall that %(f) denotes the i-th largest component in 4 and
D¥ = Zke%(g) dy. Denote by ., the squared sum of the component sizes after removing

components containing 1,..., K. Note that
K
Y (Gl =Y 16 -YI6 <o <Y |65F <4y Df Y (di—1); @419
i>K i>1 i=1 i>1 i>1 ke€k

U]

where the last step uses d} < d; and the fact that for any connected component ¢ with total
degree D, we must have D — |'¢’| > |€’| /4. The last fact can be seen for || >2 by D— €| >
2(1¢|—1)—1|€¢| =|€|—2>|€|/4, and for |¢| = 1 and D > 2, this follows trivially. Note
here that we do not consider components with |4'| = 1 and D = 0; see Remark 2. Thus it is
enough to bound the final term in (4.2.2). Now,

IF’(ZD,K Y (cfk—l)>£n2p) 2p [ZDK Y dk—l)}
izl kesf en izl ket

_ Zn_Zie[K]JiIE|: y (Jk—l)].

2
en-P .
keeK (v k)

(4.20)

Thus, the proof follows using Lemma 8, and the fact that 7, — Yick] d; <0, =0p(n*). O

The next proposition shows that, in Algorithm 3, the large components are explored before
time @ (n”). Let 4%, denote the size of the largest component whose exploration is started
by Algorithm 3 after time 7n”, and let Dy, =¥, e di.

max

Proposition 5 Under Assumption 1, for any € > 0,
Tlim limsupP(|%,| > €n®) =0 and hm limsupP (D;}, > en) = 0.
T n—oo

max max
T—eo n—oo

Proof Define @', := {all the vertices of [K] are explored before time Tn }. Let 4 denote
the i-th largest component of ¢ so that

P (60| > en?, ;) IF’(Z] ] > e2n? >

i>1
i ) 2,20 (4.21)
<P K — .
< (;D Zk(dk 1) > 2 )
[ 2 ket

U]
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The final term tends to zero in probability in the iterated limit limg ... limsup, ..., as shown
in (4.2.2). Next, using the fact that d;n” = @({,), we get
P ((«';)°) =P (3j € [K] : jis not explored before Tn)
K K d. ™ K (4.22)
< ) T (jis not explored before Tnf) < Y (1 - ~7j) <Y e,
i i ly—0O(TnP) =

where C > 0 is a constant that may depend on K, and the final step holds with high proba-
bility. Now, by (4.2.2),

P (%2 | > enP) <P (Z |<g{,§|2 > e2n2p) + P ((e7,) ).
i>1

The proof for P(|%;z], | > nP) follows by taking the iterated limit limg .. limy . limsup,, ..
For the upper bound on I (D75, > €nP, <7, ), note that

max

P (D > €1 [Gax| < 0P /2, ) <P (D (D — |na|) > €20%° /2, 1)

g@(sz Y 1> 82;2”).

i>1 ke(g(’f)

Hence, the proof for P (D!, > enP) also follows. O

4.2.3 Counting process that counts surplus

Let N* (k) be the number of surplus edges discovered up to time k and N () = N* (|un® |).
Below, we prove the asymptotics for the process Nﬁ:

Lemma 9 Under Assumption 1, as n — oo,
(81,N7) % (SL,NY),

where N* is defined in (2.1.2).

Proof We write N (1) =Y!_, &, where & = 1{y—y_,}- Let A; denote the number of active

half-edges after stage i while implementing Algorithm 3. Note that

S = L1 00/ + 007, ),

uniformly for i < Tnf forany T > 0. By Lemma 5, £, = £,p.(A)(1+o0p (1)) =n*P Apu?/ ¥, 02 (1+
op(1)). Therefore, the instantaneous rate of change of the re-scaled process N* at time 1,
conditional on the past, is

PE&=1|Fiq)=

ALmPJ Zi>1 61'2 s

np72p T (1+o0p(1))+op(l)= iuz refl(S, (7)) (1+o0p(1))+op(1).  (4.23)
n

Yi1 67

Since the reflection of a process is continuous in Skorohod Ji-topology (see [56, Lemma

13.5.1]), we can use Theorem 5 to conclude that refl(S,,) - refl(S2), so that the compensator
of Nﬁ converges. The convergence of the compensators is usually enough for convergence of
Poisson processes. Indeed, for Erd6s-Rényi random graphs [4] or rank-one inhomogeneous
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random graphs [11, 12], showing the convergence of compensators suffices using [22, Theo-
rem 1]. This is because the surplus edges can be added independently after we have observed
the whole exploration process. However, this is not true for the configuration model because
the surplus edges occur precisely at places with jumps —2. This difficulty was circumvented
in [27] for the T € (3,4) regime. In Appendix A.2, we adapt the arguments from [27] in the
T € (2,3) setting, which completes the proof of Lemma 9. O

4.2.4 Convergence of the component sizes and the surplus edges

We first show the asymptotics of the component sizes and surplus edges of 4, (p. (1)) gener-
ated by Algorithm 1. Recall that SP(%’) denotes the number of surplus of . The following
lemma states the tightness of the vector of component sizes and surplus edges of %,(p.(1))
in the U?-topology:

Lemma 10 For any € > 0,

*>0 n—oo

lim limsupIP( Y 10l xSP(%,) > Snp) =0.
z\(ﬁ()|§6n9

The proof of Lemma 10 is an adaptation of [27, Proposition 19] in this setting. We provide a
proof of Lemma 10 in Appendix A.3. Next, let Z/,(4) denote the vector (n~P|6, |, SP(%(;))i>1,
ordered as an element in U?. Below, we prove the scaling limit of Z/,(A):

Proposition 6 Under Assumption 1, as n — oo,
d
Z,(A) > Z(A) (4.24)
with respect to the U? topology, where Z(1.) is defined in (2.1.2).

Proof Recall from Proposition 2 that the limiting process S% is good in the sense that all
the conditions in Definition 1 are satisfied. Also, Proposition 5 ensures that the additional
restriction on the pre-limit process in Proposition 1 is satisfied. Thus, using Theorem 5, an
application of Proposition 1 yields the finite-dimensional convergence in (6). Finally, the
convergence in the U?-topology follows using the tightness in Lemma 10. g

We now provide a proof of Theorem 1:

Proof (Proof of Theorem 1) Throughout the proof, we ignore the A in a predefined notation
to simplify writing. We will work under the coupling under which Proposition 3 holds,
ie., Gu(pc(1—8)) CCM,(d,pc) C Gu(pe(1+¢€,)), where &, — 0. We write €, 6, and
%(j to denote the i-th largest component of ¢4,(p.(1 —¢€,)), CM,(d, p.) and 4, (p.(1 +&,))
respectively, and let Z,, Z,, and Z, be the corresponding vectors, rearranged as elements of
UY. Then

L &4

Z," and Z,, have identical scaling limits as Proposition 6.

Let dy denote the metric for the U? topology defined in (2.1.2). The proof is complete if we
can show that, as n — oo,

do(Z;.Z,) 2 0. (4.25)
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First, we prove that, for any K > 1,
lim P(%;, C %), Vi<K)=1. (4.26)

n—oo
If ¢/, is not contained in %ﬁ), then [%,)| < |<@”(7L)| for some j > 2, which implies that |4/, | <
|<€(;“) |. Suppose that there is a subsequence (ngx)r>1 C N along which

Jim P(j,)| < |€3]) > 0. (4.27)
If (4.2.4) yields a contradiction, then (4.2.4) is proved for K = 1. To this end, first note that

(n P (1%, 1,16} )iz1)n=1 is tight in (¢2)%. Thus taking a subsequence (mg)i>1 C (nox)i>1
along which the random vector converges, it follows that

- _ d _ .
n P (CH1EH izt = (5 F)iz1 in (€)%,
where (%)i>1 L (%)i>1. Thus, along the subsequence (g )i>1,

dim P(|%7| < C5) =P(n <n). (4.28)

Fact 2 Foralli> 1, y; = ¥ almost surely.

Proof Under the coupling in Proposition 3, Y ;<[4 | <X j<; |<€J)| and therefore P(Y ;< 7; <
Yj<i¥j) = 1, for each fixed i > 1. In particular, y1 < 1 almost surely. But, since ¥i,7 have
the same distribution, it must be the case that y; = % almost surely. Inductively, we can

prove that % = % almost surely. a
Thus, using Fact 2, (4.2.4) reduces to
Jim P(%| < [65]) =P(n < 1) =P(n'= 1) =0, 4.29)

where the last equality follows from Definition 1(f) and Proposition 2. Note that (4.2.4)
contradicts (4.2.4), and thus (4.2.4) follows for K ='1. For K > 2, we can use a similar
argument to show that, with high probability, UiSch(E CUi< K‘KJ If both ‘5(1_) and ‘5& are
contained in %), then |%}}| > |%/;;| + | |, which occurs with probability tending to zero.
This follows using Fact 2 and P(#i > 1 +7) =P (n > n + 1) = 0. Thus, 4, C 6, with
high probability and we can use similar arguments to conclude (4.2.4) for i < K.
Next, we show that, for any K > 1,

lim P (6 €6y € €, Vi< K) = 1. (430)
If %7y is not contained in %]}, then |%(;) | < |%})|. However, since |6;| <|%(;)|. it follows that
16| < \‘5(;\ Now, one can repeat identical argument as in (4.2.4) to prove that €, C CKJ
for all i < K with high probability. Moreover, since %, (p.(1—¢€,)) C CM,(d) and %, C 6}
for all i < K with high probability, it must also be the case that Cﬁ(; C%,C ‘KJ foralli<K
with high probability. Thus we conclude (4.2.4). Finally, since Z,  and Z; have the same
distributional limit, it follows using (4.2.4) that, for all i < K,

o— _ IP
%1~ 1€, =op(n?) and SP(%)—SP(%,) B0,
Thus, (4.2.4) yields
P
16| = |€u|| =op(n®) and [SP(%}) —SP(%;,)| — 0.

Moreover, since both (Z; ),>1 and (Z;),>; are tight in UY, it also follows that (Z,),> is
tight in U?. Thus (4.2.4) follows and the proof of Theorem 1 is now complete. a
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4.3 Analysis of the diameter

In this section, we investigate the asymptotics of the diameter of ¢,(p.(1)). As in the proof
of Theorem 1, an application of Proposition 3 yields the diameter of CM,(d, p.(1)) and
completes the proof.

Proof (Proof of Theorem 2) First let us fix A < 1 and use path counting. Let P, denote the
number of paths of length / in &,(p.(4)). Since A < 1, we have that ¥, = A (1 +op (1)) < 1
with high probability. Now, an application of [40, Lemma 5.1] yields that for all / > 1,
B[R] < Z,(¥,)""". Thus, on the event {V, < 1}, for any K > 1,

7o \K
P(diam(%,(p.(A))) > K) < Z E[R] < %

I>K

(4.31)

Now, taking K = Clogn for some large constant C > 0 gives the desired logn bound on the
diameter of ¢,(p.(A)) with high probability for 4 < 1.

To extend to the case A > 1, we delete R highest-degree vertices to obtain a new graph
@R Using (4.2.2), 4F is a configuration model with the criticality parameter v} < 1 with
high probability. Thus the above result applies for ¢¥F. However, after putting back the R
deleted vertices, the diameter of ¢~ can increase by at most a factor of R. This implies
the logn bound on the diameter of ¥,(p.(1)) with high probability for A > 1. Finally, as
remarked in the beginning of this section, the proof of Theorem 2 follows by invoking Propo-
sition 3. g

5 Near-critical behavior

Finally we consider the near-critical behavior for CM,,(d, p) in this section. The analysis for
the barely subcritical and supercritical regimes are given separately in Sections 5.1 and 5.2
respectively.

5.1 Barely-subcritical regime

In this section, we analyze the barely-subcritical regime (p, < p.) for percolation and com-
plete the proof of Theorem 3. Recall the exploration process from Algorithm 3 on the graph
4,(pn), starting with vertex j. Let €(j, p,) denote the connected component in %, (p,,) con-
taining vertex j. We will use the same notation for the quantities defined in Section 4.2.1,
but the reader should keep in mind that we now deal with different p, values. We avoid
augmenting p, in the notation for the sake of simplicity. Consider exploring the graph using
Algorithm 3 but starting from vertex j. The exploration process S;, is given by

S)0)=d;, Sj()=d;+ Y, dis(1) -2l
i ]

Thus the exploration process starts from cfj now. Now, for any u > 0, as n — oo,

sup(n“p,,)fl‘ Z I (un® py) —un®p, Po.

ust irit j
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This follows using identical arguments as in Lemma 7, and thus is skipped here. Consider
the re-scaled process S;, defined as (1) = (n%p,) 'S} (|tn®p,]). Then,

$h(1) = (n%pa)~'dj+ (n%pa) " Y i (10 py) =2t +0p (1)
L]
(n%p,) ! Z i — 1) (tn%py) —t +op(1).
iHi# ]

Recall that £ is the conditional expectation conditionally on (Ji)ie[n]. Now, since the vertices
are explored in a size-biased manner with the sizes being (d;/7,) ic[n)> forany t >0,

1

n%p

E

¥ -5 (lmp)) | < 2P 5 Gd 1) = 00 1),

n it j pnén ic[n)

where the first inequality uses (4.2.1), and the final step follows from Lemma 5. Conse-
quently, S;; converges in probability to the deterministic process (8 ) —1) 1€[0,;]- Thus

#edges in € (j, pn) = ;. (.1)

Next, the proof above shows that max;<g;nap, S{;(l ) <20;n%p, with high probability. Thus,
the probability of creating a surplus edge at each step is at most 20;n%p,,/{,. This im-
plies that the probability of creating at least one surplus edge before 8;n%p, is at most
2020 p} /1, = Op (n**~' p,) = op(1). Together with (5.1) yields

(n%pa) € (j.pu)| = 6;, and  P(SP(Z(j, pu)) = 0) — .

From (5.1), we can also conclude that lim,_...[P(i € €(j)) = 0 for all ,j > 1 and i # j,
since, if i € %'(j), then the number of edges in (j, p,) is atleast d; +d; = n®p,(6; + 6;).
Thus, € (i, p,) and €(j, p,) are disjoint with high probability.

To conclude Theorem 3, we show that the rescaled vector of ordered component sizes is
tight in éf. This tightness also yields that, for each fixed j > 1,

|%°(j, pn)| = |%(;)(pn)|, with high probability.

To show Zf-tightness, it is enough to show that, for any € > 0,
hm hmsupIP(Z |6 (p,1)|2 > Enzap2> =0.
i>K

This can be concluded using identical arguments as in the proof of Proposition 4 above. The
proof of Theorem 3 is now complete.

5.2 Barely-supercritical regime
In this section, we provide the proof of Theorem 4. Let p, = A,n~ ", where A, — oo since
Pn > pe(A). Our main tool here is a general result [38, Theorem 5.4], that provides asymp-

totics of the component sizes, if one can verify certain properties of an associated explo-
ration process. Using Proposition 3, it is enough to prove Theorem 4 for the graph ¥,(p,)
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generated by Algorithm 1. Let d denote the degree sequence obtained after performing Algo-
rithm 1 (S1). Thus, %, (p,) is distributed as CMn(J). We will verify Assumptions (B1)—(B8)
from [38] on the graph %, (p,), which allows us to conclude Theorem 4 from [38, Theorem
5.4]. We start by describing the following exploration process on %, (p,) from [38, Section
5.1]:

Algorithm 4

(S0) Associate an independent Exponential (1) clock &, to each half-edge e. Any half-edge
can be in one of the states among sleeping, active, and dead. Initially at time 0, all
the half-edges are sleeping. Whenever the set of active half-edges is empty, select a
sleeping half-edge e uniformly at random among all sleeping half-edges and declare it
to be active. If e is incident to v, then declare all the other half-edges of v to be active as
well. The process stops when there is no sleeping half-edge left; the remaining sleeping
vertices are all isolated and we have explored all other components.

(S1) Pick an active half-edge (which one does not matter) and kill it, i.e., change its status to
dead.

(S2) Wait until the next half-edge dies (spontaneously). This half-edge is paired to the one
killed in the previous step (S1) to form an edge of the graph. If the vertex it belongs to is
sleeping, then we declare this vertex awake and all of its other half-edges active. Repeat
from (S1) if there is any active half-edge; otherwise from (S0).

Denote the number of living half-edges upto time ¢ by L, (). Let V,, x(¢) denote the number
of sleeping vertices of degree k such that all the k associated exponential clocks ring after
time ¢. Define

 agl

Vn(t) =

Vaic(t), Su(t) = i ki (t),  An(t)y=Ly(t) — Su(t). (5.2)
k k=1

1

We show that Assumptions (B1)—(B8) from [38] hold with

-2

C:Kﬁv /}/n:Bn:pl;lFTa W(I):Ktr_z_ta g(t):t> il(t):KtT_2+t>

where we recall the definition of  from (iii). The { in our notation corresponds to T in the
notation of [38, Theorem 5.4]. We have used { instead of 7, since in our paper T denotes the
power-law exponent.

We first find the number of vertices in ¢, (p,,). Let i := #{i : d: > 1}. Recall that V,, is a
vertex chosen uniformly at random from [n] and let D,, = dy,, be the degree of V,, in CM,,(d).
Note that

7] =E{ Z}ﬂ{dfa}} =Y (1=(=pa)®) =nE[l=(1=p)™]. (53

i€ln i€[n]

Using that 1 — (1 —x)* < kx for any k > 1 and x € (0, 1), we have E[ii] < nE[D,]. Also,
using 1 — (1 —=x)¥ > kx —k?x?/2 for any kx < 1, k> 1 and x € (0, 1),

E[l - (1 _pn)D”} 2 E[l - (1 _pn)Dn]l{PnDn<1}]
2
> paE[Dy 1y, p,<1}] — %E[Dﬁl{ann<l}]

2
P
= PnE[Dn} *PnE[Dnl{p,,Dnzl}] - %E[Dﬁ]l{annd}].
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Using Assumption 2 (ii), (D, ),>1 is uniformly integrable and thus E[D, 1y, p,>11] = o(1),
where in the last step we have used that p, < 1. For the third term, since (D,),>1 is uni-
formly integrable, we have that (D,),>; is also tight. Thus, p,D, 2. Using the uniform
integrability of (D,),>1 again together with p,D,1(,, p,<1} < 1 and p,D, £, 0, we conclude
that E[Dy, X (puDy1l{p,p,<1})] — 0. From (5.2), and Assumption 2 (ii), we now conclude
that

E[7] = npa (i +o(1)). (5.4)

Further, using standard concentration inequalities for sums of independent Bernoulli random
variables [42, (2.9), Theorem 2.8], it follows that

P(|ii — E[fi]| > logny/npy) < 2eCloen)” (5.5)

for some constant C > 0. In what follows, we will often use (5.2) and (5.2) to replace 7i by
nppH. B

Conditions (B1)-(B4) [38] are straightforward. (B8) follows using max,eln] di=0p(n*p,) =
op(71},). To verify Conditions (B5)—(B7), we first obtain below the asymptotics of the mean-
curve and then show that the processes S,,V,, A, remain uniformly close to their expected
curves. These are summarized in the following two propositions:

Proposition 7 For any fixed u > 0, as n — oo,

1 - . .

s (B[S, (0)] — E[S,(Bat)]) — ()| — 0 (5.6)
1 . . R

sup | g, (B0~ BVa(Bur)]) — &) — 0 (5.7)
SUP e E[A,(But)] — w(t)] —

Proposition 8 For any fixed u > 0, as n — oo, all the terms sup,, 1S, (Bat) — B[S, (Bat)]],
SUp; <y, |Vn(Bnt) _E[Vn(ﬁn )” and SUp; <y, |A (Bnt) E[ (Bnt)” are OIP(”Pan) (and thus
op (npn}/n))

To prove Propositions 7 and 8, we make crucial use of the following lemma:

Lemma 11 Foranyt > 0, as n — oo,

[Zde tBnd; } (1+0(1))pae —1Bn Zde 1Bnpnd;

ic(n] i€|n]

[Z o 1hud; ,1{ 1}} = (1+0(1)) Z (e*tﬁnpnd,-_(l —pn)di)- (5.8)

i€(n] i€(n]
Proof Note that if X ~ Bin(m, p), then
E[Xe **] =mpe *(1—p+pe*)" .
Putting m = d;, p = py, and s =t f3,, it follows that
E[de P = dippe P (1- pa(1- e—’ﬁ")) = (1+o(1))dipyePr (1~ pnrﬁn)(‘g 0)
= (1 o(1)dipye~Pre e,
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To prove (11), note that E[e™* 1y 3] = E[e**] — P(X = 0). The proof of (11) now fol-
lows similarly. O

Proof (Proof of Proposition 7) Note that, by Lemma 11,

[S I3n = |: Z d e —1Bnd; :| 1-|—0(1)) W PnC tﬁ”]E[e,,ﬁ”an;]’
. (5.10)
[ n(Bn ] { Z]e tBud ']l{d >1}} =1 +0(1))n(E[e*fﬁnan” —( —pn)D"]),

where D, has a size-biased distribution with the sizes being (d; /¢y ) ;e (n)> and Dy, is the degree
of a vertex chosen uniformly at random from [n]. By the convergence of E[D,] in Assump-
tion 1,

E[V,(0)] = E[V,(Bar)] = (14 0(1))nE[1 —e*’ﬁ"p”D"] = (1+o0(1))tnBupalt,

where the asymptotics of nE[1 —e~"P+P1Pn] follows using identical arguments as (5.2). Fur-
ther, by using (iii),

E(S,(0)] = E[Sa(Bat)] = (14 0(1))lypalE[1 — e~ Pre=Pronbi]
= (1+0(1))lupn B[l — (1 =1, +0(By))e _tﬁ"p"D:]
(5.11)
= (1+0(1))l,pa (E[1 —e—fﬁnﬁnDn]+rﬁn+o(ﬁn))
= (14o0(1))nup,Bn(xt 2—&-t—l—o(l)).

Thus, (7) and (7) follows. Moreover, L,(t) is a pure death process, where L, (0) = Zie[n] d;
and the jumps occur at rate L, (¢), and at each jump L, (¢) decreases by 2. Therefore, E[L, ()] =
E[L,(0)]e> and consequently, by (5.2) and (5.2),

E[A(ﬁn[)} = gnpn (efzﬁnf _ e*ﬁnZE I:e*tpnﬁnD::l) + O(HBnpn)
= nupaYp(xt*2 = 1) +0(nBupn).
Thus the proof follows. a

Proof (Proof of Proposition 8) Let us consider S, only; the other inequalities follow using
identical arguments. We will show that

E| sup [5,(1) = BIS,()]12] = o((npai)?). 5.12)

1<upy

then an application of Markov’s inequality completes the proof. To prove (5.2), we will use
[38, Lemma 5.15], which says that

B[ s 15,0~ EIS,0))F] < CB| ¥ dmintdu, 1)) 1y

t<uf3, i€n|

Although, [38, Lemma 5.15] was stated under Assumptions (A1)-(A4) of this paper, this
particular proof does not use this assumption. The proof only uses [38, Lemma 4.2]. Indeed,
the deductions in (5.62)—(5.65) of [38] does not require any assumption on the degrees. We
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skip redoing the proof of (5.2) here. Using the fact that 1 —e ™ > (1 Ax)/3 in (5.2), it follows
that

[sup 1S, (t) —E[S,(2)]| ] <CIE{ZJ?(1—6’”‘3"JI') .

t<ufn i€ln]

Now, using standard concentration inequalities for tails of binomial distributions [42, Theo-
rem 2.1], for any i € [n],

]P(Jz > 2d1 pn) < Ce™ Cdypn _ Ceanpln’

where A, = p,n"l — eo. Therefore max,e[n] < 2d, p,, almost surely. Thus,

L[ sup 15,0 B[S, (0)]7] < (Czd”’" {Zd (1-eid)

énpn n 2 u npn n

(€apnBn)® ~Li<up, iy 32 iel 5.14)
C 1PnfnPn —uBppuD}
ry S U

where the last step follows using (5.2). The final term in (5.2) can be shown to be O(f,)
using identical computations as (5.2). Thus,

1 g & C2d, pulynpnPn -2
————E| sup |S,(t) —E|S,(¢ 2§7:0d1n[3n =0(A, ) =0(1),
(€upnBn)? Lguﬁn| ® S+l ] (upnBn)? (i /nf) ( ) M)
since A,, — oo, as n — oo, Thus the proof follows. O

Proof (Proof of Theorem 4) The proof follows by applying [38, Theorem 5.4]. Proposi-
tions 7, 8 verify conditions (B5)—(B7) in [38], and the rest of the conditions are straightfor-
ward to verify. a
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A Appendix

A.1 Path counting

Recall the notation from in Section 4.2.2. We complete the proof of (4.2.2) using path-counting techniques
for configuration models from [40, Lemma 5.1]. Let <7 (v, k) denote the event that there exists a path of length
[ from v to k in the graph 4X. Also, let P; denote the number of paths of length /. Notice that

E| Y @~ 1)1, DZQVJ’K :v}
ke[n) { "

(logn)? (A1)
-1+ Y Y @-1np ))+max(dk—1) Yy &R
=1 kel ketr] 1> (logn)?

Let 1;(v,k) denote the collection of x = (x;)o<j<; such that xo = v, x; = k and the x;’s are distinct. Then, an
identical argument to the proof of [40, Lemma 5.1] shows that, for [ = o(n??), the expected number of paths
of length exactly / starting from vertex v and ending at k is given by

d;/cod, HI ld/ (d/ _1) d% Py ,
DI sy 2l+1)§e;,—21+3(v”) (+0p<e )Jat

xel;(vk) n

where £}, = Y[, d]. Recall that £}, = Z,(1+op (1)). Thus, the second term in (A.1) is at most

B dyd TI.-| ). (d;, — 1)
L Y@-0 Y o s

I=1 ke[n] XiF X ViFj
< (14op(1 < dedk—1>2(v§)’*1
”ke[n =1
. dEld,.x 1]
<(1+op(1 ( Y di k—1)2<> <(+op(l) Wt 2
ﬂk>K = I=vy

where in the one-but-last step we have used d/ = 0 fori < K, d} < d; for i > K and vk < 1. The third term in
(A.1) is op (1) uniformly over v by (4.3). Thus the proof of (4. 2 2) follows. u]

A.2 Convergence of process tracking surplus

In this section, we complete the proof of Lemma 9. We first argue that, for any fixed u > 0,
(N}(u)),., is tight in R (A2)

Fix € > 0. Recall the asymptotics from Lemma 5 which will be used throughout the proof. Also, recall that P
and T respectively denote the conditional probability and expectation conditionally on (d;) ic[n)- To simplify

writing, when we write bounds on the conditionals probabilities P and E, we always implicitly assume
that the bounds hold with high probability. Recall from (4.2.3) that the compensator of NQ is approximately

proportional to refl(S,) % refl(S2), where the distributional convergence follows using Theorem 5 and the
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continuity of the reflection map (see [56, Lemma 13.5.1]). We write A; denote the number of active half-edges
after stage i while implementing Algorithm 3. Thus n™PA ;0| =refl(S,(¢)). Using the fact that the supremum
of a process is continuous with respect to the Skorohod J;-topology [56, Theorem 13.4.1], we can choose

K > 1 large enough so that for all sufficiently large n

P( sup Ai>Knp> <E. (A.3)
i<|unP |
Fix times 0 < [} < -+ < I, < |unP ], and let <7 (ly,...,l,) denote the event that the surplus edges appear at
times /y,..., Ly and Ay, < KnP for all j € [m]. Then,

- |unP | ~
]1>< Y &>m, and sup A,»gKnP) < ) P (l1,... L))
i=2 i<|unP | 0<ly <<l < unP |

IE [P (surplus created at I, ., 1 )E{A:mq <knP} Loty )

A

0<ly <-<Ip<|unP |
KnP

<
ly—=2 Lunpj +1 0<ly<--<ly<|unP |

Pt (1. lt)).

Continuing the iteration in the last step, it follows that with high probability

L] KnP \m (lunP )
P . > m, and A <KnP ) <(140(1))( =) ~— (A4)
<,§§ b2 m, an igsLl::EPj " > (Lol ))< by ) m!

where (n),, =n(n—1)...(n—m+1). The last term in (A.2) tends to zero in the iterated limit lim,,—.., limsup,, ..
An application of (A.2) now yields (A.2).

Next, let S/, be the process obtained by discarding the points where a surplus edge was added. More
precisely, if {; = S, (1) — S, (I — 1), then we can define S),(/) = S;,(I — 1) + {/, where

Cl,:Ckw with kl:inf{j>k1,1 ZC_/#—Z},](():O.

Let S),(1) = nPS)([tnP ]). Also, let d;,  denote the metric for the Skorohod J;-topology on D([0,T],R).
We claim that, for any 7 > 0 and € > 0,

lim P (dy, r(S;,.Sn) > €) =0. (A.5)

First, let 1 <1} < --- <Ig <|TnP | denote the times where the surplus edges have occurred. Also, let <7 be
the good event that [; +1 < [;1 for all j <K, i.e., none of the surplus edges occur in consecutive steps. Note
that

I?’(d"ﬂ{ sup Ai <KnP }) <Tnf (K;p )2 —0(nP), (A.6)

i<|TnP| n
and thus using (A.2), P(«/¢) — 0. We now restrict ourselves on «7. Putting lp = 0 and Ix; = [TnP | + 1, let

1+j—1 fOI‘lj,1<l<lj7
Al)={Li+j—1  forl=1;—0s5, (A7)
lj+j forl:lj‘

Ay (1) is obtained by linearly interpolating between the values specified by (A.2). Also, note that the definition
of A, works well on .7, and on /¢ we define A, (¢) =¢. Using (A.2) and (A.2), it immediately follows that

sup |A, (1) =1 = op (nP). (A.8)

1<TnP

Moreover, the occurrence of each surplus edge causes |S),(/) — S, (Ax([))| to increase by at most 2, so that

sup [85,(1) = Sp(An(D)] = op (nP). (A.9)

1<TnP
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Now, (A.2) follows by combining (A.2) and (A.2). We now proceed to complete the proof of Lemma 9.
Let set up some notation for the rest of the proof. Fix T > 0, k > 0 and let Surp; = {/y,...,lx}, where
1<l <l <. <l <|TnP | +k Let (z1);< |7 |+k be a sequence of integers such that z;; = —2 and z; > —1
for I ¢ {li,...,lx}. Thus (z,)lﬂr,,pﬁk represents a sample path of S, which has explored k surplus edges,
and Surpy is the set of times when surplus edges are found. Next, (z;)lﬂT,,p | denote the sequence obtained
from (z);<|up |4 by deleting the —2’s. Thus, (z});< |7 corresponds to a sample path of . Recall that
& =Su(l) = Su(l —1). Let @, — oo sufficiently slowly. Thus,

PNy ([TnP | +k) = KISy (D)< e} = (&D)i< 7w - N (LT0P | +K) < @)

P (Surplus occurs only at times /1, ...,/ (sh (l))L),STnp =)rerap )
[his st NF([TnP | +k) <@, (A.10)
P(g =2z, forall 1 <I<|TnP|+k)

1<l << <TnP P((S;(l))/grnﬂ = (Z?)ISTanNr%(LT”pJ +k) < wn).

Define my = {i € [n] : d; = z1 42}, and for [ ¢ Surpy, we denote m; =#{i € [n] : d; =z +2} —#{j <l:zj =
71 }. Next, let a; denote the number of active half-edges at time / when the exploration process takes the path
(20)1<|nP | +4> and @) = S, (1) —minj; S, (/). Now,

[igsurp, mi % HI;:] (a1 —1)

P(6i=2, < |T|+h) = G- 0)(lp—3)... (L, —2[TnP| —2k+ 1)

1 m < T (a 1 v d (A.11)
T = li—1— 1.—1
_ £¢Surp, _ J=1\"1; ><(1+01P(1))H Lk ,
(by—1)...(ly=2[TnP|+1) = O
where the op (1) term above is uniform over k < @, = logn. Thus,
y Hk ”;j—]
1<l << <|[TnP|+k1lj=1 "k
(A2) = (1+0(1) TS T (o)
41 Zr:o ﬁn‘r

Yo Li<t <oty < 7af |+ I =1 N
where B, , = 0 for r > @,. We write i = Au?/Y; 62, so that 7, = in®? (1 +op(1)). Now, using refl(S/,) 4,
refl(S2), it follows that

1 /1

(oo Srazr) & (5 (5 [ renlshianan)’) | her ). a2

where the convergence of ()~ holds with respect to the product topology on R”. Next, let us ensure
that Y72 B, in (A.2) converges to the desired quantity. To this end, consider a probability space where
the convergence of (A.2) holds almost surely. On this space, sup;<r,p 4 1efl(S}, (1)) < 2(sup;< 7,0 11 Sy, (1) +
,) =: X,(T), and thus - -

B, < (TnP + w,)" X, (T)"
nr > 7 .

! r
r n

Since 1P sup;< 7,0 1 Sy, () converges, an application of Dominated Convergence Theorem yields that

Y By 3 (l/oTreﬂ(si(u))du)’:exp<%/0Treﬂ(si(u))du>. (A13)

r>0 r=0 F I
Next, for bounded continuous functions ¢; : D([0,7],R) — Rand ¢, : N — R,
E[61((5,(w)),,<7) 2(N (T))]
=E[01((50)) <) 9285 (T) L (170 11120} ) (1)

Y0 92(k) Bk
ZrZO ﬁn,r

(01 ((S2(w)) <y ) 92(N*(T))],

:0(1)+E{¢1 ((S_:f(”))usr)ﬂ{zv,%(wmk)s«h} X (1+o(1))

y Yi0 02(k) Buk -E

:0(1)+E|:¢] ((S‘:l(u))ugT) Zr>0 ﬁn.r
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where N*(T), conditionally on (S (u)),<r, is distributed as Poisson(%foT 1efl(S2 (u))du). We have used
(A.2) in the third step, and the final step follows by combining (A.2) and (A.2). Hence, we have shown that,
forany T >0,

3 A d A A
((5,@0) g MH(T)) 5 ((S20)) .y NH(T))- (A14)
Next, let Ul' < Uy < ... denote the location of surplus edges in the process S,,. Then, using (A.2) yields
IP(U; =1, forall j € [k]}(s‘;(u))u@zvl(r) k)
=i (a, = 1) (A15)

=(1+o0(1)) .
i<t coct <\ 0P | +k ;j!gn_lf:l (AI} -1)

From this, it can be seen that the law of n™P (U}) jc 4. conditionally on (8 ())u<r» and N* (T) = k, converges
1 e 0,7 1ol (S% ()
_ I ref(SE (w)du
of the occurrence of surplus edges, conditionally on (S),(u)),<r, converges in distribution to the location of
the points of the Poisson process (2.1.2) on [0,7] conditionally on (S&,(u))u - Convergence of the total

to the order-statistics of & i.i.d random variables with density . This shows that the location

number of surplus edges created, conditionally on (S, («)),<r, is given by (A.2). Thus combining (A.2) and
(A.2), it follows that

(5100 e (B2 ) ) = ((S200)) s (V1)) )

Now, an application of (A.2) completes the proof of Lemma 9. O

A.3 Tightness of component sizes and surplus

In this section, we prove Lemma 10. Let V,/ denote a vertex chosen in a size-biased manner with sizes being
(di)ic|n)> independently of the graph CM,(d). Let €'(V,7) denote the component containing V,', D(V,/) =
Yiew i) dy,and D; = Y ¢ ) dy. Since component sizes corresponding to the components having one vertex
and no edges is zero by our convention, |<€(,-)\ < D; for all i. Thus, it is enough to show that, for any € > 0,

1?( Y DixSP(%y)> snp> o,
i:D;<&nP

in the iterated limit limg_.olimsup,,_,.,. The following estimate will be our crucial ingredient. We first prove
Lemma 10 using Lemma 12, and the proof of Lemma 12 will come after that.

Lemma 12 Assume that A < 1. Let & = 8k %12 Then, for § > 0 sufficiently small, with high probability,

cVs

P (SP(Z(V,")) > K,D(V,}) € (5gnP ,28knP)) < PRI

where C is a fixed constant independent of n,d,K.

Proof (Proof of Lemma 10 using Lemma 12) First, let us consider the case A < 1. Fix any €,6 > 0. Note that

]13< Y, DisP(%, )>£np> < —]E{ZD iSP(C)) 1{|p;<6nP)
D,<onP enP

5 I [SP(E (V) L (v <on)]

e,, > . .
=P )y P(SP(E (V) > k, |6 (V;)| € (27 Dk 0120 27ik=012,0))
k=1izlogy (1/(k*125))
12102y
Oy ! ) c =
— J— 71/2< v
T € ; k1 = Z: 0(Vs/e),

i>logy (1/(k0-125))
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where the last-but-second step follows from Lemma 12, and the inequality holds with high probability. The
proof of Lemma 10 now follows for the A < I case.

Now consider the case A > 1. Fix a large integer R > 1 such that A Y ;~ » 9,»2 < 1. This can be done because
6c Zf. Using (4.2.2), for any &y > 0, it is possible to choose 7' > 0 such that

limsup P (all the vertices 1,...,R are explored within time Tn”) > 1 — &.
n—soo

Let T, denote the first time after Tn? when we finish exploring a component. By Theorem 5, (nPT,),>1
is a tight sequence. Let ¢ denote the graph obtained by removing the components explored up to time 7.
Then, &} is again a configuration model conditioned on its degrees. Let v,; denote the value of the criticality
parameter for ¥*. Then using (4.2.2) and the fact that A Y, 67 < 1, v,/ < 1 — & with high probability for
some & > 0. Thus, if €7}, denotes the i-th largest component of ¢, then the argument for A < 1 yields

Tlim lim lim sup]P( Z |65 < SP(€(;)) > snp> =0. (A.16)
T80 e G
To conclude the proof for the whole graph (with A > 1), let
AT = {i |G| < 8nP,|%,| is explored before the time T, }.
Note that

Y eulxseean) < (¥ 1eP) " < (L sei)?)

ie,l iel i€

12
s( y |<5(,->|2> % SP(T,),
|65y |50

where SP(7) is the number of surplus edges explored up to time tn” and we have used the fact that ¥, ,,-r SP(%; )2 <
Cicxr SP(%;))? < SP(T.)?. From Lemma 9 and Proposition 4 we can conclude that for any 7 > 0,

lim lim supIP< Z |€| < SP(€)) > Snp> =0. (A.17)
-0 pooo el
The proof is now complete for the case A > 1 by combining (A.3) and (A.3). m]

Proof (Proof of Lemma 12) We use a generic constant C to denote a positive constant independent of n, §, K.
Consider the graph exploration described in Algorithm 3, but now we start by choosing vertex V," at Stage 0
and declaring all its half-edges active. The exploration process is still given by (4.2.1) with S, (0) = JV;. Note
that € (V) is explored when S,, hits zero, and the hitting time at zero gives D(V,’)/2. For H > 0, let

y:=inf{l>1:8,(l) > H or S,,(I) =0} A28knP.

Here, we let <7 be the intersection of all the events described in Lemma 5, which are shown to hold with high
probability. Recall that we write .7 = o(.%;([) : i € [n]) N</. Note that

B[S+ 1)=5S,(1) | i) = Y, diP (i ¢ Vi.i € Vi | (S (D)) -2

icln]
_ Ligw d o< ~Zie[n]d? _a
ly—21—1 by —21—1
o d?
::(7L—1)-&-~21Jrl XZ'G["] L <o,

l,—20—1 7, =

uniformly over I < 28gnP for all small § > 0 and large n, where the last step uses that A < 1. Therefore,
{8, (1) ,zj’f " isa super-martingale. The optional stopping theorem now implies

B [dy;] > B[Su(y)] > HP (Su(y) > H).
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Thus, ~
Eldy; ]
7o

Put H = nPK"! /7/§. To simplify the writing, we write S, [0,7] € A to denote that S,,({) € A, for all [ € [0,7].
Notice that

P (Sa(y) = H) <

")) > K,D(V,) € (6knP ,28kn”))

~ _ A.18
P (Sq(y) > H)+ P (SP(€(V;)) > K,S,[0,28kn”] < H,S,[0,8¢kn’] > 0). ( )

A
%)
pac}
<

<

Now,

P (SP(E(V))) > K,S,[0,28knP] < H,S,[0,8¢nP] > 0)
<

IP (surpluses occur at times Iy ,... ,lg,S,[0,28xknP] < H,S,[0,8xn"] > 0)
1<l <<l <26gnP

= B (1o, 0. —1]<H.5P0c—1)=k-1}Y | »
1<y < <g <28k nP

where

y="P (K’h surplus occurs at time Ig, S, [lx,28xknP] < H,S,[lk,y] > 0| ﬁ,,(,])

CK'"np _ CK'!
< <

T ILVE T weVS
Therefore, using induction, (A.3) yields
P (SP(Z(V,)) > K,S,[0,28knP]| < H,S,[0,8xnP] > 0)

Kl \K (26np)1<—] 20¢nP . §k/2
SC(ﬁnP) KO2(K-T (K — 1)1 ,l; PO zh) < Cormg

EDV;)],

where we have used the fact that #{1 <1p,... I[x <26nP} = (28nP)K=1 /(K= 1)! and Stirling’s approxima-
tion for (K — 1)! in the last step. Since A < 1, we can use (4.2.2) to conclude that, for all sufficiently large
n,

E[D(v,)-1]<C,

with high probability for some constant C > 0. Thus, we get the desired bound for (A.3). The proof of
Lemma 12 is now complete. O
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