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ABSTRACT

XUAN WANG: Some Asymptotic Problems for Dynamical Random Graphs
(Under the direction of Shankar Bhamidi and Amarjit Budhiraja)

This dissertation consists of two parts. In the first part we study the phase
transition of a class of dynamical random graph processes, that evolve via the addition
of new edges in a manner that incorporates both randomness as well as limited
choice. As the density of edges increases, the graphs display a phase transition from
the subcritical regime, where all components are small, to the supercritical regime,
where a “giant” component emerges. We are interested in the behavior at criticality.
First, we consider the simplest model of this kind, namely the Bohman-Frieze process.
We show that the stochastic process of component sizes, in the critical window for the
Bohman-Frieze process after proper scaling, converges to the standard multiplicative
coalescent. Next, we study a more general family of dynamical random graph models,
namely, the bounded-size-rule processes. We prove a useful upper bound on the size
of the largest component in the barely subcritical regime. We then use this upper
bound to study both sizes and surplus of the components of the bounded-size-rule
processes in the critical window. In order to describe the joint evolution of sizes
and surplus, we introduce the augmented multiplicative coalescent. Our main result
shows that the vector of suitably scaled component sizes and surplus converges in
distribution to the augmented multiplicative coalescent.

In the second part of this dissertation, we study a large deviation problem related
to the configuration model with a given degree distribution. We define a random
walk associated with the depth-first-exploration of the random graph constructed

from the configuration model. The large deviation principle of this random walk
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is studied using weak convergence techniques. Some large deviation bounds on the

probabilities related to the sizes of the largest component are proved.
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CHAPTER 1: INTRODUCTION

This dissertation consists of two parts. The first part, that forms Chapters 3,
4 and 5, studies the percolation phase transition for a family of dynamical random
graph processes. We develop the limit theory for the sizes and complexity of the
largest connected components of these models near criticality. In the second part, we
study some large deviation problems for the configuration random graph model with

a fixed degree distribution.

The percolation phase transition for random graphs refers to the phenomena that,
as the density of edges increases, the network transitions from a configuration with
many small components to one unique “giant” component. This has been a topic of
great interest in many different communities ranging from statistical physics, combi-
natorics, computer science, social networks and probability theory. The Erdés-Rényi
(ER) process is one of the most basic examples. In this model, the graph starts with
n isolated vertices. Then edges are added to the graph step by step. At each step,
two vertices are chosen uniformly at random among all vertices and an edge is placed
between them. Scaling time such that at time ¢, |nt/2| edges have been added, the
classical work of Erdds and Rényi [16] shows that a phase transition occurs at the
critical time t. = 1. Denoting by C{™ (t) the size (the number of vertices in the com-
ponent) of the i-th largest component at time ¢, the phase transition can be described
as follows: When 0 < t < t., C{”(t) ~ logn, and when t > t., CI'(t) ~ n, as n — oo.
The three regimes corresponding to t < t., t = t. and t > t. are called the subcritical,

critical and supercritical regimes, respectively. The behavior of the graph near t. is



also of great interest. Aldous [2] shows that for fixed A € R,

1 A
(_cW (tc + W) i€ N) 4 X 5(\) as n— oo, (1.0.1)

n2/3"
where { X 5(\) : A € R} is the standard multiplicative coalescent, which is a stochastic
process with values in
o0
1?2 .= {(ml,xg,...) cxy > w9 > ... >0, and Zx? < oo} ,
i=1
and —% denotes convergence in distribution with respect to the [>-metric induced
on [}. The time interval {t.+ A\/n'/3: X € B} is referred to as the critical window,

where B is an arbitrary bounded interval.

The first part of this dissertation studies some variants of the ER process, the
so-called bounded-size-rule (BSR) processes. In order to introduce the BSR pro-
cesses, we first introduce a more general family of processes, the Achlioptas processes.
Achlioptas processes are random graph processes whose evolution is similar to that of
the ER process, except that at each step, two pairs of vertices are picked uniformly
at random, and only one pair of vertices is linked with an edge. The decision is
based on a rule which only depends on the sizes of the components containing the
four chosen vertices. One is led to the study of such models in trying to understand
how choice interplays with randomness to delay or accelerate the phase transition.
The BSR processes are defined to be Achlioptas processes with an extra constraint:
There is some integer K such that all components of size greater than K must receive
the same treatment. One example of the BSR processes is the Bohman-Frieze (BF)
process, in which an edge is placed between the first pair of vertices if and only if
both of them are singletons (isolated vertices). The BF process is a BSR process

with K = 1, which encourages edge formation between isolated vertices.

Much recent interest has been drawn to a special Achlioptas process, the so-

called Product Rule, wherein one connects the edge that minimizes the product of



the component sizes on the two end points of the edge. Simulation of the Product
Rule ([1]) and related such rules suggest seem to suggest a new phenomenon called
“explosive percolation”, wherein the phase transition appears much more abruptly,
in the sense that the largest component seems to increase from a size smaller than
V/n to a size larger than n/2 in a very small scaling window. For more reference on
the explosive percolation, please see (28, 18, 13]. In contrast to the simulation results,
recently in [30] it was shown that the phase transition of the Product Rule is actually
continuous. However, the phase transition of such models has very different behavior
as what one sees in the Erdds-Rényi random graph model. The Product Rule is an
Achlioptas process with an “unbounded-size” rule. It is hoped that the techniques
of analyzing bounded-size rules in this dissertation can be extended to the regime of

unbounded-size rules which we shall attempt to do in the future.

Chapter 3 studies the BF process, which was first introduced in Bohman and
Frieze [8]. The paper in particular shows that in the BF model the emergence of the
giant component is delayed in comparison with the ER process. The paper [22] in fact
shows that the critical time for the BF process is t. = t.(BF) ~ 1.176. A rigorous
proof of the existence of phase transitions for general BSR processes was first given
by Spencer and Wormald [31]. In this chapter, we study the evolution of component
sizes through the critical window for the BF process. Our precise result is as follows.
Denote by C;" (t) the size of the i-th largest component in the BF process at time ¢.

There exist constants a ~ 1.063 and 3 = 0.764 such that for all fixed A € R, we have

n2/3" nl/3

1/3 2/3
<6—C§"> (tc + ol )\> Di > 1) N Xs(N\) asn — o0, (1.0.2)

where X 4()) is the same object as in (1.0.1). In fact we prove process level weak
convergence in the space of RCLL (right-continuous-left-limit) functions from R to
lf. A paper [7] based on this chapter (joint work with S. Bhamidi and A. Budhiraja)

has appeared in Random Structures € Algorithms.



Chapters 4 and 5 study general BSR processes. In Chapter 4, we focus on the
subcritical regime for BSR processes. The key result of this chapter is an upper
bound (that hold with high probability) of order n"log* n on the size of the largest
component at time ¢, —n~7 for v € (0,1/4). This time scale is also called the barely
subcritical regime. The proof uses a coupling of BSR processes with a certain family of
inhomogeneous random graph models introduced in [11]. This coupling construction
also gives an alternative characterization of the critical time for all BSR processes. A
paper [6] based on this chapter (joint work with S. Bhamidi and A. Budhiraja) has

been accepted in Combinatorics, Probability € Computing.

Chapter 5 studies the sizes and surplus (surplus of a component is the number of
edges that need to be removed in order to obtain a tree) of the components in general
BSR processes in the critical window. Let C{”(t) and £™ (t), respectively, be the size
and surplus of the i-th largest component in a BSR process. Our main result shows
that there exist some rule-dependent constants a > 0 and # > 0 such that for fixed

A € R, denoting t” :=t, + %Q/f)\, we have

nl

/
((%Cé“(t&")% R 1) JGRCORE 1)) 5 (Xo(N), Ya(N) as n— oo,

where X 4(-) is the same process as in (1.0.1) and (1.0.2), and Y4(-) is a N-valued
stochastic process. The pair process (X, Y s) can be viewed as an extension of
Aldous’s multiplicative coalescent and we refer to it as the augmented multiplicative
coalescent. We show that this process is “nearly Feller” which then allow us to argue
that the convergence in (1.0.2) holds jointly at multiple instants A\;, ..., A, € R,
for m € N. This limit theorem can be seen as an universality result that says that
all bounded-size-rule processes, with suitable (rule dependent) scaling, are governed
asymptotically in the critical window by the augmented multiplicative coalescent. A
paper [5] based on this chapter (joint work with S. Bhamidi and A. Budhiraja) has

appeared in Probability Theory and Related Fields.



The second part (Chapter 6) of this dissertation focuses on some large deviation
problems for configuration random graph models. The theory of large deviations is
concerned with the asymptotic exponential decay rate of probabilities of rare events.
In a typical setting, one is given a sequence of random variables {X,,} with values in
some Polish metric space (M, d) such that as n — oo, X,, converges to a non-random
limit x € M. The main problem of interest is to obtain the exponential rate of
decay of P{d(X,,z) > €} for ¢ > 0. A systematic treatment of such an asymptotic
study is given by establishing a Large Deviation Principle (LDP) which gives precise

exponential decay rates for probabilities of the above form in terms of a rate function.

Chapter 6 studies a large deviation problem related to the sizes of components
in a random graph model with fixed degree distribution. It is well known that the
asymptotic degree distribution for the Erdos-Rényi random graph process is Poisson.
In contrast for many real-world networks, the spread of degrees is often very large and
the degree distributions have heavy-tails. In general, one can define a random graph
model with a specified degree distribution as follows. Given a degree sequence {d;};_,
satisfying d; € N and )., d; is even, one starts with a vertex set [n] := {1,2,...,n}
with vertex ¢ having d; half-edges. A uniform random matching is constructed be-
tween half-edges to obtain the edges for the graph. Conditioned on the graph being
simple (no self-loops or multi-edges), its distribution is uniform over the collection of
all simple graphs with vertex set [n] such that vertex i has exactly d; neighbors. This

random graph model is referred to as the configuration model (]9, 26]).

Let C{™ be the size of the largest component in the configuration model on n
vertices with a given degree sequence. The goal of Chapter 6 is to argue that the
following asymptotic approximation is valid and to characterize the exponent I(B)
for B C [0, 1]:

P {lc;") c B} ~ eI
n



Towards this goal, we study the large deviation behavior of a random walk associated
with a depth-first-exploration of the random graph generated by the configuration
model. We use the weak convergence approach developed in [14] for studying large
deviation properties of this random walk. The main challenge is that the transition
kernel of the random walk is degenerate, and standard conditions that are used in
[14] and related works are not satisfied. We give a conjecture on the form of the
LDP rate function. Only upper bounds associated with the conjectured rate function
are proved rigorously. This is an ongoing work together with S. Bhamidi and A.

Budhiraja.



CHAPTER 2: BACKGROUND

2.1 Basic definitions

Define a graph G to be a pair (V, ), where V # () is the vertex set and £ C V x V
is the edge set. Usually the vertex set is taken to be V = [n] := {1,2,...,n}. For
i,7 €V, (i,7) and (j,1) are treated identically in £ and we only consider undirected
graphs. £ is treated as a multi-set in the sense that multiple copies of the same pairs
are allowed in £. By this definition, multi-edges and self-loops are allowed in a graph.
For example, G = (V = {1,2},& = {(1,1),(1,2),(1,2)} denotes a graph with two

vertices and three edges.

A component of a graph G is a maximal connected subgraph of G. Define the size
of a component to be the number of vertices in the component. Define the surplus of
a component to be the number of edges in the component that need to be removed

in order to obtain a tree.

We use — and —% to denote convergence in probability and in distribution
respectively. All the unspecified limits are taken as n — oo. Given a sequence of

events { £, },>1, we say E,, occurs with high probability (whp) if P{E,} — 1.

For a Polish space (complete separable metric space) S, D(R : S) (resp. D([0, 00) :
S)) denote the space of right continuous functions with left limits (RCLL) from R
(resp. [0,00)) to S, equipped with the usual Skorohod topology. Given a metric
space S, we denote by B(S) the Borel o-field on S and by BM(S), Cy(S), P(S), the
space of bounded (Borel) measurable functions, continuous and bounded function,

and probability measures, on S, respectively.



2.2 Phase transition for the Erdés-Rényi random graph

The Erdds-Rényi random graph G(n, t) is defined as follows. Let [n] = {1,2,...,n}
be the vertex set for G(n,t). Then each pair of vertices i, j € [n], i # j, are connected
with probability 1 — e~%/", independently across different pairs. This definition is a
variant of the classical Erdos-Rényi random graph, in which the probability of putting
an edge is max 1,¢/n. The two versions are asymptotically equivalent as n — oo in
all concerns in this dissertation. Denote by C{"(¢) the size of the largest component
in G(n,t). The phase transition of the Erdés-Rényi random graph can be described

as follows:

Subcritical regime: When t < 1, there exists some constant C' = C(t) > 0 such

that C\"”(t) < C'logn with high probability.

Supercritical regime: When t > 1, there exists some constant p = p(t) > 0 such

that C{"(t)/n — p as n — oo. In addition, p is the unique solution of 1 — p = e~**

in (0,1).

The following construction gives a natural coupling of G(n, t) for different ¢. Define
the Erd8s-Rényi process {Gn(t) : t > 0} as follows. Initially, Ggp (0) is the graph with
vertex set [n] and no edges. Consider a Poisson clock with rate n/2 (i.e. a Poisson
process with rate n/2). We add an uniform random edge to the graph whenever the
Poisson clock rings. This construction gives a continuous-time random graph process
with the addition of edges at rate n/2. Note that the number of edges between any
given pair of vertices in Gy (t) is a Poisson random variable with mean ¢/n. Thus the
probability that there exist at least one edge between two fixed vertices is 1 — e~¥/™.

Therefore the distributions of component sizes in G(n,t) and Gy (t) are the same, in

particular the phase transition of Gyn(t) occurs at the critical time ¢, = 1.

The scaling limit of the sizes of the components in the critical window was proved



by Aldous in the seminal paper [2]. Denote by C\"(¢), i = 1,2, ..., the size of the i-th

largest component in Gign(t). Define the rescaled component sizes vector C’;){()\) as

_ 1 A
™\ . (n) >
CER(/\) = (n2/3ci (1 + m) 11> 1) .
Theorem 2.2.1 (Aldous [2]).

i>XS(-), as n — 0o,

Crnl)

where X ¢(+) is the standard multiplicative coalescent (see Section 2.3), which is a
Markov process on lf = {(@1,29,...) i1 > 29>+ >0, 27 <oco}. Here lf is

equipped with the [?-metric, and the weak convergence is in D(R : lf)

2.3 The standard multiplicative coalescent

In this section, we will introduce general multiplicative coalescent processes, and
then introduce one special version of the process, namely, the standard multiplicative

coalescent.

The multiplicative coalescent is a continuous-time Markov process on the state

[e.9]

space [7 equipped with the (>-metric d(x,y) = (352, (z; — 1:)?)"/?, where x =

(x1,m9,...) and y = (Y1, Y2, --.)-

Dynamics of the multiplicative coalescent can be described as follows. Given

X = (21,22,...) € [} and i < j € N, define
XY = (131, X, Ty —|—$j,l’l+17 ey Li—1y L1y ooy Lj—15 Lj41, ),

where ; > x; + x; > 2;41. Then the infinitesimal generator for the multiplicative

coalescent Ay, can be formally written as

(Aucf)(x) = Y @ia;[f(xY) = f(x)], where f € Cy(}).

§>i>0



The form of Ajs¢ says that, the multiplicative coalescent describes a coalescing dy-
namics where any two clusters merge at rate proportional to the product of the
sizes of the two clusters. The existence of such a stochastic process with path in

D([0,00) : I7) was proved in [2].

The Feller property: Denote by {X(x,t):t > 0} the multiplicative coalescent
with the initial state x € lf. Suppose {x™ :n € N} C lf and x™ — x as n — 00,
then the paper [2] shows that for any fixed ¢ > 0, we have X (x™t) N X (x,t), as
n — o0o. This convergence says that the multiplicative coalescent is a Feller process.
The Feller property plays an important role in proving the existence of the standard

multiplicative coalescent.

The standard multiplicative coalescent, denoted by X (), is a Markov process
with sample path in D(R : lf) with the infinitesimal generator Ay, for which the
marginal distributions of X g(\) for fixed A € R can be characterized as follows.
Define Wy(t) := W (t) + M\t — %, where {W(t)}:>0 is a standard Brownian motion.

Let Wy be the reflected version of Wy, i.e.,

Wi(t) = Wi(t) — inf Wy(s), t > 0. (2.3.1)

0<s<t

Define an excursion of W) as an interval (I, u) C [0, 400) such that Wy(1) = W (u) =
0 and Wy (¢) > 0 for all ¢ € (I,u). Define u —{ as the size of the excursion. Order the
sizes of excursions of Wy as 61(\) > 65(X) > ... and write Z(\) = (6;(\) : i > 1). It can
be shown that Z()\) is a lf—valued random variable. Then the marginal distribution
of X 4(A) is the same as the distribution of Z(A). The paper [2] proves the existence

of a standard multiplicative coalescent.

10



2.4 Construction of bounded-size-rule processes

Fix K € N and let Qg = {w} and Qx = {1,2,..., K, w} for K > 1, where w
represents components of sizes greater than K. Given F C Q}. We now define the

F-bounded-size-rule (F-BSR) process {G}dn(t) : t > 0} as follows.

Let {P5: ¥ € [n]*} be i.i.d. Poisson point processes on [0,00) with rate 1/2n?.
Let {t1,t,...} := UyPs be such that 0 = ¢, < t; < ts < .... For a graph G, let
C,(G) denote the size of the component in G containing the vertex v. Then G4oy(t)

is constructed as follows.

e Initially, G4ox(t) := (V = [n],€ = 0), for t € [to,t1).

o Given Gion(t) for t € [0,t;), k > 1, suppose t;, € Py for some 7 = (vy, va, v3, v4),

then

ber(teo1) U (v1,v9), ifc(¥) € F
BSR\Vk—1 1,Y2),
gggR(t) = for t € [tk,tk+1),

Sor(te_1) U (vs,v4), otherwise

where ¢(¥) := (e(v;) 1 i =1,2,3,4), and

Co(Ghin(tu-1)), if Co(Ghln(tr1)) < K,
@, it Co(Gn(tir)) > K.

c(v) ==

The rationale behind this scaling for the rate of the Poisson point process is that

the total rate of adding edges is

nt n

2n3 2
Thus at time ¢, Gy2x(t) has approximately the same number of edges as the Erdés-

Rényi process Gun(t) defined in previous sections. The notation in the above con-

struction follows from Spencer and Wormald [31]. They shows that G42.(¢) displays
a similar phase transition as the Erdds-Rényi process at a critical time ¢, = t.(F)

which depends on the rule F'.
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The Erdés-Rényi process and the Bohman-Frieze process are special cases of the

F-BSR processes:

e The Erdds-Rényi process: K = 0 and F' = Q7.

e The Bohman-Frieze process: K =1 and F' = {(1,1,4,7) : 1,5 € Qk}.

Note that the representations (K, F') of these processes are not unique.

2.5 The configuration model

Given {d;:i=1,2,...,n} satisfying d; € N and )", d; is even, consider the
collection of all graphs with the vertex set [n] such that the degree of vertex i is d;,
and let G(n,{d;}) be a random member from this collection. Further assume that
there exists a probability distribution on N, {p : k € N}, such that "~ kpy < o0
and for each k € N,

[{ieln]:di =k}

— P, as N — 00.

Note that the degree sequence {d;} = {df”} also depends on n. Then the sequence
{g(n, {di")}) ‘n € N} is referred to as the configuration model with degree distri-
bution {px}. The phase transition of the configuration model can be described as
follows. Define v := > p k(k — 2)py € (—o0,+00]. Denote by Ci" the size of the

largest component in G(n, {d;}).
Suberitical regime: When v < 0, C\"” /n — 0 asn — oo.

Supercritical regime: When v > 0, C{" /n — py > 0 as n — co. Here py € (0, 1]

can be determined by the following equations:

- < (k + 1)pr
po =Y _ppt and p1 =Y qpf, where g = S
k=1 k=0 k=1

12



In this dissertation, we will study some large deviation problems related to the random

variable C{™ /n. See the next section for a brief introduction to large deviation theory.

2.6 Large deviation principle

Let {X™ :n € N} be a family of random variables taking values in a Polish
space X. The theory of large deviations concerns with the probability of events
{X™ € A} for which P{X™ € A} converge to zero exponentially fast as n — oo.
The exponential decay rate of such probabilities is of interest, which is typically

expressed in term of the large deviation principle.

The Large Deviation Principle: Let I : X — [0, 00] be such that for each M < oo,
the level set {x € X : I(z) < M} is compact. We call I(-) a rate function. The
sequence {X™ : n € N} is said to satisfy the large deviation principle on X with rate

function [ if the following two conditions hold:

1. Large deviation upper bound. For each closed set F' C X,

1
limsup —logP{X™ € F} < — inf I(z).
n

n— oo reF

2. Large deviation lower bound. For each open set G C X,

1
liminf —logP{X"™ € G} > — inf I(x).
n

n—00 zeG

Formally, the above definition says that if X ™ satisfy the large deviation principle

with rate function I, then

z€EA

P{X™ e A} %exp{—n inf I(ZE)}

13



CHAPTER 3: THE BOHMAN-FRIEZE PROCESS

3.1 Introduction

The Bohman-Frieze process {G52(t)}+>0 can be described as follows: Let G2 (0)
be the graph of n isolated vertices. Consider a Poisson clock of rate n/2 (i.e. a
Poisson process with rate n/2), and whenever the clock rings, we pick two candidate
edges (e, e2) uniformly among all (;) possible edges and decide which one to add: if

ey links two isolated vertices, then we add e;, otherwise we add es.

In this chapter, our goal is to establish the scaling limits for the sizes of the largest
components of the Bohman-Frieze process in the critical window. In the rest of this
chapter t. = t.(BF) will denote the critical time for Gya(¢). The main result of
this chapter is the following theorem. Recall the definition of the state space 2, the
standard multiplicative coalescent X g, and the ordered excursion lengths =(\) from

Chapter 2.

Theorem 3.1.1. For some absolute constants «, 5 > 0, which will be defined in (3.2.5)

and (3.2.6), and for A € R, let

C(\) = &/30”) t, + 323 AN > 1 (3.1.1)
sr\N) =\ Tt | e RIVEN IR AL

be the rescaled component sizes of the Bohman-Frieze process in the critical window.
Then

Cii() == Xs(),
as n — 0o, where %, denotes wealk convergence in the space D(R : lf) In particular,

for each fixed A € R, C'"” (\) converge in distribution (as [?-valued random variables)

to Z(A).



Organization of this chapter: We begin in Section 3.2 with the construction
of the continuous time version of the BF-process and introduce the two constants,
a, > 0, that show up in the main theorem. Next, in Section 3.3 we give an intuitive
sketch of the proof of Theorem 3.1.1 and also provide details on the organization of
the various steps in the proof that are carried out from Section 3.4 to Section 3.6.

Finally Section 3.7 combines all these ingredients to complete the proof.

3.2 The Bohman-Frieze process

In this section we will define the precise version of the BF process that will be
treated in this chapter. We will also introduce some key quantities of interest defined

on the BF process, and give the constants o and 3 in Theorem 3.1.1.

Denote the vertex set by [n] = {1,2,...,n} and the edge set by &, = {{vi, v} :
v1 # ve € [n]}. To simplify notation we shall suppress n in the notation unless
required. Denote by BF(t) = BF,(t), t € [0,00), the continuous time Bohman-

Frieze random graph process, constructed as follows:

Let £2 = £ x &€ be the set of all ordered pairs of edges. For every ordered pair of
edges e = (e, e9) € E2 let P, be a Poisson process on [0, 00) with rate 2/n?, and let
these processes be independent as e ranges over £2. We order the points generated
by all the (g) X (72‘) Poisson processes by their natural order as 0 < t; < t5 < ...
Then we can define the BF-process iteratively as follows:

(a) When t € [0,¢,), BF(t) = 0,,, the empty graph with n vertices;

(b) Consider t € [ty, txi1), k € N, where ¢ is a point in P, and e = (e1,e3) =
({v1,v2}, {vs,v4}). If vy, vy are both singletons (i.e. not connected to any other
vertex) in BF (ty—), then BF(t) = BF (t,—)U{e1}, else let BF(t) = BF(t,—) U{e2}.
Note that multiple edges are allowed between two given vertices, however this has no

significance in our analysis which is primarily concerned with component sizes.
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Consider the same construction but with the modification that we always add e;

to the graph and disregard the second edge e;. Note that the total rate of adding

n n\ 2 n
X — -,
2 2/ n3 2

Then this random graph process is just a continuous time version of the standard

new edges is:

Erd6s-Rényi (ER) process wherein ¢, = 1 is the critical time for the emergence of the

giant component in this model.

As proved in [31], the Bohman-Frieze model also displays a phase transition and
the critical time ¢. ~ 1.1763. We now summarize some results from [31] that charac-

terize this critical parameter in terms of the behavior of certain differential equations.

The following notations and definitions mostly follow [22]. Let C$(¢) denote
the size of the i largest component in BF,(t), and C,(t) = (C@(t) : i > 1) the

component size vector. For convenience, we define C{”(t) = 0 whenever ¢ < 0.

For fixed time ¢ > 0, let X,,(¢) denote the number of singletons at this time and
Z(t) = X, (t)/n denote the density of singletons. For simplicity, we have suppressed
the dependence on n in the notation. For k = 2,3, let

Si(t) = S0 ) (3.2.1)
i>1
and let Sg(t) = Sk(t)/n. Then from [31], there exist deterministic functions x(t),

so(t) and s3(t) such that for each fixed ¢t > 0:
T(t) — x(t),  5(t) — sp(t)  for k=2,3,

as n — o00. The limiting function x(t) is continuous and differentiable for all ¢ €
R,. For k > 2, there exists 1 < t. < oo such that sg(t) is finite, continuous and

differentiable for 0 < t < t., and sx(t) = oo for t > t.. Furthermore, z, s5, s3 solve

16



the following differential equations.

2(t) = —22(t) — (1 — 2°())x(t) for t € [0, 00, ) z(0)=1 (3.2.2)
sh(t) = 22(t) + (1 — 22(t))s5(t) for t € [0,1.), s2(0) =1 (3.2.3)
sh(t) = 32%(t) + 3(1 — 22(t))sa(t) 53(t) for t € [0, t.), 53(0) =1. (3.2.4)

This constant t. = t.(BF) is the critical time such that whp, for ¢ < t., the size
of the largest component in BF(t) is O(logn), while for ¢ > t. there exists a giant
component of size O(n) in BF(¢). Furthermore from [22] (Theorem 3.2) there exist

constants

a=(1-7*t))"" =~ 1.063 (3.2.5)

~ 764 (3.2.6)

such that as t T .

(3.2.7)

063

s3(t) ~ B(sa(t))” ~ 5m'

(3.2.8)

The two constant « and ( are precisely the constants show up in Theorem 3.1.1.

3.3 Proof idea

Let us now give an idea of the proof. We begin by showing in Proposition 3.3.1
below that, just before the critical window, the configuration of the components sat-
isfies some important regularity properties. This proposition will be used in Section
3.7 in order to apply a result of [2] that gives sufficient conditions for convergence to

the multiplicative coalescent.
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Proposition 3.3.1. Let v € (1/6,1/5) and define t,, = t. —n~". Then we have

7’L2$3(tn) P
— 3.1

n4/3 n—’y+1/3 N
— 3.2
Syt > — 0 (3.3.2)

n2BCW(t,)
——— — 0. 3.3.3
St (3.3.3)

Now note that ¢,, can be written as

A
_ 2/3 n
t,=t.+ 0 O‘_nl/:«z
where
n—7+1/3
>\n == —W — —OQ

as n — 0o. The above proposition implies that the configuration of rescaled compo-
nent sizes, for large n at time “—o0”, satisfy the regularity conditions for the standard

multiplicative coalescent (see Proposition 4 in [2]).

Once the above has been proved, the second step is to show that through the
critical window, the component sizes merge as in the multiplicative coalescent, at
rate proportional to the product of the rescaled component sizes. This together with

arguments similar to [4] will complete the proof of the main result.

Let us now outline the framework of the proof:

e In Section 3.4 we introduce some more convenient notation that will be used in

this chapter.

e The bound on the largest component C{"(t) when ¢t T t. (Proposition 3.5.1)
plays a crucial role in proving the statements in Proposition 3.3.1. In order to
achieve this, we introduce a series of related models from Section 3.5.1 through

Section 3.5.3.
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e Section 3.6 uses these models to prove asymptotically tight bounds on the size
of the largest component through the subcritical window. The main goal of

this Section is to prove Proposition 3.5.1.

e Proposition 3.3.1 can be proved by analyzing the sum of squares and cubes of
component sizes near the critical window. The bound on the component sizes
in Proposition 3.5.1 plays a key role this this argument. We delay this argument

to Chapter 5 in a more general setting for all bounded-size-rule processes.

e Finally, in Section 3.7 we use Proposition 3.3.1 and a coupling with the standard

multiplicative coalescent, in a manner similar to [4], to prove the main result.

3.4 Notation

3.4.1 Graphs and random graphs

A graph G = {V, &} consists of a vertex set V and an edge set £, where V is a
subset of some type space X and £ is a subset of all possible edges {{vy,v2} : v1 #
ve € V}. An example of a type space is [n] = {1, 2, ...,n}. Frequently we will assume
X to have additional structure, for example to be a measure space (X', 7, ). When

V is a finite set, we write |V| for its cardinality.

G is called null graph if V = (), and we write G = (). G is called an empty

graph if [V| =n and £ = (), and we write G = 0,,.

Given two graphs, G; = {V;, &} for i = 1,2, G, is said to be a subgraph of G,
if and only if V; C V, and & C & and we denote this as G; < Gy (or equivalently
G2 Z Gl) We write G1 = G2 if G1 S G2 and G1 Z GQ.

A connected component C = {Vy, &} of a graph G = {V, £} is a subgraph which
is connected (i.e. there is a path between any two vertices in C). The number of

vertices in C will be called the size of the component and frequently we will denote

19



the size and the component by the same symbol.

Let G be the set of all possible graphs (V, ) on a given type space X. When V
is countable, we will consider G to be endowed with the discrete topology and the
corresponding Borel sigma field and refer to a random element of G as a random
graph. All random graphs in this chapter are given on a fixed probability space

(Q, F,P) which will usually be suppressed in our proofs.

3.4.2 Probability and analysis

All the unspecified limits are taken as n — +oo. Given a sequence of events
{E,}n>1, we say E, (or E) occurs with high probability (whp) if P{E,} — 1. For
functions f, g : N — R, we write g = O(f) if for some C' € (0, 00), limsup g(n)/f(n) <
Cand g = O(f) if g = O(f) and f = O(g). Given two sequences of random vari-
ables {&,} and {(,}, we say &, = O((,) whp if there is a C € (0,00) such that
& < C¢, whp, and write &, = O((,) whp if there exist 0 < C; < Cy < oo such
that C1¢, < &, < (3¢, whp. Occasionally, when clear from the context, we suppress

‘whp’ in the statements.

We also use the following little o notation: For a sequence of real numbers g(n),
we write g = o(f) if limsup |g(n)/f(n)] = 0. For a sequence of random variables &,

we write “€, = 0,(f)” if &,/ f(n) converges to 0 in probability.

For a real measurable function ¥ on a measure space (X, 7, ), the norms [[?)]|2
and |||« are defined in the usual way. We use — and —L, to denote the convergence

in probability and in distribution respectively.

We use =4 to denote the equality of random elements in distribution. Suppose
that (5, S) is a measurable space and we are given a partial ordering on S. Given two

S valued random variables &;,&,, we say a pair of S valued random variables &7, &5
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given on a common probability space define a coupling of (&1,&) if & =4 &5, i =1,2.
We say the S valued random variable £; stochastically dominates &, and write
&1 >4 & if there exists a coupling between the two random variables, say & and &,

such that & > & a.s.

For two sequences of S valued random elements &, and &,, we say “, <4 &, whp.”

if there exist a coupling between &, and &, for each n (denote as & and éfb) such that

& < & whp.

Two examples of S that are relevant to this chapter are D([0, 7] : R) and D([0,T] :

G) with the natural associated partial ordering.

3.4.3 Other conventions

We always use n, m, k,,j to denote non-negative integers unless specified other-
wise. We use s,t,T to denote the time parameter for continuous time (stochastic)
processes. The scaling parameter is denoted by n. Throughout this chapter T = 2t.

which is a convenient upper bound for the time parameters of interest.

We use dy, ds, ... for constants whose specific value are not important. Some of
them may appear several times and the values might not be the same. We use

C1, Cy, ... for constants that appear in the statement of theorems.

3.5 An estimate on the largest component

The following estimate on the largest component is the key ingredient in our

analysis. Recall that ¢. denotes the critical time for the BF process.

Proposition 3.5.1. Let v € (0,1/5) and let I,,(t) = C{"(t) be the largest component

of BF,,(t). Then, for some B = B(y) € (0, 00),

P{I.(t) <m(n,t),Vt <t.—n""} — 1, when n — oo
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where
(logn)*

m(n,t) = Bm.

(3.5.1)

The proof of Proposition 3.5.1 will be completed in Section 3.6.3. In the current
section we will give constructions of some auxiliary random graph processes that are
key to our analysis. Although not pursued here, we believe that analogous construc-
tions will be key ingredients in treatment of more general random graph models as

well. The section is organized as follows.

e In Section 3.5.1 we will carry out a preliminary analysis of the BF process
and identify three deterministic maps ag, by, co from [0, 00) to [0, 1] that play a

fundamental role in our analysis.

e Guided by these deterministic maps, in Section 3.5.2 we will define a random
graph process with immigrating vertices and attachments (RGIVA) which is
simpler to analyze than, and is suitably ‘close’ to, the Bohman-Frieze process.
A precise estimate on the approximation error introduced through this model

is obtained in Section 3.6.3.

e In Section 3.5.3 we will introduce an inhomogeneous random graph (IRG) model
associated with a given RGIVA model such that the two have identical compo-
nent volumes at all times. This allows for certain functional analytic techniques
to be used in estimating the maximal component size. We will also make an

additional approximation to the IRG model which will facilitate the analysis.

e In Section 3.5.4 we summarize connections between the various models intro-

duced above.

22



3.5.1 A preliminary analysis of Bohman-Frieze process

Recall that BF,,(t) denotes the BF process at time ¢ and note that BF,, defines a
stochastic process with sample paths in D([0,77] : G). Also recall that C{’(t) denotes
the size of the i’ largest component in BF,,(t), C,,(t) = (CO(t) : i > 1) is the vector
of component sizes and X, (t) denotes the number of singletons in BF,,(t). We let
Fi = F = o{BF,(s),s < t} and refer to it as the natural filtration for the BF

process.

At any fixed time ¢t > 0, let COM(t) denote the collection of all non-singleton
components
COM(t) ={C)(1) - IC;(1)] = 2}
Recall that z(t) = X,(t)/n. We will now do an informal calculation of the rate at
which an edge e = {vy,v2} is added to the graph BF(¢). There are three different
ways an edge can be added: (i) both v; and vy are singletons, (ii) only one of them

is a singleton, (iii) neither of them is a singleton.
Analysis of the three types of events:

(i) Both vy and vy are singletons. We will refer to such a component that is formed

by connecting two singletons as a doubleton. This will happen at rate

[0S () (S0) (5] o s

The first product in the squared brackets is the count of all possible e = (e, e5) € E2
such that e; joins up two singletons and thus will be added to the graph, while the
second product is the count of all e = (e1,e3) € £? such that the first edge e; does

not connect two singletons while ey connects two singletons and will be added.

Define ag : [0,1] — [0, 1] as



It is easy to check that
ay(z(t)) = ao(Z(t)) + ra(t), where, sup |rq(t)| < 5/n. (3.5.4)
t

Recall that x(t) is the solution of the differential equation (3.2.2). To simplify nota-
tion we will write o (Z(t)) = a*(Z) = a*(t) = a* and ao(t) = ao(z(t)) exchangeably.
Similar conventions will be followed for the functions ¢, ¢y and b}, by that will be in-
troduced below. We shall later show that sup,. |Z,(t) —2(t)| — 0 in probability (see
Lemma 3.6.4, also see [31]). This in particular implies that sup,.p |a;,(t) —ao(t)| — 0

in probability.

(ii) Only one of them is a singleton: This will happen if and only if e; does not

connect two singletons while ey connects a singleton and a non-singleton, thus at the

% ((Z) _ (X”;t))) (n — Xo(£) Xn(t). (3.5.5)

We are also interested in the rate that a given non-singleton vertex (say, vg) is con-

rate

nected to any singleton, which is

% ((Z) _ (X";t))) X)L o (3(1)). (3.5.6)

Thus at time ¢ a singleton will be added to COM(t) during the small time interval
(t,t + dt], by attaching to a given vertex vy € COM(t), with the rate ¢*(t).Define
co:10,1] — [0,1] as

co(y) = (1 =)y, y € [0,1]. (3.5.7)
Then

c(Z(t) = co(Z(t)) + re(t) and sup [re(t)| < 2/n. (3.5.8)

(iii) Neither of them is a singleton: This will happen at the rate

HOCET)
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Also, the event that two fixed non-singleton vertices are connected has the rate

= ((Z) _ (Xg(”)) < (a(). (3.5.10)

Let by : [0,1] — [0, 1] be defined as
bo(y) =1 -y y €0,1]. (3.5.11)

Then

b*(z(t)) = bo(Z(t)) + rs(t) and sup (1) < 2/n. (3.5.12)

Note that for the study of the largest component one may restrict attention to
the subgraph COM(t). The evolution of this subgraph is described in terms of
stochastic processes a*(z(t)),b*(Z(t)) and ¢*(Z(t)). In the next subsection, we will
introduce a random graph process that is “close” to COM(t) but easier to analyze.
Intuitively, we replace a*(t),b*(t),c*(t) with deterministic functions a(t),b(t), c(t)
which are close to ag(t),bo(t),co(t) (and thus, from Lemma 3.6.4, whp close to
a*(z(t)),b*(z(t)),c*(z(t))) and construct a random graph with similar dynamics as

COM(t).

3.5.2 Immigrating vertices and attachment

In this subsection, we introduce a random graph process with immigrating vertices
and attachment (RGIVA). This construction is inspired by [4] where a random graph
with immigrating vertices (RGIV) is constructed — we generalize this construction by
including attachments. RGIVA process will be governed by three continuous maps
a,b,cfrom [0,7] — [0, 1] (referred to as rate functions) and the graph at time ¢ will
be denoted by IA,,(t) = IA,(a,b,c);. When (a, b, c) is sufficiently close to (ay, by, co)
, the RGIVA model well approximates the BF model in a sense that will be made

precise in Section 3.6.3.
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The RGIVA process 1A, (t) = IA,(a,b,c);. Given the rate functions a, b, c,
define TA,, () as follows:
(a) TA,(0) = 0, the null graph;

(b) For t € [0,T), conditioned on IA,,(t), during the small time interval (¢, + dt],

e (immigration) a doubleton (consisting of two vertices and a joining edge) will

be born at rate n - a(t),

e (attachment) for any given vertex vy in IA,(¢), a new vertex will be created

and connected to vy at rate c(t),

e (edge) for any given pair of vertices vy,vy in IA,(t), an edge will be added

between them at rate L - b(t).

The events listed above occur independently of each other.

In the special case where a(t) = b(t) = 1, ¢(t) = 0, and doubletons are replaced
by singletons, the above model reduces to the RGIV model of [4]. We note that the
above construction closely follows our analysis of three types of events in Section
3.5.1, replacing stochastic processes a*(Z,(t)), b*(Z,(t)), c¢*(Z,(t)) with deterministic

maps a(t), b(t), c(t).

The following lemma establishes a connection between the Bohman-Frieze process

and the RGIVA process. Recall the partial order on the space D([0,7] : G).

Lemma 3.5.2. Let (ar,br,cp) and (ay, by, cy) be rate functions. Further, let U = U,
be the event that {a*(t) < ay(t),b*(t) < by(t),c*(t) < cy(t) for all ¢t € [0,T]} and
L = L, be the event that {a*(t) > ar(t),b*(t) > br(t),c*(t) > cL(t) for all t € [0,T]}.
Define for t € [0, T]

COMU(t) = (Z) on UC . COML<t> _ IAn<aL7bLacL)T on LC
CoMle) ol COM, (1) on I
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Then
(i)Upper bound: COMY <, IAY =1A,,(ay, by, cvr).
(ii) Lower bound: COM% >4 IAﬁ =T1A,(ap, b, cr).

Proof: We only argue the upper bound. The lower bound is proved similarly.
Construct TAY(t) iteratively on [0,7] as described in the definition, and construct
COMf{ (t) simultaneously by rejecting the proposed change on the graph with prob-
abilities (1 —a*/ay)™, (1 —b*/by)T and (1 — ¢*/cy)™ according to the three types of
the events. Let 7 = inf{0 <t < T : a*(t) > ay(t) or b*(t) > by(t) or ¢*(t) > cy(t)}
and set COMUY(t) to be the null graph whenever ¢ > 7. This construction defines a

coupling of IAY and COMY such that COMY < TAY a.s. The result follows. W

3.5.3 An inhomogeneous random graph with a weight function

In this section we introduce a inhomogeneous random graph (IRG) associated with
IA, (a,b,c) for given rate functions a,b,c. For a general treatment of IRG models
we refer the reader to [11], which our presentation largely follows. We generalize the
setting of [11] somewhat by including a weight function and considering the volume
of a component instead of the number of vertices of a component. We begin with a

description and some basic definitions for a general IRG model.

A type space is a measure space (X,7,u) where X is a complete separable

metric space (i.e. a Polish space), 7 is the Borel o-field and p is a finite measure.

A kernel on the type space (X, 7T, 11) is a measurable function k : X x X — [0, 00).
The kernel & is said to be symmetric if k(x,y) = k(y,x) for all x,y € X. We will
also use x, y instead of x,y for elements in X when there is no confusion between an

x € X and the function z(¢) defined in (3.2.2).
A weight function ¢ is a measurable, non-negative function on (X, 7, ).
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A basic structure is a triplet {(X,7, 1), k, ¢}, which consists of a type space,

a kernel and a weight function.

The IRG model: Given a type space (X, 7, u), symmetric kernels {x,, },,>1, and
a weight function ¢, a random graph RG,,(k,) ( = RG,,(kn, 1) = RG,(Kn, i, 9)),
for any integer n > 0, is constructed as follows:

(a) The vertex set V are the points of a Poisson point process on (X, 7) with intensity

n- .
(b) Given V, for any two vertices z,y € V, place an edge between them with proba-

bility (£ - k. (z,y)) AL

One can similarly define an IRG associated with a basic structure {(X, 7, ), &, ¢},

where x is a symmetric kernel, by letting x,, = x for all n in the above definition.

The weight function ¢ is used in defining the volume of a connected component
in the above construction of a random graph. Given a component of RG,,(k, 1, ¢)

whose vertex set is Vo, define » ), ¢(x) as the volume of the component.
One can associate k with an integral opertor K : L?(u) — L*(u) defined as
Kf@) = [ rle.p sty (3513)
Denote by p = p(k) the operator norm of K. Then p = p(k) = ||K|| = SUD)(f|o=1 IS |2

Given rate functions a, b, ¢, there is a natural basic structure and the corresponding

IRG model associated with IA, (a,b,c), which we now describe.

Fix ¢t € [0, T]. Then the following two stage construction describes an equivalent

(in law) procedure for obtaining IA,,(a,b,c); :
Stage I: Recall that transitions in IA,,(a, b, ¢) are caused by three types of events:
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immigration, attachment (to an existing vertex) and edge formation (between existing
vertices). Consider the random graph obtained by including all the immigration and
attachment events until time ¢ but ignoring the edge formation events. We call
the components resulting from this construction as clusters. Note that each cluster
consists of exactly one doubleton (which starts the formation of the cluster) and
possibly other vertices obtained through later attachments. Note that doubletons
immigrate at rate a(s) and supposing that a doubleton is born at time s, the size of
the cluster at time s < u <t denoted by w(u) evolves according to a integer-valued
time-inhomogeneous jump Markov process starting at w(s) = 2 and infinitesimal

generator A(u) given as
A f(r)=clu)r-(fr+1)—=f(r), f: N>R s<u<t. (3.5.14)

We set w(u) = 0 for 0 < u < s and denote this cluster which starts at instant s by

(s,w).

Stage II: Given a realization of the random graph of Stage I, we add edges to
the graph. Each pair of vertices will be connected during (s, s + ds] with rate Lb(s).
Thus the number of edges between two clusters x = (s,w),y = (r, ) at time instant

¢ is a Poisson random variable with mean 1 fot w(u)w(u)b(u)du. Consequently,

1 t
P{x and y is connected | Stage I} =1 — exp{—ﬁ/ w(uw)w(u)b(u)du}  (3.5.15)
0

< l/0 w(w)w(u)b(u)du. (3.5.16)

n

It is easy to see that the graph resulting from this two stage construction has the

same distribution as IA,(a, b, ¢);.

We now introduce an IRG model associated with the above construction in which
each cluster is treated as a single point in a suitable type space and the size of

the cluster is recorded using an appropriate weight function. Let X = [0,7] x W,
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where W = D([0,T] : N) is the Skorohod D-space with the usual Skorohod topology.
Denote by 7 the Borel sigma field on [0, 7] x W. For future use, we will refer to this
particular choice of type space (X,7) as the cluster space. For a fixed time t > 0,

consider a weight function defined as
di(x) = w(t), x=(s,w) € [0,T] x W. (3.5.17)

Then this weight function associates with each ‘cluster’ x its size at time ¢. We now
describe the finite measure p that governs the intensity of the Poisson point process
Pi(a, b, c) of clusters (regarded as points in X'). Denote by v, the unique probability
measure on the space W under which, a.s., w(u) = 0 for all u < s, w(s) = 2 and
w(u),u € [s,T] has the probability law of the time inhomogeneous Markov process
with generator {A(u),s < u < T} defined in (3.5.14). Let u be a finite measure on

X defined as pu(dsdw) = vs(dw)a(s)ds, namely, for a non-negative real measurable

‘Lf@MMXP=ATM$([;ﬂ&wmqwﬂd&

We also define for each t € [0,77], a finite measure p; on X by the relation p;(A) =

function f on X

w(AN([0,¢] x W)). Then for f as above,

[ st = [[ats) ([ stsswravaton) as (35.18)

The measure u; will be the intensity of the Poisson point process on X which will
be used in our construction of the IRG model associated with 1A, (a,b,c);. Now we

describe the kernel that will govern the edge formation amongst the points. Define

Fnt(X,Y) = Kne((s,w), (r,0)) =n (1 - exp{—%/O w(u)ﬁ;(u)b(u)du}) . (3.5.19)

We will also use the following modification of the kernel &, ;.
t
Re(X,y) = ke((s,w), (r,w)) = / w(u)w(u)b(u)du. (3.5.20)
0
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With the above definitions we can now define IRG models RG,, (K4, fte, ¢+) and

RG,, (K, e, ¢¢) associated with the type space (X, 7, ).

Denote the size of the largest component [resp. the component containing the
first immigrating doubleton] in IA,,(a,b,c); by CY(a, b, c); [resp. C(a,b,c),]. Also,
denote the volume of the largest component [resp. the component containing the
first cluster] in RG,,(ky, pte, &) by C (ky, pty, &) [resp. C©(ky, g, ¢¢)]. Then define
CY Kty e, &1), and CO (4, 1y, #¢) in a similar fashion. The following is an imme-

diate consequence of the above construction.

Lemma 3.5.3. We have

(€D (a,b, )y, CO(a,b, ¢)r) =g (CY (Kng, e, 1), CO (Kot pia, d1))

and

C(l)(lin,ta Mta gbt) Sd C(l)(f{h lj't7 gbt)a C(O)(Iin,ta ,uta ¢t) Sd C(O)(Ktv utv gbt)

For future use we will write RGy,(k¢, pit, ¢1) = RGy,1(a, b, ).

3.5.4 A summary of the models

As noted earlier, the key step in the proof of Proposition 3.3.1 is a good estimate
on the size of the largest component in the Bohman-Frieze process BF, (t) as in
Proposition 3.5.1. For this we have introduced a series of approximating models. We

summarize the relationship between these models below.

e We can decompose the Bohman-Frieze process as BF,, = COM,, U X,,, namely

the non-singleton components and singleton components at any time t.

e We shall show that COM,, ~ IA,(ao,bo,co), where ag,bg,co are defined in

(3.5.3), (3.5.11), (3.5.7). More precisely we shall show that as n — oo, for any
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fixed § > 0, we have, whp.
IA,((ag — 6)", (bo — ) F,(co — 0)T) <q COM,,
<A, ((ag+0) AL, (bg + ) A1, (co+0) AL).
This is a consequence of Lemma 3.5.2.

e Given rate functions (a, b, ¢), for all ¢ € [0, T,
CU)(% b,c)i =a C(i)(ﬁn,bﬂb br) <a C(i)("ft, pe, @), 1 =0, 1.

Here k4, K, fe, ¢ and a, b, ¢ are related through (3.5.19), (3.5.20), (3.5.18) (see
also (3.5.14)), (3.5.17), respectively.

3.6 Analysis of the largest component at sub-criticality

This section proves Proposition 3.5.1. The section is organized as follows:

e In Section 3.6.1 we reduce the problem to proving Proposition 3.6.3. We give
the proof of Proposition 3.5.1 using this result. Rest of Section 3.6 is devoted

to the proof of Proposition 3.6.3.

e In preparation for this proof, in Section 3.6.2 we present some key lemmas
that allow us to estimate the errors between various models summarized in
Section 3.5.4. Proofs of Lemmas 3.6.6 will be delayed in Section 3.6.4. Proofs
of Lemmas 3.6.9 and 3.6.10 will be omitted since they will be proved in a more

general setting for all bounded-size-rule processes in Chapter 4.

e Using these lemmas, in Section 3.6.3 we prove the key proposition, Proposition
3.6.3. The rest of Section 3.6 proves the supporting Lemmas 3.6.6, 3.6.9 and
3.6.10.

e In Section 3.6.4 we introduce a branching process related to the IRG model,
and prove Lemma 3.6.6. A key step in the proof is Lemma 3.6.13 whose proof

is left to Section 3.6.5.
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3.6.1 From the largest component to the first component

In this section we will reduce the problem of proving the estimate on the largest
component in Proposition 3.5.1 to an estimate on the first component as in Proposi-
tion 3.6.3. This reduction, although somewhat different, is inspired by a similar idea
used in [4].

Recall that C(V(t) = I,(t) denotes the largest component in BF,(t). Let C:(¢),
0 < s < 't, denote the component whose first doubleton is born at time s in BF,,(¢).
In particular Ci(t) = 0 if there is no doubleton born at time s. Without loss of
generality, we assume that the first doubleton is born at time 0. Then C2(¢) denotes
the component of the first doubleton at time t of the BF process. The following
lemma estimates the size of the largest component I,,(t) in terms of the size of the

first component.

Lemma 3.6.1. For any n € N, ¢y € [0, 7] and deterministic function « : [0, 7] — [0, c0)

P{L,(t) > a(t), for some t < ty} < nTP{C>(t) > a(t), for some t < to}.

Proof: Let {BF(t),t > 0};en, be an i.i.d. family of {BF,(t),t > 0} processes
on the same vertex set [n]. Let N be a rate n Poisson process independent of the
above collection. Denote by {7;,7 € N} the jump times of the Poisson process. Set
7o = 0. Denote the first component of BF{) at time t by jni)(t). Consider the

random graph

Gl = Uiengm <t T (1)

and let IS(t) denote the size of the largest component in G!. Then since a*(t) < 1
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for all ¢, I,, <4 ]S. Thus

P{L,(t) > a(t), for some t < to}
<P{IS(t) > a(t), for some t < ty}

= Z P{IS(t) > a(t), for some t < to, N(T) = k}
keNp

< Z P{T79(t) > a(t), for some t < to, for some i < k}P{N(T) = k}

keNp

< Z kP{C2(t) > a(t), for some t < to}P{N(T) = k}.

keNy

The result follows. [ |

Next, in the following lemma, we reduce an estimate on the probability of the event

{CO(t) > a(t), for some t < 1o} to an estimate on supep ., @ (t)P{CL(t) > a(t)}.

Lemma 3.6.2. There exists an Ny € N such that for all n > Ny, ¢y € [0,7] and

continuous « : [0,7] — [0, 00)

P{Cy(t) > 2a(t), for some 0 <t <to} < 16nT* sup {a(s)P{Cp(s) > a(s)}}.

0<s<tg

(3.6.1)

Proof: Fix Ny € N such that for all n > Ny, supyeprian(s) V bi(s)} < 2.

Consider now n > Ny. Define 7 = inf{t > 0: CO(t) > 2a(t)}. Then
P{C°(t) > 2a(t) for some t € [0,%)} = P{T < to}. (3.6.2)

Denote by CY <, C: the event that components C) and C: merge at time ¢. By
convention this event is taken to be an empty set if no doubleton is born at time

instant s. Then
{r=1t}={C2(t—) < 2a(t)} N{C(t—) + C:(t—) > 2a(t); CY «; CZ, for some s < t}.

Next note that
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e Since a(s) < 2, the rate at which doubletons are born can be bounded by 2n.

e Given a doubleton was born at instant s, the event {C° «, CZ, for some u €
(t,t-+dt]} occurs, conditionally on F;, with probability +Cp(t)C5(t)b5 (¢)dt. This
probability, using the fact that b%(s) < 2 and C:(t) < n, on the event {C2(¢) <

2a(t)} is bounded by 4a(t)dt.

o P{CO(t) + C:(t) > 2a(t)} is bounded by 2P{CY(t) > a(t)}.

Using these observations we have the following estimate

1
P{r <ty} < E/ Lico(t)<2a(t)} [/ nay(s) - (=Co(t)Cx(t)) - (bZ@))dS] dt
[0,t0] [0.¢] n

< / [ / on - 2P(CO(¢) > alt)) (4a(t))ds] it
[0,t0] L/[0,¢]
< / (2nt) - P(CO(t) > a(t)) - (da(t))dt
[Ovto]
< 16017 sup {a(t)P{Cp(t) > a(t)}}.
te[0,to]
Result follows on combining this estimate with (3.6.2). [

The following proposition will be proved in Section 3.6.3.
Proposition 3.6.3. Given n € (0,00) and v € (0,1/5), there exist B,C, N; € (0, 00)
such that for all n > N;

P{C)(t) > m(n,t)/2} <Cn "forall 0 <t <t.—n"", (3.6.3)

where m(n, t) is as defined in (3.5.1).

Remark: Intuitively, one has that in the subcritical regime, i.e. when t < t,,
P{CO(t) > m} < dye®™™ for some constants d;,d,. This suggests a bound as in
(3.6.3) for each fixed ¢t < t.. However, the constants d; and dy depend on ¢, and in
fact one expects that, da(t) — 0 when ¢ T t.. On the other hand, in order to prove

the above proposition one requires estimates that are uniform for all ¢t <t. —n™" as
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n — oo. This analysis is substantially more delicate as will be seen in subsequent

sections.
We now prove Proposition 3.5.1 using the above results.

Proof of Proposition 3.5.1: Fix v € (0,1/5) and fix n > 2+ 2v. Let B,C, Ny
be as determined in Proposition 3.6.3 for this choice of 7,7 and let m(n,t) be as
defined in (3.5.1). Without loss of generality we can assume that Ny > Ny where N,
is as in Lemma 3.6.2. Then applying Lemmas 3.6.1 and 3.6.2 with {y =¢. —n~" and

a(t) = m(n,t), we have

P(1,,(t) > m(n,t), for some 0 <t <t.—n""}
<nTP(C2(t) > m(n,t), for some 0 <t <t,—n "}

<16n°T°  sup  {m(n,s)P{Cp(s) > m(n.s)/2}}

$€[0,tc—n 7]

<16CBn* "3 (logn)*.

Since n > 24 2v, the above probability converges to 0 as n — oo. The result follows.

3.6.2 Some preparatory results

This section collects some results that are helpful in estimating the errors between

various models described in Section 3.5.4.

The first lemma estimates the error between Z,(t) = z(t) = X, (t)/n and its

deterministic limit z(¢) defined in (3.2.2).

Lemma 3.6.4. For any T' > 0, there exists a C(T") € (0,00) such that, for all v, €
[0,1/2),
1
]P{ sup |jn<t> — $(t>| > 7} < exp{_C(T)nlf}yl}.
n

0<t<T
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Proof: Recall that [n] = {1,2,...,n}. Let E, = n"![n] and let E = [0, 1]. Recall
the three types of events described in Section 3.5.1 that lead to edge formation in the
BF model. Of these only events of type (i) and (ii) lead to a change in the number
of singletons. For the events of type (i), i.e. in the case when a doubleton is created,

T decreases by 2/n. Two key functions (see (3.5.2)) for this case are

f2a(y) = ap,(v)

fo2) =aoly) =5 (¥ + 1 —3)y).

N[ —

For the events of type (ii), i.e. in the case when a singleton attaches to a non-singleton

component, T decreases by 1/n. Two key functions (see (3.5.5)) for this case are

f2y) = (1 =y (y)

o) = A =y)eoly) =y(1—y*) (1 —y).

Note that 0 < f(z) <1 for [ = —1, -2, and that Z(¢) is a Markov process on the
state space F,, for which at time ¢ we have the transitions z(t) ~ z(t) — 1/n at rate

nf*(z(t)) and Z(t) ~ z(t) — 2/n at rate nf*,(z(t)). Furthermore

a0 = faWI 2 1fal) — fal) <2, forallye 0,1 (3.6

S

Let Y_1(-),Y_5(+) be independent rate one Poisson processes. Then the process Z(t)
started with z(0) = 1 can be constructed (see eg. [24], [17]) as the unique solution

of the stochastic equation

Bl =1 Y, (n /0 t f*1<:z(s))ds> 2y, (n /0 t f*2(9z<s))ds) (365)

By Equation (3.2.2), the limiting function z(+) is the unique solution of the integral

equation

z(t) =1 —/0 fo1(z(s))ds _/0 2f _o(x(s))ds. (3.6.6)
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Also note that Vy,z € E

[(f-1(y) +2f2(y)) — (f-1(2) +2f-2(2))] < 6ly — 2|. (3.6.7)

Using (3.6.6) and (3.6.5) we get

|Z(t) — x(t)] < AY(1) + A3 (1) + A3(1)

where
1 t t
AT(t) = LI=Yiln [ fi(z(s))ds ) — | fi(z(s))ds
3 e o) - [
<4 sup sup %th) —t'.
and by (3.6.4)
Y i) - A < I

and finally by (3.6.7)

Combining these estimates we get

)+ [t - st

This implies, by Gronwall’s lemma (see e.g. [17], p498)

Yi(nt) —tD o7

7 Y,
|Z(t) — z(t)] < ( +4 sup sup (n
I=—1,-2 t<T

n

7
sup |z(s) — z(s)| < ( +4 sup sup
s<T I=—1,-2 t<T

Proof is completed using standard large deviations estimates for Poisson processes.

In the next lemma we note some basic properties of the integral operator associ-

ated with a kernel x on a finite measure space.
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Lemma 3.6.5. Let k, k' be kernels given on a finite measure space (X', 7, ). Assume
that », " € L?(u x p). Denote the associated integral operators by K and K’ (see
(3.5.13)) and there norms by p(k), p(x’) respectively. Then

(i) K is a compact operator. In particular

1/2
o) = 1K) < [Inll2 = ( / Mﬁg(w,y)u(dw)u(dy)> < oo.

(ii) If kK < K/, then p(k) < p(K').

(iii) p(k + K') < p(k) + p(') and p(tr) = tp(k) for t > 0.
(iv) |p(r) = p()] < p(|r = &)

(

V) p(k) < |5 ]loopu(X).

Proof: (i) is a standard result, see Theorem VI.23 of [29].
(ii) For any nonnegative f in L*(u), Kf(z) < K'f(z) pointwise. Thus for such f,
ICfll2 < I fl2- Result follows on observing that the suprema of ||KCf|2, [|K'f]|2

over {f € L? : || f|la = 1} is the same as the suprema over {f € L*: |||l = 1, f > 0}

(iii) This follows immediately from the facts that |[(K + K')f|l2 < IKf]l2 + 1K fl2
and K(tf) =tKf.

(iv) Note that k < &' + |k — /| and &' < Kk + |k — K/|. Result follows on combining
this observation with (ii) and (iii).

(v) This follows immediately from (i) and the fact that ||k||s < ||K||oop(X).

We now present some auxiliary estimates for the IRG model from Section 3.5.3.
The following lemma will be proved in Section 3.6.4. Recall the definition of a basic

structure from Section 3.5.3.

Lemma 3.6.6. Let {(X,T,u),k, ¢} be a basic structure, where & is symmetric. Sup-
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pose that g is non-atomic and p(k) = ||K|| < 1. For fixed zy € X, denote by C/¢(z)
the volume of the component of RG,, (k) that contains zg. Define C*“(zq) = 0 if zq

is not a vertex in RG,, (k). Then for all m € N
P{CF%(z¢) > m} < 2exp{—C1A*m} (3.6.8)

where
1

A=1-p(k), Ci= 8|0|loe (1 + 3| K| oce(X))

(3.6.9)

The above result will be useful for estimating the size of a given component in
RG, (a,b,c). One difficulty in directly using this result is that the kernel x, and
the weight function ¢; defined in (3.5.20) and (3.5.17) are not bounded. We will
overcome this by using a truncation argument. In order to control the error caused
by truncation, the following two results will be useful. For rest of this subsection the

type space (X, 7) will be taken to be the cluster space introduced above (3.5.17).

Lemma 3.6.7. Given rate functions (a,b,c) and t € [0, T, let u; be the finite measure
on (X, 7) defined as in (3.5.18). Let P,, be a Poisson point process on (X,7) with
intensity n - u;. Define

Y, = sup w(t).
(s,w)EPn

Then for every A € (0, 00)
P{Y, > A} < 2T -n(1 — e )42,
Proof: Let N be the number of points in P,, then N is Poisson with mean
fg na(s)ds < nT. Let {Zz(i)}izl be independent copies of Z, (also independent of N),

where Z5 is a pure jump Markov process on N with initial condition Z(0) = 2 and

infinitesimal generator Ay defined as

Aof(k) = k(f(k+1) — f(k),keN, f:N-R.
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Thus Z, is just a Yule process started with two individuals at time zero. Note that

Y, < sup w(T) <q sup Zy(T),
(s,w)EPn 1<i<N

where the first inequality holds a.s and the second inequality uses the fact that ¢ < 1.
Standard facts about the Yule process (see e.g.[27]) imply that Zéi) (T') is distributed

as sum of two independent Geom{e~7}. Thus

P{Y, > A} < E(N)-P{Zy(T) > A}

<nT-2(1—eT)A2
This completes the proof of the lemma. [

The following corollary follows on taking A = C'logn in the above lemma.

Corollary 3.6.8. Let Y, be as in the above lemma and fix n € (0,00). Then there

exist C1(n), C2(n) € (0,00) such that for any rate functions (a, b, c)

P{Y,, > Cy(n)logn} < Cy(n)n™", for all n € N.

From Section 3.5.1, recall the definitions of the functions ag, by, cg associated with
the BF model. The following lemma will allow us to argue that RG,,(ao, by, co) is
well approximated by RG,(a, b, ¢) if the rate functions (a, b, ¢) are sufficiently close to
(ag, by, co). Let (X, T, 1), ke, ¢¢) be the basic structure associated with rate functions
(a,b,c). Let K; be the integral operator defined by (3.5.13), replacing (u, ) there
by (e, ki). Let py = p(k¢). In order to emphasize the dependance on rate functions
(a,b,c), we will sometimes write p; = pi(a,b,c). Similar notation will be used for

Kty Wt gbt and ]Ct'

Lemma 3.6.9. Fix rate functions (a,b,c). Suppose that inf,cpra(s) > 0 and for

some 6 € (0,00), c(s) > Os, for all s € [0,T]. Given § > 0 and t € [0, 77, let
P+t = pt((a + 5) A, (b + 5) A, (C + 5) N 1)7 P—it = Pt((a - 5)+7 (b - 6)+7 (C - 5)+)
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Then there exists Cy € (0,00) and g € (0, 1) such that for all § < dy and ¢ € [0, T

max{|p; — pi il | — p-ul} < Ca(—log6)*6"/>.

The proof of the above lemma is quite technical and is omitted.

The next lemma gives some basic properties of p;(ag, by, ¢o). Recall that t. denotes

the critical time for the emergence of the giant component in the BF model.

Lemma 3.6.10. Let p(t) = pi(ao, bo, co). Then:
(i) p(t) is strictly increasing in t € [0, T];
(i) p(te) = 1;

(i) Tim, o+ (p(te) — p(te — 5))/5 = p_(t) > 0.

The proof of the lemma is also omitted.

3.6.3 Proof of Proposition 3.6.3

This section is devoted to the proof of Proposition 3.6.3. Fix n € (0,00) and

v € (0,1/5).
Step 1: from BF, to IA, ;
Let v = 2/5 and define E,, = {supg<;<r |Tn(t) — z(t)] <n 77}
From Lemma 3.6.4,
P{ES} < exp{—C(T)n'~*"} = exp{—C(T)n'/*}. (3.6.10)

From (3.5.4) and recalling that the Lipschitz norm of ag is bounded by 2 (see (3.5.3)),

we have that on F,

la*(t) — ao(t)] < 5n =t +2n~ ™, for all t € [0, T].
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Similar bounds can be shown to hold for b* and ¢*. Thus we can find n; € N and

d; € (0,00) such that, for n > ny, on E,

ar(t) < ag(t) 4 0n, b5 (t) < bo(t) 4 0n, i (t) < co(t) + 0,, for all t € [0,T],

n

where 0, = dyn~"'. Since a}, b}, ¢} are all bounded by 1, setting (ao(t) +6,) A1l = ans

n» - n)n

and similarly defining b, 5, ¢, 5, we in fact have that
ar(t) < angs(t),b:(t) < b,s(t),c(t) < cns(t), for all t € [0,T].

Let C;%(t) denote the size of the first component in LA, (an,s, bn s, Cn5)¢- From Lemma

3.5.2, we have for any m € N

P{Cp(t) > m, E,} <P{CL5(t) > m, E,} <P{C\5(t) > m}. (3.6.11)

Step 2: from IA, 5 to RG,, ;54
For t € [0,T], and rate functions a, s, by 5, Cns, consider the inhomogeneous random
graph model RGy, (K¢, irs, ¢t), where ks = Ki(ang, bus, Cns) and p 5 is the mea-
sure for the IRG model corresponding to these rate functions as defined in (3.5.18).
Let A, = C1(n)logn, where Ci(n) is as in Corollary 3.6.8. Consider the following

truncation of the kernel ;s and weight function ¢ (s, w) = w(t):

Krs,A(X, Y) = ks (X%, ¥) Lwr<ay Ham<a,y, X = (s,w),y = (r,0)
and
Gr,a(8,w) = G5, W) Liw(r)<an)-
Then ||¢t,A||OO S A'rm ||/{t,(57A||oo S TA?Z .

Recall the Poisson point process Py(a, b, ¢) associated with rate functions (a, b, ¢),

introduced below (3.5.17) and write Py s = Pi(ans, bns, Cns). Let

Yos:= sup w(T).

(s5,w)EPy.s
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From Corollary 3.6.8
P{Y,s > A,} < Ca(n)n™". (3.6.12)

Let C5(t) = Cr (ans,bns, Cns) be the volume of the ‘first” component in
RGo, t(an,5: bns, cns) = RGo(Kes, fies: o)
Then from Lemma 3.5.3
P{C,/5(t) > m} <P{C;5(t) > m}. (3.6.13)

Letting C'§ 4(t) denote the volume of the first component in RGy, (k¢ 5.4, fit.5, Pr,a),

namely the random graph formed using the truncated kernel. Then

P{C5(t) >m} < P{Y,5> A} +P{C5(t) > m, Y5 < Ay}
= P{Y.5 > A} +P{C5A(t) > m, Vo5 < Ay}

< P{Yas > An} +P{CJ5 A(t) > m} (3.6.14)

Step 3: Estimating
We will apply Lemma 3.6.6, replacing {(X, 7, ), &, ¢} by {(X, 7, tes5), 5,4, Pr.at,

where t € (0,t. —n~7). From (3.6.8) we have
P{C}5 4(t) > m} < 2exp{—C1A’m}, (3.6.15)

where
1

8161, alloo (1 + 3|52, copte,s (X))

and A = 1 — p(kes4). We now estimate p(kis4). Since kisa < kg, by (ii) of

Cy =

Lemma 3.6.5, we have p(k:54) < p(kes). Note that rate functions (ao, by, ¢p) satisfy

conditions of Lemma 3.6.9. Thus, recalling that 6, = dyn=2/°

, we have from this
result, that for some dy € (0,00), p(kss5) < p(ki) +do(logn)®n=15 for all t < T. Here

ke = Ke(ao, bo, ¢o).
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Next, by Lemma 3.6.10, there exists d3 € (0, 00) such that p(k;) < 1 —ds(t. —t)

for all t € [0,¢.). Combining these estimates, we have for t < t, —n™7,
p(kiesa) < 1 —ds(t. —t) + dy(logn)>n="/5.
Recalling that v € (0,1/5) we have that, for some ny € (ny,00) and dy € (0, ),
p(kesa) <1 —dy(t.—1t), forallt € (0,t. —n~7) and n > no.

Using this estimate in (3.6.15) and recalling that || alloc < An, [[Krsallee < TA2

we have that for some d5 € (0, 00)

PICL A1) > m} < 2exp{— gt — P, (36.16)

for allm € N, t € (0,¢t. —n~7) and n > ns.

Step 4: Collecting estimates:
Combining (3.6.10), (3.6.11), (3.6.13), (3.6.12), (3.6.14) and (3.6.16), we have

P{Ch(t) > m} < P{E;}+P{Y,s > A} +P{CJS 4(t) > m}

5 te—1)?
< Oty Co(n)n™" +2 exp{—dg,( )

< (log )7 m}. (3.6.17)
Finally, result follows on replacing m in the above display with %. [ |

The following lemma will be used in the proof of Lemma 3.6.10. We will use

notation and arguments similar to that in the proof of Proposition 3.6.3 above.

Lemma 3.6.11. Let (a,b,c) be rate functions. Fix ¢ € [0,7]. Let I'*(t) denote
the largest component in 1A, (a,b,c);. Suppose that p;(a,b,c) < 1. Then for some
C() S (O, OO)

P{I!*(t) > Cy(logn)*} — 0 when n — oo.

Proof: Let C/*(t) be the first component of IA, (a,b,c);. Then an elementary

argument (cf. proof of Lemma 3.6.1) shows that for m > 0

P{I'(t) > m} < TnP{CI(t) > m}.
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By an argument as in (3.6.14), we have
P{C,*(t) > m} <P{C;°(t) > m} < P{Y, > A, } +P{C5%(t) > m},

where C¢, Y, and CJ§ correspond to C;§, Yy, 5 and C[[5 4 introduced above in the
proof of Proposition 3.6.3, with (a,.s, by.s, ¢ns) replaced with (a, b, ¢). From Corollary
3.6.8 we can find d; € (0,00) such that P(Y,, > dylogn) = O(n™?). Let A, =
dylogn. Then, recalling that p,(a,b,c) < 1, we gave by Lemma 3.6.6 that, for some
dy € (0,00),

P{C%(t) > m} < 2exp{—dam/(logn)®}.

Taking m = 2 (logn)*, we have P{C}%(t) > m} = O(n~?). Combining the above

estimates we have P{I}*(t) > 2 (logn)'} = O(n™"). The result follows. |

3.6.4 Proof of Lemma 3.6.6: A branching process construction

The key idea in the proof of Lemma 3.6.6 is the coupling of the breadth first
exploration of components in the IRG model with a certain continuous type branching
process. This coupling will reduce the problem of establishing the estimate in Lemma
3.6.6 to a similar bound on the total volume of the branching process (Lemma 3.6.13).
We refer the reader to [11] where a similar coupling in a setting where the type space
X is finite using a finite-type branching process is constructed. In this subsection we
will give the proof of Lemma 3.6.6 using Lemma 3.6.13. Proof of the latter result is

given in Section 3.6.5.

Throughout this section we will fix a basic structure {(X,7, i), k, ¢}, where & is
a symmetric kernel, and a xy € X. Let RG, (k) be the IRG constructed using this
structure as in Section 3.5.3. We now describe a branching process associated with
the above basic structure. The process starts in the 0-th generation with a single

vertex of type o € X and in the k-th generation, a vertex x will have offspring,
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independently of the remaining k-th generation vertices, according to a Poisson point
process on X’ with intensity x(z, y)u(dy) to form the (k+ 1) generation. We denote

this branching process as BP ().

Denote by {fi(k)}ﬁvjl C X the k' generation of the branching process. Define the
volume of the k-th generation as Gy = S 0% ¢(§i(k)). The total volume of BP(z)
is defined as G = G(zo) = >, Gk.

The following lemma, proved at the end of the section, shows that CF9(xq) is

stochastically dominated by G(x).

Lemma 3.6.12. For all m; € N,
P{CSG(I(D > ml} < P{G(l’o) > ml}.

Next lemma, proved in Section 3.6.5 shows that the estimate in Lemma 3.6.6

holds with C/*“(x¢) replaced by G(zo).

Lemma 3.6.13. Suppose that p(k) = ||| < 1. Then for all m € N

P{G > m} < 2exp{—C1A’m} (3.6.18)
where A and C are as in (3.6.9).
Using the above lemmas we can now complete the proof of Lemma 3.6.6.
Proof of Lemma 3.6.6: Proof is immediate from Lemmas 3.6.13 and 3.6.12 . H
We conclude this section with the proof of Lemma 3.6.12.

Proof of Lemma 3.6.12: Without loss of generality assume that C*“(zq) # 0. We

now explore the component Cf(xz¢) in the standard breadth first manner.
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Define the sequence of unexplored sets {U,,}n>0 and the set of removed ver-
tices { Ry, }m>o iteratively as follows: Let Ry = 0, Uy = {xo} and y; = x¢. Suppose

we have defined R;,U;, j =0,1,--- ,m—1and Uy—1 = {Ym, Ym+1, - - Y1, }- Then set

Rm = Rmfl U {ym}

Um =Up U Em \ {ym}

where E,, denotes the set
{z € X : x is a neighbor of y,, in RG, (k) and ¢ R,,,_1 UU,,_1}.

If Up1 =0 weset Uy = E; =0 and R; = Ry, for all j > m. Thus U, are the
vertices at step m that have been revealed by the exploration but whose neighbors
have not been explored yet. Note that the number of vertices in R,,_1 UU,,_1 equals
tm. Label the vertices in Ep, as Y, 41, Ytn+2) - - - Ytm+|Em|- With this labeling we have a
well defined specification of the sequence { R;, U;, Ej11}jen,. Note that C%(x) = my
if and only if U,,y—1 # 0, Uy, = 0 and | R, | = mo.

We will now argue that for every m € N, conditioned on {U,,_1, Rpn_1}, En is a

Poisson point process on the space X with intensity

A3, (d) = Bon(0) (K, ) A ) pa(d),

where (3, : X — [0, 1] is given as $; = 1 and, for m > 1,

B(2) = Ty, [1 - (“@v@ A 1>] rex.

n

Consider first the case m = 1. Denote the Poisson point process on (X, 7") used in the
construction of RG,,(k, 1) by N,(k,p). From the complete independence property
of Poisson point processes and the non-atomic assumption on u, conditioned on the
existence of a vertex zg in N, (k, ), Np(k, 1) \ {zo} is once again a Poisson point

process with intensity n - p(dx) on X. Also, conditioned on N, (k, ), a given type
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x vertex in N,(k,pu) would be connected to zy with probability (k(zg,x)/n) A 1.
Thus the neighbors of x(, namely F;, define a Poisson point process with intensity

(k(xo, ) An)u(dr). This proves the above statement on E,, with m = 1.

Consider now m > 1. Since u is non-atomic and U,,_; U R,,_1 consists of only
finitely many elements, it follows that conditioned on vertices in R,,_1 U U,,_1 be-
longing to N, (k, ), Np(k, 1) \ (Rm—1 U U,—1) is once again a Poisson point process
on X with intensity n - u(dz). Note that a vertex z € Ny(k, p) \ (Rpm—1 U Up—1) is
in F,, if and only if x is a neighbor of y,, and z is not a neighbor of any vertex in

R,,—1. So conditioned on {R,, 1,U,,_1}, the probability that x is in E,, equals

(K(Ym, 2)/n A1) - Tyer,,_,[1 = (k(y, z)/n) A1].

From this and the fact that the edges in RG,,(k, 1) are placed in a mutually indepen-
dent fashion, it follows that the points in E,,, conditioned on {R,,—1, Up,—1}, describe
a Poisson point process with intensity

nu(dx) - (k(Ym,x)/n A1) - Wyer, (1 — (k(y,x)/n) A1]

= Wyer,,_,[1 = (k(y, 2)/n) A] - (K(ym, ©) A n)u(dz)

= A (dz).

Thus conditioned on {R,,_1,U,,_1}, E, is a Poisson point process with the claimed

intensity.

Next note that one can carry out an analogous breadth first exploration of BP ().

Denoting the corresponding vertex sets once more by

{R;,Uj, Eji1}jen,

we see that conditioned on {R,,,_1, U,,—1}, Ey, is a Poisson point process with intensity

K (Y, ) p(dr).
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As 0 < B(z) <1 and Kk An < K, we can now construct a coupling between
BP(z) and CEY(z) by first constructing BP(zp) and then by iteratively rejecting

each offspring of type x in E,, (and all of its descendants) with probability

) (5, 7) A1)

1
K(Ym, T)

The lemma is now immediate. [ |

3.6.5 Proof of Lemma 3.6.13

Assume throughout this subsection, without loss of generality, that

max{||¢|oo, [[#]|oc, #(X)} < o0.

Recall that & is a symmetric kernel. Define, for k € N, the kernels £*) recursively as

follows. k) = k and for all &k > 1

K6 (2, ) = /X £ (2, 0) s, ) ().

Recall that {ﬁi(k)}fvz’“l denotes the k-th generation of BP(x) and note that it describes
a Poisson point process with intensity x*)(zq,)u(dy). This observation allows us to

compute exponential moments of the form in the lemmas below.

Lemma 3.6.14. Let g : X — R, be a bounded measurable map. Fix 6 > 0 and let
0 <e<log(l+0)/|gllec. Then

Eexp{ei g(EMNY < exp{e(1 + 6)(Kg)(x0)}.

Proof: Fix §,¢ as in the statement of the lemma. By standard formulas for

Poisson point processes

Bexple 3 o(e)} = expl | slao, w)e?®) = 1)(du)}

< expf | nlao, w1+ S)eg(u)p(dn)}

= exp{e(1+9)(Kg)(wo)},
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where the middle inequality follows on noting that 9™ —1 < (1+6)eg(u), whenever

eg(u) < log(1+9). |

Using the above lemma and a recursive argument, we obtain the following result.
Recall that Gj, = S0 ¢(§§k)) denoted the volume of generation k& where volume is

measured using the function ¢.

Lemma 3.6.15. Fix k € N and § > 0. Given a weight function ¢, define ¢g =

¢+ 3% (14 8)Ki¢. Then for all € € (0, 1]%25(01\72))

k

Eexp{e Y Gi} < expe[p(eo) + S (1+6)K'¢(xo)]} = expledo(wa)}.  (3.6.19)

=0 i=1

Proof: Define {¢;}*_, using a backward recursion, as follows. Let ¢, = ¢. For
0<i<k

¢i =9+ (14 6)Kpit1.

Let F; = a{{fgk)}fy:’“l, k=1,---1}. We will show recursively, as [ goes from k to 0,

that
Blesple Y0 Gu7] < exple 3 ()} (3.6.20)

The lemma is then immediate on setting [ = 0 in the above equation.

When | = k, (3.6.20) is in fact an equality, and so (3.6.20) holds trivially for k.
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Suppose now that (3.6.20) is true for [ + 1, for some [ € {0,1,--- ,k — 1}. Then

E[@Xp{ez Gi}|Fi] = exp{eGi}E[Elexp{e Z Gi}|FrnllFi

< exp{eGi}Elexp{e ) ¢ (& )}A]

=1

< exp{eG,} exp{e(1 4+ 9) zl: ’C¢l+1(§i(l)>}

=1

= expfe o(€P)} exp{e(1 + ) > K (€P)}

Ny

= exp{e Z[qb(é}(l)) +(1+ 5)’C¢l+1(fi(l))]}

=1

N,
=expled_ o)}

=1

For the first inequality above we have used the fact that by assumption (3.6.20) holds
for [ + 1 and for the second inequality we have applied Lemma 3.6.14 along with the
observation that €||¢;|| < log(1+¢) holds for all I = 1,2, ..., k, since for all [, ¢ < ¢y

and €||¢p|co < log(1+ ).
This completes the recursion and the result follows. [ |

To emphasize that ¢y in the above lemma depends on ¢ and k, write ¢y = ¢((5k).
Note that gb((;k) is increasing in k. Let ¢f = limy .o gbgk) . The following corollary

follows on sending k& — oo in (3.6.19).

Corollary 3.6.16. Fix § > 0 and € € (0,1log(1 + 9)/||¢5||c). Then
E{exp eG} < exp{egs(xo)}. (3.6.21)
Lemma 3.6.17. Forn € Nand v € X

K"¢(x) < p" | fall2ll@ll2, where fo() = #(z,-) and p = p(x).
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Proof: Note that

o) = [ # oo < | [ L@s )t )l
= 1 lallolle < 07 el ol

Now we can finish the proof of Lemma 3.6.13.
Proof of Lemma 3.6.13: Observing that [|¢lla < [|¢]leopt(X)Y? and || fo]l2 <

14|00t (X)*2, we have for 6 € (0, 00) such that (1 +d)p <1, and v € X

¢5(z) = p(x) + Z(l +0)' K ¢(x)

oo

<19 lloo + Il fellalloll2(D (1 +6)'p" ")

i=1

146
< 1Bl + 15l @l () — L)

1—(1+0)p’

where the first inequality above follows from Lemma 3.6.17. Setting 6 = %, we see
(1+0)p=01+A/2)1-A)<1—-A/2.

Using this and that A < 1, we have

@@hwmm0+ﬂ@%ﬂﬁ)zm

Let € = log(1 4 6)/(2d;). Clearly € € (0,log(1 + 9)/||¢5]|o). Using Corollary 3.6.16

we now have that

P{G > m} < exp{—em} exp{ep;(xo)}

< exp{—em} exp{ LT,y
< 2exp{—%m}.
Finally, noting that log(1 + §) > g, we have
log(1 + ) - A?
2di 7 8 dlloo(1 + 3|k floont(X))
The result follows. u
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3.7 Proof of Theorem 3.1.1

We will now complete the proof of Theorem 3.1.1. As always, we write the

component sizes as
Clrt)=(CO(t):i>1) = (Ci(t) : 1 > 1);

and write the scaled component sizes as

. 1/3 . 2/3 A . - ,
C, (\)= (mq (tc+ﬁ am) 1> 1) = (Ci(\):i>1) (3.7.1)
Then Proposition 3.3.1 proves that with
)\n B n—’y+l/3
o323

and v € (1/6,1/5) we have, as n — oo,

X (G . ! o O
(€

3 1, 5 — 0. (3.7.2)

[zi (éi(An))ﬂ > (Gi(A)

We shall now give an idea of the proof of the main result, and postpone precise
arguments to the next two sections. The first step is to observe that the asymptotics
in (3.7.2) imply that the C,, process at time ), satisfies the regularity conditions
of Proposition 4 of [2]. The second key observation is that the scaled components
merge in the critical window at a rate close to that for the multiplicative coalescent.
Indeed, note that for any given time ¢ components i < j € BF(¢) merge in a small
time interval [¢,t 4 dt) at rate

La - 2uyene; ).

n
Thus letting A\ = (t — t.)n'/?/(aB%3) be the scaled time parameter, in the time

interval [\, A + d\), these two components merge at rate

(1= 22(t + 8o ))52/304& (tc 52/3a/\) c (t6+52/3a)\>

o nl/3
i (A) = nl/3 nl/3 nl/3

n
. (1 — 7 <tc + 52/%#)) C(NC; ().
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Now since, for large n,
(t + 3 a ) ~ a?(t.)

and from [22], a(1 — 2%(t.)) = 1 (see (3.2.5)) we get

which is exactly the rate of merger for the multiplicative coalescent. The above two
facts allow us to complete the proof using ideas similar to those in [4]. Let us now

make these statements precise.

As before, throughout this section t,, = t. —n~" = t.+ %3« 1 =, where 7 is fixed

. X()) in I? for each A € R and at

in (1/6,1/5). We will first show that C," ()
the end of the section show that, in fact, C," 4 X in D((—00,00) : I}). Now fix
A € R. By choosing n large enough we can ensure that A > \,,. Henceforth consider
only such n. Recall that COM,,(t) denotes the subgraph of BF, () obtained by
deleting all the singletons. Let ), ., denote the summation over all components

in COM,,, and ), denote the summation over all components in BF,,. Since

Xn(t)

STEm) - Y @) < n4/3 Z 1=0(1/n'?), (3.7.3)

i i€COM

it suffices to prove Theorem 3.1.1 and verify Proposition 3.3.1 with BF,, () replaced
by COM,,(t). We write ), instead of ) . ., for simplicity of the notation from
now on. We begin in Section 3.7.1 by constructing a coupling of {COM,,(t)}i>t,,
with two other random graph processes, sandwiching our process between these two
processed, and proving statements analogous to those in Theorem 3.1.1 for scaled
component vectors associated with these processes. Proof of Theorem 3.1.1 will then

be completed in Section 3.7.2.

95



3.7.1 Coupling with the multiplicative coalescent

Lower bound coupling: Let, for ¢ > t¢,, COM, (t) be a modification of
COM,,(t) such that COM, (t,) = COM,(t,), and when ¢t > t,, we change the
dynamics of the random graph to the Erdds-Rényi type. More precisely, recall from
Section 3.5.1 that a jump in BF,,(¢) can be produced by three different kinds of events.
These are described in items (i), (ii) and (iii) in Section 3.5.1. COM, (t), t > t, is
constructed from COM,, (t,) by erasing events of type (i) and (ii) (i.e. immigrating
doubletons and attaching singletons) and changing the probability of edge formation
between two non-singletons (from that given in (3.5.10)) to the fixed value b (t,,)/n.
Since b} (t) is nondecreasing in ¢, we have that COM,,(t, + ) >4 COM_ (t, + -).
Denote by C,, (A\) = (C; (\) : i > 1) the scaled (as in (3.7.1)) component size vector

for COM,, (t). From Proposition 4 of [2], it follows that for any A € R,

C.(\) L X () (3.7.4)

in [}. Indeed, note that the first and third convergence statements in (3.7.2) hold
with C; replaced with C; since the contributions made by singletons to the scaled
sum of squares is O(n~'/3) (see (3.7.3)) and to the sum of cubes is even smaller. This
shows that the first and third requirements in Proposition 4 of [2] (see equations (8),
(10) therein) are met. To show the second requirement in Proposition 4 of [2], using

the second convergence in (3.7.2),

, a2 BE(t) B Pa(N — \y) 1
lim | (n?3p71/3 bu(tn) 8 <1 3 — — 2) 3.7.5
o <( G seoy) O
= lim ab} (t,)A — A\ (abl(t,) — 1)

n—oo

= A— lim A\, (ab}(t,) — 1),

n—oo
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where the last equality follows on observing that, as n — oo, b’ (t,) — 1 — 22(t,)

and a1 — 22(t.)) = 1. Also,

n-Yt1/3
lim A,|abl(t,) — 1] = lim WU)Z(%) —a™
n—7+1/3
S )]
< dy lim nYY33(,) — x(te)]

< lim dp (RT3 (t,) — 2(t,)| + 0, — t])

where the second equality follows from (3.5.12). The first term on the last line con-
verges to 0 using Lemma 3.6.4. For the second term note that n™7*1/3|t, — .| =
n~Y*1/3n=7 which converges to 0 since v > 1/6. Thus we have shown that the ex-
pression in (3.7.5) converges to A as n — oo and therefore the second requirement
in Proposition 4 of [2] (see equation 9 therein) is met as well. This proves that
C.(\) N X (A) in I7, for every A € R. Although Proposition 4 of [2] only proves
convergence at any fixed point A, from the Feller property of the multiplicative coa-

lescent process proved in Proposition 6 of the same paper it now follows that, in fact,

d :
C, — X in D((—o0,00) : I7).

Upper bound coupling: Let us construct {COM(t) : t > t,} in the following

way. Let tF =t.+n"7 and let

At = (t: _ tc>n1/3/(a62/3> _ n1/377/(a62/3)_

n

Let COM(t,) be the graph obtained by including all immigrating doubleton and
attachments during time ¢ € [t,,t}] to the graph of COM,,(t), along with all the
attachment edges. Namely, we construct COM (t,,) by including in COM,,(t,) all
events of type (i) and (ii) of Section 3.5.1 that occur over [t,,t;"]. For t > t, the graph
evolves in the Erdos-Rényi way such that edges are added between each pair of vertices

in the fixed rate b* (t.})/n. The coupling between COM (- +t,) and COM,,(- +t,,)

can be achieved as follows: Construct a realization of {COM,(t) : t, < t < t}}
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first, then use b%(t) — b% (t) to make up for all the additional edges in COM;} (t) for
t, <t <tf. Note that COM,, (¢, + ) <g COM (t, + ) over [0,t} —t,].

Let CF(\) = (CH(X) : i > 1) be the scaled (as in (3.7.1)) component size vector for
COM;". We will once more apply Proposition 4 of [2]. We first show that the three
convergence statements in (3.7.2) hold with C; replaced with C;". For this it will be
convenient to consider processes under the original time scale. Write CY(t,,) = C;.
Also denote by {C;"} the component vector obtained by adding all events of type (ii)
only, to COM,,(t,,) (i.e. attachment of singletons to components in COM,,(t,)), over
[t,, tF]. Since ¢* is bounded by 1, C;" is stochastically dominated by the sum of C;

tn—t)

independent copies of Geometric(p), with p = et~ = ¢72""". Thus

—2n~ 7

u; = C;- — C; <4 Negative-binomial(r, p) with r = C;,p = e

The random graph COM (t,,) contains components other than {C;"}. These ad-
ditional components correspond to the ones obtained from doubletons immigrating
over [t,,t]. Since there are at most n vertices, the number N of such doubletons is
bounded by n/2. Denote by {C;}¥, the components corresponding to such double-

tons. Once again using the fact that ¢* < 1, we have that

—2n~7

C:" <4 2 + Negative-binomial(2, p) with p = e

Write for k = 2, 3,
N

Se=Y (€)=Y + Y€

i i i=1
I =maxC;, I =max{maxC, maxC,;}.
We shows that Propostion 3.3.1 holds with (Sy(t,),Ss(t,),CV(t,)) replaced with

(S5 (t,), S5 (tn), IT(t,)) in the following proposition.
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Proposition 3.7.1. As n — oo,

1 1
- =) =0
! (52 Sy ) -
Proof: Note that if U is Negative-binomial(r,e=2""") then for some d; € (0, 0)
-1 dl
P(U>3y"r) < 3
and thus, as n — oo,
P(maxC;” > (1+ 3y 1)I) < P(u; > 3y~'C; for some i = 1,---n) — 0.
A similar calculation shows that, for some dy € (0,00), as n — oc.
P( max C;” > dy) — 0.
i=1,-N

The first statement in the proposition now follows on combining the above two dis-

plays.

Next, note that for Negative-binomial(r, p), the first, second and third moments

are
M, = 1T(l —p)
YT
1
M, = E[r2(1 —p)?+r(1—p)
1
My = E[r?’(l —p)’ +3r(1 = p)* +r(4 = 9p+ 9 — 2p°)].
From
Sotn) »
Sll) 2, (3.7.6)



and (3.3.1) it follows that S, = ©(n'*7) and S3 = O(n'*™7). Also, clearly, >, C; =
O(n).

Write Dy 2 S — Sy = SN (CF)? + 32, (2Csu; + u?), then
E[D2|{C’L}Z] < d2 (n n~ 7+ Z[(Ci)2n_7 + (Cl) 77/_2’y + Cﬂfﬂ) = O(n)
thus Dy/S; — 0 and consequently Sy /S, — 1.

Write Ds = S5 — S5 = o8 (CF)? 4 32,[3(C:)%us + 3C;u? + u3]. One can similarly
show that

E[Ds|{C}i] = O(n'**)

thus Ds/S; — 0 and so S /S3 — 1.

To prove the third convergence, it suffices to prove

n4/3D2 N
0. 3.7.7
(82)2 - ( )
By the asymptotics shown above, we have
n4/3D2

-0 n4/3+1—2(1+’y) -0 nl/3—2’y

= O )= 0@ *7)
As v > 1/6, (3.7.7) follows and thus the proof is completed. [

For scaled component size vector of COM, the above proposition shows that
the statements in (3.7.2) hold with C; replaced with C;'. In particular, the first and
third requirements in Proposition 4 of [2] are met by {C;} Also, using the second
convergence in (3.7.2), a calculation similar to that for (3.7.5) shows that

lim ((n2/351/3)2 b:(t;)ﬁw%(:\/; An) 71 2) o
ne n n > (€5 ()

Therefore the second requirement in Proposition 4 of [2] is satisfied. This proves

that

Crin L X (). (3.7.8)

n
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in lf, for every A € R. Using Proposition 6 of [2] once again it now follows that

C' % X in D((—00,00) : 1}).

n

3.7.2 Completing the proof of Theorem 3.1.1

By [3, 4], there is a natural partial order < on lf. Informally, interpreting an
element of lf as a sequence of cluster sizes, X,y € lf, x =y if y can be obtained from
x by adding new clusters and coalescing together clusters. The coupling constructed

in Section 3.7.1 gives that, for every, A € (A, A})
C,(N)=C(N) 2 CN).

Since, as n — 00, A\, — —oo0 and \} — 400, (3.7.4), (3.7.8) along with Lemma 15

of [4] yield that

for all A € R.

Finally we argue convergence in D((—00,00) : I}). For x,y € I}, let d*(x,y) =

Yo —wi)?, x = {xi}, y = {wi}. Then d*(x,y) < >, 47 — >, #; whenever x < y.

To prove that C." — X in D((—00,00) : 1) it suffices to prove that

sup d(C,",C,) — 0, for all — 0o < A\; < Ay < 00. (3.7.9)
)\E[)\l,)\z}

Fix A1, A9 as above. Then

sup d C’BF,C'_ < su E CH(\)? — g C-(\)?]. 3.7.10
D] ( n n) /\E[/\llj))\Q][ 7; ( 7 ( )) - ( 7 ( )) ] ( )
Let, for A € R,

U-(N) =D (GO U-(A) = Y (G (V)? and V() = U (X) —U-(A).

From Lemma 15 of [4], V()\) — 0 for every A € R. Thus it suffices to show that V is

tight in D((—o00,00) : Ry). Note that both ¢, and U_ are tight in D((—o00,00) : Ry).
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Although, in general difference of relatively compact sequences in the D-space need
not be relatively compact, in the current setting due to properties of the multiplica-
tive coalescent this difficulty does not arise. Indeed, if {X*(¢),t > 0} denotes the
multiplicative coalescent on the positive real line with initial condition x € lf then,
for ¢ sufficiently small

sup E (d*(X*(7),x) A1) <E | ) (X}(0)* - Z;ﬁ

T€T () P

SQZ Swizy - 2x,m; < 26|,

i<j
where, ||x|| = (3" 22)Y2, T(9) is the family of all stopping times (with the natural
filtration) bounded by ¢. Using the above property, the Markov property of the
coalescent process and the tightness of supyepy, 3, U+ (A), SUDy e, 2, U-(A) One can
verify Aldous’s tightness criteria (see Theorem VI.4.5 in [20]) for V thus proving the

desired tightness. [ |
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CHAPTER 4: THE BOUNDED-SIZE-RULE PROCESSES

4.1 Introduction

In recent years, there has been an increasing interest in understanding the role of
limited choice along with randomness in the evolution of the network, in particular
how they affect the time and nature of emergence of the giant component. The
simplest such model that has been rigorously analyzed is the Bohman-Frieze process
which was studied in Chapter 3. In Chapter 5 we will show that all bounded-size-rule
processes have the same limiting behavior as the Bohman-Frieze model in the critical
window. In order to establish such a limit theorem, the first step is to understand the
asymptotics of the process right before it enters the critical window. This is the goal
of the current chapter. More precisely, in this chapter we study the bounded-size-rule
processes in the barely subcritical regime, i.e., when t = t. — n™" for v € (0,1/4),
and prove a useful upper bound of order n?*log?n on the sizes of components in
this regime. Furthermore, using a coupling between the bounded-size-rule processes
and some inhomogeneous random graph models, we give a new characterization of
the critical time for the phase transitions for all bounded-size-rule processes. These

results will form the key ingredients in the proof of the results in Chapter 5.

Organization of this chapter: In Section 4.2 we give a precise construction
of the bounded-size-rule processes and state our main theorems. Section 4.3 collects
some notation used in this chapter. In Section 4.4 we introduce and analyze certain
inhomogeneous random graphs associated with bounded-size-rule processes. Finally,

Section 4.5 completes the proofs of the main results, Theorems 4.2.2 and 4.2.3.



4.2 Model and main theorems

The bounded-size K-rule process {BSR™ (t)};>0. Fix K > 0, and let Qx =
{1,2,...,K,w}. Conceptually @ represents components of size greater than K.
Given a graph G and a vertex v € G, write C,(G) for the component that contains

v. Define
C(G)] it [C(G)] < K
cg(v) == (4.2.1)
w if |IC,(G)| > K
For a quadruple of (not necessarily distinct) vertices vy, v9, v3, vy, write ¢ for the
ordered quadruple ¥ = (vy,vq,v3,v4). Let cg(¥) = (cg(v1),cq(v2), ca(vs), ca(vs)).

Fix F' C Q}. The set F will be another parameter in the construction of the process.

The F-bounded-size rule(F-BSR) is defined as follows:

a) At time k = 0 start with the empty graph BSRY” := 0,, on [n] vertices.
0

(b) For k > 0, having constructed the graph BSRE:), construct BSR;C’i1 as follows.
Choose 4 vertices 7 = (vq, v9, v3, v4) uniformly at random amongst all n* possible
quadruples and let ¢ () = cpsr, (V). If ¢x(¥) € F then BSR;", = BSR;” U

(v1,v2) else BSR;"; = BSR}” U (v3, v4).

Mathematically it is more convenient to work with a formulation in which edges
are added at Poissonian time instants rather than at fixed discrete times. More
precisely, we will consider the following random graph process (denoted once more
as BSR"™(t)). For every quadruple of vertices 7 = (vi,ve,v3,v4) € [n]*, let Py
be a Poisson process with rate 1/2n3, independent between quadruples. Note that
this implies that the rate of creation of edges is n* x 1/2n® = n/2. Thus we have
sped up time by a factor n/2 as in the above discrete time construction. Start with

BSR™(0) = 0,,. For any ¢t > 0, at which there is a point in Pz for a quadruple
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7 € [n]?, define

BSR™ (t—) U (v, v if ¢,_(v) e F
S (=) U(onwm) e (D
BSR™ (t—) U (v3,v4) otherwise,

where ¢, (U) = csr(t—) (V).

Two examples of such processes are Erdés-Rényi process (here K = 0, Qx =
{w} and F = {(w,w,w,w)}) and Bohman-Frieze process (here K = 1, Qg =
{l,w} and F = {(1,1,73,7J4) : J3,Ja € Qk}). Spencer and Wormald[31] showed
that every bounded-size rules exhibits a phase transition similar to the Erdos-Rényi
random graph process. More precisely, write C;™ (t) for the i-th largest component
in BSR™(t), and |[C{"(t)| for the size of this component. Define the susceptibility

function

Sy(t) = f: IC™ (1)]2. (4.2.2)
Then [31] proves the following result. o
Theorem 4.2.1 (Theorem 1.1, [31]). Fix F € Q}. Then for the random graph pro-

cess associated with the F-BSR, there exists deterministic monotonically increasing

function sy(t) and a critical time ¢. such that lim;y, $2(t) = 0o and

Sa(t) -

— $9(t) as m — oo, for all t € [0,¢.).
n

For fixed t < t., |C” ()] = O(logn) while for t > t., |C{”(t)| = Op(n).

Here we use 0,0, © in the usual manner. Given a sequence of random variables
{&.}n>1 and a function f(n), we say &, = O(f) if there is a constant C' such that
&, < C'f(n) with high probability (whp), and we say &, = Q(f) if there is a constant
C such that &, > Cf(n) whp. Say that &, = O(f) if £, = O(f) and &, = Q(f). In
addition, we say &, = o(f) if &,/ f(n) — 0.

Thus as t transitions from less than . to greater than t., the size of the largest

component jumps from size O(logn) to a giant component ©(n). The aim of this
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chapter is to study the barely subcritical regime, i.e. to analyze the behavior of the
size of the largest component at times ¢ = t. — ¢, where ,, — 0. The following is the

main result.

Theorem 4.2.2 (Barely subcritical regime). Fix F' C Q% and v € (0,1/4). Then

there exists B € (0, 00) such that,

(logn)*

P{W@(W =< Bm7

Vtﬁtc—n_y} — 1,

as n — OoQ.

As another consequence of our proofs, we obtain an alternative characteriza-
tion of the critical time for a bounded-size rule given in Theorem 4.2.3 below. Let
X = [0,00) x D([0,00) : Ny) where D([0,00) : Ny) is the Skorohod D-space of
functions that are right continuous and have left limits with values in the space of
nonnegative integers, equipped with the usual Skorohod topology. Given a finite
measure g on (X,B(X)) and a measurable map £ : X x X — [0,00) satisfying
Jwre (%, y)p(dx) p(dy) < oo, define the integral operator K : L*(X, i) — L*(X, )
as

Kf(x) = /X k(6 ¥)F3)uldy), f € L3(X, ), x € X,

We refer to k as a kernel on X x X and K as the integral operator associated with

(k, 1v). We will show the following result.

Theorem 4.2.3 (Characterization of the critical time). Fix F' C QJ. Then
there exists a collection of kernels {x:},5, on & x X and finite measures {fi},5, on
(X, B(X)) such that the integral operators KC; associated with (k¢ p1¢), t > 0, have the
property that the operator norms p(t) = ||K;|| are continuous and strictly increasing

in t. Furthermore, ¢, is the unique time instant such that p(t.) = 1.

See Section 4.4.3 for a precise definition of x; and p,;. Using arguments similar

to [23] for the Bohman-Frieze model, one can show that for any fixed ¢ > 0, the
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size of the largest component at time ¢ = ¢, — € can be lower bounded as |C{"”(¢)| >
Alogn/(t, — t)* where A is a constant independent of €. Thus up to logarithmic

factors one expects the upper bound in Theorem 4.2.2 to be tight.

Theorem 4.2.2 plays a central role in the study of the asymptotic dynamic behavior
of the process describing the vector of component sizes and associated surpluses for
BSR processes in the critical scaling window and its connections with the augmented
multiplicative coalescent process. This study is the subject of Chapter 5 to which we

refer the reader for details.

4.3 Notation

We collect some notation used through the rest of the chapter. All unspecified
limits are taken as n — 0o. We use — and —= to denote convergence in probability
and in distribution respectively. Given a sequence of events {E,},>1, we say FE,

occurs with high probability (whp) if P{E,} — 1.

For a set S and a function g : S — R*, we write ||g|lsc = Yor_, SUPycsg |gi(5)],
where g = (g1,---gx). For a Polish space S, we denote by BM(S), the space of
bounded measurable functions on S (equipped with the Borel sigma-field B(.S).) For a
finite set S, | S| denotes the number of elements in the set. Ny is the set of nonnegative
integers. For ease of notation, we shall often suppress the dependence on n and shall
write for example BSR(t) = BSR™(¢). Recall the Poisson processes Py used to
construct BSR(:) in Section 4.1. Let {F;},, be the associated filtration: F; =
o {Ps(s) : s <t,0 € [n]'}. We shall often deal with {F;}-semimartingales {.J(t)},-,
of the form

dJ(t) == a(t)dt + dM (1), (4.3.1)

where M is a {F;} local martingale. We shall denote v = d(J) and M = M(J).

For a local martingale M (t), we shall write (M, M)(t) for the predictable quadratic
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variation process namely the predictable process of bounded variation such that

M(t)? — (M, M)(t) is a local martingale.

4.4 Inhomogeneous random graphs

Fix K > 0 and a general bounded-size rule F C Qf and recall that {BSR(t)},-
denotes the continuous time bounded-size rule process started with the empty graph
at t = 0. Note that K = 0 case corresponds to the Erdds-Rényi random graph
process for which results such as Theorem 4.2.2 are well known. Thus, henceforth
we shall assume K > 1. We begin in Section 4.4.1 by analyzing the proportion of
vertices in components of size i for i < K. As shown in [31], these converge to a
set of deterministic functions which can be characterized as the unique solution of
a set of differential equations. We will need precise rates of convergence for these
proportions which we establish in Lemma 4.4.2. We then study the evolution of
components of size larger than K in Section 4.4.2. Finally, we relate the evolution of

these components to an inhomogeneous random graph (IRG) model in Section 4.4.3.

4.4.1 Density of vertices in components of size bounded by K

Recall from Section 4.1, (4.2.1) that ¢;(v) = csr)(v), for v € [n]. For t > 0 and

1 € Qp, define
Xi(t) =|{ve[n]:cv)=1}]and z;(t) = X;(t)/n. (4.4.1)

Following [31], the first step in analyzing bounded-size rules is understanding the
evolution of 7;(-) as functions of time as n — oo. Although [31] proves the convergence
of 7;(t) as n — oo, we give here a self contained proof of this convergence with precise

rates of convergence that will be needed in the proof of Theorem 4.2.2.

Note that the BSR process changes values at the occurrence of points in the
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Poisson processes Py, U € [n]!. We call each such occurrence as a ‘round’ and call
a round redundant if the added edge in that round joins two vertices in the same
component. Note that such rounds do not have any effect on component sizes or on
the vector x(t) = (Z1(t), Z2(t), ..., Tk (t), T5(t)). We will in fact observe that such
rounds are quite rare. We now describe the effect of non-redundant rounds on x(-).
For j € Q4 and i € Qg, write A(j;4) for the change AX;(t) = X;(t) — X;(t—)
at an occurrence time ¢ if the chosen quadruple ¥ € [n]* satisfies ¢,_(¥) = j and

the round is not redundant. It is easy to check (see Section 2.1, [31]) that, when

J = (j1,72,J3, Ja) € F,

A(gsi) =i~ (1{j1+j2=7?} — L=y — 1{j2=i})a for1 <i <K,

A(j; w) = 1{j1+j2=w}(j1]l{j1SK} +j2]l{j2SK})7

with the convention j; + jo = @ when the sum of ji,j5 is greater than K, and
j1+w=w+j =w forall j; € Qx. For j = (j1, ja, j3, j1) € F° one uses the second
edge {vs,v4} and the expressions for A(;’; i) are identical to the above, with (j3, j4)
replacing (71, j2). Note that the corresponding change in the density z;(t) = X;(t)/n

is given by A(j;4)/n. For j € Q4 and ¢t > 0, write

ot ) = {a e [t : (@) = j} .

4 is selected according to the Poisson process Py with

Since each quadruple ¢ € [n]
rate 1/2n3, the above description of the jumps of X;(-) leads to a semi-martingale

decomposition of z; of the form (4.3.1) with

=> Z 1{%( ) # Cop ()} + ) Z

jeF vEQ(t,]) jeFe veQ(t; )

2 {Cus(t) # Cus(D)}

(4.4.2)
where C,(t) := C,(BSR(t)) denotes the component containing v in BSR(t).

Define for i € Qg, the functions F; : [0,1]5*! — R mapping the vector x =
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K+1
(21, T2, o, T, X)) € RETL t0

T 1 =+ . ]- < .
Fr(x) =3 D AU T T, + 5 > AU Dy w5, (4.4.3)

jeF jeFe

Note that |A(j;4)| < 2K for all j € Q%. Also,

max{ ST ST LG, (1) =}, S S 1{Cu(t) = Cu (1)} { < WK

JeF TeQ(t;)) jeFe 5eQ(t:7)

Thus we have
2K 2K?
|d(z)(t) — FF(x(1)] < = - 2Kn® = —.

2n4 n

(4.4.4)
Note that z1(0) = 1 while z;(0) = 0 for other i € Q. Guided by equations (4.4.2) —
(4.4.4), [31] considered the system of differential equations for x(t) := (z;(t) : j € Qk)

2/ (t) = FE(x(t)), i€ Qk, t>0, x(0)=(1,0,...,0), (4.4.5)

and showed the following result.

Theorem 4.4.1 (Theorem 2.1, [31]). Equation (4.4.5) has a unique solution. For all

i € Qe and t > 0, z;(t) > 0. Furthermore ) ;.o 7;(t) = 1 and lim; o, 75(t) = 1.

[31] also showed that the functions Z;(t) — ;(t) for each fixed ¢ > 0. We will
need precise rates of convergence for our proofs for which we establish the following

result.

Lemma 4.4.2. Fix 0 € (0,1/2) and T' > 0. There exist C},Cy € (0,00) such that for
all n,
P (sup sup |z;(t) — x(t)] > n—6> < Chexp (—Con' ) |
1€Qx s€[0,T)

Proof. Note that FZ(-) is a Lipchitz function, indeed for x,x € [0, 1]5+1,

|FF(x) = FA(R)| 4K (K + 1D)* Y |y — | < AK(K +1)° sup |a; — 3.

1€EQK i€l
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Write D(t) := sup;cq, |Z:(t) — z;(t)| and M;(t) := M(Z;)(t). Using (4.4.4), we get
for all i € Qg and ¢ € [0, 77,

2

5(6) = 0) < [ IFF(R() = Frlx(s)lds + T 2= + M (0)

t 2K2
<4K (K + 1)5/ 17(s)ds+:f’~T + | M;(t)].
0

Taking sup,cq, on both sides and using Gronwall’s lemma we have
2T K>
sup D(t) < | sup sup |M;(t)] + Z——— | KEHDT
t€[0,T 1€Qxk t€[0,T) n
Thus, for a suitable d; € (0, c0),

IP{ sup D(t) > n—é} <Y P{ sup |M;(t)] > dln—é} . (4.4.6)

t€[0,T] icar el
To complete the proof we will use exponential tail bounds for martingales. From
Theorem 5 in Section 4.13 of [25] we have that, for a square integrable martingale
M with M(0) = 0, |AM(¢t)] < ¢ for all ¢, and (M, M)(T) < @, a.s., for some
¢, Q € (0, 00),

]P{ sup |M(t)| > a} < Qexp{—sup [aX — Qz/f()\)}}, for all a > 0,

0<t<T A>0

where (\) = foide, Optimizing over \, we get the bound

c2

P{oi?£T|M(t)’ > oz} < Zexp{—%log (1 + %) + [% - C%log <1 + %)} } :
(4.4.7)

In our context, note that for any ¢ € Qg, |[AM;(t)| = |Az;(t)] < 2K/n. Also, the
total rate of jumps is bounded by n*- # Thus for all 7 € Qk, the quadratic variation

process

T /19K \? 4 2K2T
(M;, M;)(T) S/ (—) X ——dt = :
0

n 2n3 n

Taking o = dyn=°,Q = 2K?T/n and ¢ = 2K /n in (4.4.7) completes the proof. M

71



4.4.2 Evolution of components of size larger than K

Let BSR*(t) denote the subgraph of BSR(t) consisting of components of size
greater than K. In this section, we will focus on the dynamics and evolution of
BSR*(t). Note that BSR*(0) = (), i.e. a graph with no vertices or edges. As time
progresses components of size less than K merge and components of size greater than

K emerge. Three distinct types of events affect the evolution BSR™(¢):

1. Immigration: This occurs when two components of size < K merge into a single
component of size > K. We view the resulting component as a new immigrant into

BSR*(t). Note that the first component to appear in BSR*(¢) is an immigrant.

2. Attachments: This occurs when a component of size < K gets linked to a
component of size larger than K. The former component enters BSR*(¢) via

attaching itself to a component of size larger than K.

3. Edge formation: Two distinct components of size larger than K merge into a
single component via formation of an edge between these components. In this

case, the vertex set of BSR”(¢) remains unchanged.

We now introduce some functions that describe the rate of occurrence for each of the

three types of events. For i,y € Q, define F*, :[0,1]5! — R as

21,22

- 1
Fran®) =3 > Tjy Ty T3 Ty + > Tj\ TjpTjs Ty | - (4.4.8)
FEF:{j1.j2}={i1,i2} JEFe:{jz,jay={i1,iz}

For iy,i9 < K, denote n - R;, ;,(t) as the rate at which two components of size iy, is

merge. When iy # i, this rate is precisely

(2n®) 7' Zle (1) X () X5 (1) X5, (1) +ZXJ1 (t) X5, (1) X5 () X5, ()] == - B (X(2)).

JEF J
{71,923 ={31,i2} {43,4a}={31,i2}
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Thus sz,ig (t) = FF

&, (X(t)). The case i =iy < K is more subtle due to redundant

rounds linking vertices in the same component. The rate of redundant rounds can be
bounded by 15 - Kn? -2 = K, from which it follows that

2n3

o K
[Rii(t) — Fa(x(@))] < —
The case 7; = iy = @ corresponds to creation of edges in BSR*(¢) and n- FZ _(x(t))

is the rate of creation of such edges.

We now give expressions for the rates for the three types of events that govern the
evolution of BSR*(¢). The convention followed for the rest of this section is that for
11,19 € Qk, i1 + 12 = w when the sum of is greater than K, and w+1; = i1+ w =w

for all i; € Q.

I. Immigrating vertices: For 1 <i < K, write J;(t) := n - a}(t) for the rate at
which components of size K + i immigrate into BSR*(¢) at time ¢. Using the above
expressions for the rate of merger of components of various sizes we have
w - Y FLEm)| < (4.49)
1<y in <K:iy+ip=K+i
As before the error is due to redundant rounds which can only occur for iy = iy = (K+
i)/2 (and when (K +4)/2 is an integer). Now define functions F? : [0, 1]51 — R,
and a;(+) : [0,00) — [0,00) by
Fix)= Y Fi,(x), )= FHx(), (4.4.10)

1<i;,i2<K,
i1+io=K+1

where x(t) is as in (4.4.5). Then (4.4.9) says that

sup |ai(t) — F7(x(t))] < K/n. (4.4.11)

te[0,00)
Note that for any & < 1, the error term in (4.4.11) is o(n%). Using this observation

along with the Lipschitz property of Fj, ;,, we have from Lemma 4.4.2 that for any
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fixed T'> 0 and 0 < 1/2,

P( sup sup |a;(t) — a;(t)] > n™%) < Oy exp(—Con'~). (4.4.12)
1<i<K s€[0,T]

The constants C,Cy here may be different from those in Lemma 4.4.2, however for

notational ease we use the same symbols.

II. Attachments: Fix 1 < i < K and a vertex v contained in a component in
BSR*(t). Let, for i < K, ¢;(t) denote the rate at which a component of size ¢ attaches
itself to the component of v through an edge connecting the former component to v.
This rate can be calculated as follows. First note that the total rate of merger between
a component of size i with a component in BSR*(t) is n - F"_(X(t)). Since there are
X, (t) vertices in BSR*(¢) each of which has the same probability of being the vertex
through which this attachment event happens, the rate at which a component of size
i attaches to v is given by nF"_(x(t))/X&(t) = F{,(X(t))/Tx(t). Since x4 is a factor
of Ff"_(x), ¢;(t) is a polynomial in X(t). Define the functions Fy : [0,1}* ™" — R and

ci(-): Ry — R, as

FE(x) = Fio()/ra, ailt) = FE(x(1)). (4.4.13)

(2

Then ¢} (t) = Ff(x(t)). Once again using Lemma 4.4.2 we get for any § < 1/2 and
T >0,

P( sup sup |} (t) — ci(t)] > n70) < Cy exp(—Con' ™). (4.4.14)
1<i<K s€[0,T]

I11. Edge formation: Note that the rate of creation of an edge between vertices in
BSR*(t) is nFZ _(x(t)). Since such an edge is equally likely to be between any of
the X2 (t) pairs of vertices in BSR*(t), we have that the rate of creation of an edge
between specified vertices {vy,v2} with v, vo € BSR*(t) is b*(t)/n where b*(t) =

FZ _(X(t))/x2(t). Define F*: [0,1]"*! — R and b(-) : Ry — R, as
F'(x) = F;w(x)/xi, and b(t) = Fb(x(t)). (4.4.15)
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Once more it is clear that F°(x) is a polynomial and furthermore b*(t) = F*(x(t)),

so by Lemma 4.4.2, for any § < 1/2 and T > 0,

P( sup [b*(t) — b(t)] > n°) < C)exp(—Cyn'~). (4.4.16)

s€[0,7T
Write a(t) := {ai(t)} <, and c(t) := {ci(t)}c;ci- We refer to (a,b,c) as rate
functions. In the proposition below we collect some properties of these rate functions.

These properties are easy consequences of Theorem 4.4.1.
Proposition 4.4.3. (a) For all 1 <i < K and ¢ > 0, b(t), a;(t), ¢;(t) > 0.
(b) We have
a0 := supza, lclloo == SuchZ 0] 0o == sup b( ),
and max {|[al|ss, [|C[[oo, [[blloc} < 1/2.

(c) im0 b(t) = 1/2.

Proof: Part(a) follows from Theorem 4.4.1 and the definition of the functions.

[\

ST at) =Y Frx(t) < 1 D w (), (£, (£, () = % [Z xi(t)] — %

i=1 i=1 FeQx

Statements on |[¢||o, [|b]|oo follow similarly.

For (c), note that FZ _(x) > x7,/2 since when all the four vertices selected are
from components of size greater than K, two components of size greater than K will
surely be linked. From Theorem 4.4.1 lim; .o, z5(¢t) = 1 and thus limsup,_, b(t) >

z2 (t)/2. The result now follows on combining this with (b). [

4.4.3 Connection to inhomogeneous random graphs

In this section, we describe the inhomogeneous random graph (IRG) models that

have been studied extensively in [11], and then approximate BSR*(¢) by a special
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class of such models. We will in fact use a variation of the models in [11] which
uses a suitable weight function to measure the volume of a component. We begin by
defining the basic ingredients in this model. Let X be a Polish space, equipped with
the Borel o-field B(&X'). We shall sometimes refer to this as the type space. Let u
be a non-atomic finite measure on X which we shall call the type measure on X'. A
kernel will be a symmetric non-negative product measurable function x : X x X — R
and a weight function ¢ : X — R will be a non-negative measurable function on

X. We call such a quadruple {X, i, k, ¢} a basic structure.

The inhomogeneous random graph with weight function (IRG): Associ-
ated with a basic structure {X, p, k, ¢}, the IRG model RG™ (X, i, K, ¢) is a random

graph described as follows:

(a) Vertices: the vertex set V of this random graph is a Poisson point process on

the space X with intensity measure npu.

(b) Edges: an edge is added between vertices x,y € V with probability 1 A @,

independent across different pairs. This defines the random graph.

(c) Volume: The volume of a component C of RG™ (X, i, k, ¢) is defined as

voly(C) = ¢(). (4.4.17)

zeC

For the rest of this section we take
X :=1[0,00) x W where W := D([0, 00) : Ny). (4.4.18)

We first describe how, for each ¢ > 0, BSR*(¢) can be identified with a random
graph with vertex set in X. Recall the three types of events governing the evolution
of BSR*(t), described in Section 4.4.2. Each component in BSR*(¢) contains at

least one group of K + ¢ vertices, ¢ = 1,--- , K which appeared at instant s < t in
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BSR(+), as an immigrant. We denote the collection of all such groups as Imm(¢). For
C € Imm(t), we denote by 7¢ € (0, t] the instant this immigrant appears. Also, to each
C € Imm(t), we associate a path in D([0, 00) : Ny), denoted as we, such that we(s) =0
for all s < 7¢; we(s) = we(t) for all s € [t,00); and for s € [7¢,t], we(s) = |Ae(s)],
where Ac(s) denotes the component that is formed by C and all the attachment
components that link to C over the time interval [7¢, s]. Then {(7¢, we) : C € Imm(t)}
is a point process on X and forms the vertex set of a random graph which we denote
by I'(t). We form edges between any two vertices (1¢,we), (7¢,wg) in I(t) if the

components A¢(t) and Ac(t) are directly linked by some edge in BSR*(¢).

Define, for ¢ > 0, the weight function ¢, : X — [0, 00) as
(X)) = Py(s,w) = w(t), x=(s,w) € X. (4.4.19)

Note that by construction there is a one to one correspondence between the com-
ponents in BSR*(¢) and the components in I'(¢). For a component Cy in BSR*(#),

denote by I¢, the corresponding component in I'(¢). Then note that

‘C[)’ = VOld)t ([CO)' (4420)

We will now describe inhomogeneous random graph models that approximate
I'(t) (and hence BSR*(t)). Given a set of nonnegative continuous bounded functions
a = {ai} 1, B and ¥ = {7} on [0,00) we construct, for each ¢ > 0, type
measures (o, 3,7) and kernels xi(cx, 3,) on X as follows. For i = 1,--- K and
s € [0, 00), denote by 7y ; the probability law on D([s, 00) : Ny) of the Markov process

{w@0(7) }refs,00) With infinitesimal generator

(A(u) f)(k) = Z ki (u)(f(k+3) = f(k)), | € BM(No) (4.4.21)

and initial condition w(s) = K + i. In words, this is a pure jump Markov process

which starts at time s at state K + ¢ and then at any time instant u > s, has jumps
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of size j at rate v;(u). Denote by v,; the probability law on D([0,00) : Np) of the

stochastic process {w(r)}rcp,00), defined as
w(r)=w(r) forr>s, w(r) = 0 otherwise. (4.4.22)

Now define the finite measure p; (e, 3,7) = u; as

/Xf(X)dut(X) = il/ot ai(u) (/W f(uuw)Vu,i<dw)) du, f € BM(X).  (4.4.23)

Next, define the kernel x;(ax, 3,7) = k; on X X X as

Re(X,y) = ke((s,w), (r,w)) = /tw(u)w(u)ﬁ(u)du, x = (s,w),y = (r,w) € X.

’ (4.4.24)
With the above choice of y, k; and with weight function ¢, as in (4.4.19) we now con-
struct the random graph RG™ (X, s, k¢, ¢;) which we denote by RG™ (e, 3, v)(#).
We will refer to the set of functions (e, 3,7) as above, as rate functions. These
rate functions will typically arise as small perturbations of the functions (a,b,c),
thus in view of Proposition 4.4.3(b) it will suffice to consider (e, 3,7) such that
max{||a|oo, ||Bl|c0s ||¥||eo} < 1. Throughout this chapter we will assume that all rate

functions (and their perturbations) satisfy this bound.

The following key result says that for large n, I'(¢) is suitably close to RG(a, b, ¢)(t),
where (a, b, c) are the rate functions introduced below (4.4.16). In order to state the
result precisely, we extend the notion of a “subgraph” to the setting with type space
X and weight function ¢. For ¢ = 1,2, consider graphs G;, with finite vertex set
V; C X and edge set &. We say G is a subgraph of Gq, and write G; C G, if there
exists a one to one mapping ¥ : V; — V, such that
(i) o(x) < p(¥(x)), for all x € V.

(ii) {x1,x2} € & implies {¥(x1), U(x3)} € &.

78



Lemma 4.4.4. Fix 6 € (0,1/2) and let ¢, = n°, n > 1. Define, for ¢t > 0, the set of
functions a™(t) := {(ai(t) — €n) V 0} e, @F(t) := {ai(t) + en}y < and similarly
c (t),ct(t) and b= (t),b"(¢t). Define the inhomogeneous random graphs (IRG) with

the above rate functions by
RG (t) :=RG(a",b ,c)(t), RG"(t) :=RG(a",b",c")(t).
Then for every T > 0 there exist C3, Cy € (0, 00), such that for all ¢ € [0, T, there
is a coupling of RG™(¢), RG™ () and T'(t) such that,
P{RG (t) CT(t) CRG"(t)} > 1— Cyexp{—Cyn'>}.
Proof: The coupling between the three graphs is done in a manner such that
['(t) is obtained by a suitable thinning of vertices and edges in RG™(t) and RG™ (¢)

is obtained by a thinning of I'(¢). We will only provide details of the first thinning

step. We first construct the vertex sets V* and V* in RG™(¢) and I'(¢) respectively.

Let V* be a Poisson point process on X with intensity nuf, where pu =

pi(a™, b, cT). For a fixed realization of VT, denote by (z7, -+ ,z}), the points in VT,
with 7 = (sf,w}) and 0 < s7 < s5 --- sk < t. Write wt = (w{,--w}). We now
construct vertices in the corresponding realization of I'(¢) (denoted as {z1, - zn,}),

along with the realizations of z;(s), i € Qk, 0 < s <, which then defines
(a¥(s),b%(s),c;(s)) for 0 < s <t,j=1,--- K,

as functions of X(s) = (Z;(s))icq, in Section 4.4.2. For that, we will construct
functions w; : [0,t] — Ny, 1 < j < N and ; : [0,t] — [0,1], i € Q. We will only
describe the construction of wj;, z; until the first time instant s € (0,¢], when the

property

aj(s) < af(s), b*(s) <b(s), ¢j(s) < cf(s) forall 1 <k <K (4.4.25)

J J
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is violated. Denote o for the first time that (4.4.25) is violated with o taken to be t if
the property holds for all s € [0,¢]. Subsequent to that time instant the construction
can be done in any fashion that yields the correct probability law for I'(¢). For
simplicity, we assume henceforth that o = t. After obtaining the functions w;, z;, we
set xf = (77, w}), where 7;* is the first jump instant of w; (taken to be +oc if there are
no jumps) and w; € D([0,00) : Ny) is defined as w;(s) = w;(s)1j,q(s) +w;i(t)1,00)(5).

The vertex set V* is then defined as

V*:{lj,-.-l']\/'o}:{x::’z‘*<t’i:17...N}‘

We now give the construction of w(s) = (wi(s),---wn(s)) and x(s) for s < t.
Denote by {t;}M,, 0 =ty < t; < ty < ..tyr < t, the collection of all time instants
of jumps of {w; }¥ | before time ¢. Denote by i the coordinate of w* that has a
jump at time ¢;, and denote the corresponding jump size by j.. We set w(0) = 0,
7;(0) = 0 for i # 1 and 7;(0) = 1. The construction proceeds recursively over the
time intervals (tx_1,%], k =1,--+ M + 1, where t);,1 = t. Suppose that (w(s),X(s))
have been defined for s € [0, tx_1], for some k£ > 1. We now define these functions

over the interval (t;_1, ]

Step 1: s € (ty_1,tx). Set w(s) = w(tx_1). The values of X(s) over the interval will
be given as a realization of a jump process, for which jumps at time instant s occur
at rates n - Ry, ;,(5), 11,02 € {1,--- K}, i3 + iy < K, where the function R;, ;,(s),
given as a function of X(s) is defined as in Section 4.4.2. A jump at time instant s,

corresponding to the pair (i1, i) as above, changes the values of X as: when i, # s

9 B 11+ 19
Ea Li1+io (8) = xi1+i2(3_) + n

(S _
517 $i2(8) = xiz(s_) -

Ty (8) = Ty (s—) —

and when 7 = o,

2i1 _ _ 2Z1
77 xil‘HQ(S) = x2i1(s_) +—.

T (8) = Ty (8_) - n
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Remaining 7; stay unchanged. The values of a}(s), b*(s), ¢/(s) are determined ac-

cordingly.

Step 2: 5 = t;. Recall that w () — w; (ty—) = jr. We define w;(ty) = w;(ty—) for

i

all i # 1. The values of w;, (t;) and X(t;) are determined as follows.

Case 1: w;;(tk—) = 0. In this case K + 1 < j, < 2K and t;, is the first jump of
w;rk. Define for 1 <1 < K, Qx(l) := 22:1 R; j,—i(ty—), where by definition R;; =0
if i/ > K. Note that Qy(K) = aj (tx—). We set Qx(0) = 0. The values of wj, (t)

and X(t;) are now determined according to the realization of an independent Uniform

[0, 1] random variable uy as follows.

o If U > Qk(K)/CLJ’k(tk—), define (wlk(tk),i(tk)) = (wik(tk—),)_c(tk—)).
e Otherwise, suppose 1 < [}, < K is such that Qy(lx — 1) < ux < Qk(lx). Then
define w;, (tx) = Ji, Tw(ty) = T (ts—) + % and

U Je —

Zy, (tk) = Iy, (tk_) - Ev jjk_lk (tk) = i‘jk—lk(tk_) - n_ if lk 7£ ]k - lk;
21 . .
Ty, (tr) = Ty, (T —) — #ﬂ if I = Ji — Ui

The value of all other x; processes at t; stay the same as their values at t;,—.

Case 2: w;rk (tx—) # 0. In this case 1 < ji < K. Once again, the values of w;, ()
and X(t) are determined according to the realization of an independent Uniform

[0, 1] random variable uy as follows.

wiy, (te=)c, (te—) _ _
%, define (w;, (t),x(tx)) = (wy, (te—), X(tx—)).

Ik

o If uy >
e Otherwise,
Jk Jk

w;, (tk) = wiy, (te—) + Jr, T, (tr) = Tj, (te—) — w To(ty) = To(tp—) + g

and the value of all other x; processes stay the same as their value at t,—.
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This completes the construction of (w(s),x(s)) for s € (tx_1,tx] and thus by this

recursive procedure and our earlier discussion we obtain the vertex set
V*=A{xy, an} ={a] 77 <tji=1,---N},
which will be used to construct I'(¢).

Having constructed vertex sets V' and V*, we now construct edges. For this we
take realizations of independent Uniform [0, 1] random variables {u;;}1<i<j<co and

construct edge between vertices ;" and z in V* if

1 t
u;; < —/0 b (s)w) (s)w; (s)ds.

n

This completes the construction of RG™(¢). Finally construct an edge between

and x;‘ if both vertices are in V* and

ws < 1o {1 [}

n

This completes the construction of T'(t). By construction I'(t) € RG(a™,b",c™)(t)
on the set 0 = t. Also, from (4.4.12), (4.4.16) and (4.4.14) it follows that P(o < t) <

Csexp {—C’4nl_2‘S } for suitable constant C3, C'y. The result follows. [ |

The following is an immediate corollary of Lemma 4.4.4.

Corollary 4.4.5. Fix T > 0. Then with C3,C, € (0,00) and , for ¢t € [0,7], a
coupling of RG™(t), RG*(¢) and I'(¢) as in Lemma 4.4.4:

P {voly, (T2 (1)) < vol,, (T3 (1)) < vol,, (77" (1))}

> 1 — Cszexp(—Cyn'™), (4.4.26)

where Z7 (t) denotes the component in I'(¢) with the largest volume with respect to

the weight function ¢,, and TR (t), TR (t) are defined similarly.
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4.5 Proof of the main results

In this section, we will complete the proof of Theorems 4.2.2 and 4.2.3. Proof
of Theorem 4.2.3 is given in Section 4.5.4 while proof of Theorem 4.2.2 is given in
Section 4.5.5. Recall that Lemma 4.4.4 says that BSR" can be approximated by
RG(a,b,c). Sections 4.5.2 and 4.5.3 analyze properties of integral operators associ-
ated with RG(a, 3,4) for a general family of rate functions (a, 3,7). We begin in
Section 4.5.1 by presenting some results about an IRG model RG™ (X, i, k, ¢) on a

general type space X.

4.5.1 Preliminary lemmas

In this section, we collect some results about the general inhomogeneous random
graph model RG™ (X, i, k, ¢). Let K be the integral operator associated with (r, u1),
as defined in Section 4.1. Recall that the operator norm of K, denoted as |||, is

defined as
I S]]
rer2xg.f20 Ifll2

where for f € L(X, ), [[fll2 = ([ |F(0?u(dx))

1Kl = (4.5.1)

1/2

Lemma 4.5.1. Fix (X, u, k,$). Denote the vertex set of RG™ (X, u, k, ) = RG™
by P, which is a rate nu Poisson point process on X'. Let I be the integral operator
associated with (k, ). Suppose that ||| < 1 and let A =1 — ||[K||. Denote by Z}*¢

the component in RG™ with the largest volume (with respect to the weight function

?).

Then the following hold.

(i) If ||¢]lc < o0 and ||k||eo < 00, then for all m € N and D € (0, 00)
P{voly(Z}¢) > m} < 2nD exp{—CA*m} + P(|P,| > nD),
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where €' = (8]|loc (1 + 3]l sope(X))) .

(ii) Let for n > 1, A,, € B(X) be such that

x€A, (%,¥)EAR XAy,

g(n) := 8 sup |p(x)| (1 +3u(X)  sup  |k(x, y)l) < .
Then for all m € N,

P{volys(Z}¢) > m} < nu(AS) + 2nD exp(—A%m/g(n)) + P(|P,| > nD).

Proof: Part (i) has been proved in Chapter 3. We now prove (ii). Consider
the truncated version of RG™ constructed using the basic structure {X, i, &, ¢}
where [i := p|a, (i.e. the restriction of u to A,), R(x,y) = k(x,y) 14, (x)14,(y) and
B(x) = p(x)14, (x). Note that ||F||s < 00 and ||¢]|s < c0. Denote by K the integral
operator associated with (&, ). Clearly ||K|| < ||K|| and thus A = 1 — ||| > A.
Consider the natural coupling between the truncated and original model by using the
vertex set P,, := P, N A,. Write flRG for the component with the largest volume in

the truncated model. Then we have

P{vol,(I"¢) > m} <P{P, N A £ 0} + P{P, C A, vols(ZF%) > m}
—P{P, N AS £ 0} + P{vols(Z7¢) > m}

<(1 = exp{—np(A%)}) + 2D exp{—Am/g(n)} + B(|Pu] > nD),
where the last inequality follows from part (i) and the fact that A < A. [

We state the following two elementary lemmas, whose proof is omitted.

Lemma 4.5.2. Let k, k" be kernels on a common finite measure space (X, ), with the

associated integral operators KC, K’ respectively. Then

() KN < 6l = (S w2 y)()n(dy))

(b) If & < &/, then ||K]] < ||K]|.

84



(¢) ||K = K'|| <IK]|, where K is the integral operator associated with (|x — k'], ).

Lemma 4.5.3. Let fi, u be two finite measures on the space X. Assume i < p and
let g = dji/dp be the Radon-Nikodym derivative. Let & be a kernel on X x X', and
define x as

A% y) = Vg(x)g(¥)r(xy), X,y €X.
Denote by K [resp. K] the integral operator on L*(X, 1) [resp. L?(X, ji)] associated
with (k, ) [resp. (K, f1)]. Then ||K||p2(.) = \|I€|]L2(,1), where ||IC|| 2,y [resp. ||I€||L2(ﬁ)]

is the norm of the operator K [resp. K] on L?(p) [resp. L(f1)].

We end this section with a lemma drawing a connection between the Yule process
and the pure jump Markov processes with distribution v, ; that arose in the construc-
tion of the inhomogeneous random graphs RG(ea, 3,7), see (4.4.22). Fix j > 1 and
recall that a rate one Yule process started at time ¢ = 0 with j individuals is a pure
birth Markov process Y (¢) with Y (0) = j and the rate of going from state i to i + 1
given by A(7) := i. Also recall from (4.4.18) that W denotes the Skorohod space
W :=D([0,00) : Ny).

Lemma 4.5.4. Fix 1 <i < K and s > 0 and rate functions a, 3,7. Let {w(t) }+>0 be

a pure jump Markov process with law v, := v, (a, 5,7) as in (4.4.22). Then

(i) The process w*(t) := w(t/K||v|s)/K can be stochastically dominated by a

Yule processes Y(-) starting with two particles (i.e. Y (0) = 2).

(ii) Fixt >0, s € [0,¢] and 1 <7 < K. Then we have
/ [w(t)]Pvei(dw) < 6K KMl
w
and for any A > 0 we have

vei(w(t) > A) < 2(1 — e~KIMlle)A/2K
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Proof: Let us first prove (i). Note that under the law v, ;, the process w satisfies
w(u) = 0 for u < s and w(s) = K +1i < 2K. Further for times ¢ > s, by (4.4.21),
the jumps of the w can be bounded as Aw(t) := w(t) — w(t—) < K at rate at most
w(t)||7Y|lo. The process w*(+) is obtained by rescaling time and space for the process
w(+). This is once again a pure jump Markov process with jump sizes Aw*(t) < 1
which happen at rate at most one. Further w*(0) < 2. This immediately implies
that this process is stochastically dominated by a Yule process with Y (0) = 2. This

completes the proof.

We now consider (ii). We will use the result in part (i). Note that a Yule process
started with two individuals at time ¢ = 0 has the same distribution as the sum of
two independent Yule processes {Yi(t)}i>0 and {Ya(t)}+>0 with Y1(0) = Y2(0) = 1.
Now fix t > 0, s < tand 1 <i < K. Let w(-) have distribution v,;. From (i) we
have

w(t) <a K- (V1(EK[vlleo) + Y2 (K| 7][0))- (4.5.2)

For simplicity write X; = Y1 (tK||v]|o) and Xy = Y2(tK||7|/). Well known results
about Yule processes (|27, Chapter 2]) say that the random variables X; and X, have
a Geometric distribution with p := e 17l The first bound in (ii) follows from the

Geometric distribution and the fact

[ wOPvstn) < KL + X))
The second bound in (ii) follows from

ve;({w(t) > A}) <2P{X; > A/2K}.

This completes the proof. [ |
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4.5.2 Some perturbation estimates for RG(a, b, c).

Recall that Lemma 4.4.4 coupled the evolution of I'(¢) (equivalently BSR*(t))
with two inhomogeneous random graphs RG(a™, b, ¢™)(t) and RG(a™, b, ¢)(t) which
can be considered as perturbations of RG(a,b,c)(t). The aim of this section is
to understand the effect of such perturbations on the associated operator norms.
Throughout this section X and ¢; are as in (4.4.18) and (4.4.19), respectively. Given
the basic structure { X, i, K¢, ¢}, t > 0, associated with rate functions («, 3,7), we

denote the norm of the integral operator K; associated with (kq, ¢¢) as pi(ex, 5,7).

The following proposition which is the main result of this section studies the
effect of perturbations of (a, 3,7) on this norm. For a K-dimensional vector v =
(v1,---vg) and a scalar 0, v + 0 denotes the vector (v; + 6, ---vg + 6) and (v +60)"

denotes the vector ((vy +60)T,-- (vg +0)7).

Proposition 4.5.5. For ¢ > 0let p = py(a+e,B+¢e,v+¢) and p; = pi((a—e)T, (8-
e)t, (y—e¢)T), where (e, 3,7) are rate functions. Assume that max{||a+¢||o, ||5 +
€lloos || + €lloo} < 1. For every T' > 0, there is a C5 € (0, 00) such that for all e > 0

and t € [0, 77,

max{|p; — p; |, |pe — p; |} < Csv/e - (—loge)®.

Proof of Proposition 4.5.5 relies on Lemmas 4.5.6 — 4.5.10 below, and is given at
the end of the section. We analyze the effect of perturbation of 3, a and ~ separately

in Lemmas 4.5.6, 4.5.8) and 4.5.10, respectively.

Lemma 4.5.6 (Perturbations of ). Let («, 3,7) be rate functions and 3¢ be be a

nonnegative function on [0, 00) with supy<,.., |3°(s) — 8(s)| < e. Then

|pt(avﬁ>7) - pt(a76877)‘ < C&T,

where C' = 612K3||a|| oM.
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Proof: Let (u, k) be the type measure and kernel associated with (e, 3,7)
Note that a perturbation in 3 only affects the kernel k; and not u;. Recall the
representation of y; in terms of probability measures {1, ;,u € [0,t],i =1,--- , K}.

From Lemma 4.5.4(ii)
/ ()P s(dw) < 6K for all w e (0,8, = 1,--- K. (4.5.3)
W
Denote the kernel obtained by replacing 8 by 5° in (4.4.24) by x¢. Since ||3— 3% <
e, we have from (4.4.24) that
t
) = RG] < € [ wla)audu < ctu(oat)
0
Mt ® Ht a.€. <X7 Y) = ((87 w)7 (T’, QD))

By Lemma 4.5.2 (a) and (c¢) we now have

1/2
pe(e, B,7) — pi(e, B%,7)] < (/X |[Kke(%,y) — ki (X, Y)|2dﬂt(x)dﬂt(Y))

XX

- (/XXX<€tw(t)w(t))Qdﬂt(x)dﬂt(y)) :
zgtg/ot a;(s) [/W[w(t)]%s,i(dw)} o

Sgt . t”a”oo K- 6K2€2tK”'YHOO’

where the last inequality follows from (4.5.3). The result follows. |

When a or ~ is perturbed, the underlying measure p; changes as well and thus
one needs to analyze the corresponding Radon-Nikodym derivatives. This is done
in the following two lemmas. We denote by {G},,.,, the canonical filtration on

D([0,00) : Np). In the following we follow the convention that 0/0 = 1.
Lemma 4.5.7. Fix ¢ > 0 and let (e, 3,7), (&, 8, 4) be two sets of rate functions such

that for all 1 <+ < K and s > 0,

a;(s) —e < ai(s) < ai(s), and 7i(s) —e < Fils) < %l(s).



Fix t > 0 and let u; and fi; be the corresponding type measures on X'. For (s,w) € X
and j > 1 let 77 for the time of the j-th jump of w(:) after time s (u; a.s.). Also
write A(u) = w(u) — w(u—) for u > 0. Then there exists g > 0 such that for all

e € (0,e0), it < p and

dfu
dlﬁt(7 )
- ~ s K K
aa(s)-x(5) Vawy (77) / | i
= X1l sc;—1—"— Xexp{ — w(u i(u) — s(w) | du p .
OéA(s)—K(S) J"StVA(T;)(Tj) P s ) ;7< ) ;7( )

Proof: Fori=1,--- K, define finite measures j!, fii on X as
p(du dw) = a;(w)vy;(dw) 1 g(u)du, fi(dudw) = d;(w) iy (dw) 1 (w)du,

where v, ; is defined above (4.4.23) and 7, ; is defined similarly on replacing 7; with

;. We will show that

dvy
forall 1 <k < K and s € [0,T], U5, < Vs and dy k (w) = L (w), (4.5.4)
Vs k

where

S

Yaes(75)
Va6 (75)

]l{TJ:s<t}> X exp {—/ w(uw) [Z Fi(u) — Z%(U)] du}

L =l (
=1
(4.5.5)

The lemma is an immediate consequence of (4.5.4) on observing that u! and p are
mutually singular when ¢ # j, and the relation u; = Zfil [ii, iy = Zfil ;.

We now show (4.5.4). From the construction of v,y it follows that, there are

counting processes {N;(u) }uefsy, ¢ = 1,--- K, on W such that

w(u) = w(s) + ZZNZ(U), for u € [s,t], a.s. vsy (4.5.6)
and
M;(u) :== N;(u) —/ w(r)y;(r)dr (4.5.7)



under vy is a {Gy}tuelsy local martingale for u € [s,t]. From standard results it
follows that LY, is a local-martingale and super-martingale (see Theorem VI.T2, p.165
of [12]). In order to show (4.5.4), it suffices to show that {L¥},c[s4 is a martingale.

By a change of variable formula it follows that (see e.g. Theorem A4.T4, p. 337 of

[12])

Yi(u)

L'=1+ i{:/ L (:”(“) - 1) dM;(u), v € [s,1]. (4.5.8)

In order to show L' is a martingale, it then suffices, in view of (4.5.7), to show that

(see e.g. Theorem II.T8 in [12]) for all 1 <i < K,

L1 L) - sl dvasw) < oo

Finally note that L* < e**®_ Using Lemma 4.5.4(i) and standard estimates for Yule

processes, it follows that for ¢ sufficiently small

sup sup /w(t)eatw(t)dys7k(w)<oo.
s€[0,t] 1<E<K JW

The result follows. |

We will now use the above lemma to study the effect of perturbations in a on
pilex, B,7).

Lemma 4.5.8 (Perturbations of a). Fix ¢ > 0. Let (e, 3,7) be rate functions and
let a® = (af,---,0a5%), where of are continuous nonnegative bounded functions on

[0, 00) such that for all 1 <i < K and s € [0, 7]
a;(s) —e < aj(s) < a;(s).
Then for every t > 0,

’pt(aaﬁa’Y) - pt(a87ﬂa7)| < C\/ga

where C' = t||3]| oo - 6K 22K~ . 41 K\ /]| -
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Proof: Let (u,x¢) be the type measure and kernel associated with (e, 3,7).

Also, let 1§ be the type measure associated with (aF, 3,). By Lemma 4.5.7,

d,ut aaA(s)—K<S)
S, w) = s,w) = ————— for (s,w) € [0,t] x W.
gl ) = k(o) = 22 or (s w) € 0.1

Using Lemma 4.5.2 (c), (a), Lemma 4.5.3, and the fact that |k.(x,y)| < t]|8|lccw(t)w(t),

My @ piy a.e. <X7 Y) = ((Sa w)a (gv QD)), we have

lpe(ax, B,7) — pe(e, B,7)]

1/2
< ( | Ve - 1t y>|2dut<x>dut<y>)
1/2
<t8]e ( | Vet - 1|2w2(t)@2(t)dm(X)th(.Y))

2 1/2

- ai(s)as(u)  \
<t)|Blloods i,JZ:l/[O,tP< () (0) 1> a;(s)a;(u)dsdu : (4.5.9)

where

dy = sup sup / |w(t)|21/s,i(dw)§6K2eZtK”’7H°°,
s€(0,T) 1<i<K Jw

and the last inequality follows from (4.5.3). In order to bound (4.5.9), note that:

Vaislau) = yfaioat
Vi (o) - o)) + (VaiG) - Vit yasto
§2\/5< (o) + aj(u)> |

Plugging the above bound in (4.5.9) gives the desired result. [

We will now analyze the effect of perturbations in 4 on pi(ex, 3,7). We need the

following preliminary truncation lemma.

Lemma 4.5.9. For every T' > 0, there exist Cg, C7, Ag € (0,00) such that for any

t € [0,7] and rate functions (e, 3,7) the following holds: Let p, x; be the type
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measure and kernel associated with (e, 3,7). Define, for A € (0,00), the kernel x4,

as
Kat(X,y) = ke(X,Y) Lw@ <am@<ay Where x = (s,w),y = (r,0). (4.5.10)
Then for all A > Ay,
pre) = Coe™ ™ < p(kar) < plkar),

where p(k:) | resp. p(ka:)] denotes the norm of the operator associated with (ky, pit)

[ resp. ("fA,t, Mt)]-

Proof: The upper bound in the lemma is immediate from Lemma 4.5.2 (b). We now
consider the lower bound. For the rest of the proof, we suppress the dependence of

Ki, Kayt, fie on t. Note that, from Lemma 4.5.2 (a,c)

1/2
o) — plia) < ( | trtey) = matx y>>2du<x>du<y>>

1/2
= </X Blcwtyol) o) > A})Qdﬂ(X)du(y))

K K 1/2
<2t 5| 0 <d1 ZZ/ ai(s)aj(u)dsdu)
= I g

§2tHﬁHoo 'tHaHoo ) \/d_l, (4'5'11)
where
dy = /W [w(t)]*vs,i(dw) /W [w()]? L uoy> 4y Ve (duw). (4.5.12)

By (4.5.2), w(t) <4 K(X; + X3) where X1, X5 are independent and identically dis-

tributed with Geometric p = e *¥17l>~ distribution.

[ 0P gyl

W

<KZE [(X1 + X2)*1ix, x5 4/K)]

=K°E [(Xl + XQ)Q(I{X1+X2>C,X12X2} + ]1{X1+X2>C,X1<X2})}

<4K°’E [X12]1{X1>A/2K} + X22]1{X2>A/2K}} )
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The above quantity can be bounded by

e—2TK|l
dy(1 — e 2=\ A/2K < 4, oxp {——A}

K

for some constant ds. The result now follows on using the above bound and (4.5.3)

in (4.5.12) and (4.5.11). u

Lemma 4.5.10 (Perturbations of «). For every T' > 0, there exists Cs € (0,00) and
g0 € (0,1) such that for all ¢ € [0, 7] and rate functions (e, 3,4) the following holds:
Suppose € € (0,e9) and ¢ = (75, - - - 7% ), where 4 are continuous, nonnegative maps

on [0, 7] such that for all 1 <i < K
7i(s) —e < i (s) < ils), for all s € [0,T].

Then

|pt(a>ﬁ7 7) - pt(aaﬁv75)| < C(8\/g ’ <_ 1Og€)2‘

Proof: Let (pu, r¢) [resp. (15, k5)] be the type measure and kernel associated with
(e, B,7) [resp. (i, 3,7%)]. By Lemma 4.5.7, for (s,w) € [0,t] x W

€ € (T3 t K K
s, 0) = T (%“{J xexp {— [ i [Z HOR ;%«u)] du} .
Denote the right side as L.(w). Then, as in the proof of Lemma 4.5.7, it follows
that {LY(w)}ueps,y 15 @ {Gutuefs,g martingale under v,y for every k = 1,--- K. Fix
A € (Ap,0), where Ay is as in Lemma 4.5.9, and let xk4; be defined by (4.5.10).

Similarly define x5, by replacing ; with «f in (4.5.10). Denote the operator norm

of the integral operators associated with (ka4 i) and (k% 4, p§) by pas(e, 3,7) and
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pa(o, B,~°), respectively. Then, by Lemma 4.5.3 and Lemma 4.5.2 (a,c),

’pA,t(aa ﬂ? 7) - PA,t(a> Ba 78)’

Qi d
< / ME (g ) P (o, ) — 1
XXX

dpt dpu
<tA%|8]l (

2 1/2

(Fae(x,y)) dpie () dpe(y)

~ ) 1/2
S [ et [ V@ - ys,i<dw>yu,j<dw>) |

(4.5.13)

Next, using the martingale property of L, we have
2
/ VIE@) L) = 1] vai(dw)v i (did)
WxW
99 / I @, s(dw) / T (@) s (dw)
w W
<4 — 2/ vV L (w)vs ;(dw) — 2/ VL (w)vy, i (dw), (4.5.14)
w w

where the inequality on the last line follows on observing that from Jensen’s inequality
the two integrals on the second line are bounded by 1 and using the elementary
inequality a; + as < ajas + 1, for aj,as € [0,1]. We will now estimate the two
integrals on the last line of (4.5.14) by using the martingale properties of {L¥},c[s 4
and the representations (4.5.6) and (4.5.8) in the proof of Lemma 4.5.7. For the rest

of the proof we write L¥ as Ls(u). By an application of Ito’s formula, we have that

15[ 5o
- 3 (VEW - VEG) f /@(353 1) avia)
5 [V (56 - v~ 3 [V ()
:—%i/ K —>( i 1>2dNi<u>,

(4.5.15)
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where the second equality follows on observing that for u € (s, ],
= i (u)
VLi(u) =Y \/Li(u-) WANZ-(u).
i=1 !

As in the proof of Lemma 4.5.7, we can check that for all i, k,

/W Ut VL) - |5 (u) — %(u)|w(u)du] dvyp(w) < o0,

and consequently the last term on the left side of (4.5.15) is a martingale. Denoting
the expectation operator corresponding to the probability measure v, on W by Ej i,

we have
2
£

¥i(u)

2

ZEZE&,C t Ly(u) ( i) 1) w(u)y;(u)du

K

:12/:&7,6{ L.@w(u) (\/vf(u)—Wi(“))z} du

i=1
t

g% b (BR2ATRIN 12,

where the last inequality follows from (4.5.3). Using the above bound in (4.5.13) we

now have
par(c, B,7) = pasle, B,7°)] <tAY|B]lso - totl|oo - [2Ket(6K2e2TEINIx)1/2] /2

Finally, by Lemma 4.5.9, we have

|pt(a7 ﬁa 7) - pt(aa 6775” §|pA,t(a7 ﬁa 7) - pAJ(av ﬁa 7E)| + 26166_0714

<d  A%V? + 2066_C7A,
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where di = tA?|| 3]/ - t]| || oo - [2K (6K 22T KINII=)1/2] "2 The result now follows on
taking A = —loge in the above display and taking &, sufficiently small (in particular

such that — log(eg) > Ao). [

Now we combine all the above ingredients to complete the proof of Proposition

4.5.5.

Proof of Proposition 4.5.5: Using Lemma 4.5.10, 4.5.6 and 4.5.8, we get

07— pil <lpela+e,B+e,v+e)—plate B+e,7)

+lpila+e,B+e,7) = plateB,7)|+|p(a+e B,7) — pile, B,7)]

SC’gel/Q(— loge)? + die + dye/?,

where d; = 6T?K3e*TK and dy = 24K3T?e*TX. A similar bound holds for |p; — pyl.

The result follows. |

4.5.3 Effect of time perturbation on p;

Throughout this section we fix rate functions (a, 3,4). The aim of this section is
to understand the evolution of the operator norm p;(e, 3,7) as t changes. The main
result of the section is Proposition 4.5.11 which studies continuity and differentiability

properties of the function p(t) := py(ex, 5,7), t > 0.

Proposition 4.5.11. Suppose that 3(t) > 0 for t > 0 and liminf, ., 3(¢) > 0. Then
(i) p is a continuous strictly increasing function on R, with
p(0) = Oand tlim p(t) = oo.

(ii) There is a unique value t, = t/(ex, 5,7) such that p(t.) = 1.

The proof of the proposition relies on the following lemma and is given after the

proof of the lemma.
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Lemma 4.5.12. Let 0 < t; <ty < 00. Then

infy, <u<s, B(u)

418l p(ty) < plty) — p(ty) < |ta — ] - 612 K2(| 8] o || || s 212

|ty — 1] -

Proof: Letting u := p, we have
1/2
Ip(ts) — plt)] < ( /X (raly) = .V))Qdu(X)du(y))
X

1/2
< ( [ i - t1|)2du(X)du(Y))

<[ty — t1] - [|Bloo - tol| et - 6K 22K TNl

where the last inequality once again follows from (4.5.3). This proves the upper

bound.

Next note that, for u ® p a.e. (x,y) such that x, (x,y) # 0, we have

subey) | e w3

Ky (X, ) f w(w)w(u)fuw)du
w(ty)w(t:) infy, <usr, Blu) - (ta — 1)

>1 4
w(t1)w(t1)]Blocty
Thus ky,(x,y) > (1 + [t — t] - %) Ky, (x,y) which from Lemma 4.5.2 (b)
implies
inf; <, U
plt) — plt) = [t — 1] - Druzeze Iy
t]| Bl
This completes the proof of the lower bound. [ |

Proof of Proposition 4.5.11: Since kg = 0, the property p(0) = 0 is immediate.
Also Lemma 4.5.12 shows that p is continuous and strictly increasing. Finally since

inf; o B(t) > 0, there exists § > 0 and a t* € (0, 00) such that for all ¢t > t*, 3(t) > 0.

From Lemma 4.5.12 we then have, for t > t*, p(t) — p(t*) > étﬁﬁt”l‘i This proves that
p(t) — 0o as t — oo and completes the proof of (i). Part (ii) is immediate from (i).
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4.5.4 Operator norm of RG(a,b,c) and critical time of BSR

In this section we will prove Theorem 4.2.3. Recall that by Lemma 4.4.4, for any
fixed time ¢, BSR"(¢) (more precisely, I'(f)) can be approximated by perturbations
of RG(a, b, c)(t). To estimate the volume of the largest component in RG(a, b, c)(t)
we will use Lemma 4.5.1. In order to identify suitable A,, as in part (ii) of the lemma,

we start with the following lemma.

Lemma 4.5.13. Let (e, 3,7) be rate functions and let p, be the associated type
measure. Fix 7' > 0. Define A € B(X) as A = {(s,w) € X : w(T) <[} for | € R,.

Then, for every [ € R,

AC 2T le_TK”'Y”oo
(%) < 2l exp (15 ).

Proof: Note that

K t
(A =3 / (Wi (A) < || [T sup  sup v s(A%). (4.5.16)
0

P uel0,T] 1<i<K

By (4.5.2),
Vui(A) = v ({w - w(T) > 1}) < P(X) + Xy > 1/K) < 2(1 — e TEIle)l/2K

where X; are iid with Geom(e~TI7ll=) distribution. Using this estimate in (4.5.16),
we have

Mt(AC) S ||a||OOT . 2(1 — e_TKH'V”oo)l/QK'

The result follows. [

We will now use the above lemma along with Lemma 4.5.1 to estimate the largest

component in RG"™ (a, 8,7)(t). Recall the notation p;(cx, 3,4) from Section 4.5.2.

Lemma 4.5.14. Let (a, 3,7) be rate functions and denote by Z7*¢(¢) the component

with the largest volume, with respect to the weight function ¢y, in RG"™(¢) :=
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RG"™ (e, 3,7)(t). Then, for every t > 0 such that p;(c,3,7) < 1, there exists
A € (0, 00) such that

P(voly, (ZFS(t)) > Alog*n) — 0, as n — oco.

Proof: We will use Lemma 4.5.1(ii). Define
A, ={(s,w) € X :w(t) < Blogn},

where B will be chosen appropriately later in the proof. Now consider the function
g(n) in Lemma 4.5.1(ii) with A,, defined as above and (u, ¢, k) there replaced by
(e, &1, k¢), where (p, k¢) is the type measure and kernel associated with (e, 3,4).

Note that
(%, ¥) = / Bl () D (u)du < |5 (t)B(2)

and therefore

g(n) < 8Blogn(1 + 3uy(X) - t]| 8]l B> log? n). (4.5.17)

Writing m,, = Alog’n, the bound in Lemma 4.5.1(ii) then gives
P(voly, (Z7€(t)) > my) < npe(A5) + 2nu(X) exp (—A2A10g4 n/g(n)), (4.5.18)
where A =1 — pi(ex, 5,7) > 0. Using Lemma 4.5.13 with [ = Blogn gives
np(AS) < nt||afjs - nBIR2E — (1) (4.5.19)
for B > 2KeT M~ Now fix B > eTl7l=/2K and choose A large such that
n(X) exp <—A2A log" n/g(n)> — 0
as n — 00. The result follows. |

Proof of Theorem 4.2.3: Let, for t > 0, (u, x¢) be the type measure and the

kernel associated with rate functions (a, b, c). We will prove Theorem 4.2.3 with this
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choice of (fu, K¢). From Proposition 4.5.11 we have that p(t) = p:(a, b, ¢) is continuous
and strictly increasing in ¢ and there is a unique ¢, € (0,00) such that p(t.) = 1. It
now suffices to show that: (a) For ¢ < t., |Ci(¢)| (the size of the largest component

in BSR*(t)) is O(log* n); and (b) for t > ¢/, |C1(t)| = Q(n).

Consider first (a). Fix t < t.. For 6 > 0, define rate functions (a™,b",c*) =
(a+d,b+3d,c+9). Since p(t) < 1, by Proposition 4.5.5, we can choose ¢ sufficiently
small so that p,(a*,bt, ct) < 1. Denote ZRS" (¢) for the component of the largest
volume in RG™(¢) := RG(a™,b", c¢")(t). From Lemma 4.5.14 there exists A € (0, 00)
such that

P(voly, (IR¢" (t)) > Alog’n) — 0, as n — oo.

Combining this result with Corollary 4.4.5 we see that
P(voly, (Z] (t)) > Alog'n) — 0, as n — oo,

where Z7(t) is the component with the largest volume in T'(¢). Part (a) is now
immediate from the one to one correspondence between the components in I'(¢) and

BSR*(t) (see (4.4.20)).

We now consider (b). Fix ¢ > ¢.. Then p(t) > 1. From Proposition 4.5.5 we
can find § > 0 such that p,(a=,b7,c¢™) > 1, where (a=,b7,¢7) = ((a — )™, (b —
§)T,(c —0)"). Let CF¢ (t) be the component in RG™(t) := RG™(a™,b",¢7)(t)
with the largest number of vertices. By Theorem 3.1 of [11], [C}¢ (¢)| = ©(n).
Since volg, (CF¢ (1)) > [C}S (t)|, we have voly, (ZT¢ (1)) = Q(n), where I7¢ () is
the component with the largest volume in RG™(¢). Finally, in view of Corollary
4.4.5, we have the same result with Z}*¢" (¢) replaced by Z7 () and the result follows
once more from the one to one correspondence between the components in I'(¢) and

BSR*(¢). u
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4.5.5 Barely subcritical regime for bounded-size rules

In this section we complete the proof of Theorem 4.2.2. Throughout this section
we fix v € (0,1/4) and let t,, = t. — n~7. The main ingredient in the proof is the

following proposition.

Proposition 4.5.15. There exist B,C, N € (0,00) such that for all n > N and all
0<t<t,

B(logn)*
(tc - t)z .

P{|Cy" ()] = m(n,t)} <

where m(n,t) =

3M| Q)

Let us first prove Theorem 4.2.2 assuming the above proposition.

Proof of Theorem 4.2.2: Write 7 = inf{t > 0 : |C{”(t)] > m(n,t)}, where

m(n,t) = Qiglggt;ﬂ Then

P{|C{" (t)] > m(n,t) for some t < t,} =P{r <t,}. (4.5.20)

Note that

fr=tyc U £, (4.5.21)

v,v' €n],vF£v’

where, denoting the component in BSR(¢) that contains the vertex v € [n] by C{(¢)

and its size by |C((t)],
= {max {|C0" ()], [C (t=)[} < m(n, £);C(t=) # € (1)}
MHIC @)+ 15 (=) = m(n, )} (JE (1) =€ (). (4.5.22)
Note that
P{CE (1)] + [C3°(8)] > m(n, 1)} < 2P{|C{”(5)] > m(n,t)/2} (4.5.23)

and, on the set, {max {|C{"(¢)],|C.’(t)]} < m(n,t)}, the rate at which C{(t) and
C'Y(t) merge can be bounded by

1 n (n) 2 sz(”at)
e liey e < 2t

101



Combining this observation with (4.5.21) and (4.5.23), we have

P{r<t}< . /P{\C‘"()IHC(")()!>m(nt)}

v,v’' €[n],vF£v’

<on? / ’ P{|C\" (t)] Zm(n,t)/Q}-#dt

<4nt,sup {m (n, ) P{ICy" (1) > m(n, t)}}

t<tn

=0(n-n"(logn)® - n~%) = O(n """ (logn)®) = o(1),
where the last line follows from Proposition 4.5.15 and the fact that v < 1/4. Using

the above estimate in (4.5.20) we have the result. |

We will need the following lemma in the proof of Proposition 4.5.15.

Lemma 4.5.16. Let (at,b™,c*) = (a + 6,,b + 0,,¢ + 0,), where §, = n=2° and
Y0 € (7,1/4). Let pi”* = p;(at,bt,cT). Then there exists Cy, Ny € (0, 00) such that
for all n > Ny,

T <1 —Cy(t, —t) forall 0 < t < t,,.
Proof of Lemma 4.5.16: From Proposition 4.5.5, there is a d; € (0, 00) such that
ot < py(a,b,c) + din " log®n, for all t < ..
By Lemma 4.5.12 and since p;, (a, b, c) = 1, there exists dy € (0, 00) such that
pi(a,b,c) < 1—dy(t. —t), for all t < t,.
Thus, since v < 79, we have for some Ny > 0
dy

P <1 —dy(te —t) +din " (logn)* < 1 — E(t —t),

forall n > Ny and 0 <t <t.—n"". The result follows. [ |

Proof of Proposition 4.5.15: Recall the rate functions (a, b, ¢) introduced in

Section 4.4.2. Choose vy € (7,1/4) and let (a™,b",c') be as in Lemma 4.5.16. Fix
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t < t, and consider the random graph RG" (a®,b",c")(¢). From Lemma 4.4.4, we
can couple I'(t) and RG™ (a™,b", ¢™)(¢) such that

P(I'(t) C RG™(at,b",c™)(t)) > 1 — Csexp(—Cyn* =), for all t € [0, T].

Recalling the one to one correspondence between components in BSR*(¢) and I'(¢),

and (4.4.20), we have for any m > 1,

P{|C{"(t)| > m} < P{voly, (IF¢" (t)) > m} + Csexp{—Cyn'~*"}, (4.5.24)

where TR (t) is the component with the largest volume in RG™ (at,b*, c*)(t)

From Lemma 4.5.16, there is a Ny > 0 such that A" =1 — p,(a®,b", c*) satisfies

AT > Cy(t, —t), forall t <t,, n > N. (4.5.25)

Using Lemma 4.5.1 and arguing as in equation (4.5.18) we have for all ¢ € [0, 7] and

allm > 1,

P{voly, (ZR¢" (1)) > m} < ndy exp{—(A"")2m/(dylog®n)} 4+ dsn™2,  (4.5.26)

where dy, dy, d3 are suitable constants. Using (4.5.25) in (4.5.26) we get
P{voly, (Z8S" (1)) > m} < ndy exp{—d4(t. — t)*m/log® n} + dsn~2.

The result now follows on substituting m = m(n,t) = Bé?fgf, with B > 3/d,, in the

above inequality. [ |

103



CHAPTER 5: THE AUGMENTED MC AND BSR
5.1 Introduction

In this chapter we introduce the augmented multiplicative coalescent (AMC),
which captures the evolution of the sizes and surplus of the components of the
bounded-size-rule processes in the critical window. The augmented multiplicative
coalescent is an extension of Aldous’s multiplicative coalescent. Recall the typical

state space for the multiplicative coalescent is

o0
lf = {(ml,xz,...) 1X > Xy > > O,Zx? < oo}.
i=1

The dynamics of Aldous’s multiplicative coalescent can be described as follows: Two

clusters of sizes x; and z; merge into one cluster of size x; + x; at the rate z;z;.

The augmented multiplicative coalescent is defined as a continuous-time Markov
process on the state space

U, := {(X,y) :XGlz,YENOO,Z%’yi < OO}»

i=1
where x = (x1,29,...) and y = (y1,¥2,...). U} is equipped with a suitable metric
which is defined in (5.2.5). To describe the dynamics of the augmented multiplicative
coalescent, we treat (x;,y;) as the label on the i-th cluster, for i € N. The evolution

of the augmented multiplicative coalescent follows the following two rules:

e For i # j € N, two clusters with labels (z;,y;) and (z;,y;) merge into one

cluster with label (x; + x;,y; + y;) at rate z;x;.

e For i € N, the cluster with label (z;,y;) changes into a cluster with label

(z;,y; + 1) at rate z2/2.



The x-coordinate represents the component sizes while the y-coordinate corresponds
to their surplus. The first bullet above describes the change in state when the i-th
and j-th clusters merge while the second bullet corresponds to an edge formation

between two vertices in the i-th component.

In this chapter, we give a concrete construction of the augmented multiplicative
coalescent. We show that this process is well-defined and satisfies a certain regu-
larity which can be viewed as a form of Feller property. Furthermore we show that
there exists a special version of the augmented multiplicative coalescent, whose first
coordinate is the standard multiplicative coalescent. We call this special version the
standard augmented multiplicative coalescent. Finally we revisit the bounded-size-
rule process that was introduced in Chapter 4, and show that the stochastic process
of the sizes and surplus of its components in the critical window converge in the
sense of finite dimensional distributions, to the standard augmented multiplicative

coalescent.

Organization of this chapter: Section 5.2 reviews the definition of the bounded-
size-rule processes and gives a formal description of the augmented multiplicative
coalescent (AMC). In Section 5.3 we state our main results. Sections 5.4 and 5.5
are devoted to proving the existence and the near-Feller property of the AMC. In
particular Section 5.5 contains the proof of Theorem 5.3.1. Section 5.6 studies gen-
eral bounded-size rules in the critical window and proves Theorems 5.3.2. Finally in

Section 5.7 we complete the proof of Theorem 5.3.3.

5.2 Definitions and notation

5.2.1 Notation

We collect some common notation and conventions used in this work. For a finite

set A write |A| for its cardinality. A graph G with no vertices and edges will be
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called a null graph. For graphs G, Gg, if G; is a subgraph of G, we shall write
this as G; C Gso. Denote by |C| the size of a connected component C. Denote by
spls(C) the surplus of the component C. Let G be the set of all possible graphs (V, &)
on a given type space X. When V is finite, we will consider G to be endowed with
the discrete topology and the corresponding Borel sigma field and refer to a random

element of G as a random graph.

For a RCLL (right continuous functions with left limits) function f : [0, 00) — R,
we write Af(t) = f(t) — f(t—), t > 0. Suppose that (S,S) is a measurable space
and we are given a partial ordering on S. We say the S-valued random variable &£
stochastically dominates é , and write & >4 é if there exists a coupling between the
two random variables on a common probability space such that &* > &* a.s., where
& =4 € and 5* =4 é . For probability measures pu, i on S, we say u stochastically
dominates fi, and write p >4 f if &€ >4 f where ¢ has distribution g and f has

distribution /.

5.2.2 The continuous-time bounded-size-rule processes

Fix K € Nand let Qy = {w} and Qg = {1,2,..., K,w} for K > 1, where w will
represent components of size greater than K. Given a graph G and a vertex v € G,

write C,(G) for the component that contains v. Let

Co(G it |C,(G)| < K
oy | 6@ @) -
o if 1C,(G)| > K.

For a quadruple of vertices vy, vq, v3,v4, write ¥ = (v1,v2,v3,v4) and let ¢(v) =

(c(v1); e(va), e(vs), c(va)).

Fix F C Q%. We construct the F-BSR process {BSR (t)};>¢ as follows. Define

BSR™(0) = 0,,, the graph on [n] with no edges. For every quadruple of vertices ¢ =
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1

5.3, independent between

(v1,v2,v3,v4) € [n]?, let Py be a Poisson process with rate
quadruples. Denote the function c(v) [resp. ¢(7)] associated with BSR™ (t—) as
ci—(v) [resp. ¢;—(¥)]. Given BSR™(t—), and that for some ¥ € [n]*, Py has a point

at the time instant ¢, we define

BSR™ (t—) U (v, v if ¢,_(v) e F
BSR"(t) = (=)0 (en, ) - (9) (5.2.2)

BSR™ (t—) U (v3,v4) otherwise.

To simplify notation, when there is no scope for confusion, we will suppress n in the

notation. For example, we write BSR; := BSR™(¢).

Denote C\"(t) for the i-th largest component of BSR,;. Spencer and Wormald
[31] shows that for given F-BSR, there exists a (model dependent) critical time
t. > 0 such that for t < ., |C{"(t)] = O(logn) and for t > t., |C\"(t)| ~ f(t)n where
f(t) > 0.

Along with the size of the components, another key quantity of interest is the
surplus of the components. Denote £ (t) := spls(Ci”(t)) for the surplus of the
component C;”(t). We will be interested in the joint vector of ordered component

sizes and corresponding surplus
((IC:(0)], &(2) i = 1).

5.2.3 The augmented multiplicative coalescent

5.2.3.1 Aldous’s multiplicative coalescent

Let I = {& = (z1,22,...) : Y ;27 < co}. Then [? is a separable Hilbert space

with the inner product (z,y) = > "2, x4, v = (x;),y = (y;) € [*. Let

lf:{(flflyﬂfz,---)iflfl2$22"'20>Z$?<00}- (5.2.3)
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Then lf is a closed subset of [* which we equip with the metric inherited from /2. In [2]
Aldous introduced a lf valued continuous time Markov process, called the standard
multiplicative coalescent, that can be used to describe the asymptotic behavior of
suitably scaled component size vector in Erdés-Rényi random graph evolution, near
criticality. Subsequently, similar results have been shown to hold for the Bohman-
Frieze process (Chapter 3) and other random graph models (see [4] and reference

therein). We now give a brief description of this Markov process.

Fix © = (2;)ien. Let {& 5,4, ) € N} be a collection of independent rate one Poisson
processes. Given t > 0, consider the random graph with vertex set N in which there
exist & ([0, tx;x;/2]) + &.i([0, tz;x;/2]) edges between (i,7), 1 < i < j < oo, and
there are & ;([0,tx?/2]) self-loops at vertex i € N. The volume of a component C of

this graph is defined to be

vol(C) = Z ;.

i€C

Let X;(z,t) be the volume of the i-th largest (by volume) component. It can be

shown that X (x,t) = (X;(x,t),i > 1) € [?, a.s. (see Lemma 20 in [2]). Define
T, : BM(17) — BM(1}),

as Ty f(x) = E(f(X(z,t))). It is easily checked that (7;);>¢ satisfies the semigroup
property Tyys = TiTs, s,t > 0, and [2] shows that (7;) is Feller in the sense that
T{Cy(I7)) C Cy(I7) for all £ > 0. The paper [2] also shows that the semigroup
(Ty) along with an initial distribution x € P(I}) determines a Markov process with
values in lf and RCLL sample paths. Denoting by P* the probability distribution
of this Markov process on D([0, o) : lf), the Feller property says that p +— PH* is a
continuous map. One special choice of initial distribution for this Markov process is
particularly relevant for the study of asymptotics of random graph models. We now

describe this distribution. Let {W(¢)}:>o be a standard Brownian motion, and for a
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fixed A € R, define
t2
WA(t) = W(t) + M = o, t > 0.
Let W, denote the reflected version of Wy, i.e.,

Wi(t) = Wi(t) — min Wy(s), ¢t > 0. (5.2.4)

0<s<t
An excursion of Wy, is an interval (I, u) C [0, +00) such that Wy (l) = Wy(u) = 0 and
Wi(t) > 0 for all t € (I,u). Define u — [ as the length of the excursion. Order the

lengths of excursions of W, as
X7(A) > X5(A) > X5(A) > -+

and write X*()\) = (X;(A) : 7 > 1). Then X*()) defines a [} valued random variable
(see Lemma 25 in [2]) and let p, be its probability distribution. Using the Feller
property and connections with certain inhomogeneous random graph models, the
paper [2] shows that p\T; = pixy, for all A € R and ¢ > 0, where for p € P(I}),
pT, € P(I7) is defined in the usual way: pTi(A) = [T,(1a)(z)p(dx), A € B(I7).

Using this consistency property one can determine a unique probability measure

fine € P(D((—00,00) : I})) such that, denoting the canonical coordinate process on
D((—00,00) : lf) by {7} —co<t<oo;
fine © (mp )"t = P for all t € R,

where 7. is the process {m ;s }s>0. The measure ¢ is known as the standard mul-
tiplicative coalescent. This measure plays a central role in characterizing asymptotic

distribution of component size vectors in the critical window for random graph models

2, 4, 7).

5.2.3.2 The augmented multiplicative coalescent

We will now augment the above construction and introduce a measure on a larger

space that can be used to describe the joint asymptotic behavior of the component
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size vector and the associated surplus vector, for a broad family of random graph

models.
Let N° = {y = (y1,---) :y; € N, for all i > 1} and define
U, = {(zi,4:)i>1 € lf x N> - szyl < 00 and y,,, = 0 whenever z,,, = 0,m > 1}.
i=1
We will view x; as the volume of the i-th component and y; the surplus of the i-th
component of a graph with vertex set N. Writing x = (z;) and y = (y;), we will
sometimes denote (z;,y;) as z = (x,y). We equip U; with the metric

o0

/2 o
dy((z,9), («,4)) = (Z(w - 132)2) + Z |ziys — 23y (5:2.5)

i=1

The choice of this metric is discussed in Remark 5.4.15.

Let U) = {(z3,4i)i>1 € Uy ¢ if 2p = xp,k < m, then yp > yn}. We now
introduce the augmented multiplicative coalescent (AMC). This is a continuous time
Markov process with values in (U‘f, d,), whose dynamics can heuristically be described

as follows: The process jumps at any given time instant from state (z,y) € U(f to:

o (29, y") at rate z;x, i # j, where (27, yY) is obtained by merging components
v and j into a component with volume z; +x; and surplus y; +y; and reordering

the coordinates to obtain an element in [U(f.
e (x,y') at rate x7/2, i > 1, where (z,%") is the state obtained by increasing the
surplus in the i-th component from y; to y; + 1 and reordering the coordinates

(if needed) to obtain an element in UY.

Whenever z = (z,y) € U} is such that  °, x; < oo, it is easy to construct a
well defined Markov process {Z(z, A)}a>o that corresponds to the above transition

mechanism, starting at time A = 0 in the state z. However when ) .~ z; = oo,
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the existence of such a process requires more work. We show in Section 5.4 (see
also Theorem 5.3.1) that in fact there is a well defined Markov process {Z(z, A) }a>0
corresponding to the above dynamical description for any z € [U?. Define, for A > 0,

7» : BM(U?) — BM(UY) as

(T)(2) = Ef(Z(z,X)).

As for Aldous’s multiplicative coalescent, there is one particular family of distribu-
tions that plays a special role. Recall the reflected parabolic Brownian motion Wy (1)
from (5.2.4). Let P be a Poisson point process on [0, 00) X [0,00) with intensity A2
(where Ay is the Lebesgue measure on [0, 00)) independent of W. Let (;,7;) be the

i-th largest excursion of Wy. Define
XN =r;—Land Y\ = |PN{(t,2z): 0< 2z < Wiy(t),l; <t <}l

Then Z*(A) = (X*(A),Y"())) is a.s. a U] valued random variable, where X* =
(X[)i>1 and Y™ = (Y;*);>1. Let vy be its probability distribution. In Theorem 5.3.1
we will show that there exists a U} valued stochastic process (Z(\))_oc<r<oo Stich that

Z () has probability distribution vy for every A € (=00, 00) and for all f € BM(U?Y),

and A\; < A9, we have

E[f(Z(A))KZ(M)}hren] = (Tho-n F)(Z(M)).

The process Z will be referred to as the standard augmented multiplicative coalescent.
We will also show that {7)},>¢ is a semigroup, which is nearly Feller, in the sense
made precise in the statement of Theorem 5.3.1. It will be seen that this process plays
a similar role in characterizing the asymptotic joint distributions of the component
size and surplus vector in the critical window as Aldous’s standard multiplicative

coalescent does in the study of asymptotics of the component size vector.
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5.3 Main results

Our first result establishes the existence of the standard augmented coalescent
process. Let U} = {z = (z,y) € U} : X, z; = oo}.
Theorem 5.3.1. There is a collection of maps {7;};>0, 7; : BM(U}) — BM(UY) and
a U valued stochastic process {Z(A)} —socrcoc = {(X(A), Y (A))} —socrcoo such that
the following hold.
(i) {7;} is a semigroup: T, 0 T, = T4 g, s, > 0.
(i) {Z:} is nearly Feller: For all t > 0, f € BM(UY) and {z,} C UY, such that f is
continuous at all points in U} and 2, — z for some z € U}, we have T; f(2,) — T, f(2).
(iii) The marginal distribution of Z(\) is characterized through the parabolic reflected
Brownian motion Wy: For each A\ € R, Z (A) has the probability distribution v,.
(iv) The stochastic process {Z ()} satisfies the Markov property with semigroup
{7;}: For all f € BM(UY), and A\; < Ay, we have

E[f(Z(A)){Z (N han] = (Ton F)(Z(A))-
(v) If f € BM(UY) is such that f(x,y) = g(z) for some g € BM((}), then
(T1)(2) = (Tig)(x), V= = (3,y) € L.

Furthermore, { X (A\)} _oo<r<oo is Aldous’s standard multiplicative coalescent.

A precise definition of 7; can be found in Section 5.4. Theorem 5.3.1 will be

proved in Section 5.5.

Throughout this work we fix K € Ny, F € Qj and consider a F' -BSR as intro-

duced in Section 5.2.2.

The result below considers the asymptotics of the ‘susceptibility functions’. For
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any given time ¢ and fixed £ > 1 define the k-susceptibility function

Sl(cn)( ) Sk( Z ’C(n) |

i>1

Define the scaled susceptibility functions by, for £ > 1,
(5.3.1)

Then Theorem 1.1 of [31] shows that for any bounded-size rule, there exists a
monotonically increasing function so : [0,%.) — [0,00) satisfying s2(0) = 1 and

limyy, s2(t) = oo, such that
55(t) — s5(t) VYt e [0,t.).

Part (iii) of the following result gives a similar result for 55. Part (ii) in fact gives con-
vergence of 5y, §3 in a stronger sense. Part (i) of the theorem gives precise asymptotics
of so(t) and s3(t) as t T t..

Theorem 5.3.2. There exist monotonically increasing functions sy : [0,t.) — [0, 00),
k = 2,3, such that s5(0) = s3(0) = 1 and limyyy, so(t) = limyy, s3(t) = oo, having the
following properties.

(i) There exist «, 5 € (0, 00) such that

«

salt) = (14 Olte = 1),

s3(t) = Bls2(W)]P(1+ O(t. — 1)), ast Tt.. (5.3.2)

(i) For every v € (1/6,1/5),

nl/3 nl/3 0 .

teSlollt)n] So(t)  sa(t) 7 (5.3.3)
() . Sg(t) L

tes[lollt)n] (52(1))%  (s2(t))? 0, (5.3.4)

where t, = t. —n=".

P

(iii) For all t € [0,t,), 55(t) — s5(t), 55(t) — s3(t) as n — oo.

We now state the main result which gives the asymptotic behavior in the critical

scaling window as well as merging dynamics for all bounded-size rules.
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Theorem 5.3.3 (Bounded-size rules: Convergence at criticality). Let o, €

(0,00) be as in Theorem 5.3.2. For A € R define

o . 51/3 0652/3 By
_ . aB?/3 .
Y( )()\> = <§2 (tc + %)\) 1 Z ].) .

Then Z"™ = (C™,Y"™) is a stochastic process with sample paths in D((—00, c0) :

U,) and for any set of times —00 < A\; < Ay < ... < A, < 00
(2700, 27 ) =5 (Z(0), . ZO) (5.3.5)

as n — 00, where Z is as in Theorem 5.3.1.

Organization of the proofs: The two main results in this chapter are Theorems
5.3.1 and 5.3.3. In Section 5.4 we introduce the semigroup {7;};>0 and, as a first
step towards Theorem 5.3.1, establish in Theorem 5.4.1 the existence of a Uf valued
Markov process associated with this semigroup, starting from an arbitrary initial
value. Then in Section 5.5 we complete the proof of Theorem 5.3.1. We then proceed
to the analysis of bounded-size rules in Section 5.6 where we study the differential
equation systems associated with the BSR process and prove Theorems 5.3.2. Finally

in Section 5.7 we complete the proof of Theorem 5.3.3.

5.4 The augmented multiplicative coalescent

We begin by making precise the formal dynamics of the augmented multiplicative
coalescent process given in Section 5.2.3.2. Fix (z,y) € U}. Let {&;}ijen be a
collection of i.i.d. rate one Poisson processes. Let G(z,t), where z = (z,y), be the
random graph on vertex set N given as follows:

(I) For ¢ € N, put y; initial self-loops to the vertex i.
(II) For ¢ < j € N, put & ;([0, tw;x;/2]) + &;:([0, tz;x;/2]) edges between vertices i

and j. Also, for ¢ € N, put additional &; ([0, tx?/2]) self-loops to the vertex i.
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Note that the total number of self-loops at a vertex ¢ at time instant ¢ is y; +
&.i([0,tz2/2]). The self-loops coming from (I) and (IT) will later be termed as “type

I” and “type II” surplus.
Let ftx = J{fi,j([(), SSL’ZIJ/Q]) -0 S S S t, Z,j € N}, t Z 0.

Recall the volume of a component C is defined to be vol(C) = >, ., z;. We have
also defined surplus for finite graphs. For infinite graphs the definition requires some

care. We define the surplus for a connected graph G with vertex set a subset of N as
spls(G) := klim spls(G™),

where G is the induced subgraph that has the vertex set [k] (the subgraph with
vertex set [k] and all edges between vertices in [k] that are present in G). It is
easy to check that this definition of surplus does not depend on the labeling of the
vertices. Further note that the surplus of a connected graph might be infinite with

this definition.

Thus letting C;() be the i-th largest component (in volume) in G(z,t), define
Xi(2,t) := vol(C;(t)) and Y;(z,t) := spls(Ci(t)) to be the volume and the surplus of
the i-th largest component at time ¢. In case two components have the same volume,

the ordering of (C;(t) : 7 > 1) is taken to be such that Y,,(z,t) > Yi(z,t) whenever

m < k and X,,(z,t) = Xi(z,1).

Let X*(t) := (Xi(z,t) : i > 1) and Y?*(¢) := (Yi(2,t) : i > 1). The paper [2]
shows that X*(t) € I} a.s. for all t > 0. The following result shows that Z*(t) =

(X*(t),Y*(t)) € U} as., for all t.

Theorem 5.4.1. Fix z = (z,y) € U] and let (X*(t),Y*(t));>0 be the stochastic

process described above, then for any fixed ¢t > 0, (X*(t), Y*(t)) € UY.

The above theorem will be proved in Section 5.4.1. For ¢ > 0, define 7; :
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BM(US) — BM(UY) as
T.f(z) =Ef(Z*(t)), z € U}, f € BM(UY).

The following result shows that {7;} is a semigroup that is (nearly) Feller.

Theorem 5.4.2. For t,s > 0, T,oT, = T;y,. Forallt >0, f € BM(UY) and {z,} C UY,

such that f is continuous at all points in Ui and z, — z for some z € Ul, we have

Tif(zn) — Tef (2).

The above theorem will be proved in Section 5.4.2. Throughout we will assume,
without loss of generality, that for all z € UY, Z* is constructed using the same set
of Poisson processes {; ;}. This coupling of Z* for different values of z will not be

noted explicitly in the statement of various results.

We begin with the following elementary lemma.

Lemma 5.4.3. Let {F,, }men, be a filtration given on some probability space.

(i) Let { Z,, }im>0 be a {F,,} adapted sequence of nondecreasing random variables such
that Zg = 0. Let lim,, .o Z,n, = Z&. Suppose there exists a nonnegative random
variable U such that U < oo a.s. and > ~_ | E[Z,, — Z,,_1|Fn—1] < U. Then for any
ee (0,1),

1
P{Z. > e} < —E[U A1].
€

(i) Let {A,,} be a sequence of events such that A,, € F,,. Suppose there exists a
random variable U < oo a.s. such that Y | E[l4,,|Fn_1] < U. Then P{A,, i.0.} =
0. Furthermore,

P{ux_ A} <2E[U A ]

Proof: (i) Define By = 0 and By, := > " | E[Z; — Z;_1|F;_1] for m = 1,2, ... Note
that B,, is nondecreasing and F,,_j-measurable. Define 7 = inf{l : B;;; > 1} where

the infimum over an empty set is taken to be oco. Since B, is predictable, 7 is a

116



stopping time and, for all m, B, < 1. Let By = lim,,, .o By,. Since Zar — Boar

is a martingale, by the optimal stopping theorem and monotone convergence,

E[Z,] = lim E[Zn] = lim E[Bys] < lim E[B, A1] = E[Bs A 1].

m—0o0 m—00 m—00

Thus

1+e¢
€

1 1
P{Ze > ¢} <P{7 < 00} +—E[Bx A 1] = P{Bx > 1} 4+ ~E[Bw A 1] < E[U A1].

(ii) The first statement is immediate from the Borel-Cantelli lemma (cf. [15, Theorem
5.3.2]). For the second statement note that for any € € (0,1), we have UX_,A,, =
{30 14, > €}. Now applying part (i) to Z,, = > -, 14, and taking ¢ — 1 yields

the desired result. [}

Next, we present a result from [2] that will be used here. We begin with some
notation. For x € I?, we write z¥ = (1, ...,24,0,0,...) for the k-truncated version
of x. Similarly, for a sequence #™ = (2", 25", ...) of elements in lf, ™™ s the
k-truncation of ™. For z = (z,y),z™ = (z™,y™) € U(f 2 gtk 2] g ML gre
defined similarly.

Recall the construction of G(z,t) described in items (I) and (II) at the beginning of
the section. We will distinguish the surplus created in C;(t) by the action in item (I)
and that in item (II). The former will be referred to as the type I surplus and denoted
by Yi(z,t) while the latter will be referred to as the type II surplus and denoted by
fﬁ-(z, t) = }Afz(:c, t). More precisely,
Yi(z.t) = Y y; and Yi(z,t) = Yi(z,t) — Yi(z,1).
J€Ci(t)

Also define

R(z,t) = in(z, H)Yi(z,1), R(z,t) = R(z,t) = ZXi(z,t)ffi(z, t)

and
R(z,t) := in(z, H)Yi(z,t), S(z,t)=S(z1t):= Z(Xi(a:,t))Q.
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The following properties of S and X have been established in [2, Proposition 5,

Corollary 18, Lemma 22].

Theorem 5.4.4. (i) For every x € [} and t > 0, we have S(z,t) < oo as. and
S(x™.t) 1. S(x,t) as k — oo.
(ii) If 2™ — x in I3, then X (2™, 1) — X(z,t) in I?, as n — oo. In particular,

{S(x™ t)},>1 is tight.

5.4.1 Existence of the AMC

This section proves Theorem 5.4.1. We begin by considering the type I surplus.

Proposition 5.4.5. For any t > 0 and z € U, R(z,t) = 3.7, Xi(z,t)Yi(z,t) < 00 a.s.

Proof of Proposition 5.4.5 is given below Lemma 5.4.7. The basic idea is to
bound the truncated version R*™ = R(z"t) using a martingale argument, and then
let K — oo. The truncation error is controlled using Lemma 5.4.6 below and a suitable

supermartingale is constructed in Lemma 5.4.7.

Lemma 5.4.6. For every z € U‘f and t >0, as k — oo, R(z",t) — R(z,t) < 00 a.s.

Proof: Fix t > 0. Denote by Ej; [resp. E}}'] the event that there exists a path
from i to j in G(z,t) [resp. G(2™,1)], with the convention that P{E;} = P{E\'} = 1.

Let
) k
fi= Zyﬂl&j, £ = Zyj]lEZ[?]-
j=1 j=1

Then

o0

R(z,t) = Zfza:z, R(z[k},t) = Zfi[k]xi.
i—1 i=1

Since EjY' 1 Ej;, we have f{ 1 f;. The result now follows from an application of

monotone convergence theorem. [ |

118



Lemma 5.4.7. Suppose that z = (x,y) = z* for some k£ > 1 and that Zj y; # 0.

Then
t
Ay = A(z,t) :==log R(z,t) — / S(z,u)du
0

is a supermartingale with respect to the filtration F = o{§; ;([0, sz;z;/2]);0 < s <

t, i,7 € N}

Proof: From the construction of Z(z,-) we see that R(z,t) is a pure jump,
nondecreasing process that at any time instant ¢, jumps at rate X;(z,t—)X;(z,t—),
1 <i < j <k, with jump sizes B;;(t—) = X;(2,t—)Yj(2,t—) + X;(z,t—)Yi(2,t—).

Consequently log R(z, t) jumps at the same rate, with corresponding jump size log(1+

Bij(t-)

e ti)). From this and elementary properties of Poisson processes it follows that

log R(z,t) = log R(z,0) Z / log (1 + = Biu) ) Xi(z,u)X;(z,u)du + M(t),

1<i<j<k Z U)

where M is a F}’ martingale. Consequently, for 0 < s <t < 0o
log R(z,t) — log R(z, s)

Z / log (1 + == ( ) ) Xi(z,u)X;(z,u)du+ M(t) — M(s). (5.4.1)
1<i<j<k$ )
Next note that, for u > 0

Y log <1 + Bulw > Xi(z,u)X; (2, u)

1<i<j<k R(z,u)

VA
w
==
<
o
E
<
o
E

B i XZ(Z,U)Y/( u) + X;(z, w)Y;(z,u) " o
—1§;<k Rz Xi(z,u)X;(z,u)
<S(z,u).

Using this observation in (5.4.1) we now have

E [log (=.1) ~ log R(z.5) | 7| <E [/:S(Z,u)du | fj} |
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The result follows. [ |

Proof of Proposition 5.4.5: Fix z = (z,y) € U(j. The result is trivially
true if >, y; = 0. Assume now that > ,y; # 0. For k > 1 and a € (0,00), define
TH =inf{s > 0:S(z",s) > a}. Fix k > 1 and assume without loss of generality that
Sy > 0. Write R¥(t) = R(2 1), and A¥(t) = A(z¥,t) where A is as in Lemma
5.4.7. From the supermartingale property E[A®(T¥ A ¢)] < E[A™(0)] = log R™(0).

Therefore

(k]
RF(TF A ¢ Ta At
E |log #] <E [/ S(zM u)du
0

< ta.
R™(0)

Thus

P{R™(t) > m} <P{R™(t) > m,T* >t} + P{T¥ <t}

< o L pprw<g
logm — log R™*(0)

By Lemma 5.4.6, R¥(t) — R(z,t), and by Theorem 5.4.4 (i), S(z¥,t) — S(z,1)
when k — oo. Therefore letting & — oo on both sides of the above inequality, we

have
ta

P{R(z,t) > m} < +P{S(z,t) > a}. (5.4.2)

logm — log R(z,0)
The result now follows on first letting m — oo and then a — oo in the above

inequality. [

The following result is an immediate consequence of the estimate in (5.4.2) and

Theorem 5.4.4(ii).

Corollary 5.4.8. If 2™ — z in U?, then for every t > 0, { R(2™, 1) },,>1 is tight.

Next we consider the type II surplus. Let, for x € lf

Qf = a{{fi,j([(), lel'j/Q]) = 0} c0<s< t, Z,j S N}
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The o-field G records whether or not ¢ and j are in the same component at time s,
for all 4,5 and for all s < t. In particular, components {Ci(s),i > 1,s < t} can be

determined from the information in G and consequently, X (xz,t) is Gf measurable.

Lemma 5.4.9. (i) Fix z € I7 and t > 0. Then R(x,t) < oo as.

(ii) Let ™ — x in [}. Then the sequence {R(z™ )}, is tight.

Proof: Note that (i) is an immediate consequence of (ii). Consider now (ii). For
fixed z € I7 and t > 0, let ji;(x,t) denote the conditional law of Y;(z,t), conditioned
on Gf. Then, for a.e. w, /ll-(:c t) is Poisson distribution with parameter

1
/ ‘“/‘k”/‘k'ﬂ{c}(s)cc}(t)}ds

7=l pkrec;(

t
:/0 5 Z(X](xa 3))2]1{C~'j(8)céi(t)}ds S §(Xl(x7t))2’
j=1

where the last inequality is a consequence of the inequality 3 s )¢, (X (2, 5))? <
(X;(z,t))?. Therefore ji;(x,t) <4 Di(z,t), a.s., where ¥;(x,t) is a random probability
measure on N such that for a.e. w, 7;(z,t) is Poisson distribution with parameter

L X(x, t,w))2.

A similar argument shows that the conditional distribution of 3.°°, Y;(x,t), given
G/ is a.s. stochastically dominated by a random measure on N that, for a.e. w has a
Poisson distribution with parameter > %, £(X;(z,t,w))* = £5(x,t). Also, if 2™ is a
sequence converging to x in [?, we have that for each n, the conditional distribution
of 2% Yi(x™, t), given G2 is a.s. stochastically dominated by a Poisson random
variable with parameter £S(z™,t). From Theorem 5.4.4(ii), {S(z™,t)},>1 is tight.
Combining these facts we have that {32°°, Y;(2™,#)},>1 is a tight family. Finally,
note that R(z™,t) < Xi(z™,t) (Zfil Y;(x<”),t)>. The tightness of {R(z™,t)}n>1
now follows on combining the above established tightness of {37°°, Yi(z™,#)},us1
and the tightness of {X;(z™,t)},>1, where the latter is once again a consequence of

Theorem 5.4.4(ii). [
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We now complete the proof of Theorem 5.4.1.

Proof of Theorem 5.4.1. Fix z = (z,y) € U} and ¢ > 0. From Lemma 5.4.9

~ ~

(i) R(z,t) < oo a.s. Also, from Proposition 5.4.5, R(z,t) < oo a.s. The result now

follows on recalling that R(z,t) = R(z,t) + R(z,1). |

We also record the following consequence of Lemma 5.4.9 and Corollary 5.4.8 for

future use.

Corollary 5.4.10. If 2™ — z in UY, then {R(2",1)},>1 is tight.

5.4.2 Feller property of the AMC

In this section, we will prove Theorem 5.4.2. In fact we will show that if 2™ =

(2™, y™) converges to z = (z,y) in U}, and z € U}, then

(X (2,1),Y (2,1)) — (X (2,1), Y (2,1)). (5.4.3)

We start with the following elementary lemma.

Lemma 5.4.11. Suppose (z,y), (™, y"™) € U for n > 1. Then

lim dy((z,7), (™, y™)) =0

n—oo

if and only if the following three conditions hold:

(1) limy o 57, (7 — )2 = 0.

(ii) ™ = y; for n sufficiently large, for all 4 > 1.

(iif) limy oo Yooy @y = 3000 2y,

Proof: The “only if” part is immediate. To see the “if” part, note that the first
two conditions imply lim,, ., 2\"”y;" = x,y; for all i > 1. By the third condition and

Scheffe’s lemma, we now have lim,, . >, |zi”y;" — z;y;| = 0. The result follows. W
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The key ingredient in the proof is the following lemma the proof of which is given

after Lemma 5.4.14.

Lemma 5.4.12. Let z™ = (2™, y™) converge to z = (z,y) in U‘f. Suppose that
z € U]. Then
(i) Yi(2™,t) — Yi(z,t) for all 4 > 1.

(i) D272, Xi(2, )Y (2™, 1) — 3272, Xi(z, 1)Yi(2, 1)

Proof of Theorem 5.4.2 can now be completed as follows.

Proof of Theorem 5.4.2. The first part of the theorem is immediate from
the construction given at the beginning of Section 5.4 and elementary properties
of Poisson processes. For the second part, consider 2™ = (z™ y™), 2z = (z,y)
as in the statement of the theorem. It suffices to prove (5.4.3). From Theorem
5.4.4(ii), X (2™,t) — X(z,t) in probability, in {}. The result now follows on
combining this convergence with the convergence in Lemma 5.4.12 (on noting that

(X (2,1),Y(z,t)) € U} as.) and applying Lemma 5.4.11. [

Rest of this section is devoted to the proof of Lemma 5.4.12. The key idea
of the proof is as follows. Consider the induced subgraphs on the first k vertices
GH = G(2",t) and G™M = G(z™™ t). Since there are only finite number of
vertices in G*, when n — oo, G™® will eventually be identical to G[F almost
surely. The main step in the proof is to control the difference between G™* and
G™ when k is large, uniformly for all n. For this we first analyze the difference

between G™* and G™¥ 1 in the lemma below.

Consider the set of vertices [k + 1] = {1,2,...,k, k + 1}, and for every i € [k + 1],
let vertex i have label (x;,y;) representing its size and surplus, respectively. Suppose
X1 > Xy > ... > Tpyp. Fix t > 0. Define a random graph G* on the above vertex set

as follows. For ¢ < k, the number of edges, V;, between 7 and k£ + 1 is distributed
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as Poisson(tx;x;41). In addition, there are Ny = Poisson(tz7,,/2) self-loops to the
vertex k+1. All the Poisson random variables are taken to be mutually independent.
Denote X; and Y; for the component volumes and surplus of the resulting star-like
graph if i is the smallest labeled vertex in its component; otherwise let X; =Y; = 0.
A precise definition of (X;,Y;) is as follows. Write i ~ k+1 if there is an edge between
iand k+1in G*. By convention (k+1) ~ (k+1). Let Zr ={i € [k+1] : i ~ k+1},

and ip = min{i : ¢ € Ji}. Then

.
(Ziejk Lis Ziejk yz) if 1 = iy

(X:,Y;) = (0,0) it i € Ji\ {io}

(i, i) ifi € [k+1]\ T

\

Define R), = Zle Ty, Sk = Zk 22, Ry = Zf:ll X,Y;. Then we have the follow-

=11

ing result.

Lemma 5.4.13. (i) P{Y; # v} < txpiiyerzn + topy (14 ita] + ¢Sy, + tRyxq).
(ii) E[Rys1 — Ri] < @pgryps1(1 + tSk) + 23 (tRe + 2SSk Ry + t2Skw) + tad, (1 +
2tS) + t257).

Proof: (i) It is easy to see that, fori =1,-- -k,

{Yi# i} (e > 03N {i € Ti}) U{No # 0} Uy {N; > 13}

Uj<i {N;Ni # 0} Ujy, 50 {IN;N; # 0F.

Using the observation that for a Poisson(\) random variable Z, P{Z > 1} < A and

P{Z > 2} < A\?, we now have that
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2
i1

5 (ta;jwpi1)”

1

_|_

k
P{Y; # vi} <txiTpi1 - Ypgr +

E

i—1
+ g txjkarl . t&?il’kJrl + E t$jl'k+1 . txikarl “Yj.
j=1 j=1

The proof is now completed on collecting all the terms and using the fact that x; <
for every 1.

(ii) Note that

k k k
Xo = Tpy1 + ij]l{szu, Yo=yrr1 + Z?Jj]l{szl} + No + Z(Nj -1t
j=1 j=1 j=1
Then
Ryt1 — Ry,
=XoYo — Z T5Y;
JE€ETk
k
=Tr41Yk+1 T Z(%‘ykﬂ + Tr1yy) L1y + Z (zjy + 21y5) Lin, =13 L v >1
j=1 1<j<i<k
k k
+NoXo + Tp+1 Z(Nj -1+ Z z(N; —1)"
j=1 j=1

+ > (len (N = DT + 2 lven (N - 1)7).

1<j<i<k
The result now follows on taking expectations in the above equation and using the

fact that E[(N; — 1)7] < (ta;zg41)? |

Recall that, by construction, X;(z,t) > X;1(z,t) forall z € U, t > 0 and i € N.
The following lemma which is a key ingredient in the proof of Lemma 5.4.12 says

that if z € Ul, ties do not occur, a.s.

Lemma 5.4.14. Let z € Uj Then for every t > 0 and i € N, X;(z,t) > X;11(2, 1) a.s.

Proof: Fix t > 0. Consider the graph G(z,t) and write C,, = C,,(t) for the compo-
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nent of vertex (z;,y;) at time ¢. It suffices to show for all i # j

P {|C.,

= ‘Cx]‘7cx7, 7& Cx]} = 0. (5.4.4)

The key property we shall use is that for z = (z,y) € U}, D7, ; = co. Now fix

i > 1. Tt is enough to show that |C,,| has no atom i.e for all (z,y) € Uj

P(|Cs,

=a) =0, for any a > 0. (5.4.5)

To see this, first note that since |C,,| < oo a.s., conditional on C,, the vector z* =
((xryk) © 2x ¢ Cp,) € Uj almost surely. Thus on the event z; ¢ C,,, conditional
on C,, using (5.4.5) with a = |C,,| implies that P(|C,,| = |Cs,| | Cp;) = 0 and
this completes the proof. Thus it is enough to prove (5.4.5). For the rest of the
argument, to ease notation let i = 1. Let us first show the simpler assertion that the
volume of direct neighbors of x; has a continuous distribution. More precisely, let
N;j(t) == & ; ([0, twix;/2]) + &,i([0, tx;z;/2]), 1 < i < j, denote the number of edges
between any two vertices x; and z; by time ¢. Then the volume of direct neighbors
of the vertex x; is L := Zfig Til{n, ,(1)>1) and we will first show that L has no atom,

namely

P(L=a)=0, for all a > 0. (5.4.6)

For any random variable X define the maximum atom size of X by

atom(X) :=supP{X =a}.

a€R
For two independent random variables X; and X, we have atom(X; + X;) <
min {atom(X;),atom(X53)}. For m > 2, define L,, = > 72 x;ilqn, ,1)>1}. Since

L., and L — L,, are independent, we have atom(L) < atom(L,,). Define the event
Em = {val(t) < 1 for all ¢ > m},
and write

LE(t) == Zg;ijvl,i(t).
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Then L}, (t) is a pure jump Levy process with Levy measure v(du) = > x12;0,,(du).
By [19], such a Levy process has continuous marginal distribution since the Levy mea-
sure is infinite (v(0,00) = (3 oo, 2;)x1 = o0) . Thus L} (t) has no atom. Next, for

=m

any a € R,
P{Ly, = a} <P{E}} + P{En, Lyp = a} = P{EL} + P{E, L;,(1) = a}
2 (taywg)? P >,

Thus atom(L) < atom(L,,) < @ S~ x?. Since m is arbitrary, we have atom(L) =

i=m 1"

0. Thus L is a continuous variable, and (5.4.6) is proved.

Let us now strengthen this to prove (5.4.5). Let G be the subgraph of G(z,t)
obtained by deleting the vertex z; and all related edges. Let X; be the volume of the
i-th largest component of G. Note that S°°, X; = 3., #; = 0o a.s. Conditional on

(Xi)izla let Nl,i have Poisson distribution with parameter t2,.X;. Then

d = y
le =T + ZXi]l{Nl,izl}7
=1

where the second term has the same form as the random variable L. Using (5.4.6)

completes the proof. [ |
We now proceed to the proof of Lemma 5.4.12.

Proof of Lemma 5.4.12. Fix t > 0 and 2™, z as in the statement of the lemma.
Denote Y™ = Y (2 ¢), Y®M =Y (2™¥ ¢). Similarly, denote C;* and C{"”" for the
corresponding i-th largest component; and X, and X" for their respective sizes.

Also, write X™ = X (z™ t) and define Y™ R™ S™ similarly.
For i € N, define the event E" as,

EMM =L X](-")[k](w) > Xj(-’jr)l(w), for j =1,2,...,i},
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and define E)" similarly. Then
P{Y;™ # Yi(t)} <PEY™ # Y + P 2 V) + P £ Yi(1)}
S]P){Yiw) 7é Yi<n)[k]7 Ez'(n)[k]} + ]P{(Ei(")[k])c}
F P £ VY + PG £ V() (5.4.7)
Note that
EMM C{w: ¢ (w) € € (w) € €5 (w), for all j =1,2,....7 and m > k}.

Thus the probability of the event {Y;"!"*1 £ y™ pmWML - for m > k, can be
estimated using Lemma 5.4.13 (i). More precisely, let F'" = o{¢; ;4,5 < m} for

m > 1. Then by Lemma 5.4.13 (i),

P{}/;(n)[mﬂ] 7é Y;(ﬂ)[?ﬂ], E;n)[k]‘.'/t[m]}

<t Y X0 () (1 at(X7T)? 4 eSO g RO

where S(”)[m] — Zi<Xi(")[m])2 and R(n)[m] — ZZ (Xi(n)[m]}/’;(n)[m])'

Note that X" < X" R™M < R™ and S™® < §™ . Thus we have

[ee]
Z ]P{Y'i(n)[mﬂ] 7é Y;(n)[m]’ Ei(TL)[k] |j:[m]}
m=k

= ( > mym> X{ ( > <x§z)>2) (14 X + 15 + tROX)

m=k-+1 m=k-+1

Denote the right hand side of the above inequality as U™™. Then by Lemma 5.4.3(ii),

we have

P{Y(n> 7& Y(ﬂ)[k] E-(n)[k]} —Pp (UOO_k{Ym)[mH] 7£ Y(ﬂ)[M] E{ﬂ)[k]})

<OE[U™M A 1] (5.4.8)
and therefore

P{Y;™ # Yi(t)} < 2E[U™M AL+ P{(EY)} + P{Y™ # YV} + P{YY # Yi(1)}.
(5.4.9)
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Next note that X{™, S® and R™ are all tight sequences by Corollary 5.4.10 and
Theorem 5.4.4(ii). Thus (1 + it(X{")? +tS™ + tR™ X ") is also tight. Also, since
2 — 2z,

lim sup lim sup Z 2"y =0 and limsup lim sup Z (z)? = 0.

i
k—o0 n—oo imkt1 k—oo n—oo imkt1

Combining the above observations we have that limsup,_, . limsup,,_, . P{U™H" >

¢} =0 for all € > 0. From the inequality
E[U™ A 1] < P{U™ > ¢} + ¢

we now see that

lim sup lim sup E[U™™ A 1] = 0. (5.4.10)

k—o0 n—00
Next, from a straightforward extension of Proposition 5 of Aldous [2] we have that
(X, XM XY L (X(1), X, X)) in 2 x R when n — oo, for each
fixed ¢ and k. Combining this with Lemma 5.4.14 we now see that for fixed ¢
lim sup lim sup P{(E{"")¢} = 0.

k—oo n—oo

Also, for each fixed k
lim sup P{Y;"™ £ M} = 0,

n—oo

Observing that limy_ ., ¥;* = Y;(¢) and the last term in (5.4.9) does not depend on
n, we have that

lim sup lim sup P{Y;" # Y;(¢)} = 0.

k—oo n—oo

Part (i) of the lemma now follows on combining the above observations and taking

limit as n — oo and then & — oo in (5.4.9).
We now prove part (ii) of the lemma. Note that

liminf R™ > lim R™® = RIK.

n—oo n—oo
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With a similar argument as in Lemma 5.4.6, we have R — R(z,t) as k — co. Thus

sending k — oo in the above display we have

liminf R™ > R(z,t). (5.4.11)

n—oo

To complete the proof, it suffices to show that
For any € > 0, lim P{R™ > R(z,t) + €} = 0. (5.4.12)
Note that

P{R™ = R(2,t) > ¢} <P{R™ — R™" > ¢/2} + P{R™" — R(z,1) > ¢/2}

<P{R™ — R™¥ > ¢/2} + P{R™" — R¥ > ¢/2}. (5.4.13)

The second term on the right side above goes to zero for each fixed k, as n — oc.

For the first term, note that by Lemma 5.4.13(ii), for all m > k
B[R — ROWIF < a0y U + (@ PUS + () U

where U™ = 1+tS®™, Uy” = tR™ + 28 R™ 4+ 280 X1 and U™ = t(1 +2tS™ +

t2(S™)?). Thus by Lemma 5.4.3 (i),
P{R™ — R™WM > ¢} < (1+ 1/¢)E[U™M A 1],

where U™M = (3270 a0y YU + (g (20))) U + (i (2 0) ) Us™.
Note that U™, Uy” and Uy” are all tight sequences and z™ — z. An argument

similar to the one used to prove (5.4.10) now shows that, for all € > 0,

1
lim sup lim sup P{R™ — R™™" > ¢} < (1 + —) lim sup lim sup E[U™® A 1] = 0.
€

k—o0 n—oo k—o0 n—oo

The statement in (5.4.12) now follows on using the above convergence in (5.4.13) and
combining it with the observation below (5.4.13). This completes the proof of part
(ii). |
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Remark 5.4.15. Lemma 5.4.12 is at the heart of the (near) Feller property in Theo-
rem 5.4.2 which is crucial for the proof of the joint convergence in (5.3.5). The proof

of the lemma reveals the reason for considering the metric d, on Uj.

One natural metric on U}, denoted by d;, is the one obtained by replacing the

second term in (5.2.5) with
— |y — yil
——= A1l
D T A
=1

This metric corresponds to the topology on Uj inherited from ¢? x N> taking the
topology generated by the inner product (-, -) on ¢? and the product topology on N°°;

and then considering the product topology on £? x N*°.

Another metric (which we denote by dy) that can be considered on U corresponds
to replacing the second term in (5.2.5) with dy¢ (g, o), where p, = 32 0., p =
Yoy 4., and d,; is the metric corresponding to the vague topology on the space of

N U {00} valued locally finite measures on (0, 00) x N.

The proof of Lemma 5.4.12 hinges upon the convergence of Y *_ zMy to
S TmYm, as 1 — 00, even for the proof of convergence of Y;(2™,t) — Y;(z,t).
Since d; and d» give no control over sums of the form > >, z,,4,,, this suggests that

the convergence in d; or ds is “too weak” to yield the desired Feller property.

5.5 The standard augmented multiplicative coalescent.

In this section we prove Theorem 5.3.1. The Proposition 4 of [2] proves a very
useful result on convergence of component size vectors of a general family of non-
uniform random graph models to the ordered excursion lengths of Wy. We begin
in this section by extending this result to the joint convergence of component size
and component surplus vectors in U}, under a slight strengthening of the conditions

assumed in [2].
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Recall the excursion lengths and mark count process Z*(\) = (X (\),Y " ()\))
defined in Section 5.2.3.2. Our first result below shows that, for fixed A € R, Z*())
arises as a limit of Z(2™,¢™) in U, for all sequences {z™} C U; and ¢ = ¢}" C

(0, 00) that satisfy certain regularity conditions.

For n > 1, let 2t = (2™, y™) € [U(f. Writing 2™ = (z{™, "), i > 1, define

[e.e]
x*(n) = sup :Bin), Si,") _ Z(xin))rv r Z 1.
i>1 :
i=1
Note that 2*™ = z{"” since the sequence is ordered. Let {¢™} be a nonnegative

sequence. We will suppress (n) from the notation unless needed.

Theorem 5.5.1. Let 2 = (z™,---) € U} be such that 2y = 0 for all i > n and

y\™” =0 for all i > 1. Suppose that, as n — oo,

S3 1 z*
1 - — A, — 0 9.9.1
(52)3—>’ I 82—)7 82—)7 ( )
and, for some ¢ € (0,00),
* <
51 - (x—) =0 (5.5.2)
52

Then Z™ = Z (2™, ¢™) converges in distribution in U} to Z*(\).

Remark: The convergence assumption in (5.5.1) is the same as that in Propo-
sition 4 of [2]. The additional assumption in (5.5.2) is not very stringent as will be
seen in Section 5.7 when this result is applied to a general family of bounded-size

rules.
Given Theorem 5.5.1, the proof of Theorem 5.3.1 can now be completed as follows.

Proof of Theorem 5.3.1. The first two parts of the theorem were shown in
Theorem 5.4.2. Also, part (v) of the theorem is immediate from the definition of

{T}} in Section 5.2.3.1. Recall the definition of v, from Section 5.2.3.2. In order to
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prove parts (iii)-(iv) it suffices to show that
for any )\1,)\2 € R, )\1 < )\27 u,\l’]}\r)\l = V), (553)

Indeed, using the semigroup property of (7)) and the above relation, it is straight-
forward to define a consistent family of finite dimensional distributions py, ..n, on
(U))®F, —00 < A < Ag, -+ A < 00, k > 1, such that py = v, for every A € R. The

desired result then follows from Kolmogorov’s consistency theorem.
We now prove (5.5.3). Let
2 = (2™ Yy, g =n" Y™ =0, i=1,---n, qf\’;) =\ +n'3 j=1,2

We set 2\ = 0 for i > n. Note that with this choice of 2™, 51 = n'/3 sy = n=1/3 53 =
n~" and so clearly (5.5.1) and (5.5.2) (with any ¢ > 1) are satisfied with ¢ = g,
A = );, j = 1,2. Thus, denoting the distribution of Z (2, qf\’;)) by I/S\?, we have by
Theorem 5.5.1 that

1//(\’;) — Uy, as N — 00. (5.5.4)

Also, from the construction of Z(z,t) in Section 5.4, it is clear that v{"7T,,_, = v{".

The result now follows on combining the convergence in (5.5.4) with Theorem 5.4.2

and observing that Z*(\) € U} a.s. for every A € R. |

Rest of this section is devoted to the proof of Theorem 5.5.1 and is organized
as follows. Recall the random graph process G(z,q), for z € U}, ¢ > 0, defined
at the beginning of Section 5.4. In Section 5.5.1 we will give an equivalent in law
construction of G(z, q), from [2], that defines the random graph simultaneously with
a certain breadth-first-exploration random walk. The excursions of the reflected
version of this walk encode the component sizes of the random graph while the area
under the excursions gives the parameter of the Poisson distribution describing the

(conditional) law of the surplus associated with the corresponding component. Using
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this construction, in Theorem 5.5.2, we will first prove a weaker result than Theorem
5.5.1 which proves the convergence in distribution of Z™ to Z*()\) in lf x N°° where
we consider the product topology on N°°. This result is proved in Section 5.5.2. In
Section 5.5.3 we will give the proof of Theorem 5.5.1 using Theorem 5.5.2 and an
auxiliary tightness lemma (Lemma 5.5.4). Finally, proof of Lemma 5.5.4 is given in

Section 5.5.4.

5.5.1 Breadth-first-exploration random walk

In this section, following [2], we will give an equivalent in law construction of
G(z,q) that defines the random graph simultaneously with a certain breadth-first-
exploration random walk. Given ¢ € (0,00) and 2z € U‘f such that z; = 0 for all
i >n and y; = 0 for all i, we will construct a random graph G(z, ¢) that is equivalent
in law to G(z,¢), in two stages, as follows. We begin with a graph on [n| with no
edges. Let {n;;}i jen be independent Poisson point processes on [0, 00) such that 7;;
for i # j has intensity gx;; and for ¢ = j has intensity qx;/2.

Stage I: The breadth-first-search forest and associated random walk: Choose

a vertex v(1) € [n] with P(v(1) =14) o z;. Let

I = {j S [n] : j 7& U(l> and Mv(1),5 N [vafu(l)] 7& @}

Form an edge between v(1) and each j € I;. Let ¢(1) = |I;|. Let my ), be the first
point in 7,(); for each j € I;. Order the vertices in I; according to increasing values

of my(1),; and label these as v(2),---v(c(1) +1). Let
Vi={v(1)}, M ={v(2), - ,v(c(l) + 1)}, i = zq) and dy = ¢(1).

Having defined V;,, Ny, i, di and the edges up to step i, with Vi = {v(1),---v(¢')},
Ny ={v(@’ +1),0(" +2),---v(dy + 1)} for 1 <4’ <i—1, define, if N;j_1 #0

]IZ‘ = {j < [TL] ] ¢ Afi—l U Vi—l and 771)(1')7]' N [O,I‘U(Z)] 7é @}
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and form an edge between v(i) and each j € I;. Let c(i) = |I;| and let m,; ; be the
first point in 7,(;; for each j € I;. Order the vertices in I; according to increasing
values of my(;; and label these as v(di—1 + 2),---v(d; + 1), where d; = d;—1 + c(1).

Set
i =lio1+ xoe), Vi={v(1),---v(@)}, Ni={v(i+1),v(i+2), --v(d+1)}

In case N;_; = ), we choose v(i) € [n]\ V1 with probability proportional to x;,

€ [n] \ V;—1 and define I, ¢(i), d;, l;, V;, N; and the edges at step i exactly as above.

This procedure terminates after exactly n steps at which point we obtain a forest-
like graph with no surplus edges. We will include surplus to this graph in stage II

below.

Associate with the above construction an (interpolated) random walk process

H™ () defined as follows. H"™(0) = 0 and

H™ (L 4+uw) = H" (i) —u+ Z Tilim, . <uy for0<u <z, i=1--n,
JEVIUN;—1

(5.5.5)

where by convention lp = 0 and Ny = (). This defines H™(t) for all ¢ € [0,1,,). Define

H™(t) = H(1,—) for all t > 1,,.

Stage II: Construction of surplus edges: For each i =1,--- ,n, we construct
surplus edges on the graph obtained in Stage I and a point process P, on [0,1,],
simultaneously, as follows.

(i) For each v € I; and 7 € ny(s)0 N[0, Zy(i)] \ {Mw()v }, construct an edge between v(7)
and v. This corresponds to multi-edges between the two vertices v(i) and v.

(ii) For each 7 € ny(s),u() N [0, Zy(i)], construct an edge between v(i) and itself. This
corresponds to self-loops at the vertex v(i).

(iii) For each v(j) € N;—1 \ {v(i)} and 7 € 1y3)u() N [0, 2y, construct an edge

between v(i) and v(j). This corresponds to additional edges between two vertices,
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v(i) and v(j), that were indirectly connected in stage I.
For each of the above cases, we also construct points for the point process P, at time

li—l + 7€ [0, ln]

This completes the construction of the graph G(z, ¢) and the random walk H®(-).

This graph has the same law as G(z, ), so the associated component sizes and surplus

vector denoted by (X (z,q),Y (z,q)) has the same law as that of (X (z,q),Y (z,q)).
Furthermore, conditioned on H™, P, is Poisson point process on [0, [,,] whose inten-

sity we denote by r,(t).
Using the above construction we will show in next section, as a first step, a weaker

result than Theorem 5.5.1.

5.5.2 Convergence in [ x N*.

The following is the main result of this section.

Theorem 5.5.2. Let 2™ € [U'i’ and ¢™ € (0,00) be sequences that satisfy the condi-

tions in Theorem 5.5.1. Then
(X™, Y™ -4 (X*(N), Y* () (5.5.6)

in the space lf x N> as n — 00, where we consider the product topology on N*°.

The key ingredient in the proof is the following result. With z™ and ¢ as in
the above theorem, define X" = X (2™, ¢™), Y™ = Y (2™, ¢™) and r™(t) =
7o (1) Lpog,1(t), t > 0. Denote the random walk process from Section 5.5.1 con-

structed using (™, ¢™) (rather than (x,q)), once more, by H™(-).

Define the rescaled process H™(-) and its reflected version H™(-) as follows

H™(t) := \/§H(”)(t), H™(t) :== H™(t) — min H™ (u). (5.5.7)

0<u<t
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Lemma 5.5.3. (i) As n — oo, the process H™ L Wy in D([0,00) : R).

(ii) For n > 1,

sup qTs. (5.5.8)

t>0

0 - a2 <
52

Given Lemma 5.5.3, the proof of Theorem 5.5.2 can be completed as follows.

Proof of Theorem 5.5.2: The paper [2] shows that the vector X can be
represented as the ordered sequence of excursion lengths of the process H®™. Also,
weak convergence of H™ to Wy in Lemma 5.5.3 (i) implies the convergence of H™
to Wi. Using these facts, Proposition 4 of [2] shows that X o converges in distri-
bution to the ordered excursion length sequence of W, namely X *(A), in lf. Also,
conditional on H™, P, is a Poisson point process on [0, 00) with rate r™(¢) and
for i > 1, Y has a Poisson distribution with parameter f[agn)’bgn)] r™(s)ds, where
al™ b are the left and right endpoints of the i-th ordered excursion of H". From
conditions in (5.5.1) it follows that z* — 0 and sy — 0, further more we have
gr* — 0 and ¢v/s3/ss — 1. Lemma 5.5.3 (ii) then shows that f[aﬁ”),bz(.")] r(s)ds
converges in distribution to 'f[ai,bi] W,\(s)ds, where a;, b; are the left and right end-
points of the i-th ordered excursion of Wy. In fact we have the joint convergence
of (_ﬁ_](n)7 (f[ag">,b§”>] T(n)(s)d8>i>1) to (VAVA, <f[ai,bi] VAVA(s)ds>i>l). This proves the
convergence of (X, Y™ to_(X*()\),Y*()\)) in 17 x N*°. The result follows since

(X, Y"™) has the same law as (X™, Y ™). |

Proof of Lemma 5.5.3 Part (i) was proved in Proposition 4 of [2]. Consider
now (ii).
For j = 1,2, ..., define 0,(jy = 1yn;_ =gy, i.e. dy(j) is 1if v(j) is the first vertex that

is explored in its component during the breadth-first-search, and is 0 otherwise. It is
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easy to verify that H™ satisfies

H™(1;) = Z HTo() + Z Ty, 1 =1,-

j=1 veN;
The above equation implies that for all k& < i, H™(l;) > _22:1 Ou(j)To(j)- In
addition, taking kg = sup {j < 0y(j) = 1} we have H™ (I, ) = — 23‘21 du(j)Tu(y)- In
particular, this implies that inf,<;, H™(l;) = — Z] 1 0u(j)Tu(j)- Also, from (5.5.5) we

have that for t € ([;_1,1;], H™(t) > H™(l;—1) — z*. Consequently

= | inf H™(u)— inf H™(;)

0<u<t (i<t}

<z*. (5.5.9)

i—1
ol H™ (u) + 2 Ou()Tu(j)
]:

Let N;io1 = {v(i),v(i + 1),...,v(i +1)}. From the above expression for H™(l;), we

have that for t € (I;_1, ;]

i+l
e ( Z(%U Tu(j) +va(ﬂ> (E=li)+ Y B <t
JEViIUN; 1
(5.5.10)

Also, accounting for the three sources of surplus described in Stage II of the con-

struction, one has the following formula for »™(t) at time t € (I;_1, ;]:

i+l
n Lo (d)
7l )(t> =4q- 9 + Z Ty(j) + Z xj]l{mv(i),j<t_li—l}
Jj=i+1 JEViUN;_1

The three terms in the above expression correspond to self-loops; edges between
vertices that in stage I were only connected indirectly; and additional edges between
two vertices that were directly connected in stage I. Combining the above expression

with (5.5.10) and (5.5.9), we have

0 (000 - i 10|

0<s<t

i1
: n Lo (i) 3
<q- (01<2£tH< (s)+ D Suiymug| + 5 ) < 4. (5.5.11)
<s< =
The result follows. -
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5.5.3 Proof of Theorem 5.5.1.

In this section we complete the proof of Theorem 5.5.1. The key step in the proof

is the following lemma whose proof is given in Section 5.5.4.

Lemma 5.5.4. Let 2™ € U} and ¢™ € (0, 00) be as in Theorem 5.5.1. Let H™ be as

introduced in (5.5.7). Then {sup;~o H™(t)},>1 is a tight family of R valued random

variables.

Remark 5.5.5. In fact one can establish a stronger statement, namely

S
supsup H™ — 0
u>t n>1

as t — oo. Also, although not used in this work, using very similar techniques as in
the proof of Lemma 5.5.4, it can be shown that sup,s, W,\(u) converges a.s. to 0, as

t — o0.

Proof of Theorem 5.5.1. Since (X, Y ™) has the same distributions as
(X ("),Y<")), we can equivalently consider the convergence of the latter sequence.
From Theorem 5.5.2 we have that (X, Y"™) converges to (X*(\), Y*()\)), in dis-
tribution, in lf x N> (with product topology on N*°). By appealing to Skorohod
representation theorem, we can assume without loss of generality that the conver-

gence is almost sure. By the definition of dy, it now suffices to argue that

S IXY = XF(Y (V)] 0.

7 i
=1

Fix € > 0. Then, for any k € N,

P {i | XY — XYV > e} (5.5.12)

k o0
<P {Z | XY = XE (Y (V)] > g} +IP{ 3 X0V %}

=1 i=k+1

+1@{ f: XY () > }
i=k+1

Wl m
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From the convergence of (X, Y™ to (X*()\),Y*()\)) in 17 x N* we have that

[

lim P {Z | XY = XF(NYFN)] > g} =0.
=1

Consider now the second term in (5.5.12). Let Ef” = {sup,5or;” < L}. Then

{ > XY > } <P{(E)}+ 2 g Ly <Z XY A 1)] .

i=k+1 i=k+1

Let G = o{H™(t) : t > 0}. Since r\" is G measurable for all t > 0, E\” € G. Then

Y ()1 (n) _ v (n)y(n)
E |10 (Z Xmy, /\1>] =E |1,wE AZ XMy, A1|g”
i=k+1 L i=k+1
<E |10 (Z E[X"Y™ | G] A 1)]
L i=k+1
<LE (Z (Xf“’>2> ALY
i=k+1

where the last inequality follows on observing that, conditionally on G, V" has a
Poisson distribution with rate that is dominated by X ™ - (sup;>g r). Using the
convergence of X ™ to X *, we now have

(n) (Z X(ﬂ)y(ﬂ))

i=k+1

limsup E < LE

n—oo

( > <X:<A>>2) A 1] .

i=k+1
Let 6 > 0 be arbitrary. Using Lemma 5.5.4 and Lemma 5.5.3 (ii) we can choose
L € (0,00) such that P {(E}”)°} < 4. Finally, taking limit as n — oo in (5.5.12) we

have that
limsup P {Z ’X;myi(n) _ Xz'*(/\)Y;*O‘)‘ > e}

( i (Xj()\))2> AL +P {:i; XY () > %} . (5.5.13)

i=k+1

<6+ LE

The result now follows on sending & — oo in the above display and recalling that

S (XF(N)? <ooand Yo, XF(NYF(N) < oo a.s. and 6 > 0 is arbitrary. ]
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5.5.4 Proof of Lemma 5.5.4.

In this section we prove Lemma 5.5.4. We will only treat the case A = 0. The
general case can be treated similarly. The key step in the proof is the following

proposition whose proof is given at the end of the section.

Note that sup,q |[H™(t) — H™(t—)| < x*y/s2/s3 — 0 as n — oo. Also, as

n — 00, qss — 1. Thus, without loss of generality, we will assume that

supsup |[H™ (t) — H™(t—)] < 1, sup¢™ss” < 2. (5.5.14)

n>1 t>0 n>1
Fix 9 € (0,1/2) and define t* = (;—3)0. Denote by {F"} the filtration generated
by {H™(t)}1>0. For ease of notation, we write sup,c(, s = supy, ;. We will suppress

(n) in the notation, unless needed.

Proposition 5.5.6. There exist © € (0, 00), events G™, increasing F,"’-stopping times

— 5 (n)
1l =0y <o

< ..., and a real positive sequence {x;} with > =, k; < 0o, such that
the following hold:

(i) For every i > 1, {JE”)}nZI is tight.

(ii) For every i > 1,

P sup H™(t) >20+ 1N {0 <t} NG™ | <&,
[O',(n> (n)]

i—1:94

iii) Asn — 00, P{supr .o oy H™(t) > ©; G™ § — 0, where o*™ = inf {o( : ¢/ > ¢*™1,
p[a ,00) i i

(iv) As n — oo, P(G™) — 1.

Given Proposition 5.5.6, the proof of Lemma 5.5.4 can be completed as follows.
Proof of Lemma 5.5.4:

Fix € € (0,1). Let © € (0,00), G™, o™

1 )

k; be as in Proposition 5.5.6. Choose
ig > 1 such that »_ ., x; < e. Since {0§ 11} is tight, there exists T" € (0, 00) such

n
20
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that limsup,,_, . P {0@)

io—1

P{Sup H™ () > M'}
[1,00)

<P {sup H™(t) > M’} +P{ol, > T} +P{(G™)}

> T} < e. Thus for any M’ > 20 + 1, we have

(1.7]
+P sup  H™(t) > 20 +1;G™ +P{ sup H™(t) > ©:; G(”)} :
o) 4% [ () ,00)

Taking limsup,,_,,, on both sides

n—00 [1,00) n—00 (1,T]

limsupIP’{sup H™ () > M'} < limsup P {supﬁ(")(t) > M’} +e+0+e+0.

Since {sup[lﬂ I:I“”(t)} is tight, we have,

n>1

lim sup lim sup P { sup H™ (t) > M’} < 2e.

M'—oco n—oo [1,00)

Since € > 0 is arbitrary, the result follows. [ |

We now proceed to the proof of Proposition 5.5.6. The following lemma is key.

Lemma 5.5.7. There are {F;™} adapted processes {A™(t)}, {B™(t)} and F,”-
martingale {M ™ (¢)} such that

(i) A®(-) is a non-increasing function of ¢, a.s. For all ¢ > 0, H™(t) = fg A" (u)du+
M™(t).

(if) For ¢ > 0, (M™, M™), = [ B™ (u)du.

(iii) sup,,>; sup,so B™ (u) < 2.

(iv) With G™ = {A(t) < —t/2 for all t € [1,t*™]}, P(G™) — 1 as n — oc.
(v) For any a € (0,00) and t > 0,

P< sup [M™(u)| > ap <2exp{a}-exp {—alog (1 + E)} : (5.5.15)
u€[0,t] 2t

Proof: Recall the notation from Section 5.5.1. Parts (i) and (ii) are proved in

[2]. Furthermore, from Lemma 11 of [2] it follows that, for ¢t € [l,_1,l;), writing
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Q2(t) = Z;:1($v(j))27 we have
Alt) < \/j:§<—1 Tgsa— a@a(t)), B(t) < gsn

Part (iii) now follows on recalling from (5.5.14) that gse < 2. To prove (iv) it suffices
to show that

sup

t<t* | S3

22 00(t) — t‘ 0. (5.5.16)

To prove this we will use the estimate on Page 832, Lemma 13 of [2], which says that

for any fixed € € (0,1), and L € (0, 00)
P{w 1>6}
te[0,L]

L(x*)2sy L233 33 + 52
(1 — 2L82)

Note that the first term on the right hand side determine its order when L — oco.

Taking L = t* in the above estimate we see that, since ¥ € (0,1/2), the expression
on the right side above goes to 0 as n — oo. This proves (5.5.16) and thus completes
the proof of (iv). Finally, proof of (v) uses standard concentration inequalities for
martingales. Indeed, recalling that the maximal jump size of H, and consequently
that of M, is bounded by 1 and (M, M), < 2t, we have from Section 4.13, Theorem

5 of [25] that, for any fixed & > 0 and ¢ > 0,

P{sup, |1 > 0} < 2exp {—supar 20000}

u€l0,t] A>0

where ¢(\) = (e} — 1 — \). A straightforward calculation shows

sup[aX — 2td(N)] = alog <1 + %) - (a — 2tlog (1 + %)) > alog (1 + 2t> a.

A>0

The result follows. [ |
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The bound (5.5.15) continues to hold if we replace M (u) with M (7+4u)— M (7) for
any finite stopping time 7. From this observation we immediately have the following

corollary:.

Corollary 5.5.8. Let M be as in Lemma 5.5.7. Then, for any finite stopping time
T
(i) P{sup,epoq |M (1 +u) — M(7)| > a} < 2e7*, whenever o > 2(e? — 1)t.

(ii) P {sup,coq |M (1T + u) — M(7)| > a} < 2(2e/a)t*, for all t > 0 and o > 0.

Part (i) of the corollary is useful when « is large and part (ii) is useful when ¢ is

small. Finally we now give the proof of Proposition 5.5.6.

Proof of Proposition 5.5.6: From Lemma 5.5.3 (i) we have that H®™ converges
in distribution to Wy (recall we assume that A = 0) as n — co. Let {€};>1 be a
positive real sequence bounded by 1 and fix © € (2,00). Choice of © and ¢; will be
specified later in the proof. Let 0§ < 7" < ol < 75" < 05" < ... be a sequence of

stopping times such that ¢§” = 1, and for i > 1,

™ = inf{t > 0" +e&: H(t) > OYA (6, +1), o™ =inf{t > 7" : H”(t) < 1}.

(5.5.17)
Similarly define stopping times 1 =69 < 7 < 77 < T» < 75 < ... by replacing H®™ in
(5.5.17) with Wy. Due to the negative quadratic drift in the definition of Wy it follows
that o; < oo for every 7 and from the weak convergence of H™ to Wg it follows that
o — 5; and 7,V — 7;, in distribution, as n — co. Here we have used the fact that
if ¢ denotes the first time W hits the level a € (0, 00) then, a.s., for any 6 > 0, there

are infinitely many crossings of the level « in (¢, + d). In particular we have that

{o{™},>1 is a tight sequence, and this proves part (i) of Proposition 5.5.6.

For the rest of the proof we suppress (n) from the notation. Since the jump size of

H is bounded by 1, we have that SUD(s, 100 1+e] H(t) < © implies SUD[g; ,.7] H(t) <
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© + 1 and thus, in this case, when ¢t € [r;, 03], we have H(t) = H(n) + (H(t) —

H(1)) <O©+1+ (H(t)— H(r;)). Let G = G™ be as in Lemma 5.5.7 (iv) and let
H; =GN {oi_y < t*}, then writing P(- N H;) as Py(-),

0i-1,04] [05—1,00—1+€)

P,;{ sup H(t) > 20 + 1} gpi{ sup  H(t) > @} (5.5.18)
[

—HPZ-{sup [©+1+ (H(t)— H(r))] >2@+1}.

[74,0:]

(5.5.19)

Denote the two terms on the right side by T; and Ty respectively. Recalling that

H(o;—1) < 2, we have from the decomposition in Lemma 5.5.7 (i) and Corollary

5.5.8(ii) that

2

[oi—1,06—14€]

e —
T, < IP{ sup M (t) = M(0i)] > —; } < Cose 0722, (5.5.20)

Here, for a > 0, C,, = 2(2¢/a)* and we have used the fact that on H;, A(t) < —t/2 <

0 for all t € [0y_1,0i-1 + €].

Next, let {0;}i>1 be a sequence of positive reals bounded by 1. Setting d; =

i—1 h
>_j—1 €, we have

T, SIP’Z»{ sup (H(t)—H(Ti>)>@}+]PZ'{[ sup (H(t)—H(T,-))>@}

[, 7i+04] 7i+0;,7i+1]

+P{0’Z >Ti+1}

[74,7i+04] Ti+0;,7i+1] 2

SP{ sup (M(t)_M(Ti))>@}+P{[ sup (M(t)—M(r,-))>@+5idi}
+P{M(Ti+1)—M(T,~)>—@+%}

<Cg0? + 2e7%di/2 | 9c6-di/2 (5.5.21)

whenever

min{&;d;/2,d;/2 — O} > 2(e* — 1). (5.5.22)
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Fix © > 14. Then max {C’@, O(@_g)/g} < 2. We will impose additional conditions on

© later in the proof. Combining (5.5.20) and (5.5.21), we have

P; { sup H(t) > 20 + 1} < 2(eO7D/2 4§ o e0idi/2 4 oO-dif2) = (. (5.5.23)
[

01,04
Let
1—1
€ = i_1/27 d’L - ZE@' ~ 2.1/2, (51 = ]-/\/d_z ~ @'_1/4‘
7j=1

Then, (5.5.22) holds for i large enough, and

Ky~ 2(i (ORI 4 7O/ omiY/2 (O =it/?/2)

which, since © > 14, is summable. This proves part (ii) of the Proposition.

Now we consider part (iii). We will construct another sequence of stopping times

with values in [t*, 00), as follows. Define

~

o ::inf{ai:aizt*}:inf{tZt*:H(t)gl}.

Then define 7, ¢} for ¢ > 1 similarly as in (5.5.17). Similar arguments as before give

a bound as (5.5.23) with d; replaced by t*, 6; replaced by 1//t*, ¢; replaced with 1/t*

and O replaced by any ©g > 14. Namely,

T1007]

IP’{ sup H(t) > 200 + 1; G(")}
[o

<2((1/t)®0=/2 4 (1//19)%0 4 ¢~ VE/2 4 B0=t7/2), (5.5.24)

Here we have used the fact that since A(t) is non-increasing, on G™, A(t) < —t*/2

for all ¢ > ¢*.

Recall that, by construction, H(t) = 0 when t > s;. So there exist i such that
7 = 00, in fact since o} > o} | + ¢, we have that iy < s1/e. Thus, we have from the

above display that

i 2 * *
P{ sup H(t) > 20, + 1} < D1 /1) (@022 4 (1/1/7)00 4 VT2 4 (B0t /2)
€

[0 00)
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Taking © > 29, we have on setting ©) = % in the above display

P{ sup H(t) > O
[0G:00)
(©-1)/4-2 (©-1)/4-1
{7 g

From (5.5.2) we have that s; - (£)¥? — 0. So if © > 4(5 + 2) + 1, the
above expression approaches 0 as n — oo. The result now follows on taking © =

max{29,4(5 +2) + 1}. |

5.6 Bounded-size rules at time ¢, — n™"

Throughout Sections 5.6 and 5.7 we take T' = 2t¢. which is a convenient upper

bound for the time parameters of interest. In this section we prove Theorem 5.3.2.

We begin with some notation associated with BSR processes, which closely follows
[31]. Recall from Section 5.2.2 the set Qx and the random graph process BSR™ ()
associated with a given K-BSR F C Q%. Frequently we will suppress n in the

notation. Also recall the definition of ¢;(v) from Section 5.2.2.

For 7 € Qk, define
Xi(t) = |[{v € BSR" : ¢;(v) = i}| and z;(t) = X;(t)/n. (5.6.1)

Denote by BSR*(¢) the subgraph of BSR(t¢) consisting of all components of size

greater than K, and define, for k =1,2,3

Skw(t) = Z IC[* and 8. (t) = Sk () /1,

{CCBSR* (1)}
where {C € BSR*(¢)} denotes the collection of all components in BSR*(¢). For

notational convenience in long formulae, we sometimes write BSR(¢#) = BSR; and

similarly BSR*(¢) = BSR;. Similar notation will be used throughout this chapter.

147



Clearly
K K
Silt) = S + M), Su(t) = Spw + Y iF T Ei(H). (5.6.2)
i=1 i=1

Also note that Si(t) = n and S (t) = X (1).

Recall the Poisson processes Py introduced in Section 5.2.2. Let F; = o{Py(s) :
s <t,v € [n]*}. For Ty € [0,T] and a {F, }o<i<7, semi-martingale {J(t)}o<;<7, of the
form

dJ(8) = a(t)dt + dM(), (M, M), — / o (s)ds, (5.6.3)

where M is a {F;} local martingale and + is a progressively measurable process, we

write « = d(J), M = M(J) and v = v(J).

Organization: The rest of this section is organized as follows. In Section 5.6.1,
we state a recent result on BSR models and certain deterministic maps associated
with the evolution of BSR; from Chapter 4 that will be used in this work. In
Section 5.6.2, we will study the asymptotics of 53 -, and 53 . In Section 5.6.3, we will
complete the proof of Theorem 5.3.2(i). In Section 5.6.4, we will obtain some useful
semi-martingale decompositions for certain functionals of s, and 3. In Section 5.6.5,

we will prove parts (ii) and (iii) of Theorem 5.3.2.

5.6.1 Evolution of BSR;.

We begin with the following lemma from Chapter 4 (see also [31]).

Lemma 5.6.1. (a) For each i € Qf, there exists a continuously differentiable function
x; : [0,T] — [0,1] such that for any ¢ € (0,1/2), there exist C;,C5 € (0,00) such

that for all n,

P (sup sup |z;(t) — x(t)] > n—6> < Chexp (—Con' ™) |

i€Q s€[0,T]
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(b) There exist polynomials {F®(x)}icax, X = (%i)ica, € RETL such that x(t) =

(xi(t))icq) is the unique solution to the differential equations:
zi(t) = FF(x(t)), i€ Qk, te[0,T] with initial values x(0) = (1,0, ...,0). (5.6.4)

Furthermore, 7; is a {F;}o<t<r semi-martingale of the form (5.6.3) and

sup [d(z:)(t) - F*(x(1))] <

0<t<T n

Also, for all i € Qg and t € (0,T], we have z;(t) > 0 and » ;. :(t) = 1.

Recall that BSR*(t) is the subgraph of BSR(¢) consisting of all components of

size greater than K. The evolution of this graph is governed by three type of events:

Type 1 (Immigrating vertices):  This corresponds to the merger of two
components of size bounded by K into a component of size larger than K. Such
an event leads to the appearance of a new component in BSR*(¢) which we view as
the immigration of a ‘vertex’ into BSR*(¢). Denote by naj(t) the rate at which a
component of size K + ¢ immigrates into BSR; at time ¢. In Chapter 4 it is shown

that there are polynomials F*(x) for 1 < ¢ < K such that, with X(t) = (Z;(¢))icq,

K
sup [a; () — F(x(1))] < —. (5.6.5)
t€[0,00) n
We define, with x(¢) as in Lemma 5.6.1,
a;(t) := Ff(x(t), i=1,--- K. (5.6.6)

Type 2 (Attachments): This event corresponds to a component of size at most

K getting linked with some component of size larger than K. For 1 < ¢ < K,

denote by |C|cf(t) the rate at which a component of size i attaches to a component

C in BSR; . Then there exist polynomials Ff(x) for 1 < i < K, such that ¢} (t) =
Ff(x(t)). Define

ci(t) .= Ff(x(t)),i=1,--- K. (5.6.7)

]
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Type 3 (Edge formation): This event corresponds to the addition of an edge
between components in BSR;. The occurrence of this event adds one edge between
two vertices in BSR;_, the vertex set stays unchanged, whereas the edge set has one
additional element. From Chapter 4, there is a polynomial F®(x) such that, defining
b*(t) = F*(x(t)), the rate at which each pair of components C; # C, € BSR; merge

at time ¢, equals |C;||C2|b*(¢)/n. Furthermore, define

b(t) := FP(x(t)). (5.6.8)

From Chapter 4, F(x), Ff(x) and F°(x) are polynomials with positive coeffi-

cients, thus from the last statement in Lemma 5.6.1 we have that b(t.) € (0, 00).

5.6.2 Analysis of 5, (t) and 53 (¢)

Define functions Fy : [0,1]%"' x R — R and F5_ : [0,1]**! x R? — R as

K K
F5 (%, 89) := Z(K +7)? )+ 52 ZQ]FC )+ T ZjQFjC(X) + (59)%F°(x),
j=1 j=1
(5.6.9)
for (x, sp) € [0, 1]+ x R and, for (x, sy, s3) € [0, 1]5+ x R?
K K
Fy (%, 52,53) Z K +j)? +8323]FC +3522j2Ff(x)
7j=1

Jj=1

+waj3FC ) 4 35553 F°(x). (5.6.10)

The following lemma relates the evolution of 5;5(-) to that of F}_(X(:),52%(:)).
By definition, 5, (t) is a non-decreasing process with RCLL paths, and therefore a
semi-martingale. For Ty € [0,7], a stochastic process {{(t)}o<i<T,, and a nonneg-
ative sequence a(n), the quantity Or,(£(t)a(n)) will represent a stochastic process
{n(t) }o<t<t, such that for some d; € (0,00), n(t) < d1&(t)a(n), for all 0 <t < T and

n>1.
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Lemma 5.6.2. The processes Sj, j = 2,3, are {F;}o<t<t, semi-martingales of the

form (5.6.3) and
[d(52,)(t) = Fo(X(t), 52,5(1))] = O (Sa(t) /n?)

[d(S3,2)(t) = F5.5(X(t), 2,5(1), 53,2 (1)) = O (S5(t) /n?).

Proof: Note that S, and S;. have jumps at time instant ¢ with rates and

values ASs (1), AS; (1), respectively, given as follows.

e for each 1 <i < K, with rate naj(t),
AS; (1) = (K +1)?, AS3,(t) = (K +1)3.
e for each 1 <i < K and C C BSR]_, at rate |C|c}(t),
AS, o (t) = 2|Cli + %, ASs(t) = 3|C|% + 3|C|i* + °.
e for all unordered pair C,C € BSR;_, such that C # C, at rate |C||C|b*(t)/n,

ASy o (t) = 2IClIC|, ASs(t) = 3[CI*|C| + 3|CICI*.

Thus
d(So)(t) =) (K +j)*n +Z > @jlel+7)ele )

j=1 j=1 CCBSR;

D 2|cuér—b*“)f”c‘
C#CCBSR;

Z(K +5)? )+ ZQ]C )Sa.o(t) + chj (1) X
"0 (55 00) ~ Sut)

=n (F5 (X, 52,5) + O(1/n) 4 Oy, (S4(t )/n?)) (5.6.11)
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and
d(S3.)(t)

=D (K +j)Pna;(t)+> > (B4lCP +35%C] + 5°)[Cle; (1)

Jj=1 j=1 CCBSR;

. o b ()[C]|C
S <3|C|2|cr+3|6||6|2>%

C#CCBSR;

K + j)? —|—Z3jc (1)Ss.(t) +Z3] ()82, (t)

3b*( )

E
Z —(S3.2(1)S2.m(t) — S5.(1))
=n (F5 o(X(t), 52,5 (t), 53,=(1)) + O(1/n) + O, (Sax(t)/n?)) -

The result follows. [

5.6.3 Proof of Theorem 5.3.2(i)

In this section we prove Theorem 5.3.2(i). We begin with the following differential
equations, whose solutions play an important role in defining s,(-) and s3(-) that

appear in Theorem 5.3.2.

Consider the equations

8 (1) =F5 o (X(t), $2.:(1)), 52,(0) =0, t >0 (5.6.12)

Sy o (1) =F5 L(X(1), 2.5 (1), S35 (1)), $3.5(0) =0, t > 0. (5.6.13)

The following lemma describes some properties of solutions to the above differen-

tial equations.

Lemma 5.6.3. Equation (5.6.12) and (5.6.13) have unique solutions ss (t) and s3 (?)
for t € [0,t.). Furthermore s, (t) and s3(t) are non-negative, increasing and

hmtTtC SQ,’(D (t) = hmtth S3,w(t) = Q.
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Proof: The existence and uniqueness of solution to (5.6.12) follows from Lemma
5.6.1(b) and Theorem 2.2 in [31]. Furthermore, Theorem 2.2 in [31] also implies

hmtTtC 327w(t) = OQ.

Note that [ is a polynomial and the right hand side of (5.6.13) is linear in
3., thus (5.6.13) has a unique solution on [0,%.) as well. Since $9 (t) explodes at
te, we have limyyy, S3.(t) = co. The monotonicity of s (¢) and s3 () follow from
the positivity of the functions {FJ“ 1< < K} s {Ff 1< < K} that appear

in the definition of the functions Fy _ and F3  in (5.6.9) and (5.6.10) respectively. B

Define sy : [0,t.) — [0,00), k = 2,3, as follows.

K
si(t) = skw(t) + > i lay(t), for k=2,3. (5.6.14)

i=1

Then using (5.6.12) - (5.6.13) we get the following differential equations for s, and
S3.

Lemma 5.6.4. The functions ss, s3 are continuously differentiable on [0, t.) with

li t) =li t) =
20 = i alt) =

and can be characterized as the unique solutions of the following differential equations

so(t) = F5(x(t), 52(1)),  52(0) =1,

$4(8) = F3(x(t), 2(t), s5(8)),  55(0) = L.

where the function F3(-) and F§(-) are defined as

K K
F5(x,52) = Fy., <x> ney w) + D),
i=1 i=1
K K K
F3(x, 52,83) := Fy <X, Sy — Ziffz‘> 53— 212$z> + 222}’7()()
i=1 i=1 i=1

Proof: The differentiability of ss(+), s3(-) on [0,t.) and the form of F;y and F¥

follow from (5.6.14) and the differential equations (5.6.12), (5.6.13) and (5.6.4). The
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uniqueness of the solution follows from the fact that F3 and F5 are polynomials. The

limit behavior as ¢ T . follows from the definition of sy. |

The following lemma defines the two parameters a and (3 that appear in Theorems

5.3.2 and 5.3.3. Recall from Section 5.6.1 that b(t.) € (0, 00).

Lemma 5.6.5. The following two limits exist,

. . s3(t
Q= tggl_(tc —t)sqo(t), B := tl_1>g1_ %

Furthermore, a, f € (0,00) and o = 1/b(t,.).

Proof: By (5.6.14), for k = 2,3, |sx(t) — sk ()| < K*. Since lim;_;,— s (t) =

0o, we thus have that lim; s, $g(t)/Sk.w(t) = 1. Write yo(t) = 1/s2.5(t) and 2z (t)

y2 (t)s3.5(t), it suffices to show that:

Cte—t 11 .
tl—gl;l— yw—(t) = tl_l)gl_ —M = b(tc)7 and tl_lélc'l_ Zw(t) S (O, OO) (5615)

Define Aj(t) = S°5 (K + i)a,(t) and Cy(t) = SO5 ile;(t) for I = 1,2,3. Then by
(5.6.12), (5.6.13), (5.6.9) and (5.6.10), the derivative of y(t) and z(t) can be written

as follows (we omit ¢ from the notation):

Y, = — (A + Coz)y2, — 2C1 Y — b, (5.6.16)
2 =y [As + 3C183 o + 30289 + Csx + 3052 53

—3y§733@ [(Ag + C’gzzcw)yf‘U +2C1Ys + b}

= — (3yw Az + 3y= o + 3C1) 2 + (Y4 As + 3y2,Ca + 2, Cs0)

= — Blzw -+ BQ, (5617)

where Bi(t) = (3yw(t) Ao (t) + 3y (t)Ca(t) o (t) + 3C1 () and Bo(t) = (y2 () As(t) +
3y2 () Co(t) + y2 (1) Cs(t) (). Since limy_;,— Y (t) = 0, we have lim;_;,_ /. (t) =

—b(t.) which proves the first statement in (5.6.15).
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Choose t; € (0,t.) such that y-(t), 2-(t) € (0,00) for all t € (¢1,t.). Then from

(5.6.17), for all such ¢

t t
Zw(t) = / e~ I Bl(u)duB2<$)d8 + Zw(t1>€_ ftl Bl(u)du.

t1

Since By, By are nonnegative and sup;ey,, ;1 B1(t) + Ba(t)} < oo, we have

lim z5(t) € (0, 00).

t—te—

This completes the proof of (5.6.15). The result follows. |
We now complete the proof of Theorem 5.3.2(i).

Proof of Theorem 5.3.2(i): Let o, 8 be as introduced in Lemma 5.6.5. From
Lemma 5.6.4 it follows that y(t) = 1/s5(¢t) and z(t) = y3(t)s3(t), for 0 < ¢ < ¢, solve

the differential equations

y(t) = FU(x(t),y(1), 2'(t) = F*(x(t),y(t), (), y(0) = 2(0) =1,  (5.6.18)

where FY : [0,1]5%2 — R and F?: [0,1]% 2 x R — R are defined as

FU(x,y) = —y’F5(x,1/y), F*(x,y,2) = 32F¥(x,y)/y + Y’ F5(x, 1)y, 2/y°),
(5.6.19)
(x,9,2) € [0,1]52 xR — R. We claim that F¥Y(x,y) and F*(x, y, z) are polynomials.
To see this note that, by (5.6.9), for any u € R
K K K
VFs L ufy) =y Y (K472 FH(x) +uy Y 25Ff (%) +y*ee Y Ff(x) +u’F(x).
=1 j=1 j=1
From the definition of F3 in Lemma 5.6.4 it is now clear that F¥(x, y) is a polynomial.

To check that F*(x,y, z) is a polynomial, one only needs to examine the expression

K
1 1 z
_3zyF28,w(X7§ — 01) + Y F5 L (x, v B, i [2), where [ = Zikxi, =12
i=1
Note that the non-polynomial part in the first term is —3yz - y%F b(x), which gets

cancelled with the non-polynomial part of the second term, namely 1 - % . y%F b(x).
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This proves the claim. Also, from (5.6.10) it is clear that the order of z in F*(x,y, 2)

is at most 1.

Thus (5.6.18) has a unique solution. Also, defining y(t.) = lim;.._ y(t) =
limy ., Y (t) and z(t.) = limy_,,_ 2(t) = limy_;,_ 2(t), we see that y, z are twice
continuously differentiable (from the left) at t.. Furthermore, y/(t.—) = —a~! and

z(t.—) = . Thus we have

y<t) = g;(tc - t)(l'_k ()(tc - t))a Z(t) = /3(]'_F ()(tc - t))a ast T te.
The result follows. |

5.6.4 Asymptotic analysis of 35(¢) and 55(t)

In preparation for the proof of Theorem 5.3.2(ii), in this section we will obtain

some useful semi-martingale decompositions for Y (t) := 521@) and Z(t) :=

53(t)
(32(1))3"

Throughout this section and next we will denote |C{"” (¢)] as I(t). Recall the functions

F3, F3 introduced in Lemma 5.6.4.

Lemma 5.6.6. The processes So and s3 are {F;}o<i<t, semi-martingales of the form

(5.6.3) and the following equations hold.

(a) d(52)(t) = F5(x(), 52(1)) + O, (I*(t)52(t) /) -
(b) d(83)(t) = F5(X(t), 52(t), S5(1)) + O, (I°(£)52(t) /m) -

(c) v(S2)(t) = O (I*(t)53(t) /).

Proof:  Parts (a) and (b) are immediate from (5.6.2), Lemma 5.6.1(b) and
Lemma 5.6.2. For part (c), recall the three types of events described in Section
5.6.1. For type 1, Asy(t) is bounded by 2K?%/n and the total rate of such events is

bounded by n/2. For type 2, the attachment of a size j component, 1 < j < K, to a
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component C in BSR;_ occurs at rate |C|c}(t) and produces a jump Asy(t) = 23|C|/n.
For type 3, components C and C merge at rate |C||C|b*(t)/n and produce a jump
A5y(t) = 2|C||C|/n. Thus for t € [0,t.), v(55)(t) can be estimated as

v(52)(t)
~ 2 ~
n (2K> 2j51C 2|C||C b*(t)|C]|C
Sa(—) DS ( ||> et 3 <|T|L||> LG
j=1 CCBSR;} C;ﬁéCBSR:
2KY  AK®S;  4(S3)? I%(t)85(¢
S AS g, (F050)
n n n n
This proves (c). |

In the next lemma, we obtain a semi-martingale decomposition for Y.

Lemma 5.6.7. The process Y (t) = 1/55(t) is a {F; }o<t<t, semi-martingale of the form
(5.6.3) and

(i) With FY(-) as defined in (5.6.19),

d(Y)() = FY(x(1), Y (1)) + Oy, (%) | (5.6.20)
(i) o
v(Y)(t) = O, (W) |
Proof: Note that
L1 As L (AR A (Asy)?
AY() = o m s = g = -0, ( . ) L (5.6.21)
Thus by Lemma 5.6.6(a), we have,
d(Y)(t)
T 1
— - 0+ 0 (o)

- () (Rs0m0+ 0. (F528) ) o (s =020)
=FY(x(t),Y (t)) + Oy, (%) :
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This proves (i). For (ii), note that (5.6.21) also implies (AY'(¢))? < (Asi?)—z. We then

have

V(Y)(t) < 2V(§2)(t) _ Otc ([2(t)Y2(t)> )

n

The result follows. |

We now give a semi-martingale decomposition for Z(t) = s3(t)/(52(t))3.

Lemma 5.6.8. The process Z(t) = 53(t)/(52(t))% is a {F;}o<i<s, semi-martingale of

the form (5.6.3) and

(i) With F*(-) as defined in (5.6.19),

a(2)(0) = F(x(0). (0. 20) + 0 (2.

Proof: Note that
AZ =Y3A53 +3Y?53AY + R(AY, A3s),

where R(AY,As3) is the error term which, using the observations that 53 < I3,

As3 < 3IA5, and |[AY]| < Y2AS,, can be bounded as follows.
|R(AY, As3)| <3Y?|AY||As3| + 3Y 55| AY|?
<3Y?.Y2A8, - 3IA8, + 31 - (Y2A5,)° = 12IY* - (A5)%.
From Lemma 5.6.6(b), Lemma 5.6.7(1) and Lemma 5.6.6(c), we have

d(Z)(t) =Y3(t)d(5s)(t) + 3Y2()53(1)d(Y) () + O, (1(t)Y*(t)v(5) (1))
(o) Byt s s + 0, (T2

covsnsy (s vy -0, (P9 ) 4, (£1070)
=F*(x(t),Y (), Z(t)) + Oy, <w> :
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This proves (i). For (ii), note that
Y3 As3| + 3Y?53]AY | < Y? - 3I|As,| +3Y2 - [5, - Y?|Asy| = 6Y I|A5,).

Thus,
|AZ| < 6YPI|AG,| + 121V - (Asy)2.

Applying Lemma 5.6.6(c) we now have,

v(Z)(t) = Oy, (YI*v(52)(t)) + O, <[6§6) = O, (14;/4 + [Wﬁ) .

n

The result follows. [ |

5.6.5 Proof of Theorem 5.3.2(ii)

We begin with an upper bound on the size of the largest component at time
t <t,=t.—n""for vy € (0,1/4), which has been proved in Chapter 4, and will play
an important role in the proof of Theorem 5.3.2(ii).
Theorem 5.6.9 (Barely subcritical regime). Fix v € (0,1/4). Then there exists
C3 € (0,00) such that, as n — oo,

1 4
plrow <o, U8 oyl
(tc_t)Q

The next lemma is an elementary consequence of Gronwall’s inequality.

Lemma 5.6.10. Let {t,,} be a sequence of positive reals such that ¢, € [0,¢.) for all
n. Suppose that U™ is a semi-martingale of the form (5.6.3) with values in D C R.

Let g : [0,t.) x D — R be such that, for some C4(g) € (0, 00),
sup [g(t, ur) — g(t, uz)| < Ca(g)lur — ual, ur,up € D. (5.6.22)
te[0,tc)

Let {u(t)}icp,..) be the unique solution of the differential equation

u'(t) = g(t,u(t)), u(0) = up.

Further suppose that there exist positive sequences:
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(1) {61(n)} such that, whp, [U™(0) — u| < 61(n).

(ii) {fy(n)} such that, whp,
/tn [A(U™)(#) = g(t, U™(1))] dt < (n).

(iii) {f3(n)} such that, whp, (M(U™), M(U™));, < 05(n).

n

Then, whp,

sup |U™(t) —u(t)] < eo4(g)tc(91 (n) + 02(n) + 04(n)),
0<t<tn

where 0, = 64(n) is any sequence satisfying /0s5(n) = o(04(n)).

Proof: We suppress n from the notation unless needed. Using the Lipschitz

property of g, we have, for all t € [0, t,],
(1) — u(d)|
< |U(0) — ol +/0 [d(U)(s) — g(s,U(s))|ds
+ [ 1ot U5 = ats,uts)lds + 1MW)

< [U(0) — o + / AU)(s) — gls, U(s))|ds + [ MU)(@)] + Cs / U(s) — u(s)|ds.

Then by Gronwall’s lemma

021<pt |U(t) — u(t)] (5.6.23)
< (\U(O) ol + [ 1aO)6) gl UsDlds + sup |M<U><t>\) Cute

Let 7™ = inf{t > 0: (M (U), M(U)); > 63(n)}. By Doob’s inequality

E[ sup [M(U)(tAT)]’] < AE[|M(U)(tn A7)]*] = 4E [(M(U), M(U))1,ns] < 463(n).

0<t<tn
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Then for any 64(n) such that 05 = o((64)?), we have
P{ sup [M(U)(®)| > 0a(n)} P <t} + P{ sup [M(U)(t A7) > e4<n>}
0<t<tn 0<t<in
<P{(M(U), M(U)}y, > 5(n)} + 405(n) /63(n) — 0.
The result now follows on using the above observation in (5.6.23). [

Proof of Theorem 5.3.2(ii): Let y and z be as in the proof of Theorem 5.3.2(i).

It suffices to show

sup |Y(t) —y(t)|n'/? =0 (5.6.24)
0<t<tn
sup |Z(t) — z(t)] — 0. (5.6.25)
0<t<tn

We begin by proving the following weaker result than (5.6.24):
sup |Y(t) —y(t)] = O(n~'), whp. (5.6.26)
0<t<tn

Recalling from the proof of Theorem 5.3.2(i) that x — F¥(x,y) is Lipschitz for

x € [0, 1%+ uniformly for all y € [0, 1], we get for some d; € (0, 00)
sup [F¥(x(1),Y (1)) — F¥(x(1),Y' ()] < dy sup sup |z;(t) — 2;(t)].
0<t<tc 1€Qx 0<t<tc
From Lemma 5.6.7(i) and Lemma 5.6.1(a) we now get for some dy € (0, 00), whp,

Yt

|d(Y)(t) — FY(x(t),Y(t))| < dy ( + n_2/5) , for all t € [0,¢,].

Thus, from Theorem 5.6.9 and recalling that v < 1/5, we have whp,

/Otn [d(Y)(t) = FY(x(2), Y (1) ldt =O (/Ot (logn)® n_2/5)

n(t, — t)*

=0((logn)*n®~1) + O(n=%%) = O(n=%").

Next, by Lemma 5.6.7(ii) and using the fact Y'(¢) <1 for all ¢ € [0,¢,.),

(M(Y), M(Y));, =O </Ot wdt) ~0 (/Ot I2(t>dt)

n n

—0 < /O ’ Mdt) — O((log n)*n®"). (5.6.27)

n(t. —t)
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The statement in (5.6.26) now follows on observing that ((logn)*n*=1)1/2 = o(n=1/?)
and applying Lemma 5.6.10 with I := [0, 1], g(t,y) := FY(x(t),y), 61 = 0, 5 = n=2/5

and 03 = (logn)®n37~1.

We now strengthen the estimate in (5.6.26) to prove (5.6.24). From Theorem
5.3.2(i) it follows that y(t,) = 1/s2(t,) = O(n~7). Since v < 1/5, from (5.6.26) we
have, whp, Y (t) < 2y(t) for all ¢t < t,,. Thus from the first equality in (5.6.27) and

Theorem 5.3.2(i) we get, whp,

uwwyMuw%:0<A%ﬁ@£@>zo(lmﬁ%@%ﬁ)zom%m%%w

n n(t. —t)

Since ((logn)®n?=1)1/2 = o(n=2/%), applying Lemma 5.6.10 again gives

sup Y (t) —y(t)| = O(n~%?%), whp. (5.6.28)

0<t<tn

This proves (5.6.24).

We now prove (5.6.25). We will apply Lemma 5.6.10 to D := R and g(¢,2) :=
F*(x(t),y(t), z). As noted in the proof of Theorem 5.3.2(i), ¢ defined as above satisfies
(5.6.22).

We now verify the three assumptions in Lemma 5.6.10. Note that (i) is satisfied
with 6, = 0, since Z(0) = 2(0) = 1. Next, by Lemma 5.6.8(ii) and the fact Y (t) <

2y(t) for t < t,, whp, we have

v(2) m(2)). =0 ( | "’ ([4“>Y4<” ' IG@W@) )

n n

=@(A%(®yw6+a%mm)ﬁ)zom%m%WAy

n(te —t)*  n(t. —1t)8

Since v < 1/5, we can find 04(n) — 0 such that \/(logn)?*n>—1 = o(04(n)) Thus
(iii) in Lemma 5.6.10 is satisfied. Next recall from the proof of Theorem 5.3.2(i) that

g(t,z) is linear in z. Also, Z(t) < I(t). Thus from Lemma 5.6.1 and (5.6.28), for
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some ds € (0,00) whp, for all t < ¢,

[F=(x(1), Y(1), 2(1)) — g(t, Z(1))]

<ds(1+ Z(t)) ( sup  sup |Z;(t) — x;(t)| + sup |Y(t) - y(t)\) = I(H)O(n~2/%).

1<i<K 0<t<t, 0<t<tn

By Lemma 5.6.8(i) and the above bound,

@) — gt znlae =0 [ nwrrwar) 1o ([ LOE0
[ ([ vomoe) o[22
o ([ S vo ([ )

=0((logn)*n"=2/%) + O((logn)?n®>~1). (5.6.29)

This verifies (i) in Lemma 5.6.10 with 6y(n) = O((logn)?n*~!). From Lemma

5.6.10 we now have

sup |Z(t) — z(t)] = O(01(n) 4+ O2(n) 4+ 04(n)) = o(1).

0<t<tn

The result follows. [ |

Part (iii) of Theorem 5.3.2 is a simple consequence of part (ii).
Proof of Theorem 5.3.2(iii): The convergence when ¢ = 0 is trivial. Consider now
t > 0. Since t, — t. as n — 0o, we have from part (ii) of the theorem that, for fixed

€ (0,t.),
1 o 1 S5(t) N s3(t)
59(1) so(t)” (52(1))3 (s2(t))®

Also, since t > 0, we have that z;(t) > 0 for all i € Q, thus ss(t) > 0. Theorem

5.3.2(iii) is now immediate. |

5.7 Coupling with the multiplicative coalescent

In this section we prove Theorem 5.3.3. Throughout this section we fix v €
(1/6,1/5). The basic idea of the proof is as follows. Recall o, € (0,00) from

Theorem 5.3.2 (see also Lemma 5.6.5). We begin by approximating the BSR random
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graph process by a process which until time ¢, := ¢t. — n™" is identical to the BSR
process and in the time interval [t,,, t. +a 3% 3#] evolves as an Erdés-Rényi process,
namely over this interval edges between any pair of vertices appear at rate 1/an, and
self loops at any given vertex appear at rate 1/2an. Asymptotic behavior of this
random graph is analyzed using Theorem 5.5.1. Theorems 5.3.2 and 5.6.9 help in
verifying the conditions (5.5.1) and (5.5.2) in the statement of Theorem 5.5.1. We
then complete the proof of Theorem 5.3.3 by arguing that the ‘difference’ between
the BSR process and the modified random graph process is asymptotically negligible.

Let
n1/3—’y

aB2s

Throughout this section, for A € R, we denote t* = t, 4+ a3%3)\/n'/3. Recall the ran-

A
_ _ 2/3_7'\n _
t,=t.—af YE where A, =

(5.7.1)
dom graph process BSR*(¢) introduced in Section 5.6. Denote by (|C; ()|, & (t))i>1
the vector of ordered component size and corresponding surplus in BSR*(¢) (the

components are denoted by C;(t) ). Let, for A € R,

1/3
—~(n),* /8
o= (22

2

Cr(th)| i > 1) YO = (@) > 1),

For i > 1, denote C{"""(\) and Y """(\) for the i-th coordinate of C”*(\) and
Y "7(\) respectively. Write Y;n)’* = fl(") - éz(’” where Sm()\) represents the surplus
in BSR*(#}) that is created before time ¢,,, namely
E'N = Y Y.
J:C3 (tn)CCF (82)
In Section 5.7.2 we will show that the contribution from £ () := (E™(\) 1 i > 1) is
asymptotically negligible. First, in Section 5.7.1 below we analyze the contribution

from the ‘new surplus’, i.e. £™ ;= (fé") c1 > 1),
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5.7.1 Surplus created after time ¢,.

The main result of this section is as follows. Recall Z(\) = (X (\),Y ()\)) intro-
duced in Theorem 5.3.1.

Theorem 5.7.1. For every A € R, as n — oo, (C""(A),£™()\)) converges in distri-
bution, in U, to (X (A),Y (N)).

The basic idea in the proof of the above theorem is to argue that BSR*(+*) ‘lies
between’ two Erdés-Rényi random graph processes G™-~(t*) and G+ ("), whp,
and then apply Theorem 5.5.1 to each of these processes. For a graph G, denote by
IC;(G)| and &;(G) the size and surplus, respectively, of the i-th largest component,
Ci(G) of graph G. We begin with the following lemma. Recall A, from (5.7.1).

Lemma 5.7.2. There exists a construction of {BSR*(¢)}:>¢ along with two other
random graph processes {G™~(¢) };>¢ and {G™*(t) };>¢ such that:
(i) With high probability,

G (") C BSR*(t) € G™ (") for all A € [~ A, A (5.7.2)

(i) Let for i > 1, C{"F(A) = Z2|¢, (GWF(Y)) | and

YT\ =& (GWF(HY) - > & (G™7(t,)).

3:C; (G F (t) ) CCi (G F(11))

Then, for all A € R
(C (), Y™ (V) -5 (X(V), Y (N), e = —, +,

d .
where — denotes weak convergence in Uj.

We remark that ¥"'7()) represents the surplus in G™-¥(t") created after time
instant ¢,,. Proof of the lemma relies on the following proposition which is an imme-

diate consequence of Theorem 5.3.2 and Theorem 5.6.9.

165



Proposition 5.7.3. There exists a x € (0, % — ) such that

53(t, nlt/3 nl/3=v 1™ (t,
_3( )3 L57 — - LO? 27(—1—/1) LO
(52(tn)) 5a(tn) o n

We now prove Lemma 5.7.2.

Proof of Lemma 5.7.2: We suppress n in the notation for the random graph
processes. Write ¢ := t. + n~7. Let BSR(¢) for ¢t € [0,¢}] be constructed as in

Section 5.2.2 and define BSR*(¢) for t € [0,¢,) as in Section 5.6. Set
G™(t) = G™*(t) = BSR*(t), for t € [0,¢,).
We now give the construction of these processes for ¢ € [t,,t;].

The construction is done in two rounds. In the first round, we construct processes
Gl (t), BSR'™*(t) and G'*(t) for t € [t,,t}] by using only the information about
immigrations and attachments in BSR(¢), while the edge formation between large
components is ignored. We first construct the process {BSR/ (t) }iepp, o) as follows.

Let BSR!(t,) := BSR(t,). For t > t,, BSR/(t) is constructed along with and same

as BSR(t), except for when
o (W) efjeQjeFji=jh=w or j¢Fjs=ji=w}
in which case no edge is added to BSR(t).
Let Z;(t),a;(t),0*(t),ci(t), 1 < i < K, t € [tn,t}], be the processes determined

from {BSR(t)},;, ) as in Section 5.6. These processes will be used in the second

round of the construction.

Now define BSR'*(t) to be the subgraph that consists of all large components
(components of size greater than K) in BSR(t), and then define G'~(t) and G’ (t)

for ¢ € [t,, t;}] as follows:

G'~(t) = BSR'*(t,), and G'"(t) = BSR'*(t}).
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Then
Gl (t) c BSR'*(t) ¢ G (t) for all t € [t,,t}].

We now proceed to the second round of the construction. Let
E, = {b(t.)) —n™"5 < b*(t) < blt.) +nVS, forall t € [tn, 1]}
Note that Lemma 5.6.1 and (5.6.8) implies that with probability at least 1—CyeCan'’?
sup [b"(t) — b(t)| < sup [b°(¢) = b(t)[ + sup [b(t) — b(tc)|

tE(tn,t) tE(tn,th) tE(tn,t)

<dyn*® +dyn™ = o(n"1/%),

Thus P{ES} — 0 as n — oo. Since we only need the coupling to be good with high
probability, it suffices to construct the coupling of the three processes until the first
time ¢ € [t,, ] when b*(t) & [b(t.)—n~"/5 b(t.)+n~'/%]. Equivalently, we can assume
without loss of generality that b*(t) € [b(t.) — n=Y/5 b(t.) +n~V0], for all t € [t,,t}],

a.s.

We will construct G*(¢), BSR*(t) and G~ (¢) by adding new edges between com-
ponents in the three random graph processes G~ (t), BSR'*(t) and G!*(t) such
that, at time ¢t € [t,,t}] edges are added between each pair of vertices in GI=(¢),
BSR"*(t) and G’ (t), at rates L (b(t.) —n=/%), 2b*(t) and (b(t.) + n~1/%), respec-

tively. The precise mechanism is as follows.

We first construct GT(t) for t € (t,,t}] by adding edges between every pair of
vertices in G’ (t) at the rate 1(b(t.) + n~"/%) and creating self-loops at the rate

%(b(tc) + n—l/G) for each vertex in GI’+(t),

Next, we construct BSR*(t) and G~ (¢) through successive thinning of G*(t),

thus obtaining the desired coupling. Let (eq,es,...) be the sequence of edges that
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are added to G'*(t) to obtain G*(¢). Let (uy,us,...) be ii.d Uniform[0,1] ran-
dom variables that are also independent of the random variables used to construct
G~ BSR'*, G+ G*. Suppose at time t;, we have G*(t;,) = G*(t,—) U {ex},
where ex = {vy,v2}. We set BSR*(tx) = BSR™(t,—) U {ex} if and only if

b* (tr)
b(t.) +n-1/6’

otherwise let BSR*(t;) = BSR"(t;—). This defines the process BSR*(¢) (with the

U1, Vg € BSRI’*(tk—) and uy <

correct probability law) such that the second inclusion in (5.7.2) is satisfied. Finally,

construct G~ (¢) by a thinning of BSR*(¢) exactly as above by replacing b(tb)i%
with %. Then G~ (t), for t € [t,,t]] is an Erdés-Rényi type processes and the

first inclusion in (5.7.2) is satisfied. This completes the proof of the first part of the

lemma.

We now prove (ii). Consider first the case ¢ = —. We will apply Theorem
5.5.1. With notation as in that theorem, it follows from the Erddés-Rényi dynamics
of G™~(t) that, the distribution of (C"™"(\), Y """ (X)), conditioned on {Py(t), t <
t, U € [n]*}, for each A € [=\,, \,], is same as the distribution of Z (2™, ¢™), where
2™ = (C™"7(=\,),0), 0 denotes the vector (0,0,---) and ¢™ is determined by the
equality

¢"C T (=A)CT T (<)

_Ozﬁ2/3 b(tc) o n—l/ﬁ)
e n

A+ ) CG ™ (1)1 (G (1),

for i # j. Recalling that ab(t.) = 1 it then follows that ¢™ = A+ ’;1;2/_37 +O(nt/6=7).

We now verify the conditions of Theorem 5.5.1. Taking z™ = C'(")’_(—)\n) we see
with, %, s,, k = 1,2,3 as in Theorem 5.5.1,

5™ < 51/3 173 gm &/3 |C|2 sy = ﬁ ‘C‘s
< n’e, sy nA/3 »73 n? ‘

CCBSR*(t,) CCBSR*(t,)
Recall the definition of §; and 5 . from (5.3.1) and Section 5.6. Then

(n) __ 52/352@(%) (n) __ 553@“71) *(n) __ ﬁl/?)[(tn)
520 = nl/3 73 n » = n2/3 "
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From the first two convergences in Proposition 5.7.3 and recalling that, for £k = 1, 2,
|5k — 5k| < K*, we immediately get that the first two convergences in (5.5.1) hold.

Also,

o I(t,) o (t) . -
sy BPnlBs, (t,) ﬂ2/3m+1/30(1) — 0, in probability,

where the second equality is consequence of the second convergence in Proposition
5.7.3, and the convergence of the last term follows from the third convergence in

Proposition 5.7.3. This proves the third convergence in (5.5.1).

1

m s Where K

Finally we note that the convergence in (5.5.2) holds with ¢ =

is as in Proposition 5.7.3, since

a (£) <o (A82) —on (42 o

where the last equality follows from our choice of ¢ and the convergence is a con-

sequence of Proposition 5.7.3. Thus we have verified all the conditions in Theorem
5.5.1 and therefore we have from this result that (C™""(\), Y™ 7())) converges in

distribution, in U}, to (X™*(X), Y*()\)) proving part (ii) of the lemma for @ = —.

To prove part (ii) of the lemma for ¢ = +, one needs slightly more work. Once
more we will apply Theorem 5.5.1. As before, conditioned on {C’(")’+(/\0) t Ao <
—n}, for each X € [y, An], the distribution of (C™(X), Y™ (\)) is same as the
distribution of Z(z™,g™), where 2 = (C™""(=\,),0) and g = X\ + % +
O(n/6=7). Taking ™ = C"""(=\,) we see with, *, s, k = 1,2,3 as in Theorem
5.5.1,

s, s 2Bl S e o B e
CCBSRI* () CCBSR*(t)})
Next note that for any component C C G~ (t,) = BSR'*(t,) there is a unique
component C* € G*(t,) = BSR!*(¢}), such that C ¢ C*. Denote by C; the i-th

largest component in BSR*(t,), and let C; be the corresponding component in
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BSR’*(t+) such that C; C C;". Denote by N the number of immigrations that occur
during [t,,t] in BSR"*, and denote by {C;"}¥, the components in BSR'*(t)
resulting from these immigrations. Then

2/3 =+ —+
3353 (n _ 553 7 = gL/ I"
)

()
sV ="—2 s —
2 nt/3’ 7? n2/3’

where
1 o) N ~
ok (S et
1 z;ol z§1 )
5 = (Z CHP+D |c;|3> 7
i=1 i=1

I'" :=max {max IC:F|, max |éj|}
(2 1

To complete the proof it suffices to show that the statement in Proposition 5.7.3 holds
with (52(t,), 53(tn), I (t,)) replaced with (55,54, 7). This follows from Proposition
5.7.4 given below and hence completes the proof of the lemma. [ |

Proposition 5.7.4. With notation as in the proof of Lemma 5.7.2, as n — oo, we have

=+ =+
S5 ? 54 P n

53(tn) 52(tn) 5;

1/3 1/3

n P

— 0.

Proof. The proof is similar to that of Proposition 3.7.1 in Chapter 3 thus we

only give a sketch.

Observe that the total rate of attachments is 31, ¢i(t) < 1 and each attachment
has size no bigger than K. Recall that C; denotes the ¢-th largest component in
BSR’*(t,). Denote by Vj(t), t € [t,,t}], the stochastic process defining the size of
the component containing C; in BSR”*(¢). Note that Vi(t,) = |G| and Vi(t}) =
|C;"|. Then V;(t)/K can be stochastically dominated by a Yule process starting with
[|C;|/ K] particles and birth rate K. Using this and an argument similar to Chapter

3, it follows that,

ICH| — |C;i| <4 K - Negative-Binomial([|C;|/K],e 25" 7).
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Next, note that the immigrations are of size no bigger than 2K, and thus for the

same reason, we have the bound,
IC}| <4 2K + K - Negative-Binomial(2, e 25" 7).
Since the total number of vertices is n, the number of immigrations N can be bounded

by n/K.

With the above three bounds the proof of the proposition follows exactly as the
proof of Proposition 3.7.1 in 3 with obvious changes needed due to the constant K

that appears in the above bounds. Details are omitted. [ |

The next proposition says that the inclusion in (5.7.2) can be strengthened to

component-wise inclusion.

Proposition 5.7.5. Fix A € R and ig > 1. Then, as n — oo,

P{C;(G™(t")) C C;(BSR*(t)) C C;(G™ (1)) V1<i<ip} — 1.

Proof: From Lemma 5.7.2 and Lemma 15 in [4] (see Chapter 3 for a similar
argument), we have, as n — 00,

d

(C™7(N), C77 (N, CT (V) == (X(N), X (V), X (N), (5.7.3)

in lf X lf X lf, where X is as in Theorem 5.3.1. Define events E,, F}, as
E, = {C’E’”"()\) SO 1< < io} JF, = {G™(\) € BSR*(\) © G™H()}
Then on the set £, N F,
C;(G™ (X)) C C;(BSR*(\)) C Ci(G™T(N), V1<i<i.
From Lemma 5.7.2 (i) P{F} — 1. Also
limnsup P(ES) < limnsup]P’ {C’E")’f()\) < CV7(N) for some 1 < i < io}

<P{X;(\) < X;+1(A) for some 1 < i <ip} =0.
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This shows that P(E, N F,,) — 1 as n — oo. The result follows. [

We will also need the following elementary lemma. Proof is omitted.

Lemma 5.7.6. Let ™~ n™* n* be real random variables such that n™-— < ptm-+
with high probability. Further assume n™-~ 4, n* and n™-* 4, n*. Then n™+ —
n™= — 0. Furthermore, if n™ are random variables such that n™— < n™ < pm-+

with high probability, then n™ 2, n* and ™ — - — 0.
We now complete the proof of Theorem 5.7.1.

Proof of Theorem 5.7.1: From Lemma 5.7.2 (ii) we have that

(C(") Y(n 7icn> Y;”)’_()\)> a4, (X()\),YO\),iXi()‘)Yi()‘)) )
- (5.7.4)

in lf x N x R, where on N> we consider the product topology.

In order to prove the theorem it suffices, in view of Lemma 5.4.11, to show that

(Cm),*( A), £ A)jzcyw*@)gmu)) < (X(/\),Y(A),ZXi(/\)Yz’(/\)) )

i=1
(5.7.5)
in 17 x N> x R.
From Proposition 5.7.5, we have for any iy € N, with high probability
YT (A) < EMN) <Y for 1< < .

Also, from Lemma 5.7.2 (i), whp,

S e Y <Zc"“ D SREYED SYe/iaEY SEI]
=1 =1

From Lemma 5.7.6 and Lemma 5.7.2 (ii), we then have

(! V) - T )], ST ET )~ Y éi"*(A)Y;"*(A)) -0,

i=1 =1

172



in N x R, where for y = (y1,92,-+) € Z°, |y| = (|y1, |y2|, -+ ). The convergence
in (5.7.5) now follows on combining (5.7.4) and (5.7.3). The result follows. |

5.7.2 Proof of Theorem 5.3.3.

As a first step towards the proof we show the following convergence result for one

dimensional distributions.

Theorem 5.7.7. For every A € R, as n — oo, (C™(\), Y™ (\)) converges in distribu-
tion, in U}, to (X (\),Y (A)).

Proof. Fix A € R. We first argue that
(C™(N), Y™ (N) -5 (X (M), Y (N), in U, (5.7.6)

For this, it suffices to show that

e e}

D EPNCTT(N) = 0. (5.7.7)

i=1
Define

4
E, = {IW(S) < C’;;M for s <t,— n”} .

(te — s)?
By Theorem 5.6.9, P{E‘} — 0 and E, € F(\) := o{|Ci(s)| : i > 1,5 < t*} for all

A > —\,. We begin by showing that there exists d; € (0, 00) such that, for all i € N,
E [5;")(A) | ﬁA} 15, < O™ (W) =3 (logn)t. (5.7.8)

Note that at any time s < t*, for a component C C BSR™(s), there are at most
2|C|*>n? quadruples of vertices which may provide a surplus edge within C. Since

edges are formed at rate 2/n?, we have that

- - tn 1
E [ TN | }}] S/O Z ﬁ2n2‘Cj(BSR(n>(S))’2 ds

§:C;(BSR(™ (s5))CC; (BSR* (1Y)

<He @SR ) [ 16)ds
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Thus, for some dy, d; € (0, 0)

. . C"*(\ 7 (logn)* _ (n) %
i 10 1 <€ [ I ot

This proves (5.7.8). As an immediate consequence of this inequality we have that

E |3 & MEr ()| ﬁm] 15, =3 GV IRE [€7(0) | (V)

%

)

<din""Y3(logn)* Z (C_Z’Y‘)’*()\))2 :

o\ 2
Observing that v —1/3 < 0 and, from Theorem 5.7.1, that (C;n)’ (A)) converges

in distribution, we have that

B3 ETNET ) | FO >] 1g, 0.

Since P{E,} — 1, letting n™ = 3, €™ (\)C{"”"()\), we have that E(n™ | F(\)) — 0
in probability. Convergence in (5.7.7) now follows from Markov’s inequality on noting
that, as n — oo,
E[y™ Al = E [E[n(’” Al ﬁ(x)ﬂ <E []E[n<"> | FOV] A 1] ~0.
This proves (5.7.6). Next note that
n n),* n
Z IC(A) = CT V)P < —50(1) =0, asn — oo, (5.7.9)

Also,

E [Y(”)( ) | F(A )} Lyje,y<xy =

1
/ > %2”/2’0( s)] dé’] Lije, )<k}

GCi(5)CCi(t)
K2

<— -t =0(n).
n

Thus, as n — oo,

EDCW VY = C Y )

Z CUWY WL ysx) | < O =0(n™") = 0.

Z C(n)
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The result now follows on combining the above convergence with (5.7.9) and (5.7.6).

Remark 5.7.8. The proofs of Theorems 5.7.1 and 5.7.7 in fact establish the following

stronger statement: For all A € R,

<\Y("> YL, Z C C WP,

D ICTT YT () - CE”)(A)YE”)(A)I) — (0,0,0),
1=1

in probability, in N> x R x R.

Proof of Theorem 5.3.3: For simplicity we present the proof for the case m = 2.

The general case can be treated similarly. Fix —oo < A\ < Ay < oco. Denote, for
AER, Z™(A) = (C™(A), Y™ 7 (N). In view of Remark 5.7.8 it suffices to show

that, as n — oo,

d

(Z™ (W), 2™ (A2) == (Z(M), Z(N)),

for which it is enough to show that for all fi, f, € Cy(UY)
EA(Z7 D) R(Z™ (V)| = ELA(Z(A) (Z(X))]- (5.7.10)
Note that the left side of (5.7.10) equals

E[A(Z" ) Tun (27 ()]

which using Theorem 5.3.1 (2), Lemma 5.7.2 (ii) and the fact that Z(\) € U} as.,

converges to

E[fi(Z(M))Do-x f2(Z(M))] = E[f1(Z(M))2(Z(X))],

where the last equality follows from Theorem 5.3.1 (3). This proves (5.7.10) and the

result follows. ]
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CHAPTER 6: LDP FOR THE CONFIGURATION MODEL

6.1 Introduction

In this chapter we study some large deviation problems related to the configuration
model. The configuration model random graph G(n,{d;}) is defined as follows. Given
{d; :i=1,2,...,n} satisfying d; € Nand >, d; is even, consider the collection of all
graphs with the vertex set [n] such that the degree of vertex i is d;, for i € [n|. Define
G(n,{d;}) to be a uniformly random member in this collection. Further assume that
there exists a probability distribution on N, {p : k € N}, such that "7, kpy < o0
and for each k € N,

[{ieln]:di =k}

— P, as N — 00.

Let C{" be the size of the largest component in G(n, {d;}). The goal of this chapter
is to argue that P {%C{") € B} = e M B)+o(M) a5 — o0, and to identify the exponent
I(B) in the expression for B C [0, 1]. Towards this goal, we construct a random walk
associated with the depth-first-exploration of G(n,{d;}), and then study the large
deviation properties of this random walk. Our techniques are based on the weak
convergence approach developed in [14]. However, due to certain singularities in the
transition kernel of this random walk, the conditions imposed in [14] are not satisfied
for this example, and we have only been able to prove a large deviation upper bound.

Establishing the corresponding lower bound is an open problem.

Organization of this chapter: Section 6.2 gives some preliminary results, in-
cluding the definition of the configuration model, the assumptions, and the random

walk associated with the depth-first-exploration. Section 6.3 defines the rate function



and conjectures a large deviation principle (LDP) for the scaled random walk process.
We also present our main result which establishes a large deviation upper bound. In
Section 6.4, the proof of the main LDP is reduced to the LDP of some modified

process in Theorem 6.4.1. Theorem 6.4.1 is proved in Section 6.5 and Section 6.6.

6.2 Preliminaries

6.2.1 Notation

The following notation will be used. Given a Polish space £ and T' > 0, C([0,T1) :
E) (resp. C([0,00) : &)) will denote the space of £ valued continuous functions on
[0,T] (resp. [0,00)) which is equipped with the usual uniform topology (resp. local
uniform topology). Also, D([0,7] : £) will denote the space of right continuous
functions with left limits on [0, 7] with values in €. This space is equipped with the
usual Skorohod topology. B(€) will denote the Borel o-field on €. P(&) will denote
the space of probability measures on £ which is considered with the usual topology
of weak convergence. We say a sequence of £ valued random variables is tight if the

corresponding sequence of induced measures on & is tight. For a function f : & — R,

define |[flloc = sup,eg [f(2)]

We denote by R* the space of all real sequences which is identified with the
countable product of copies of R. This space is equipped with the usual product
topology. A function I from a Polish space £ to [0, 00| is called a rate function if
for each M < oo the set {x € £ : I(x) < M} is compact. Given a measurable
space (€2, F) and a Polish space £ a family of probability measures v(dy | x) on &
parametrized by x € () is called a stochastic kernel on £ given € if for every Borel

set B in &, the map = — v(B | x) is measurable.
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6.2.2 The configuration model and assumptions

Fix n > 1. We start by describing the construction of the configuration model of
random networks [10] with vertex set [n] := {1,2,...,n}. Let d(n) = (d; : i € [n])
be a degree sequence, namely a sequence of non-negative integers such that Y  d;
is even. Let 2m(n) := >  d;. Each d; may depend on n but we suppress this
dependence in the notation. Now start with the n vertices with vertex ¢ € [n| having
d; half-edges. Perform a uniform random matching on these 2m half-edges to form
m edges so that every edge is composed of two half-edges. This procedure creates
a random multigraph G([n],d(n)) with m(n) edges, allowing for multiple edges and
self-loops, and is called the configuration model with degree sequence d(n). Since
we are concerned with connectivity properties of the resulting graph, vertices with
degree zero play no role in our analysis, and therefore we assume that d; > 0 for
all i € [n], n > 1. We make the following further assumptions on the collection

{d(n),n € N}.

Assumption 6.2.1. There exists a probability mass function p := {px };, on Z, :=
{1,2,...} such that, p, # 1 and writing nj” := | {i:d{"” =k} | for the number of
vertices with degree k,

n(n)

£ ppasn — oo, forall k> 1

We will make the following exponential integrability assumption on the degree

distribution.

(n)
Assumption 6.2.2. For all A € R, sup,,cy > e —2-e < oo,

Remark 6.2.3. (i) Note that Assumptions 6.2.1 and 6.2.2, along with Fatou’s
lemma say that >~ pre*” < oo for every A € R. Conversely, if > oo, pre?* <

oo for every A € R and {D;,i > 1} is an i.i.d. sequence with common distri-
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bution {pg}r>1, then for a.e. w, Assumptions 6.2.1 and 6.2.2 are satisfied with

dg”) =Di(w),i=1,---n,n>1.

(ii) Under Assumptions 6.2.1 and 6.2.2, p:= Y ;- kpy < oo and the total number

: (n)
of edges m™ = £ 37 | d; satisfies == — 23" | kpy as n — 0.

6.2.3 Edge-exploration algorithm

One can construct G(n, (d;)7) whilst simultaneously exploring its component

structure [21] which we now describe. This algorithm traverses the graph by ex-
ploring all its edges, unlike typical graph exploration algorithms, which sequentially
explore vertices. At each stage of the algorithm, every vertex is in one of two possi-
ble states, sleeping or awake, while each half-edge is in one of three states: sleeping
(unexplored), active or dead (removed). Write Ay(j),Sy(j) for the set of awake
and sleeping vertices at time j and similarly let Sg(j),.Ag(7), De(j) be the set of
sleeping, active and dead half-edges at time j. We call a half-edge “living” if it is
either sleeping or active. Initialize by setting all vertices and half-edges to be in the
sleeping state. For step j > 0, write A(j) := |Ag(j)| for the number of active half-
edges and Vj(j) for the number of sleeping vertices v € Sy(j) with degree k. Write
V(j) = (Vk(j) : k € N) for the corresponding vector in RS® and let S(j) := > 77, Vi(j)
for the total number of sleeping vertices at time j. A(j), V(j) are regarded as ran-
dom variables given on some probability space (€2, F,P) on which we introduce the

filtration F, (k) = o{A(j),V(4),7 <k}, k> 0.

At time j = 0, all vertices and half-edges are asleep hence A(0) = 0 and for k£ > 1

and Vj(0) = ng. The exploration process proceeds as follows:

Edge exploration algorithm (EEA):

(a) If the number of active half-edges and sleeping vertices A(j) = 0 and S(j) = 0,
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all vertices and half-edges have been explored and we terminate the algorithm.

If A(j) =0, and S(j) > 0 so there exist sleeping vertices, pick one such vertex
with probability proportional to its degree (alternatively pick a sleeping half-
edge uniformly at random) and mark the vertex as awake and all its half-edges

as active. Thus on the set {A(j) =0, S(j5) > 0},

kVi(j)

P(AG +1) =k|F()) = S 1)’

for k£ > 1.

If A(j) > 0, pick an active half-edge uniformly at random, pair it with another
uniformly chosen living half-edge (either active or sleeping), say e*, merge both
half edges to form a full edge and kill both half-edges. If e* was sleeping when
picked, wake the vertex corresponding to half-edge e¢*, and mark all its other

half-edges active. Thus we have

P{A(j+1) — A(j) = —2|F ()} = S ké(é; J_r }4(;‘) -1

_ EVi(9)
>oher KVi(G) + AQG) — 1

P{A(j+1) — A(j) = k — 2|F(j)} for k > 1.

(6.2.1)

The first expression covers the case when e* was active before being killed, while
the second expression corresponds to the case where e* was sleeping and belonged

to a degree-k vertex.

Construction of G(n,d(n)): The random graph formed at the termination of

the above algorithm has the same distribution as the configuration model.

Note that at each step in the EEA, either a new vertex is woken up or two half-

edges are killed. Since there are a total of n vertices and 2m half-edges, we have from

Assumptions 6.2.1 and 6.2.2 that the algorithm terminates in at most m +n < nT

(n)
steps where T := 1 + sup,, 5 > oy k=~ We define A(j) = 0 and V(j) = 0 for all

7 > jo where jg is the time instant at which the algorithm terminates.
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Scaling and Linear Interpolation: Note that for j € Ny, (V(j)) is a R*®
valued random variable. Define continuous time process V" by scaling and linear

interpolation of the discrete time sequence {V(j)};en, as follows.
Vi(t) = %V(Lnt]) + (t — %) [V([nt] +1) = V(|nt])], tel0,7]. (6.2.2)

Thus V"(+) is a random variable with values in C([0,77] : R*).

6.3 Main result and the rate function

The main result of this chapter gives a large deviation upper bound for {V"}, cx
in the path space C([0, 7] : R*). First, we define the corresponding rate function for

the large deviation principle.

Let
Q) (™
I/*:SUka%, y;:supZepk%, p>1.
"ok "ok

Define
Qdeg = {IB = (ﬁk‘) € R>: ﬁk’ Z OVkv Zkﬂk‘ S V*7 Zepkﬁk S V;aVP Z 1}
k k
and let D7 = [0, %] X Dy, Do i= [0,00) X Do,

Define the stochastic kernel (- | -) on Ny given D,,, as follows. For x = (a, 8) €
Do With >, kB +a > 0, define

==— when k=0
(k| x) = ¢ Znkoeta (6.3.1)
Zﬁ%ﬁa when k& > 0

If >, kB +a =0, define pu(- | x) = do(-).

Let ., C R* be the set

Dy 1= {’Y = (Mr=1 ER™ 19y, <0, forall k € N’Z% 2 _1} '

k=1
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For fixed v € D,,,, define the probability measure v(- | ) on Ny,

1+>0° for k =0,
vk | ) = 2= (6.3.2)

—y, for k> 0.

For u,v € P(Ny), the relative entropy of p with respect to v is defined as

Rl = [ tog Sy = S vik)tog 1) (6.3.3)

when v < p, and R(v||p) := oo otherwise. For x = (a, 3) € D

deg

and v € D, define

L(x,7) = R(v(- [ 9)]|u(- | x)). (6.3.4)

Recall the probability mass function p := {px},-, introduced in Assumption 6.2.1.
Define P := C([0, 7] : R*>). Consider the subset B of P consisting of those functions

v(-) = (vk())k>1 such that

(a) vp(0) = pg, vi(t) > 0 for all t € [0, 7], and v (+) is absolutely continuous for all
k> 1.

(b) Writing v(-) = (Uk(:))k>1 for the corresponding derivatives, for a.e. t € [0,7]
V(t) € D,q.

We recall that the one dimensional Skorohod map I' : D([0,7] : R) — D([0,7] : R)
is defined as follows. Given a function b € D([0,T] : R),

D(b)(t) := b(t) — inf (b(s) A0), ¢ € [0, T]. (6.3.5)

0<s<t

For v € P with v(-) = (vk(:))k>1, define two new functions bY(-),av(-) € C([0,7] : R)

via the operations,

bV (t) = i kv (0) — 2 — i kug(t),  a¥(t) == T(V)(1), t > 0. (6.3.6)
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and let x¥ = (a¥(-),v(-)). Note that for every v(-) € P, xV(t) € D},,. Indeed,
for v.€ Py and t > 0, v(t) € [0,pg] for every £ > 1 and so from Fatou’s lemma

v(t) € Dg.,. Also,

av(t) =b¥(t) — 0i<13£t bY(s) = — Z ko (t) — 2t — Oi<1;f<t (— Z kug(s) — 23)
- - k
<= kug(t) —2t+2t+Zk¢vk <) ku(0) < v
k

This shows xV(t) = (a¥(t),v(t)) € O

1o for every t > 0.
Define the function I : P — [0, o] as

fo v(t))dt when v € Py,
oo when v Qé Br,

I(v) = (6.3.7)

With the usual convention 0 - oo = 0, this has the explicit form

- ; . L4+, vk(t)
1) '—/ (HZ ' >1g o (O[S koelt) + av (1)

—Uk(t)
= 2 O B TS 0 7 (0] S o)

(6.3.8)

Recall from (6.2.2), the process V"(-) that keeps track of the degree sequence of

sleeping vertices. The large deviation principle that we want to study is the following:

Congecture 6.3.1. The function [ in (6.3.7) is a rate function on B and the sequence

{V"},en satisfies a large deviation principle in B with rate function I.

Our main result is the following theorem.

Theorem 6.3.2. (i) The function [ in (6.3.7) is a rate function.

(ii) (Large deviation upper bound) For all closed set F' C ‘B,

1
lim sup — logIP’{V”GF}< inf I(v).

n— o0 veF
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Whether the large deviation lower bound holds with the rate function [ is an open

problem.

6.4 Proof of the large deviation upper bound

The map x +— p(- | x) is not continuous at x = (0,0). This causes difficulty in
proving various weak convergence results needed in the proof of the large deviations

principle. To deal with this we first regularize the stochastic kernel u(- | -) as follows.

6.4.1 Regularization of the stochastic kernel.

For fixed ¢ > 0 and a,v := (vg)r>1 such that x = (a,v) € D,,,, define the

stochastic kernel,

2 —— for k=0
pe(k | x) o= { (whoetalve : (6.4.1)
kv
5 hoerayve kv:ﬂ)vg for k>0
Here a¢ := (e — >, kvg) V a. Note that a+ ), kv = € when a + >, kvy, < €, thus

the above always defines a probability measure. Define

Aezz{( ) €D, a+2kvk<e}

Then pf(- | x) = p(- | x) for x € AS. Also, for every ¢ > 0, x — p(- | x)

is a continuous map on © We will now argue that it suffices to prove a large

deg*

deviation principle for the case when the dynamics is driven by the regularized kernel

€

uc. In order to make this statement precise we begin by observing the following
dynamical description of the sequence {A(j), V(j)} en,. Recall that A(0) = 0 and
V(0) = (ng)r>1. Define the sequence {X(j)}jen, of R4 x R> valued random variables

as

X)) = ((AG) - D" VE), =0 (6.4.2)

For j > 0, let £(j + 1) denote the degree of the vertex chosen at time j + 1, with

£(7+ 1) = 0 if two active half-edges are merged at time instant j 4+ 1 thus resulting
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in no new vertex removed from the set of sleeping vertices. From (6.2.1) and (6.3.1),
1
PE(G+1)=k|F(y)) =nk]| EX(j)) for all £k € Ny, j € Ny, a.s. (6.4.3)
and

Vild +1) = Vilg) = Legan=ny, AU +1) = AG) + (€0 +1) = 2) + 2Lgag)<op-
(6.4.4)
Thus Vi(j) = nx — >.7_; Lie@—ry and
J

A() =Y (60 = 2) +2 ) Lpag-n<oy. (6.4.5)

i=1 i=1

Now, for € > 0 the sequence {X(j), V(5), A(j)}en, is defined as in (6.4.2)-(6.4.5)
above by replacing pu(k | £X(j)) with p(k | £X¢(j)). Define the continuous time
process V™ through (6.2.2) by replacing {V(j)} on the right side of the equation

with {V(j)}. ext, for x € D} and v € D, let

LE(x,7) = R(v(- | 7)[|u (- | x)) (6.4.6)

where v is as in (6.3.2) and consider the following function analogous to (6.3.7) given

in terms of the kernel p: For ¢ € ‘B,

() = Jo L<(x#(t), @(t))dt when ¢ € Py, (6.4.7)
oo when ¢ ¢ .

where x¥(-) = (a®(-), (+)) and a®(+) is as in (6.3.6). The following conjecture is the

main ingredient in the proof of Theorem 6.3.2.

Theorem 6.4.1. For every € > 0, the function /€ in (6.4.7) is a rate function on 3 and
the sequence {V™}, oy satisfies a large deviation principle upper bound in ‘B with

rate function I¢€.

Partial proofs of Theorem 6.4.1 is given at the end of this section. We now prove

Theorem 6.3.2.
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6.4.2 Proof of Theorem 6.3.2

Recall that P = C([0,7] : R*) is a Polish space that can be metrized, for
example using the following metric: for ¢, @ € P with (1) = (¢i(-) : £ € N) and

&= (@u(): keN)

N ok = Grlloo A
dp(p.3) = Yo Pl AL (6.45)
k=1
where || - [|» denotes the usual sup-norm on C([0,7] : R). The following result shows

that V" is well approximated by V™€,

Lemma 6.4.2. Let h : B — R be bounded and Lipschitz with Lipschitz constant

Cy <oo. Then foralln>1and e >0

1 1
- log E exp [-nh(V")] — - log E exp [-nh(V™)]| < 2C}e.

Proof: Without loss of generality we assume that the sequences {X(j)}en, and
{X<(j)};en, are constructed simultaneously using the same noise sequence {£(j)}
until the first time instant j* when +X(j*) € A.. Denoting 7 = j*/n we see that
V(t) = V™<(t) for all t € [0,7] and sup, {V;"(t) V V" (t)} < e for all t > 7. Thus,

for all £ > 1,

sup [V'(t) — V" ()] = sup [V,'(t) — V™ (¢)] < 2e.
t€[0,T] te[r,T)

Consequently dg(V™, V™€) < 2¢ and therefore |h(V™) — h(V™€)| < 2Ce. The result
follows. u

Our next result shows that for every h as in Lemma 6.4.2, inf,eq {I(p) + h(p)}

is well approximated by infe,eq {1°(¢) + h(¢p)}.

Proposition 6.4.3. Let h : 8 — R be bounded and Lipschitz with Lipschitz constant

C), < oo. Then, for all € > 0,

Inf {1(p) + h(ep)} — inf {1°(p) + h(ep)}] < 2Che.
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The following proposition says that [ is a rate function.

Proposition 6.4.4. For every M >0, Syy ={v € P : I(v) < M} is a compact subset
of P.

Proof of Propositions 6.4.3 and 6.4.4 will be given in Sections 6.4.2.1 and 6.4.2.2
respectively. First we complete the proof of Theorem 6.3.2. Proof of Theorem
6.3.2: Note that Proposition 6.4.4 shows that [ is a rate function. It then suffices
to show(cf. Corollary 1.2.5 [14]) that for every bounded and Lipschitz function h :
T —R

lim ~ log E{exp[—nh(V")]} = — it {1(v) + h(v)}.

n—oo M,
From Theorem 6.4.1 the above equality holds with V" replaced by V™€ and I replaced
by I¢. The result now follows on combining this observation with Lemma 6.4.2 and

Proposition 6.4.3. L

6.4.2.1 Proof of Proposition 6.4.3.

We start with two auxiliary results needed for the proof. Proofs of these results

are deferred to Section 6.4.3.

Lemma 6.4.5. Suppose ¢(-) = (pr(-) : k € N) € B is such that ¢, is nonnegative

and nonincreasing for each k. Fix a(0) > 0 and define for ¢t > 0,

a(t) = a(t; p,a(0)) :=T(b)(¢), (6.4.9)
where
b(t) = b(t; p,a(0)) :=a(0) — 2t + i kpi(0) — i kg (t). (6.4.10)
k=1 k=1

Then t — Y., koy(t) + a(t) is nonincreasing on [0, 7.
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The next result deals with properties of an associated system of differential equa-
tions. Fix constants ag > 0 and a vo = {vk0},~, € Dae. Consider the sequence of

v(-) = {vk(+) };>, that solves the system of integral equations

kvk
) =v ds, for k> 1. 6.4.11
o S ) + a(s) (64.11)

where a(t) = a(t; v, ap) is as in (6.4.9) (with (a(0), ¢) replaced by (ag,Vv)).

Theorem 6.4.6. There exists a collection of functions v = {vx},-,; C C([0,T] : R*)
such that writing 7 := inf {t < T : Y 72, ly(t) + a(t) = 0}, the following conditions

are satisfied:

(i) The integral equations (6.4.11) hold on [0, 7).
(ii) For t > 7, a(t) = 0 and vg(t) =0 for all £ > 1.

(iii) The functions ¢ — Y >, lu(t) + a(t) and ¢ — vy (¢), & > 1 are nonincreasing on

[0, 7).

(iv) 7 <22 vo + 5 (3005 o + ao).
Let us now proceed with the proof of the Proposition 6.4.3. We first show
inf {I°(¢) + h(p)} < inf {I(p) + h(p)} + 2Ce. (6.4.12)
PEP pEP
For any fixed o > 0, we can find ¢* € PB; such that
I(¢") + h(e™) < irelfm{l(cp) +h(p)} + 0 < 0. (6.4.13)
7
Let 7¢ := inf {t € [0,T]: 72, kyi(t) + a? (t) < e}. Given a non-negative se-
quence § = (¢x)k>1, denote by 9°(¢) = (9% (sk;t),t > 0)>1 the unique solution of

. k05, (st
(o) = — G0

, >0, U.(s;0) =k, k> 1. (6.4.14)
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Let ¥ = 9(p(7¢)) and define @*(t) := p*(t) for ¢t € [0, 7¢] and @*(t) := (¢t — 7¢) for
t € [7¢,T]. Note that by construction ¢* € PB;. Also, by Lemma 6.4.5, >~ | k@;(t)+
a® (t) < efor t > 7°. From (6.3.2), (6.4.1) and (6.4.14) it follows that for all ¢ > 7,

v(-| @*(t)) = p(- | x#"(t)) and consequently from (6.4.6) we have

/ LE(x®" (1), @ (t))dt = 0.

€

€ €

I(¢") = /OT LE(x#"(t), " (1))dt = /OT L(x#" W, " (t))dt < I(¢").  (6.4.15)
Noting that supy<,<r P (t) — @5 ()| < 2¢ for all £ > 1, we see that
Ih(@") — h(g")| < 2Cne. (6.4.16)
Thus
I($") + h(@") < (") + hlg") +2Cse < inf {1(0) + (@)} +0 +2C0c

Letting 0 — 0 proves (6.4.12). Let us now prove the reverse inequality, namely

Inf (@) + ()} < inf {I() + h(p)} + 2C)e. (6.4.17)

For ¢ > 0 fix ¢o* now satisfying

(") + he?) < inf {I"(p) + h(p)} + 0

Define 7¢ as before and consider now the sequence of functions v := (vg(t) : ¢ > 0)g>1
as in Theorem 6.4.6 with vy o = ©}(7¢) and ag = a®" (7¢). Define ¢* as in the first part
of the proof by replacing 1 with v. Note that, by construction, L(x® (t), @*(t)) = 0

for all ¢ > 7¢. So

€ €

1$Y) = / " L(@® (), 6" (1))dt = / " L@ (), 6" (0)dt < I(7).

Also, as before it follows that (6.4.16) holds. The inequality in (6.4.17) now follows

on combining the last two observations as in the proof of (6.4.12). [
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6.4.2.2 Proof of Proposition 6.4.4.

From the Theorem 6.4.1 we have that for every € > 0, I€ is a rate function. We
will now use this fact to show that I is a rate function as well. Fix M > 0 and
suppose {¢, } C Sy is a sequence such that ¢,, — ¢. Note that we must have that
@ € Pr. We need to show that I(¢) < M. We argue via contradiction. Suppose
that, for some § > 0, I(p) > M + 6. Let 7 = inf{t > 0: Y, kg, (t) + a®(t) = 0}.

From the definition of I we see that there is a dy > 0 and ¢, € (0, 7) such that

/ L(x#(t), p(£))dt > M + 6. (6.4.18)
[0,t0]

Let My(t) = >, kyw(t) + a®(t) and let v = inf,cpo4) M (t). Note that v > 0. From

the definition of L€ we see that

/ L2(x?(2), (b)) dt = / L(x?(t), p(£))dt > M + 6. (6.4.19)
[0,t0] [0,t0]
Since ¢, — ¢, we can find ng € N such that
Mg (t) > /2, forallte [0,t], n > ng. (6.4.20)
Let 7, = inf{t € [0,T] : M, (t) < /2} and define @) € P; as
@UE) = PulD L0 () + 920 (7):t — )Ly (8), £ € (0,7,
where 97/2 is as in (6.4.14) (with € replaced by 7/2). As in (6.4.15) we have

D)) < I(ep,) < M. (6.4.21)

From Theorem 6.4.6(iv) sup,, 7, < 7', and so we can find a subsequence (labeled again
as {n}) such that 7,, — 7 for some 7 € [0,7]. Also, since ¢, is nonincreasing for

every k, we have that
(£ = (P (£) = @ (7)) + 03 (P p ()i (t = 7)), t € [0,T].
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By uniform convergence of ¢, to ¢ and continuity of (¢,() +— Al %(¢;t) we have

that for every k > 1, ¢, converges uniformly on [0, 7], as n — oo, to

@Lt) = (o) = wr(7) " + 0 (a(n), (= 7)), t € [0,
and thus @) — . Combining this with (6.4.21) and recalling that 17/2 is a rate

function we now have that 17/2(¢”) < M. Also note that @) (t) = ¢, (t) for all t < 7,

and from (6.4.20) 7, > ty. Therefore 7 (t) = ¢(t) for all t < t,. Thus, from (6.4.19)

Mado< [P0, p0 = [ 1 0,80 (0)dt < 1) <
[0 to} [0 to]

which is a contradiction. Thus we must have that I(¢) < M. The result follows. B

6.4.3 Proofs of Lemma 6.4.5 and Theorem 6.4.6

Let us now prove the auxiliary results used in the proof of Proposition 6.4.3.

6.4.3.1 Proof of Lemma 6.4.5:

Note that for 0 <t; <ty <T

a(ta) =altr) = 2(ts — t1) — Y k(n(tz) — en(tr))

Consider first the case when the infimum in the second line of the display is zero. In

that case

a(ts) + > kow(tz) = a(t) + Y kop(t) — 2(t —tr) < alty) + Y ker(t).

k=1 k=1 k=1
Next consider the case when the infimum is negative. Then

alt2) + D _kpn(k) = =2+ swp (25 + ksok(S))
LSs<ty k=1

<=2+ 26+ Y kei(t) <a(t) + Y ker(h).
k=1 k=1
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This completes the proof. [ |

6.4.3.2 Proof of Theorem 6.4.6:

Note that in this theorem, infinitely many functions are related via integral equa-
tions. We first consider the following approximation involving finitely many functions.
For m > 1, let [m] = {1,2,...,m}. Recall ap and vy = (vj)3; introduced above

Theorem 6.4.6. Consider the integral equations

kzvk
= d k t>0 6.4.22
— T / >y (s +a[m]( ) > € bml, > ( )

where analogous to (6.4.9)—(6.4.10),

b (t) = bt v, ag) :=ag — 2t + Z kvgo — Z kug(t), (6.4.23)
k=1 k=1

a™(t) = a"™(t; v, ag) =T (B"™)(1). (6.4.24)

Lemma 6.4.7. Fix m > 1. Then there exists ¢ = ¢(m) € (0,00) such that for all
§ < ¢(m)min{dp,d3}, where dy = ag + Y, kvyp, there is a unique v = (vg)~, €

C([0, 6] : R™) that solves (6.4.22)—(6.4.24).

Proof: We use the contraction mapping theorem. Assume § < dy/(m + 2). Addi-
tional restrictions on § will be introduced later in the proof. Define B, s C C(]0, 4] :

R™) as

PBms :={v € C([0,0] : R™) : v,(0) = vi 0, vi(-) > 0 and nonincreasing ¥V k € [m]}.
(6.4.25)

Note that PB,, s is a closed subset of C([0,6] : R™). Write
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Note that for any v € B,,.s,

Zlvl ") — inf BM(s) A0 =dy—2t — inf B (s) A0 > dy— 2t.
s€[0,t] 5€[0,t]
(6.4.26)

Define the map 7 : B,.s — C([0,4] : R™)

(TV)r(t) = vk — /Zz NTIe ’;”’“” vt helml tep.d)

We now claim that 7 maps P, s to itself. It is immediate that (7v)g(-) is nonin-

creasing. Also, using the inequalities v (t) < vy, k € [m] and (6.4.26)

o mu mo
(7v)k(6) = vko — d k’;(sds = (1 — ) Vo > 0,
0 _

where the last inequality uses the fact that dy — (m+2)6 > 0. This proves the claim.

Next we show that 7 is a contraction for § small. Define

|VIlms :== sup sup |vk(t)], v € Pins.
1<k<m t€[0,]

Consider v, v € Pys. Let al™(t) = al™(t;¥, ao), b™(t) = b (t; ¥, a0) and D(t)

Yo, oy (t) 4+ a™(t). From the second equality in (6.4.26), for ¢ € [0, ]

inf ™ (s) A0 — inf b™(s) A O‘

D(t) — D(t)| =
| ( ) ( )| s€[0,t] s€[0,t]
< sup [B(s) = 0" (s)| <>k sup [vi(s) — Bk(s)] < M3V = Vms.
s€[0,¢] k=1 5€[0,0]

Therefore, for k € N, m and ¢t € [0, 6],

- 5558

b kug(s) ~ -
g/o (m [D(s) ~ D(s)| + B 1) - vk(s)|) ds

Mg o 9 . m .
<o (=02 ly — 9l —
< <(d0 mETP mA|\v —V|ms + - 2(5HV v 75>

m3u m -
=0 ((do —26)7 T dy = 25) v =¥lms.

ds




Taking supremum over ¢ € [0,6] and k € [m],

+

Tv =T ms <
17V =T¥]ms < 0 ( (do — 20)? dy — 26

m3 maxi<kg<m Vk,0 m ~
Y v = Vllms-

Noting that max;<g<pm, vko < v* we see that there is a ¢(m) € (0, 00) such that for all
§ < c(m)min{dy,d3}, T : Bms — Pums is a contraction. This completes the proof.

Using Lemma 6.4.7 we can now prove the following finite dimensional analogue of

Theorem 6.4.6.

Theorem 6.4.8. Fix m > 1 and suppose Z;nzl kvgo + ap > 0. Then there exists a

unique v = (vg)j,; € C([0,00), R™) with the following properties.

(1) 7 =i {t > 0: > " lu(t) + a™(t) = 0} > 0.
(ii) (wg)jv, satisfy the integral equations (6.4.22) on [0, 7).
(iii) For all ¢ > 71" ve(t) = 0 for all k € [m] and a™(t) =0 .
(iv) The functions ¢ + wvg(t) for all k& € [m] and ¢ — > )" luy(t) + a™(t) are
nonincreasing on [0, 0o).

(v) 7 < 300 oo + 3 (3002 Tno + ao)-

Proof: Using Lemma 6.4.7 we can recursively construct a unique solution of
(6.4.22) — (6.4.24) on [0,04],[0,09],- -+ where 0 = 09 < 07 < --- In fact denoting
a; = Y oy l(o;) + a™(0;), we can have {o;} such that for all i« > 0, o; > 0 and

01 — 0; = c¢(m) min {d;,d?}. This in particular proves (i).

The recursive construction gives a unique solution of (6.4.22) — (6.4.24) on [0, 0o),
where 0o, = lim;_,o 0;. Furthermore, ¢ — v,(t) is nonincreasing on [0, 0) for all
k € [m] and combining this fact with Lemma 6.4.5, t — Y " l(t) + a™(t) is

nonincreasing on [0, 0,) as well.
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Parts (ii) -(iv) are now immediate if o = oo. Consider now the case when

O0so < 00. Then, noting that

[e.9]

00 > 0o = Z(O']_H Za],
=0
we see that a; — 0 as j — oo. Recalling that ¢ — D(¢) is nonincreasing on [0, )

we now see that vg(t) — 0 for all k& € [m] and a!™(t) — 0, as t — 0. This proves

parts (ii)-(iv).

Finally, we prove (v). Note that if n : [0,00) — R is an absolutely continuous

function then ¢ = I'(n) satisfies

t
C(t) = 77(0) ‘|‘/ 77(8)1{4(5)>0}d8, for all t > 0.
0

Thus for t < 7™

where the second inequality uses the fact that ¥;(t) < 0 a.s. Taking limit as ¢ — 7™

we have

[m]

T 1
< —dj. 4.
/0 1{a[m](s)>0}d8 ~ 2d() (6 4 27)

One the other hand, for t € [0, 7!™)

m m l’Ul
d u(t) = L E — [ 1gm d
2 0= 2 e /zllzw +aw / {0y

Thus we have fOT[M] 1{a[m](s)20}ds < > %, vo. Combining this with (6.4.27) we have

(v). [ |

Proof of Theorem 6.4.6: Since Y~ luo + ag > 0, we have Y " lvo+ag > 0

for all m large enough. Without loss of generality, we assume this for all m € N. For
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m > 1, denote by ("), the unique collection of functions obtained from Theorem

6.4.8. We set ;" (t) = vy for all t > 0, k > m. Noting that
|l () — i (s)] < |t — s| for all m, k € N and s,t > 0,

we see that for each k > 1, {¢}",m > 1} is relatively compact in C([0,00) : R).
Denote by v the limit, as m — oo, along a convergent subsequence. By a diago-
nalization argument we can take the same subsequence for all £ and without loss of
generality we assume that {¢E€m]} converges to v as m — oo for every k. Clearly
v = (vk)r>1 € Pr. We claim that v satisfies all the properties stated in Theorem
6.4.6. Let 7 be as in the statement of the theorem. From Theorem 6.4.8(v) it follows

that 7 < T. Also, since sup,cjo 7 ¢ (£) < vgo and Y- kv < v* < 00, we have
Z lo™(t) — Z lv;(t) uniformly on [0, 7] as m — oo.
=1

Let a™(t) := al™(t; o™ ag), a(t) := a(t;v,ag), b (t) := b (t; "™ ag), and b(t) :=
b(t;v,ap) (cf. (6.4.9) - (6.4.10) and (6.4.23) - (6.4.24)). By the continuity of Sko-

rokhod map I', we have
a™(t) — a(t) and 0™ (t) — b(t) uniformly on [0, T] as m — oc.

Note that for each fixed t < 7, there is a mg € N such that for all m > mg, we have

o™ (s) 4+ al"(s) > 0 for all s € [0,¢]. Thus, for each k € N and m > my,

k?SOk ( )
SO[ / > 11901 u) + al(u)

Sending m — oo in the above equation, we see that v solves (6.4.11) on [0, ¢] for all

du, s € [0,1].

t < 7. We extend v to [r,T] by continuity. This proves (i)-(ii). The other two parts

follow from analogous properties of ¢!™. [ |

6.4.4 From Theorem 6.4.1 to the Laplace principle
In order to prove the theorem it suffices to show:
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(a) For all e > 0, I€ is a rate function.

(b) (Upper Bound) For all € > 0 and bounded and Lipschitz functions h : P — R,

lim sup 1 log E{exp[—nh(V™)]} < — inf {I(¢) + h(ep)} .

n—oo N weP
Proofs of (a) and (b) are given in Sections 6.6 and 6.5 respectively.

Due to the singularity of the transition kernel of the process V»¢(+), we are unable

to prove the Laplace principle lower bound:

Conjecture 6.4.9. for all ¢ > 0 and bounded and Lipschitz functions h : g — R,

lim inf%logE{exp[—nh(V”’ﬁ)]} > — inf {I(¢) + h(p)}.

n—00 PP

We leave the proof of the lower bound as an open problem.

Note: For rest of this chapter € > 0 will be fized and therefore we suppress it from

notation, in particular we write V™, u° as V", u, respectively.

6.5 Laplace principle upper bound

In this section we will prove the Laplace principle upper bound, namely item (b)

of Section 6.4.4. Write
1
wn .= - log E{exp[—nh(V")]}.

Then the goal is to show

n—oo

lim inf W™ > ;Ielfgp {I(¢) +h(p)}. (6.5.1)

We begin with a variational characterization that will play a key role in proofs of

both the upper and the lower bounds.
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6.5.1 The variational formula

Consider a sequence of random variables

with values in (Ry x R® x (R; x RY®) x R) and a sequence {v;};>o of random
probability measures on Ny, that is constructed recursively on some probability space

(Q, F,P) as follows:

1. Define A(0) =0, B(0) =0, V4(0) = ng, k € N, X(0) = (0, V(0)). Let Fo = {0, Q}

be the trivial o - field.

2. For j > 0, having defined {A(m), V(m),X(m), B(m)}/,_, and F;, select a random
F; measurable probability measure v; on Ny and let £(j+1) be a Ny valued random

variable such that

P{EG+1)=k| F;} = v;(k), k € N,. (6.5.2)
3. Let

Vel +1) = Vali) = Lggginay K EN, (6.5.3)

B(j+1) = B)+(E(G+1)=2),  AG+1) =AG)+E0+1)—=2)+2 Lz 01

Let V(j) = (Vi(5))k>1 and set X(5) = ((

N
P
o
N—

|

p—t
S—
“+
<
o
SN—
S—

Define the continuous time process V" through (6.2.2) by replacing {V(j)} on the

right side of the equation with {V(j)}.

In the variational representation below, we will take infimum over all sequences

{v;};en, of random probability measures of the form above and we refer to any
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such sequence as an admissible control and the corresponding sequence {Z(j)} as a

controlled sequence.

The following variational characterization is proved exactly as Theorem 4.4.1 in
[14].
Lemma 6.5.1. Let h : B — R be bounded and measurable. Then for all n > 1,
[nT| 1
W™ = inf E ZRVJ )1l | =X(5))) +h(V") ¢,

{v;} n

where the inf is taken over all admissible controls.

Now fix £ € (0,1) and n > 1. Then we can find an admissible control sequence
{V]T»L}jzg such that
[nT |

W"+e>E Z R(VP()||p(- | %X(j))) +h(V™) 3. (6.5.5)

Consider the collection {v"(- | t) }+c[o,r] of random probability measures on Ny defined

as v"(- | t) == v}, ("), t € [0,T]. Define a random probability measure v"(-) on
Ny x [0, 7] as
1
(A x B) = ?/ VM (Alt)dt, A € B(N,), B € B([0,T)). (6.5.6)
B

Define the stochastic process {X"(t)}sejor] With sample paths in D([0, 7] : Ry x

RY) as X"(t) = 1X(|nt]), 0 <t < T. Then (6.5.5) can be rewritten as

W"+e>E {/ R(v"(- | t)Hu( | X"(t)))dt + h(\_f")} : (6.5.7)
[0.,7]
The rest of this section is organized as follows.

(i) In Section 6.5.2, we show {#" : n > 1} is tight and has a certain uniform

integrability property.
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(ii) Using this result, in Section 6.5.3 we will argue that {Z" = (7", X", V") : n > 1}

is tight as well and then characterize weak limit points of the sequence.

(iii) Finally, in Section 6.5.4 we will complete the proof of the Laplace principle

upper bound by taking limits as n — oo in (6.5.7).

6.5.2 Tightness of {7"}

The goal of this section is to prove the following proposition.

Proposition 6.5.2. {v"},>1 defined in (6.5.6) is a tight sequence of P(Ny x [0,77])
valued random variables. Furthermore, it has the following uniform integrability
property

lim supE{ > kv ({k} x [O,T])} = 0.

K—oo neNy Pyt

We will make use of the following Feller property of the stochastic kernel p(- | -).
We recall that we are suppressing € in the notation, namely u = u¢ for some fixed

€ > 0, where € is as defined in (6.4.1).

Lemma 6.5.3. Let {x™}>2 C D,, be such that x™ — x as n — oo. Then,

pl( | x™) — p(- | x).

Proof: Write x™ = (a™, (vy")k>1) and x = (a, (vx)g>1). We need to show for
each fixed k£ > 0, lim,, o p(k | x™) = pu(k | x). Noting that the denominator in the
definition of u(k|x™) is bounded away from 0, it suffices to show lim,, o > oo, kv =

> oo, kvg. This follows from convergence of vj" to vy for each k and noting from the

definition of D,,, that for any m > 1 sup, >, kv, < 2% |

In order to prove Proposition 6.5.2 we will prove a more general result of the

following form.
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Theorem 6.5.4. Let {7} }jenom>1 and {77} }jenon>1 be collections of P(Ny) valued

random variables such that

[nT]

1
sup B¢ — > ) " eMal(k) § < oo for all A >0 (6.5.8)
neNo | ™50 ke,

1 [nT]
sup E ¢ — Z R(yj||7}) p < o0 (6.5.9)
neNp n §=0

Then the sequence {3" : n > 1} of P(Ny x [0,7]) valued random variables, defined

as

1
(A B) = 1 [ (At A€ Na, B € B(0.T)
B

is tight and furthermore has the following uniform integrability property.

lim sup E i Ey"({k} x [0,T]) = 0. (6.5.10)

K—oo neNy Pyt

Proof: From (6.5.9) we see that for all j € No, 7} < 7} a.s. Let f}'(y) = %(y),

y € Ny. Using the elementary inequality
ab < e + %(blogb—b—l— 1), foralla >0,b>0,A>1
with a =y and b = f'(y), we have
yfi(y) < e+ %[ff(y) log f(y) — f(y) + 1] for all A > 1, j € No, n € N.

Then, for every A > 1,

|nT)
. 1 n
TE / yy"(dy x dt) <E=> / vy} (dy)
{yeNo:y>K}x[0,T] 520 JHyeNoy>K}
| o)
=E— / yfi () - (dy)
n ;0 evoysK}

< Li(A) + I(N),
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[nT| [nT|

L(A) =E~ / N7l (dy) < E— / e M2 (dy)
n z:: {yeNo,y>K} ’ n z:; {yeNo,y>K} /

J
LnTJ

_)\KE Z / 2)\yﬂ_ G_AKM1(2/\)7

and M;(\) denotes the supremum in (6.5.8); and

[T

1
Ir,(\) :=E— My)log fi'(y) — fF 17 (d
J(N) = Z/{K} 77 ) os £ () — £ ) + 1)} (dy)
Since blogh — b+ 1 > 0 for all b > 0, we have
1
RO <ECS [ 510108 £10) — £+ 117 d)
> |,

[nT| [nT]
1
—E— Z/ ~ [ (y) log f'(y)m} E ZR Yy < Mz,
where My is the supremum in (6.5.9). Combining the bounds on I; and I, we have,
for all n € Ny and A > 1,

1

supT]E/ Yy (dy x dt) < e MM (2)) + XMQ.
n {yeNg:y>K}x[0,T]

The uniform integrability stated in (6.5.10) now follows on first sending K — oo and

then let A — oo in the above display.

Finally, in order to prove the tightness of {3"} it suffices to show that o™ = E4"
is a tight sequence of probability measures in Ny x [0,7]. However the tightness of

the latter sequence is immediate on noting that

1
limsupsup o™ ([K + 1,00) x [0,7]) < limsup — sup Z ko"({k} x [0,7]) = 0,
K—oo n K—oo K n
k=K+1
where the last equality is from (6.5.10). [

Proof of Proposition 6.5.2: It suffices to verify (6.5.8) and (6.5.9) with 7} = pu(- |
1X(j)) and 4" = v. The proof of (6.5.9) is immediate from (6.5.5) on noting that

h is bounded, ¢ € (0, 1) and recalling the definition of W".
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We now verify (6.5.8). Note that for every & > 1, V4(0) = ny, and from (6.5.3),
{V,(j} is a non-decreasing sequence a.s., since Vi(j + 1) — Vi (j) can only take values
in {0, —1}. Also note from (6.4.1) that on the set {V;(j) = 0} u(k | £X(j)) =0 and
since as argued above R(V;LH/L(' | 1X(j))) < oo a.s., we must have that v}(k) = 0
a.s. Thus on the set {Vi(j) = 0} we have V,(I) = 0 for all [ > j, a.s. Combining

the above observations we have that 1V, (j) < ny/n for all k,n,j € N. Thus, for all

A>0
LnTj [nT]
ap L 3% 5™ onue) b <74 L3 S ke
neNo T 570 fem j=0 keNg
1
<T (1 + )\—sup Z €2>\k%> < Q.
"ok No n

This verifies (6.5.8) and completes the proof of Proposition 6.5.2. [ |

6.5.3 Characterizing limit points.

The following is the main result of this section.

Proposition 6.5.5. (a) {G" = (7", X", V") : n > 1} is a tight sequence of P(Ny x
[0,7]) x D([0,T] : Ry x RY) x C([0,7T] : RE®) valued random variables.

(b) Suppose G™ converges in distribution along a subsequence to G* = (v*, X*, V*).
Then the following hold

(i) Writing X* = (A*, V*), we have V* = V* a.s.

(ii) For all k > 1 and ¢t € [0,T]

Vo (t) = pp — To~({k} % [0,4]) = pp — / 7k | s)ds,  (6.5.11)

[0,¢]
where 7*(- | -) is a stochastic kernel on Ny given [0, T7.
(iii) Letting
B*(t) = / yo*(dyds) — 2t, t € [0, T,
No x[0,¢]

A* =T(B*) and X*(t) = x¥V'® for a.e. t € [0,T], a.s
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The following lemma will be needed in the proof of the proposition. Define

V() = —V([nt]), A"(t) = ~(A(|nt]) - 1)*, B"(t) = —B(|nt]), t € [0,T].

S|
S|
S|

(6.5.12)
Note that X" = (A", V™).

Lemma 6.5.6. For every n > 1,

sup |An(0) —~T(B)(0) < 2

0<t<T

Proof: For j € Ny, let S;(B) = B(j) — inf;<;(B(i) A 0). It suffices to show that
for all 7 € Ny
AG) - §(B) <2 (6513)

We prove the statement by induction on j. When j = 0, A(0) = v (B) = 0 and so
(6.5.13) holds. Suppose now that (6.5.13) holds for some j € Ny and consider j+1. If
(A(4),S;(B)) € {(0,1),(0,0),(—1,1),(—1,0)}, one can check by a direct calculation
that (6.5.13) holds with j replaced by j + 1.

Consider now the case where either A(j) > 1 or S;(B) > 2. Letting A,(j) =
A() Vv S;(B) and As(j) = A(j) A S;(B), we have that

A+ = A(G) =E0+1) —2and Ag(j +1) — As(5) > E(j +1) — 2.
Thus

A+ 1) = Sja(B)| = Ai(j +1) — Ax(j + 1)
= (A1(j +1) = A1(j)) — (A2( + 1) — Az(j)) + (A1(j) — A2(j))

<SEGHD-2)-(EG+1) -2)+2=2.
The result follows. [ |

We now proceed to the proof of Proposition 6.5.5.

204



Proof of Proposition 6.5.5: Tightness of 7™ in P(Ny x [0,7]) was shown

in Proposition 6.5.2. To prove tightness of {(X™ V™)} we will consider auxiliary

processes (B", V") with sample paths in C'([0,7] : R x RS®) defined as follows. For

t € 10,77,

VI (t) =pr, — T/ " (dy x ds) for k > 1

{k}x[0,t]
B"(t) :T/ yo"(dy x ds) — 2t.
No x[0,¢]

We first argue that

{(B", V") 1 is tight in C([0,T] : R x RY).
Tightness of V" is immediate on noting that

V) —Vir(s)| < |t —s|, foral 0< s <t<T,n>1 k>1.

Next, for 0 < s <t <T and K € N,

/ Y7 (dydu)
No % (s,t]

where U™ (K) = > i,y kv ({k} x [0,T7). Also, from Proposition 6.5.2

|B"(t) = B"(s)| = < (K +2)[t = s| +U™(K),

supE(U"(K)) — 0 as K — oc.

neN

Tightness of {E”} is now immediate. We now argue that, for all £ > 1,
max {Hvkn - anHoo; Hvkn - anHoo} —>0asn— oo,
and ||B"” — B"||oc — 0 as n — oo.

From (6.5.17) we have that

max{ sup |V(t) — Vi(t)|, sup |Vir(t) — an(t)‘}
te[0,T] t€[0,77]
o 1
< sup [Vi'(5/n) = Vi'(G/n)| + —.
0<j<[nT] n
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(6.5.14)

(6.5.15)

(6.5.16)

(6.5.17)

(6.5.18)

(6.5.19)

(6.5.20)

(6.5.21)



Next

sup |an(3/n) - an(]/“)|

0<j<[nT]
1
= sup — — = 1 Pk — — e
0<j<|nT) Z {e=+} ' ”121 0
J

£ D TN M)

=1

<|ng/n —pr| + sup
0<j<[nT |

1 )
=[ng/n —pi| + = sup [Y(j)l,
N 0<j<|nT|

where Y (0) = 0 and Y(j) := Zgzl(l{gi k) T v (k)), 7=1,2,.... From (6.5.2) we

see that {Y(j)} is a martingale and so for any n > 0,
E([Y ([nT])])?

1
Pc— sup |Y(y)| > <
{nogjﬂm! ()] n} 53
[nT| AT

:nfnz DB (g — v < .

n
Jj=1 "

Using the above two displays in (6.5.21) and recalling that ny/n — p as n — oo, we

have (6.5.19).

Next consider (6.5.20). Note that

IB" = Bl < sup |B"(j/n) = B"(j/n)|+ O,

0<j<[nT]
where ©,, = SUD; 1e(0.7],/t—s|<1/n |B"(t) — B"(s)|. From (6.5.18) and recalling that

sup,ey E(U™(K)) — 0 as K — oo, we see that ©,, — 0 in L' as n — oco. Also,

sup |B"(j/n) — B"(j/n)]

1<j<[nT]
%i(é(z’) -2)- % Zj: (/N yvit(dy) — 2) ‘ (6.5.22)

i=1 i=1
For any K > 0, the right hand side can be bounded by

g(ww /yAchzy)

LnTJ

o Z

= max
1<j<[nT |

[nT |

le — (£(i) N K))|

[ s i - /Noyu?l(dw\:=11<K>+12<K>+13<K>.

— sup
N 0<j<|nT]
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Note that 7, (5(2) ANE = [ (A K)ui”_l(dy)>, j =1,2,..., is a martingale and so

4TK?
p—

B < 8 3 |60 nk - [ wamnan) | < 5ok -

No

and
B[ (K)] = f B[ watin = [ wamwia)
-1 f B|(f | wintan) - Kot > )|
S% %T:J E /N 0 yl{y>K}V?_1(dy)] =E { /{ Ko yr" (dy x dS)} :

Using these estimates in (6.5.22), we have for any n > 0

-

JP’{ sup |B"(j/n) — B"(j/n)| > 77} < P{L(K)>n/3}

0<j<[nT|

9:1 0 3 3

< EEULE) T+ DEILK)] + S Bl (K)]
9 4TK?* 6.,

Sp T T EUEL

Proof of (6.5.20) now follows on recalling that sup,,cy E(U™(K)) — 0 as K — oo and

first sending n — oo and then K — oo in the above display.

Tightness of V" and V" is now immediate from (6.5.19) and the tightness of V"
established carlier. Also, from Lemma 6.5.6, tightness of {B"} established earlier
and the continuity of the Skorohod map, we have that A" is tight in D([0,7] : R.).

This proves the tightness of X" and completes the proof of part (a).
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Next suppose G" = (7", X”,V") converges in distribution to G* = (17*,5(*,\7*).
Without loss of generality we can assume that the convergence is a.s. From (6.5.14)
it follows that, for all &£ > 1, an converges a.s. in C([0,7] : R,) to Vk* given as

Vi(t) = pr — To ({k} x [0,4]),t € [0, 7). (6.5.23)
Also, using Proposition 6.5.2 and (6.5.15) we have that B" converges a.s. in C([0, 7] :
R) to B* given as
B*(t)=T / yo* (dydt) — 2t, t € [0,T). (6.5.24)
No % [0,¢]

From (6.5.19) we obtain that V* = V* = V* proving (i). Also, combining with
(6.5.23), this proves the first equality in (6.5.11). The second equality in (6.5.11) is
immediate on noting that 7"(Ngy X -) is the normalized Lebesgue measure on [0, 7T

for every n. This completes the proof of (ii).

Next, from (6.5.20) and the above established convergence for B" we have that

B"® — B* in probability. Using Lemma 6.5.6 again, we now have that A™ converges
a.s. to I'(B*) which proves A* = T'(B*). Also, recall that for v € P, x¥ = (a,v),

where @V is as in (6.3.6). Thus, from (6.5.24)

bV (t) = i KV (0) — 2t — i EVE (1)

= Z kpr — 2t — Z kpr + / yv*(dyds)
k=1 k=1 N

o X [O,t]

=B*(t).

Combining this with the equality A* = I'(B*) we now have that X*() = xV" (t) a.s.

for all t € [0, T]. This proves part (iii). [ |

6.5.4 Completing the proof for the Laplace upper bound

Recall from (6.5.5) that

W"+e>E{TR (7"|a") + (V") }, (6.5.25)
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where 1" is a P(Ny x [0,7]) valued random variable defined as

(A x B) = %/ WA | XM (1))dt, A € B(N,), B € B(0,T]). (6.5.26)

Let G™ be as in Proposition 6.5.5 and fix a subsequence along which G™ converges in
distribution to G*. It suffices to prove (6.5.1) along such a subsequence. We assume
without loss of generality that G — G* a.s. Recall that G* satisfies properties
(i)-(iii) in Proposition 6.5.5 and note that X"(t) € @, as. for all ¢ € [0,7]. From

the convergence of X" to X* and Lemma 6.5.3 we now have that
p(- | X™M(t)) — p(- | X*(t)), for all t € [0,T], a.s.

Consequently, " — p* a.s., where p* is defined through (6.5.26) by replacing X" on
the right side with X*.

Using the above result and Fatou’s lemma in (6.5.25) we have

liminf W™ + & >TE [hm inf R(7"|i")| + E [h(V*)]

2TE[RW()llp ()] +E[R(VI)], (6.5.27)

where the second line follows from the lower-semicontinuity of the relative entropy.

From Proposition 6.5.5(b)(ii) we see that
Vi) = —v'(k | t), ae t€[0,T], as.

and so using notation from (6.3.2) we have v*(- | t) = v(- | V*(t)), a.e. t, a.s.. Also,
from Proposition 6.5.5(b)(iii), X*(t) = xV (t) a.s. for all ¢ € [0,T]. Thus recalling
the definition of L (see (6.4.6)) we have

RO ) = [ ROCIOu X @0)de= [ LY (0, V@)t = 1(V7)
[0,T] [0,T]
Finally, combining this with (6.5.27) we have

liminf 10" + & > E[I(V*) + h(V")] > inf {I(v) +h(v)} .

n—oo
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Since € is arbitrary, we have (6.5.1) and the proof of the Laplace principle upper

bound (i.e. item (b) in Section 6.4.4) is complete. [

6.6 ¢ 1s a rate function.

In this section we show that for every ¢ > 0, ¢ is a rate function, namely the
set S5, = {p € P : I(p) < M} is compact for every M < oco. As in the previous

section we suppress € from the notation.

Let {¢"},>1 C Sy be such that ¢ — °. It suffices to show that I(¢%) < M.

Note that, since I(¢") < oo, ¢" € P, for each n, namely

©r(0) = pr, pp(t) > 0, for all t € [0,T]; ¢} is absolutely continuous on [0,7], k > 1

and go” = (QOZ)kZl €D, (661)

It then follows that ¢° € B; as well. Next, for n > 0,

I(¢") :/0 R(v(- [ @"()lu(- | x#"(1))dt = TR(Z"|| "),

where 7", i € P(Ny x [0,T]) are defined as

7 (Ax B) =7, / V(A | "),

B

pAxB) =1 [ p ] x o)

B

for A € B(Ny) and B € B([0,7]). In order to prove the result it suffices from the
lower semicontinuity property of relative entropy to argue that 7* — 7° and " — [°.
For this, note that since ¢} (t) < pi for all n € Nyo,k € N, we get by Assumption
6.2.2 and dominated convergence that b¥" — v and combining with the continuity
property of the Skorohod map, we have a®?" — a® . This in view of Lemma 6.5.3

shows that (- | x#"(t)) — p(- | X#"(t)) for all t € [0,1] and thus 7" — ° as n — oc.
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Consider now v". Note that for any A > 1

1
Ay j-n __ Ak i
eMdu" = —/ e ulk | x¥ (t))dt
/NOX[O,T] T [O,T];
1
§1+—/ ke o (t)dt
- M; H(t)
1
<14+-Y keMp, <
<1+ €Zk: € Pk 0,

where the last inequality is from Assumption 6.2.2. Thus an argument similar to that
in the proof of Theorem 6.5.4 (see also Lemma 1.4.3 in [14]) shows that {0"},>; is a
tight sequence and sup,, > .~ ., k7" ({k} x [0,T]) — 0 as K — oo. Finally let 7 be

a limit point of 7. Noting that for all £ > 1 and n € Ny
O (t) = pp — To"({k} x [0,1]), for all t € [0,T],
we now have on sending n — oo along the convergent subsequence that
e — TPO({k} x [0,t]) = pL(t) = pr — To({k} x [0,]), for all k& > 1.

Also, 7°(Ny x [0,¢]) = v(Ny x [0,¢]) =t for all ¢ € [0,1]. Thus # = 7. Thus we have

proved that 7" — %, The result follows. [ |
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