Available online at www.sciencedirect.com _
stochastic

ScienceDirect processes
and their
applications

ELSEVIER Stochastic Processes and their Applications I (I1NIN) INE-1EN
www.elsevier.com/locate/spa

The jamming constant of uniform random graphs

Paola Bermolen?, Matthieu Jonckheere?, Pascal Moyalc’d’*

4 Facultad de Ingenieria, Universidad de La Republica, Julio Herrera y Reissig 565, Montevideo, Uruguay
b CONICET, Mathematics Department, Facultad de Ciencas Exactas y Naturales, Universidad de Buenos Aires, 1482
Pabellon I, Ciudad Universitaria Buenos Aires, Argentina
¢ Laboratoire de Mathematiques Appliquees LMAC, Universite de Technologie de Compiegne, Rue du Dr Schweitzer CS
60319, 60203 Compiegne, France
d1EMS Department, Mc Cormick School of Engineering - Northwestern University, 2145 Sheridan Road, Evanston, IL
60208, USA

Received 2 March 2015; received in revised form 13 October 2016; accepted 14 October 2016

Abstract

By constructing jointly a random graph and an associated exploration process, we define the dynamics of
a “parking process” on a class of uniform random graphs as a measure-valued Markov process, representing
the empirical degree distribution of non-explored nodes. We then establish a functional law of large numbers
for this process as the number of vertices grows to infinity, allowing us to assess the jamming constant of
the considered random graphs, i.e. the size of the maximal independent set discovered by the exploration
algorithm. This technique, which can be applied to any uniform random graph with a given — possibly
unbounded — degree distribution, can be seen as a generalization in the space of measures, of the differential
equation method introduced by Wormald.
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1. Introduction

Consider a finite graph G for which V is the set of nodes or sites. The parking process in
continuous time on G may be described as follows. At time 0, all sites are vacant. They all
have independent exponential clocks. When the clock of a given vacant site rings and all of its
neighbors are vacant, this site turns occupied. Otherwise, nothing happens. Once occupied, a site
remains so for ever. The process goes on until all sites are either occupied or have at least one of
their neighbors occupied. The final state of the process is often referred to as the jamming limit
of G, and the final proportion of occupied sites, its jamming constant.

Our motivation to study the parking process on random graphs is twofold. On the one hand,
these dynamics are the simplest procedure to discover maximal independent sets and have been
extensively studied for some specific graphs. The differential equation method developed by
Wormald provides explicit results for regular graphs [29], exploiting their very specific structure
(see also [13] for graphs with large girths) and can be directly extended to graphs with bounded
degree [31]. In the Erdos—Rényi case, a similar differential method can be employed thanks to
the great amount of independence and symmetry of the collection of edges, to get an explicit
jamming constant (see Theorem 2.2 and the references in [21]). Hence, to look at “uniform”
random graphs having a given asymptotic degree distribution, but much less structure and
symmetry, is a natural continuation of this research avenue.

On the other hand, parking processes have received a great amount of attention in the case
of spatial structures. It has been considered on discrete structures like 74 [23,11] and on
point processes [22,11,2,26]. In physics and biological sciences, where it is usually referred
to as random sequential absorption, it models phenomena of deposition of colloidal particles or
proteins on surfaces (see [10]). In communication sciences and in wireless networks in particular,
it allows to represent the number of connections for CSMA-like algorithms in a given time-slot,
for a given spatial configuration of terminals (see [17] for a classical reference on the definition
of the protocol). The general idea of CSMA is to schedule transmissions in such a way that nodes
that interfere each other would not transmit simultaneously, see for instance [2] for a stochastic
geometry-based model in which CSMA is approximated by a Matérn-like process. Unfortunately,
spatial models are in general very difficult to study theoretically and to the best of our knowledge,
there is no efficient way to compute the jamming constant in most cases. Studying the jamming
constant of uniformly chosen random graphs with a given asymptotic degree distribution (we
make this notion more precise in the sequel) allows to make a first step in this direction, by
studying a “first order” model which grasps only the bonds between points but no further
correlations. The techniques and analysis presented here are at the core of the performance
evaluation analysis of wireless systems, as developed in a companion applied paper [19].

In this paper we focus on the parking process for a class of random graphs having given
deterministic asymptotic degree distributions, and derive a computable characterization of the
jamming constant, as the number of vertices grows to infinity. To describe the evolution of the
parking process in a Markovian fashion, without keeping track of a too large set of information,
our strategy is the following: we start from the degree distribution of the graph, and then
construct simultaneously the random graph and the associated parking process. In both cases,
the underlying (multi-)graph is constructed similarly to the configuration model, see [30,27,14]
and the references therein. A similar approach was considered in [5], to construct a random social
network together with a SIR process which propagates on it.

Following these ideas, we first define these dynamics for a graph having a fixed number of
nodes n and study the time-evolution of the empirical measure of the degrees of the vacant sites,
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which defines a measure-valued Markov process. Then, under the assumption that the initial
empirical measure of degrees converges to a measure having mild moment assumptions, we
take n to infinity and prove a functional law of large numbers on the evolution of the empirical
measures of degrees. We show in particular that given our assumptions on the initial random
degree distribution, the limit is unique, and defined as the solution of a non-linear infinite-
dimensional system of differential equations.

Our results can be seen as a generalization in the space of point measures, of the differential
equation method introduced by Wormald [29]. The techniques of Wormald as developed in [29],
or [31] cannot be directly generalized to the case of generic unbounded degree distribution as
they rely on approximating the drift of the exploration processes by uniformly bounded, Lipschitz
and finite dimensional functions [29] or on a bound on the maximum degree [31] which in both
cases are too strong assumptions for the present context. More specifically, our strategy relies on
generator approximations for measure-valued Markov processes on the one hand and finding an
adequate norm on the space of solutions for proving the uniqueness of the infinite-dimensional
system on the other hand. The approximation of the generator of the infinite-dimensional Markov
process relies on quantifying the probability to obtain self-loops and multi-edges. Note that
this difficulty is inherent to configuration model constructions, which have the disadvantage of
constructing a multi-graph rather than a simple one, though elegant arguments have shown that
with a probability independent of the size of the graph, a simple graph is obtained [14] (see also
the monograph [27]). To the best of our knowledge, we provide the first result for the case of
unbounded degree distributions, embracing several particular cases investigated in the literature.
Let us also mention that while the present manuscript was under review (and a version of it was
available on the ArXiv), the problem of finding the jamming constant was also considered in [20]
where a related, though not identical, construction was presented. This alternative construction
does not allow to compute the scaling limit of the empirical measure of degrees but gives a more
explicit expression for the jamming constant.

In the case of the Poisson distribution, we are able to explicitly compute the measure-
valued flow of unexplored nodes, which turns out to be an inhomogeneous Poisson measure.
We then retrieve the jamming constant of the Erdos—Rényi (ER) graph. (Note however that our
construction does not lead to a proper ER graph, only to a random multi-graph having the same
degree distribution.) We also retrieve a constant calculated by Rényi [12,25] for a spatial model
on Z, showing that both models share the same jamming limit.

The rest of the paper is organized as follows. In Section 2, we describe the simultaneous
construction of the parking process and the random graph. In Section 2.2 we calculate
the generator of the induced measure-valued Markov process, and the corresponding semi-
martingale decomposition is introduced. In Section 3, we state our main result and its
consequences. In particular we show how the latter leads to closed-forms, or at least to
computable characterizations of the jamming constant in various cases. Section 4 is devoted
to the proofs of our main results.

Notation. Let us introduce the main notation used throughout the paper.

e We denote by R the set of real numbers, and R+ (respectively, R*) the subset of non-negative
(resp., non-null) real numbers. Let also N be the set of non-negative integers and N*, the
subset of positive integers. For any x, y € R, let x A y = min{x, y}, x V y = max{x, y} and
xT =xVvO0.Letalso forany a,b € N, [a,b] ={a,a+1,...,b}.

e Let 3, be the set of Borel bounded functions ¢ : R — R. For all ¢ € B, denote

lloll = sup |¢(x)].

xeR
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Denote for any Borel set A, 14 the indicator function of A. Denote by 1, the real function
constantly equal to 1 and for any k € N, x¥ the function x — x*. For all ¢ € By, we also
denote by V¢ the discrete gradient of ¢, i.e.

Vo@i)=¢@l) —¢Gi—1), VieN-.

e Let Mp(N) be the set of finite measures on N, embedded with the topology of weak
convergence. We write u(i) := u({i}) for any u € Mp(N) and any i € N. The null measure
is denoted 0. For all ©# € Mp(N) and all ¢ : R — R, (i, ¢) denotes the integral of ¢ with
respect to u:

(w, @) = f¢(X)M(dX) = ZdJ(i)/L(i)-
ieN
In this way, for any such u and any A C N, <u, ]lA) = u(A) is the measure of A,
(1, 1) = pu(N) is the total mass of u, and for any k € N*, (u, x*) is the kth moment of
. We denote M ,(N), the subset of counting measures on N, i.e. of elements u of M p(N)
such that (i) € Nfor alli € N. For any u € M, (N), we will be led to order and index the
atoms of w as follows:
— we denote for any £ € {1, ..., u(0)}, ve(n) the £th atom of degree O ranked in arbitrary
order;

— by induction, for any i € N and any ¢ € [[1, u(i + D], Us~i ¢, (1), the £th atom of
e

L H()H+
degree i + 1, in arbitrary order, in a way that
(1)
=" Su- e
j=1
eForT >0 an]d a Polish space (E, dg), we denote by D ([0, T], E) the Skorokhod space of
rcll (right-continuous left-limited) functions from R to E (e.g. [3,15]). It is equipped with the
Skorokhod topology, induced by the metric

M Vsupde(f(), g@@)), 2

t<T

dr(f.g):= _inf sup  |log
aeA(0.TD | (e

s<t

where the infimum is taken over the set A([0, T']) of continuous increasing functions « :
[0, T] — [0, T] such that «(0) = 0 and «(T) = T. We denote by C ([0, T'], E), the subspace
of continuous functions from [0, 7] to E.

e Unless explicitly mentioned, throughout all the random variables (r.v.’s, for short) are
defined on a common probability space ({2, F,P). On the latter, let us write “=" for

weak convergence of r.v.’s, and “(E)” for convergence in probability. Finally, let us denote
(((M )),) >0 the quadratic variation of the D ([0, T'], E)-valued martingale (M;),>¢.

2. Construction of the graph and Markov representation
2.1. Construction
In this section we present our construction of a random graph of prescribed degree

distribution, simultaneously with the parking process on the latter graph. The basic objects of
our construction are:
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(1) a probability measure v on N having support [0, n — 1] (where n > 1), which will be
referred to as the degree distribution,;

(i) a n-independent sample d := (d(1), ..., d(n)) of the distribution v, termed degree vector.'
The empirical degree distribution is the following random point measure,

n
Mo = ZSd(i);

i=1
(iii) the set of nodes V, whose elements are denoted ug(1), ..., ug(n) (the use of this notation
will become clear in a few lines). We set a one-to-one relation between the nodes and the
atoms of g as follows: to the node ug(i) is associated the element d (y (i)), where y is a
permutation of [ 1, n]] arranging d in increasing order. We then say that d(y (i)) is the degree

of uo(i) and we write d,;, ;) = d(y (i)).

At time 0, all the nodes of V are disconnected: the associated graph of our construction at
time 0, denoted G, thus consists in the set of nodes 1, without any edge. At this point, the nodes
are all said unexplored (we say that they are “U-nodes”). We consider that each node has as many
unmatched half-edges as its degree.

Let us define for all ¢+ > 0, U;, A; and B5; the sets of unexplored, active and blocked nodes,
respectively. At t = 0, we thus fix Uy = V (hence the notation above), and set Ay = By = 0.
Let us also define for all ¢ > 0,

H; = {unmatched half-edges at time t}.

Let for any ¢ and any j € U;, d;j(U;) denote the number of unmatched half-edges of j at time ¢.
Define also the following element of M (N),

W= St

jel

termed empirical degree distribution at t. Notice that the cardinality U, of U, and the cardinality
H; of H; can respectively be retrieved from p; by

Ur = (u;, 1) and  H; = {(uy, x) .

All these time-dependent quantities will be updated, by induction on the event times, as will be
described hereafter.

Fix & > 0, and let £y be a random variable of exponential distribution of rate An. As long
as this exponential clock does not ring, the system remains unchanged: we set i, = o and
likewise, U;, A;, B; and H; equal their initial value, for any ¢ € [0, &). The dynamics of the
system is then determined by induction, as follows: assume that a clock rings at time ¢. Then,
several state changes occur instantaneously at ¢, but following a given sequence. To represent
these changes, all characteristics of the system just before the event occurs are indexed by ¢~
and then, to distinguish between the different steps of the state actualization, by =, =" and
finally ¢. In the construction below, all uniform draws are performed independently of each other,
and of everything else.

I We assume independence of the degrees for simplicity, however it should be noted that the results hereafter hold in
larger generality: for assumption (21) to hold true, we only need the convergence of the Cesaro means of the vector d as
n goes large.
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Fig. 1. Step 1—the new active node is selected.

A node a becomes active: we draw uniformly an index i in [[1, U,-]|. The corresponding
node a := u,- (i) of U;- becomes active and we set

ulf+ = u17 \ {a}, At—+ = A17 U {Cl} and Btf+ = B[*.

Let K (u;-) = dg, the number of unmatched half-edges of a at t~. As a is no longer a
U-node, we update the measure ;- as follows,

Mot = M= = 8K (u, ) S

Example 2.1. Let the measure at 1~ be
- = 81 + 283 + 284 + 85 + 56,

so that the associated graph has n = (u,—, 1) = 7 nodes and (u,-, x) = 26 half-edges
(see Fig. 1). A clock rings at t. The new A-node a has degree K (u;-) = 5 and the
measure is updated to

W+ = 61 + 283 + 284 + 86.

The neighbors of a become of class B: the neighbors of the new A-node are blocked,

we say that they become B-nodes. The identity of these new B-nodes is determined by

matching the K (u;-) elements of H,- emanating from a, with half-edges of H,-, as
follows:

— a first half-edge of H,- emanating from a is matched with another one, drawn
uniformly among the (u;-, x) — 1 possible ones;

— on and on, as long as all half-edges of H,- emanating from a have not been matched,
we take one of those, and match it with another half-edge of H,- which has not yet
been matched, drawn uniformly in the latter set.

Notice that at each step, we may match couples of half-edges emanating from a together

— hence creating self-loops around a. At the end of this procedure, we let K (11, ) be the

number of edges linking a to other nodes. Clearly, K (i1,~) cannot exceed the number

of half-edges emanating from a, nor the number of half-edges of H,- emanating from
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nodes different to a, in other words
R (1) = K () A (20 = K (200))- )

We have thus fixed the identity of the ¢ new B-nodes (where ¢ < K (14-)), which
are the emanating nodes u,- (i1), u,~(i2), ..., u,-(iy) different from a, of the K (u;-)
half-edges matched with the K (u-) half-edges of ego a. We then set

u17++ = Z/{17+ \ {utf(il)v Urp- (l2)’ ceey Up— (lq)} ;

.At—++ = .At—+;

B+ = Bt U{up- (1), u-(i2), . ug-(ig) } -
Forall j € [[1, g1, let Nj (t,-) be the number of edges shared by u,- (i) with a. Let us
define the two following point measures,

Y (- )—ZN (1) 8a, )} (5)

du_ i) (6)

.. MQ i

In other words, for any i, Y (us=) (i) (resp., Y (us-) (i)) is the number of neighbors
of a (resp., of edges shared by a with its neighbors) having i unmatched half-edges at
t~—. Thus, (Y(u,-),1) = K(u;-) is the number of half-edges emanating from a and

<17 (us-), 1> = ¢ is the number of neighbors of a. As the new B-nodes are no longer

unexplored, their degree must be erased from the measure p,-+, which is updated as
follows,

s = =¥ (). (7)
There remain (u,—, x) — K (u;-) — K (u4-) unmatched half-edges at this point.

Example 2.2 (Example 2.1 Continued). The uniform selection of the neighbors of the
new A-node a results in a loop around it, so we have K (u;-) = 3,9 =2,

Y (u;-) =84 +28¢ and Y (=) = 84 + 86,

as there exists a double-edge between a and its neighbor of degree 6 (see Fig. 2). We
then have

Ui—++ = 81 + 263 + b4.

Observe that K (u~) = 3 and the number of unmatched half-edges at this point is
(=, x) — K (uy-) — K (u,-) =26 —5 — 3 = 18. Between parenthesis is indicated the
number of still unmatched half-edges of the B-nodes.

Updating of the number of unmatched half-edges: the available half-edges at this
point, i.e. the elements of H,—++, either emanate from B-nodes and do not point to a, or
emanate from nodes of U,—++. Let us denote

Hf,H = {half—edges of H,-++ emanating from nodes in B,—++} C H;—++,
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and observe that
HEel = (7 ) ) = R ) = (P G ) = 0 ) ). ®)

We now fully attach the new B-nodes to the associated graph, i.e. we match all the
half-edges of M, ., either with other elements of H? .., or with elements of H,—++
emanating from nodes in U,—++. This is done according to the following procedure:

— draw an integer uniformly at random in [1, g]l, say £. We match the remaining
dy,_(iy) — Ne (uy-) open half-edges of u,-(i¢) exactly as those of a: we take these
open half-edges one by one; each time, we draw uniformly at random a match for the
latter in all available half-edges (emanating from a node of U;-++, another node of
B;—++ or from u,- (i;) itself), until all half-edges of u,- (i;) are matched;

— then, draw at random another integer m in [1, ¢] \ {¢}, and match all available half-
edges of u;- (i;,) in the same manner, and so on. .. until all half-edges of Hf_++ have
been matched, to form edges of the associated graph.

At the end of this operation, we have possibly created edges between the new B-nodes

and the remaining U-nodes. Let us denote X (u,-) the number of such edges, in other

words

X (us-)
— Card {half-edges of H®,, matched with half-edges of 1, ++ \ H® ., } )

Observe that by its very definition, X (u,~) is less than the number of half-edges
emanating from the new B-nodes, and thus

X () = (¥ ) x) = 0 o)) (10)

To update p;-++, we have to subtract these X (u,-) half-edges from the number
of available half-edges of the remaining U-nodes. To formalize this operation, it is
convenient to index the remaining U-nodes in the following way: forall i € [1,n — 1]
and all £ € [I, u,—++@)1, we let u;—++(i, £) be the ¢th node of U;—++ having i
unmatched half-edges at ¢t~ (if any), ranked in an arbitrary order. Then, we define

W (u,-) (i, ) = Card {edges shared by u,++ (i, £) with nodes of B,++ } (11)

and observe that

n—1 M—++ (@)

Yoo W) G0 =X ().

i=1 ¢=1

Let us define the counting measure

n—1 t—++ @)

W)=Y > (8= 8w i) - (12)

i=1 (=1
To represent the change at this step, the quantity W (u,-) (i, £) must be subtracted from

the number of open half-edges of each unexplored node u,—++ (i, £), hence we finally
obtain

pr = py—++ — W (=) . (13)
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4
3 1
3
Fig. 2. Step 2—the blocked nodes are attached to the active node.
4
U

3(2) U

Fig. 3. Step 3—the new blocked nodes are connected between each other, and with remaining unexplored nodes.

Example 2.3 (Example 2.1 Concluded). In Fig. 3 we see that |Hf_++| = <I7 (mg+) x) -

K (us=) = 10 =3 = 7 and X (u,-) = 3, since there are 4 half-edges emanating from B-
nodes that are matched together. The three remaining half-edges are matched with the remaining
U-nodes as follows: if among the U-nodes of degree 3, the one on the left has label 1 and that on
the right has label 2, then

W(ui-)3,1)=2 and W (u;-)@3,2)=1.
The updated measure is then
Wy =281 + 62 + d4.
There remain (u,, 1) = 4 unexplored nodes and {(u;, x) = 8 unmatched half-edges.

As a conclusion, gathering (3), (7) and (13), the resulting measure after Steps 1-3 is

me = - — 0 (=), (14)
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where we denote for any counting measure (,

P() =8k () + Y (1) + W(w). (15)

In the counting measure x,, 1 +¢ atoms have been erased with respect to ,-, and whose first
moment (i.e. the number of open half-edges) has the same parity as that of u,-. The associated
graph G, equals G;-, plus all edges that have been drawn between a and its neighbors, between
its neighbors with one another, and between its neighbors and the remaining U-nodes. Moreover,
only the remaining U-nodes still have open half-edges at ¢ and the measure u; provides the
repartition of the latter half-edges among {4;. At this point, we re-index all elements of I/, in the
order of increasing number of open half-edges, as was done above:

Uy = {u; (D), ..., u, (Up}.

We now draw a new exponential r.v. & of parameter LU,, independently of everything else. As
above, the system remains constant until time ¢ + &;, at which we re-iterate Step 1-3, and so on.

Remark 2.4. In (14) and (15), the shorthand notation ¢ denotes a random map from M , (N) to
itself. For a fixed u € M, (N), the distribution of the random measure ¢ (1) is fully determined
by the value of i and the uniform draws performed at the successive steps. In particular, as these
uniform draws are independent of everything else, at any event time ¢ the random measure 9 (1¢;)
is drawn independently of all the random variables generating ;.

The procedure ends at the stopping time
To = inf{t >0; U = 0],

which clearly is almost surely (a.s., for short) finite. At that instant, if 2?21 d (i) was odd there
remains a single unmatched half-edge, which we remove. At that time 7, we thus end up with
nr, = 0,Ur, = Hy, = ¥ and | Az, U Br,| = n. The final associated graph G, is a multi-graph
of degree vector d (up to the deletion of a single half-edge in the case mentioned above). The
set A, is the jamming limit of the latter graph (and of the parking process) and ‘ATO‘ /n, its
jamming constant.

2.2. Generator and semi-martingale decomposition

Let (F7),>0 be the natural filtration of (u;),>¢. Forall ¢, all 2 > 0 and all bounded measurable
functions F : Mg (N) — R, we have from (14) that

E[F(uen) | Fi] = (1= xh (e, D) F () + 2 (g, DELF (g — 9(0) | 1] + 0(h)
= Th F (). (16)

Therefore, according to the definition of [4, p.18], (i;),50 is a weak homogeneous M f (N)-
valued Markov process having transition operator (7, & > 0). Moreover, in the present context
it is routine to check, as in Proposition 1 of [6], that the assumptions of Lemma 3.5.1 and Corol-
lary 3.5.2 of [4] are met. Therefore, (14¢),~¢ is a Feller—Dynkin process of D ([0, co), M (N)).
Its infinitesimal generator 2 is given for all F : Mp(N) — R such that the following limit
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exists (we say that F' belongs to the domain of 2), by

1 1
QF(n) = i}i_r&)Z(ThF(M) - F(M)) = f}i_r)l})z(E[F(Mh) | o =pl — F(M)),
w e Mp(N). (17)

Let ¢ : R — R be a bounded function, and denote for all w € Mp(N), Ilz(1) = {u, ¢).
We can easily check that II; belongs to the domain of 2, and explicitly write 21ly: denoting

for any counting measure (., by P, the probability measure conditional on {x,~ = u} at a jump
time ¢, and £, the corresponding expectation, from (16) we obtain that
Py (n) = =2 (u, )V Ey [(F (), )], (18)

for ¥ defined by (15).

For any bounded ¢ : R — R, applying Dynkin’s Lemma (see [8,9]) to the Markov process
(1)r>0 and the map IIy, we obtain from (18) a decomposition of the process 1 — Il (j4;) as a
semi-martingale. Specifically, the following is a ;- local martingale:

t
1= M@ = (i, @) — (o, P) —/0 21y (ws) ds.

t

= (. @) — (o, ¢) dH\/o (s, 1) By, [(0(1s), )] ds. 19)

We can then easily retrieve the quadratic variation (M (¢))) of the latter local martingale using the
semi-martingale decomposition of F := II 5 (obtained as in (19)), and Ito’s integration by parts
formula (see e.g. Theorem 8.15 in [7], and a specific example in the context of measure-valued
processes in Proposition 2 of [6]). We obtain for all 7,

t
(M@, = /(; (Q (U¢)2 (s) — 20 () 211 (,us)) ds
t
=1 /0 (s, 1) (Em [9G1). 9] = 2 1. 8) By, 109 ). 9]
+ 2{us, @) Eus [{D (1es), ¢>]) ds.

t
= [ a0 [0, 07] d, (20)

It follows in particular from (20), (10) and the fact that (us, 1) and (g, x) are non-increasing
functions of s, that for all ¢+ > 0,

t
E[M@N] < M0 [ e DB, [+ (VG 1) +2(7 2. 0] ds

0

t
< MO [ G D, [0+ G 1 2 s, 7] s

< 3191 (o, 1) (1 + (o, 1> +4 (o, x)?)
< 3atll@l*n(l + n* + 4n*) < oo,

hence M(¢) is a square integrable J;-martingale.
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3. Main results and consequences
3.1. Hydrodynamic limit

We are interested in the behavior of the measure-valued process (u;);>0 as the size of the
graph grows to infinity. We consider a sequence of models, where the size of the nth graph
equals 2, and add a superscript * to all parameters and processes relative to the nth system. Then,
we scale the nth process of empirical degree distributions as follows:

o1
wy=—-ui, t=0
n

and we denote the normalized versions of the derived processes accordingly, i.e. for all # > 0,

. un -, HI _ 1
Ul=—  H'=—0 M@= —-M"@). &by

n

Our main result is the following.

Theorem 3.1. Let k > 3.5. Assume that for all ¢ € Bp U {x, x*},

(s o) 2 (). 1)

n—oo

where ¢ is a deterministic element of M (N) such that

0< (¢, x)A{,1) and ({, XK> v{¢, 1) < oo. (22)
Then, forall T > 0 and all ¢ € By U {x* : k € (0, k — 11} we have
_ _ (P)
sup |(M;l9 ¢)_ <Mls ¢>| e O,
tel0,T] n—00

where i is the unique element of C (R+, M (N)) satisfying the following infinite dimensional
differential system: for all t > 0 and all bounded ¢,

(0. @) = (¢, )

d
e @) = (¥ () 9)
= 2
Sl a4 00+ o) (F S i 0 = o0
— (H’l"X)
— 1 (0)¢(0) if (i, x) = 0.
23)

Remark 3.2. A consequence of the proof of this theorem is the existence of a solution to (23).
Its uniqueness is proved separately.

Remark 3.3. By our very assumptions, <,u8, 1> = n and thus <,&8, 1) = 1 for all n. It thus follows
from (21) and (22) that fi is a probability measure. In particular we have

(0. 1) V (20, x*) < oo,

a fact that will be used at several points of the proofs.
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By specializing (23) to the functions ¢;(j) = §;j, for all i € N, we obtain the following
system of ODE’s for i1 (i),i € N,

fpo(i) = ¢();

| (A + 1)) + (1 G) = G+ Dt + 1)

d_ . > i)
— (i) = ieN
dt 1 it Y i) > 0;
S i) it ) i) >
ieN
~ it (0)Li if ) i) =0.

ieN
(24)
Note that the differential equation for the ith coordinate depends explicitly on the (i + 1)th

coordinate and implicitly on all the other coordinates through the first and the second moment of
the measure.

3.2. Main characteristics, and the jamming constant

It follows from Theorem 3.1 that the sequence {U"} tends uniformly over compact time sets
to the deterministic functions u given for all ¢ by u; = (t;, 1) and which, from (23), satisfies

iy = —x (it +hy), t=0. (25)

On another hand, applying Theorem 3.1 to the function ¢ = x yields the convergence of H" to
the deterministic function %, defined by h; = (ji;, x) for all ¢ € [0, T']. Again from (23), we can
easily check that

h;t:—z)\<ﬂt»X2>y t>0.
Jamming constant. Denote for all n € N* and all ¢+ > 0,
J= A (26)

the number of active nodes at r. The jamming constant J" of the associated graph, is the
proportion of active nodes at the ending time 7 of the exploration process. In other words,
it is given by
‘]n)l
— TO

Jh= 27)
n

The following result can be deduced from Theorem 3.1. Its proof is provided in Section 4.5.

Corollary 3.4 (Jamming Constant of Random Graphs). Under the assumption of Theorem 3.1,
we have that

J— ¢ in L',
n—o0
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where

o0 o0
c§=)\/ ﬁ,dt:k/ (e, 1) dt (28)
0 0
and (fit),>¢ is the only solution to (23).

Remark 3.5. As expected, it readily follows from (28) and (25) that ¢; = fooo i; 5 dt does not
depend on A—we hence fix A = 1 in Section 3.4 without loss of generality.

3.3. Connexion with the configuration model

As far as the structure of the associated random graph is concerned, our construction mimics
the so-called configuration model (or uniform model). More precisely, denote CM(n, d*) the
random (multi-)graph obtained by the uniform mapping of half-edges in a graph of n nodes
having degree vector d”, as described in [27,30]. We have the following.

Proposition 3.6. The associated random multi-graph constructed jointly with the exploration
process in Section 2 equals CM(n, d") in distribution.

Proof. The result follows from the so-called independence property of the configuration model
(see e.g. [30]): choosing whatever rule for matching the half-edges as long as a given half-edge
is matched uniformly among all the unmatched half-edges at each step, provides a realization
of CM(n, d"). This is exactly what is done here: at each step, first all half-edges of the new
active node a are matched with other half-edges that are chosen uniformly among available ones
(including other half-edges of a), and then all the remaining open half-edges of the neighbors b1,
and then by, b3, ... and finally b, (¢ being the number of neighbors of a) are matched according
to the same rule. Therefore, at the end of the algorithm the associated multi-graph we have drawn
is nothing but a realization of CM(n, d"). [

We can now link our construction with the more usual one, consisting in fixing the graph
beforehand, and then building an independent set on the latter. The parking process on a uniform
graph, mentioned in the introduction, can be formalized as follows: we first fix G, a realization of
CM(n, d*). We then construct sequentially the independent set on G according to the following
procedure,

(i) At time 0, set all nodes of G as unexplored, and initiate an exponential clock of intensity
An;
(i1) Each time an exponential clock rings, select a new active node a uniformly at random among
all unexplored nodes;
(iii) The neighbors of a in G all become of class B;
(iv) We set another clock of intensity AU, where U is the cardinality of the set of unexplored
nodes at that instant, and go to step (ii).

The algorithm is terminated as soon as the set of unexplored nodes of G is empty, and the
jamming constant of the graph is obtained as the proportion of active nodes at that time.

Let for all 7, " the set of unexplored nodes at 7 and for any j € U, d; (Z;{,”) the number of

neighbors of j in Z;{t” at t. Let also the following random point measure,

ir=>y3 o () (29)

el
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Observe that only the order of exploration of the nodes differs in the present construction
with respect to ours, this order being itself drawn according to a uniform choice on the set of
unexplored nodes at each time in both cases. Therefore, as a simple consequence of the invariance
in distribution of any permutation of the coordinates of d”, and of Proposition 3.6.

Corollary 3.7. The sequence of measure-valued processes {{i"} defined by (29) coincides in
distribution with {"}, and so do the jamming constants of the two models.

It is significant that, although the two processes ©” and " have the same distribution, the first
one is Markov but the second one is not, since the knowledge of the multi-graph G is needed.

3.4. Jamming constants of particular graphs

Characterizing the jamming constant of parking problems has a long history in mathematics,
see e.g. [22]. One of the most studied problem in the field is the so-called random sequential
absorption on discrete structures. We show hereafter how our result can be adapted to regular
graphs, i.e. graphs with fixed degree. We then focus on the case of the Poisson distribution, and
relate our approach to the Erd6s—Rényi graph.

Regular graph of degree 2. When for any n, the root degree distributions p” (and therefore, ¢)
are deterministic and equal to &3, we can solve exactly the three-dimensional limiting differential
system:

d
@) =~ Q)1 +2LGw));

d
D) = =t (A + L(0) + 2(L () = Dite(2); (30)

d
E’“—"(O) = — i (0) + (L) — Dpe (1),
with

(e x?) _ 42) + (D)
(e ) 202) + (1)’

After tedious but simple calculus, one obtains

L) =

u(2) = e
(1) = 2(e" — D, (2);
(0) = (" — D?i,(2).

Therefore the jamming constant for §, equals

-2

oo 2 o0 2420t 1—6
cs =f /l(i)dt:/ eI gy = ,
? 0 ; ! 0 2

which coincides with the famous Rényi parking constant of Z (see [12, Section 5.3.1]).
Informally, this can be explained by the fact that in the resulting configuration graph with
distribution 87, only cycles of different sizes can appear while the number of small cycles (say
smaller than a given constant) present in the resulting random graph is going to be very small
compared to n with overwhelming probability. We do not go further into these calculations,
which are beyond the scope of this paper.
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Regular graphs for d > 3. More generally, jamming constants of regular graphs for d > 3 have

2
been shown to be asymptotically equivalent to M, for a random graph CM(n, d") of

degree distribution p" = §4 (i.e.d” = (d,d, ..., d)), see [29].

Let us quickly reformulate in our terminology the approach in [29], and compare it with ours.
The algorithm of random pairing as termed in [29] is similar to the one that is presented here, the
main difference in the construction of CM(n, d") being that at any time, all unexplored nodes
have exactly d available half-edges. This is obtained as follows: each time a new active node
is selected (uniformly at random among all unexplored nodes), its d half-edges are matched
uniformly at random with d other ones, exactly as we do so. At this point, according to the
method of deferred decisions (see [18]), and unlike our construction, the connectivity of the
neighbors of the new active node with the rest of the graph is not completed yet. At the following
instant, a new active node is selected among all unexplored nodes, and the same procedure is
reiterated on and on, until there is no more unexplored node. It is important to observe that, at the
end of this algorithm, only the edges between active and blocked nodes have been build in the
associated graph, and that the blocked nodes may have unmatched half-edges (precisely as many
as d minus the number of edges they share with their active neighbor). Then, the associated graph
is completed by creating edges between blocked nodes in arbitrary order, following uniform
choices of half-edges (which does not change the jamming constant of the graph). Under such a
dynamics, it appears clearly that the process ((J,”, U,”)) is Markov (recall the notation (26)). In
particular, using the fact that the possible neighbors of the new active node must have d available
half-edges, it is easy to observe that whenever a node becomes active in [¢,  + /) we have that

vt

_—, 31
n—2J/ @D

E[U}, - U U U] =-1-d
which leads to a simple one-dimensional asymptotic ODE for ¢ — U/, that is solved explicitly.

However, for a general degree distribution the relation (31) no longer holds, and the process
((J,”, Ul")) is no longer Markov. In fact, one can observe that the measure-valued process
(M;’) itself is not Markov, when constructing the graph as is done in [29], since one needs to
know which nodes are active and which are blocked in the associated graph, to complete the
connectivity of the new active node at each instant—which is why we need to complete the
neighboring between blocked nodes at each step.

For the more general case of unbounded degree distribution, the assumptions needed in [29]
and subsequent articles are not satisfied in the present context. In particular, it is assumed that
the drift of its ith component can be uniformly approximated by a (globally) Lipschitz function
of the states j with j < i. It is clear that in our case this condition does not hold: the drift of
the ith component depends on all components through moments of the distribution and directly
on component i + 1 (see (24)). A second hypothesis is that the drift of the ith component be
uniformly bounded, which is also not verified here.

The price to pay for working in such generality, is that, due to a more intricate dynamics we
do not obtain a closed-form formula for the function ¢ + u, in the particular case of regular
graphs. However, though an exact computation of (i1,) becomes more and more involved when
the degree d grows, we can easily retrieve the asymptotic value of [29] by solving numerically
the system corresponding to (30), as is shown for d = 3 and 4 in Table 1.

The Poisson distribution. In the case where the asymptotic initial empirical degree distribution is
Poisson, we obtain also a closed-form expression for the function ¢ — fi;.
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Proposition 3.8. If ¢ is a Poisson distribution with parameter p (we denote ¢ = P(p)), then

(pv)’
i!

(@) = v, exp(—pv), t>0,i€eN,

where v is the solution of the differential equation
v = —v(l + pv).

Moreover the jamming constant reads

1
Py = log(1 + p).

Proof. Let us define the following Poisson measures for all ¢,

i
K (i) = (p t) exp(—pv;), ieN.
For all ¢ > 0, using the definition of v; and [i; we obtain
d P i+1
7 (e, @) = U exp(—puy) [;(l + 1)—v,¢(l) - p; ] v @)

= —2v (1 + pvy) |:<Kz, d+¢) — Z(i + D (i + 1)¢(i)] ,

i>0

=—(1+ pv) [(ﬂ,, A +08) =D jiu(No( — 1)} :

j=1

|:<,Um (A +09) + pvr (e, XIP) + por (i, ¢) — Y jiac (P — 1)}

Jj=1

08+ (P2 3 s van |
(s X)

where we use in the last identity that

= 2
Vy = <Hj’ X > -1
(e, X)
and
H—l pj .
por (i, §) = Y (0 + Do exp(=pr)g (i) = Y j vl exp(=pu)d(j = 1)
120 ( + ) jZl ]
=Y (oG — 1.
Jj=1

The jamming constant then simply follows by integration of t + v,. O

The asymptotic empirical degree measure of unexplored nodes thus turns out to be an
inhomogeneous Poisson measure. A typical example where Proposition 3.8 applies is that of
a binomial degree distribution p” = Bin (n — 1, p") for all n (as is the case for Erdos—Rényi
graphs), where np" P
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Table 1
Jamming constants for different degree distributions and their counterparts on deterministic graphs.
Source: Simulation values for deterministic graphs are taken from [28].

Degree distribution JC of Random graphs JC of specific deterministic graphs
Geometric ¢~ 1/2 0.7599203270
Poisson (1) log(2) = 0.6931472
-2 -2
8 1= = = 04323323583 =~ @)
83 3/8 0.37913944 (Honeycomb)
84 1/3 0.3641323 (Z2)

It is then interesting to observe that we retrieve the jamming constant of the Erdos—Rényi
graph of parameter p, which was given in [21]. Notice however that we do not construct a proper
Erdos—Rényi graph and in fact, no uniform construction based on a prescribed degree distribution
can do so, since the independence assumption for the existence of the various edges cannot be
fulfilled.

Table 1 gathers in the middle column, our results for several jamming constants (exact for
¢ =P(1) and 8>, and numerically computed for geometric, 3 and d4).

4. Proof of Theorem 3.1

From (22), there exist two real numbers o > 0 and M > 1 such that

(. %) v (e 1) < M (32)
(€, x)n (5, 1) > 2a, (33)
where ¢ is defined by (21). Let us define the following subsets of M (N):

Mam = {u € MpMN); (i, 1) V(. x*) < M and (i, x) A (u, 1) > a} (34)
and for all n € N*,
1
nMaoy = {M € Mrp(N); M€ Ma,M}~

The main steps of the proofs are the following. After showing that the generator can be
approximated for large n by the (non-linear) operator ¥ (at least on the subset n. M, r), we show
the tightness property of the family of measure-valued Markov processes under consideration.
We then show the uniqueness of the possible limit — which is solution of the deterministic system
of Egs. (23) — and finally the convergence in probability towards this limit.

4.1. Generator approximations

Recall the definition of the mapping ¥ : Mp(N) — M g(N) in (23). We show in this section
that the finite variation part %Q” Iy (u") of {1"} can be approximated by % U (u") as long as
" takes values in My 3. More precisely, we have the following result.

Proposition 4.1. For any a, M > 0, there exists a constant C(a, M) such that for all ¢ € Bp(N),
all n € N* and all counting measures 1 € n Mgy, we have

| 211y (1) — (¥ (1), $)| < VllglIC (e, M). (35)
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Remark 4.2. Applying (35) to any measure it € My u and any n € N* such that nj is a
counting measure, and using the fact that ¥ (1) = ¥ (np1)/n, yields to

%Q”qu(nﬁ) —(¥(), )| = %IM’IIC(O& M). (36)

The rest of this section is devoted to the proof of Proposition 4.1. Our strategy is as follows: we

first propose an alternative and simpler dynamics for updating the measure 1, whose key feature
is that the various uniform random choices are made with replacement, instead of without, as in
the original construction. We then show that the corresponding alternative update of © amounts
to the action of the operator ¥ (see Lemma 4.3). We finally construct a coupling between the two
constructions, leading to the bound (35), as long as u belongs to n. M, ». The coupling relies on
the property that conditionally to the event that all selected elements are different, the law of the
sampling with replacement coincides with that of sampling without replacement. Moreover, we
prove that the probability of this event tends to 1 as n goes large (see Lemma 4.4).
Alternative construction. Fix a counting measure 1 € M, (N). To each i € N are associated
(i) buckets of i items. (Buckets and items correspond to nodes and half-edges in the original
construction.) So there are b = (u, 1) buckets and a total of ¢ = (u, x) items. We label the
buckets from 1 to b according to the labeling procedure proposed in Section 1. Denote for any
j =1,...,b,d(j) the cardinality of the bucket j. We also label the items from 1 to c as follows:
items 1 to d(1) are the elements of bucket 1, labeled arbitrarily, items d(1) + 1, ..., d(1) +d(2)
are the elements of bucket 2, and so on.... Forany i = 1, ..., ¢, let b(i) be the index of the
bucket of item i. Note that we are identifying buckets with nodes and items with half-edges.

We perform the following random experiment, which mimics the original dynamics when the
sampling is performed with replacement. The various uniform draws in the construction below
are independent of one another.

(i) First, we draw uniformly at random an element j € [1, b]. Denote
X:j and I?:d(@.
(ii)) We draw uniformly at random, and with replacement, K itgms among c. Let iy, ...,ig be
the indexes of these items. We then denote for any £ € [1, K],

§g =b (iz) and ?@ =d (gg) s
in other words ?@ is the size of the bucket to which item i, belongs.
(iii) Let

—~ E o~
X:Z;(Yg—l).

We draw uniformly at random and with replacement, X items among c, denoted iy,
Lell, K]] m € [1, Ye — 1]]. We denote for all such ¢, m,

Ug,m = b (lg,m) and Wg,m = d (Ug,m) .

Finally, denote the two following point measures,

K K Y-1
=D 0y ZZ(WM Wem—1> and #(p) =g +Y +W.
=1 =1 m=1

(37)
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The random measure 5(#) corresponds to the update of the measure p in this alternative
construction. As in Section 2.1 (see Remark 2.4), the uniform draws specifying 9 () are assumed
independent of the source of randomness generating u, if any.

Lemma 4.3. For any counting measure p such that (i, x) > 0 and any ¢ € Bp,

M DE, [0, 9)] = (). ¢) (38)
for U(.) defined by (23).

Proof. Clearly, from the very construction above, K follows a discrete uniform distribution on
[1, (u, 1)1, in other words

(k)
(1, 1)’

Also, all r.v.’s @\ and all V:\Vg,m above follow the size-biased distribution associated to :
conditionallyon K =kand Yy =y, £ =1,...,k,

P, (K =k) = k eN. (39)

> yiu(y)
P, (Ye=y) = .o l=1,...,k 40
w(te=) (. x) @0
PM(We,,nzw)zlfp’f(;)), C=1,.. kom=1 .y —1.
We therefore obtain that
. +o00 k
M DE, [P0, )] = 2. 1Y (’“‘Ll)
= (1)
+oo Ix
yu(y)< wu(w) )}
k) +kYy = +(y—1 — —1
x{¢() ;w,x) b +0 =D T (#w) =g -1)
2 _
= o+ oo (2O XX e xIRN o s
{1, x) (o xy (s x)

Coupling. Fix a counting measure . € M ,(N). Consider the construction of Section 2, starting
just before a change time ¢ with the counting measure u,- = u, and recall the definitions of
K(w) and K (w), of W () (i, £), i, € Nin (11), of X(x) in (9), and of the point measures
Y(w), f’(y,) and W (), respectively in (5), (6) and (12).

Now, let us define the event that of no self-loops and/or multiple edges are drawn in the
construction of Section 2., i.e.

DG = {R (o) = Ko, () = Y (), WG, 6) € (0,1) forall i, ¢}

And the corresponding one in the alternative construction, that is the selected buckets and items
are all distinct, i.e.

ﬁ(/},) = {Z, §1, R §Ig, I/J\L], e, (71,271—1’ 32,1, ...... , [71?,?,?—1 are all distinct} .

Clearly, identifying buckets with nodes and items with half-edges in the new construction
defined abgve, we see that the r.v.’s K(u), Y(u) and W(n) play similar respective roles
as K(u), Y(u) and W(u), substituting uniform random selections without replacement by
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selections with replacement. Also, observe that samples in 5( 1) prevent the selection of the same
bucket, or the same item, twice. Therefore, as uniform sampling without replacement amounts,
in law, to sampling with replacement conditionally on not selecting twice the same element,

(K(u), Y(w), W(u)) has the same distribution conditionally on D(s) as (K (1), ¥ (w), W(w))

conditionally on ﬁ(u). In turn, recalling the definitions (15) and (37), we obtain that for any
veM,N),

P, (9(w) = v | D(w) =B, (9(10) = v | D(w)). (41)

The proof of Proposition 4.1 relies on the coupling defined above and the key remark that
obtaining self-loops and multiple edges is easier if the half-edges are drawn with, than without
replacement, that is IP,, (D(,u)) <P, (D(w)), along with Lemma 4.4.

Before proving Lemma 4.4 and Proposmon 4.1, recall the original construction in Section 2,
and let us make precise the distributions of the random variables K (1) and Y (i) defined therein.
In step 1, observe that the probability that a node of degree k is drawn, equals the proportion of
atoms at level k among all atoms of the measure p. In other words, for any k € N,

k
Pk (o) = by = A& 42)

(u, 1)

Second, conditionally on {K (u) = k} and {IZ (w) = IE}, Y (n) follows a multivariate
hypergeometrical distribution on M (N), of parameters (lg (w, x) —k, (u, 1) — 1, P) (see
Appendix), where P is given by

P@) =i(u@) —68@G)), i€lO,(u,1)—1].
In other words, we have for all y € Mg ([0, (i, 1) — 1])) such that (y, 1) = k and y(@) < P@)

for all i,
(i(u(i)—_sk(i»)
i€f[0, (u,1)—11] Y@

(. x)—k
k

Lemma 4.4. Fixaa > 0, M > 0 and n > 1. Then, for any counting measure (1 € nMy_p, there
exists a constant Cy(a, M) such that

Ci(a, M)

W (Ya =y 1 Ko =k Ry =) = 3)

P, (D(0)°) <

Proof. First, observe that for all £ > 0,

+00

+Z =B Vi=)PF, (Ti=y) = ()Z yI()
(1

Pu(azii’\jforsomei;éj|I?=k)§<§> ( )
- ) (s x)

-()2 *

)
44
(2) (, x)? @
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Now, for all k¥ we have that

P, (B; = A fi i |K=k) <kP, (B, = A|K =k) =k
n (B or some{ | ) = kP (B | ) () s x)

Further, as the buckets §1, R B % gather altogether X + K items, we have for all k¥ and x,

Pu(ﬁg,me{x,gl,...,ﬁg} forsomeﬂ,m|ll(\=k,5(\=x)
- o~ ~ ~ ~ k+x+k x2+2xk
<xP, (U1 €{A.B.,....Bs) | K=k. X =x) = = .46
= 4Py (U € {4, Bi fll )= w0

Finally, for all k and x, similarly to (44) we obtain that

Py, (Ugm = Up o for some (€, m) # (€', m) | K =k, X = x)

+00
< (X)Pu (171,1 = 171,2) = (;) ZPH (1711 =Upp | Wiy = w) Py (Wll =w)
w=1

xy . x?)
N <2> (w, )% @0
Now, observe that
~ —~ 2
B, [R2R = k] = Var, [ Y (Fe=1) | + | Eu | Do (Fe—1)
=1 =1
= kVar,, (V) — 1) + k% (B, [T1 — 1])°
= KB, [(F1 = 12+ 2 = ) (B, [T = 1])°. (48)
But it follows from (39) and (40) that
2 2
B | B Lt N (I L
(w, 1) (e, 1) (s x)
) (49)
=2 s
E, | (7))] =
! [( ! ] (. x)
which, together with (48), entails that
Ey [?72] <E, [K]E, [(?1)2] +Eu [1?2] (. [71])°
w0 e ) e e ) e o) e ) .
(s 1) ()2

o) (e x) D) (wx)? (1)
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Finally, gathering (44)—(47) and then using (49) and (50) and the fact that u € n My p, we
conclude that

P, ((5(u))c> < (E,L [1?2] +E, [)?ZD M +E, [(}?+ 1?)2] !

(1, x)

IA
S
F|F
PR P
o2
_|._
Fl
>
N——
N
=
I_|
I_l
_|_
=
| — |
Be)
._“.
N—"
IA
S| =
N
IR
(3]
_|._
QI
N—
[\®)
Sk
+
Qw|§w
N—"

Hence the result. W

We are now in position to prove Proposition 4.1.

Proof of Proposition 4.1. For notational simplicity, we skip the dependence in u of ¥, 9, D and
D. Recall that P @ < P, (D). Then, we can define the following probability,

_P.(D-P,(D) co.n
T —p, (D) T
Now, define the following M ,(N)-valued random variable,
= ﬂj]-ﬁ + 9]]-6(7’

where 6 is drawn from the distribution P, (¢ = .| D) with probability p,, and is drawn
independently from the distribution P, (¢ = .| D) with probability 1 — p,. So defined, v
has the same distribution as ¢, since we have for any v that

P, (3 =v) =P, (9 =v|D)P, (D) + P, (9" = v | D) (1 - P, (D))
:]P’M(ﬂzv|D)]P’M(@+<PM(19=U|D)pM+PH(19=v|DC)(1—pM)>
x (1—-P, (D))
=P, (®=v|D)Py (D) +P, (¥ =v|D) (B, (D) —P, (D))
+P, (9 =v | D) (1P, (D))
=P, (@ =v),

where we used (41) in the third equality. Therefore, as Dc {5 = }, we obtain from (18) and
Lemma 4.3 that

|21 () — (F(), $)| = 2 g, 1) [E,, [(9, $)] — By, [(3, 6]
= h(u. 1) [E, [(0" - 9. ¢) 15.]

<Xi{u,1) (EM [<19/ _ 19’ ¢)2])1/2 (IP’ (Dc))l/z
=0 1) (28, 0,07 + 22, [(7.0]) (2 (57 1)
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First, observe that using (49) and (50),
~ 2 ~ 2 = S, 02
B (3. 0)°] < 1617E, [(8. 1] < 1617E, [ (1 + R (o) + 2% 0)’ ]

5M 4M3>

<3617 (1 + B, [Rw?] + 48, [Xw?]) = 31617 (1 o) 62

All the same, we have

By [0.612] <3100 (1 + B, [K 0] + 48, [x(0?]) (53)

Now, we clearly have from (42) that

2
B, k] = Y e l® _mxd) M 54
o] =R = = oY

Also, from (10) we have

By [X(0?] = B [(r (o). 07]

— E. (Y 21K —k Lk)
> E[reo. 0t ke =] £
k=(u,x)/4
+ ) Eu[<Y(M),x>2|K(M)=k]ﬂ. (55)
i {u, 1)
k>(uw.x)/4

But as (i, x) > na we have for all k € N* such that k < (u, x) /4,

<M,x>—(k+l)z<u,x>—2kz%.

Thus, in view of the distribution of Y (.) in (43) and from (A.3), we obtain that

E, [0, 02 | K = k] &
2 E[reo. 0t ke =k £
k=(u,x)/4
k(k = 1) (u, x)* pk) _w x®)am> _am’ 56)
S ()= ()= (k+D) (1) = (u1) o2 = o
k=(u,x)/4

Also, as (i, x)— K(u)— (Y (), x) > 0, we have for all k such thatk > (u, x) /4, conditionally
on {K(u) = k},

3(u, x)
(Y(w), x) < ) < 3k,
which entails that
(k)
> B[, 0 K = k] 25
ot (n, 1)
k>(p,x)/4
k2 (k X2 oM
3 M()§9<MX>§—. &7
o 1) (w, 1) o
k>(,x)/4
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Gathering (54)—(57) in (53), and then (52) and (53) in (51), we obtain that for some constant
Cor(a, M) > 0,

| 2005 (10) — (), )| < A (. 1) 111 Ca (e, M) (B, (DF))"
< AllICa(a, MynM (P, (D))",

and Lemma 4.4 allows to conclude. W
4.2. Tightness

Recall the definition of @ > 0 in (33). For all n € N*, define the stopping time
Ty = sup {t = 0; {uf, 1) A (1], x) = nat},

and denote 1% the version of the process i stopped at 7, in other words for all 7,

n
-Nn,T, -
ra n
My - H“IA‘[O'("

OPOSItIOII 4-5- 10’ any ] > 0, lhe Sequeﬂce Cf‘ teas 1 58 {( ) 0} * g
Il > N
llghl in D( 0, ’1 5 MF(I ]))‘

n

Proof. First fix ¢ > 0. It is clear that the family of random measure [ /1:"%‘ } N is tight. Indeed
neN*
we have almost surely for any finite subset A of N, uf(A) < ug(A) for all N. Hence, the family
of random variables { ﬁ?’r‘ﬁ (A)] N is tight for all such A, which implies in turn that the family
neN*

of random measures [;1?’1"7} N is tight (see Lemma 14.15 in [16]).
neN*

Therefore, from Roelly’s criterion [24], it suffices to show that {((/Zf’r’g, qb) ) } is
t/t>0

eN*
tightin D ([0, T], R) for all ¢ € By, For this, we exploit the semi-martingale decompositign (19)

as in Joffe and Métivier (Corollary 2.3.3 in [15]) and apply Rebolledo—Aldous’s criterion [1] for
the finite variation part % fO'M“ 211y (,u’;) ds and the quadratic variation process (M" (D)) ATH-
Specifically, we aim at showing that for all ¢ > 0 and n > 0, there exist § > 0 and n¢ such that

supIP’|:l / " oy () ds Zn} <& (58)
n>ng n Jo,ntlt
sup P [| (B @Dy — (M @) ey | = 1] < 2. (59)

n=nop

for any two sequences {p"}, cn+ and {0, },,cry+ Of stopping times such that p”* < o, < p" + § for
all n € N*.
Let us first address the finite variation part. We have for all n € N*,

o" AT}
IP’|:1/ ,@H¢(Mf) ds >n:|
o

nJpnntk
1 [0

<P _/ 21, (W) ds
PUNATE

n

> il € Ma,M] +P [ & Mau]. (60)
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First, we have that

P[ﬂg ¢M(XM]

<P[(ag, x) < a] +P[(af, 1) < «] + P[(iif, x*) = M] +P[(f, 1) > M]
) - _ 1) —
<P[<ﬁ3,x)<(§, ) ¢ XZ) i|+IP|:(Mg’1><(€’1> (¢ ; ai|
M= (¢, x* ) M1
+P[(ﬁ8’xk>>(§’xk>+ <2§ ’ +P[(u3,1)><c,1>+ 2@ q
— 0, 1)

in view of (21), (32) and (33).
Second, from (18) and Markov’s inequality we have that

]P)[
1 1 o' e

=-E [(‘f |21 (113)| ds) ]lmgeMa,M}}
n nJpnazh

< %E [(/pa'm,&' (5, 1) [Er [(0 (1), 0)]| ds) ﬂ{ugeMQ,M}}

TATY

A o' ATY
_ Ml [(/ nggac){l k2B (Y. x) | K = k]}dS)
PINTE Tk

n

n

1 (Tn/\ta
- / 21 (1) ds
e

n nah
AT!

>n; iy € M(x,M:|

x ]lmgeMa,M}] : (62)

where we use the same bound as in (53). Observe that for all &, (Y (), x) < (Y (), x)2. Thus
foralln € N*andall s € [p" AT, 0" ATl], if 4 € Ma,m we have that

D A OE [(Y (), x)]
keN*
= Y AOB (e, I K =k

keN*:
k=(ug.x)/4

Y B (Y. ) | K =]
- )4

- Y 2w k(k — 1) (u?, x ) LY awoR
& T ()R (e x) - k+ ) &

k=<(us,x)/4 k>{ug . x) /4

afun x VP ’
< g x) <—n >+9(M X >< am” +9M =: C3(a, M), (63)
202 o
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using the bounds of (56) and (57) and the fact that the functions t > (u?, x) and t > (', x?)
are non-increasing for all n. Injecting this in (62) we obtain that

|

A
< _”:5” E [((1 +2C3(, M) (a8, 1) + (g, x)) (0" = pn) ﬂ{ﬂﬁeMa,M}]

% (14+2C3(a, M) + MHE [a" — ,0”] .

1 [0
- / 21y (1) ds
P

n nah
AT

A o"ATf _
ol E [([ Z M;’(k){l +k 4+ 2C3(a, M)} ds) ﬂ.{,}ﬁeMa,M}:|
PN Tk

n

>n; /18 € Ma,M:|

IA

As a conclusion, plugging this together with (61) in (60), we can choose § small enough so that
(58) holds for a sufficiently large ng. All the same, using (20) we obtain that for all n € N¥,

P[|(M"(@))gn — (M (@)) pn| = 1]
A o' AT] . ;
=—E [(/p (. 1)y [(2 (22) . 0 dS) ﬂmﬁema,m}

nn " AT
+P [ﬂg ¢ Moz,M] >

3 3 o' ATl
_ gl E[(/ Z[L;’(k){l I 4 4B [(Y(u?),x)2 | K (u) =k”ds)
nn o %

x ]]‘{ﬂ:;EMa,M}:| +P [ & Mau] (64)

and, similarly to (58), (61) together with the bound (63) allow to conclude that (59) also holds
for a suitable choice of § > 0 and ng € N*. [

4.3. Uniqueness

Let (j1;),>0 and (V;),>0, be two solutions of (23) in C (R+, Mp(N)), with the same initial
condition ¢, and let us denote y; = ji; — v, for all ¢. Denote also for all 8 such that 0 < 8 < «,

th = sup{t = 0: (i 1) A i 20 > B;
i) = sup{t > 0; (3, 1) A (B, %) > ,3}.
Fix ¥ > 3.5. Observe that in view of (22) and using (23) for ¢ = x*,

i 7 K\ _ _ p K P K+l 1)K K </1[’X2>_

<0.
Hence, we deduce that

([Ll" XK>V<D1‘7 XK>§<I:LO’ XK>V<‘_}0’ XK)SM’ 1 ZO
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Thus, denoting again for all u € Mp(N), L(n) = ( ) this leads to

LGanvL@ <2 te[O t“/\t“].
- B B B

Letforallt > O0Oand ¢ =« — 3.5,

=Y iy ()

i>1

Fix Bsuchthat0 < 8 <« and? € [O, tg A t/‘é] From (23), we have that

_Ft Z 5+8 V (l)z

i>1

—2215“yz(1>—m(z)
i>1
=2A Z{(x + 1) (L() = Dy @yl + 1) — (L4 L)) () } jote
i>1
+ 21 Z{(L(ﬁ,) — L(ji)) v () (v (§) — G+ )i + 1))}1'5*5
i>1

= A, + B;. (65)

We first address the term A;. Using that
1 . 1. .
(+ Dy + D@ = 26+ Dyl + D2+ 560+ Dy ()’
1 2
— s (ViF I+ D= Vit InG)
we get

D PTG+ Dyl + Dy) < —Z PG+ Dy 4+ 1) + Z P+ D)

i>1 1>1 1>1
< _ Z(l + 1)l5+8y (l + 1)2 Z 6+8y (l)2 Z 5+8V (l)z
l>] z>] t>1
<D i)+ Z ey ).
i>1 z>1

Hence, as L(jt;) > 1,

Ay =22 Z{(L(uz) — 1)+ Dyl + D@ — (1 +iL (@) (i (D)) } 5+

i>1

< 20(L(t) — 1) (Zz”%(z) + 3 ZzS”y(z))—2AL(ﬂz)Zi6+€y[<i>2

i>1 t>l i>1
<AL () Y iy )
i>1
M
= 71}. (66)
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Let us now deal with B;. First observe that
By < 2AL (1) — LI Y o @iy ()] + 0 + DG+ Dy (),
i>1
where the first term can be bounded as follows:

L) — L(@)
) Y0 () = X it () 3179 (0)
l llziﬂtmlz_liat(i) |

Y%y () Y0 () + Y20 () Y i (i) = Do iye (i) Yo 0 (i) — Do i% 0 (i) Yo i (i)
: : l %:iﬁ¢a)%ii@(0 l | |

i

YRy O iv () + Y ilye ()] Y %5 () 5
i i i i M 2.
< — <=5 ) )l
> i (i) Y iv (i) B> &

i

Hence, using Cauchy Schwartz inequality,

A

2M e e
LR = LG = 7 Y E T o,

i>1

IA

1/2 1/2
2M 1 2Mc 1
Vi (Zi”gm(z’nz) (Z i1+s) < ﬁ—fff- (67)

i>1 i>1

On the other hand, using again Cauchy Schwartz inequality and the moment condition
previously underlined,

1/2 1/2
D @i )] < (Zi”%(iﬁ) (Zﬂ“at(i)?) < 1M, (68)
i>1 i>1 i>1

where for the last inequality we used that if x; > 0 for all i > 0, then Zi )cl.2 < (Zl xi)z. All the
same, we have that

1/2 1/2
D BG4 DG+ DTy )] < (Zi”%(i)z) (Z(z‘ + 17+ 1>2)

i>1 i>1 i>1
< Ft% M. (69)
Hence, using (67) and (68) we obtain that
8AM?c
=T (70)

Finally, using (66) and (70) in (65), we obtain that for some positive constant C, for all
1<ty A,

d
— I, <CIy.
dt
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Since I'(0) = 0, I' is a positive function and tf; A tg > 0, this shows using Gronwall’s Lemma

that I; = O for all such ¢. Therefore, t/’; = t/‘; =: tg, and {; and v, coincide up to zg. In other
words there is at most one solution to (23) up to time #g. Since this is true for all 8, and since the
only solution fi, if any, is such that r — (u,, x) and t — (fi;, 1) are continuous, there is at most
one solution up to the (positive, in view of (22)) instant

to = sup{t/g; B> 0}.
Now observe that
sup{t = 0: (1, x) > 0} = sup{r = 0; (. 1) > 0},

thus by the continuity of the paths of # — (jt;, x) and ¢t — (fi,, 1), we obtain that

to = supft = 05 (i, x) > 0. G

The proof of uniqueness is thus completed by noticing that whenever fy < 0o, the only solution
[ to (23), if any, can be extended uniquely after 7, as follows:

fir = piy (07080, 1 > 1. (72)

4.4. Convergence

Recall that { € Mp(N), M > 1 and @ > 0 are respectively defined by (21), (32) and (33).
Fix T > 0.

Convergence before reaching a given positive threshold.
We first prove the following result.

Proposition 4.6. There exists a time ty,, > 0, such that for all ¢ € By,
_ _ (P)
sup |(iaf', @) — (ftr. ¢)| — 0,

t€(0,t4]

where (fi;),> is the unique solution of (23) on C ([0, t2¢], M p(N)).

Proof. From Proposition 4.5 and Prohorov’ Lemma (see e.g. [9, p.104]), the sequence of stopped
processes {/1’”3 } is relatively compact for the topology of weak convergence, and we let 1* be
a sub-sequential limit. First observe that from (21), ;13 = [lop = ¢, and in particular from (33),
that

([LE‘), 1) N <,EL§, X> > 20 as.
Let us then define
Tog = sup{t > () (/l;k 1)/\ (,tl;k X> > Za},

which is set to o0 if the latter set is unbounded. Notice that the process * and hence the
instant o4, are a priori random. Fix ¢ € B}, throughout the proof. Let n € N*. We have for all
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tel0,T],

/Ot/\rzaﬂg <W (ﬁ?ré') , ¢> ds — </()Mfzm <W (ﬁ?’é’) , ¢> ds) ]l{f&’>rza/\T}
- (fomg <W (’1?% ’¢’> ds) Lip<ognry-  (73)

It is immediate to adapt the results concerning the subspace of M ¢ (N) defined by equation (3.7)
in [5], to the subspace M, s defined by (34). In particular the topological properties of Appendix
A'in [5] apply to Mg, ». In view of Lemma A.5 of [5], the following map is continuous for the
Skorokhod topology:

D ([O’ T]v MO{,M) — D ([0’ T]v R)
u (s, X))
and so does

D(0, T],R) — R

X, —> inf x;.
t€[0,T]

Therefore, from the Continuous Mapping Theorem [3], along the latter subsequence the
following convergences in distribution hold:

inf (‘”*’3 ,1>:> inf (7% 1)
1€[0,T] Hinta ze[o,T]('u’“?“ )

inf <'"*’5, >=> inf (@5 x).
1€[0,T] Hints X te[O,T]<MtAT2"‘ x)

Hence from Fatou’s Lemma, by the very definition of 15,

1= IP)I: inf <ll:<A‘[2a’ 1) A (ﬁ;(Afza’ X) = a:|

te[0,T]
i i —n,Ty _n,t} )
= ”ll’rgop [tel[g,fT] <M”\T2“’ 1) 4 <“’/\f2a’ X> g a} = nlggop [T At < 7] (74)
Therefore,
tAT)
(g P)
(/ <W (M? K ) ,¢> ds) Lien<opunry — 0. 75)
0 n— oo

Now, it follows again from Lemma A.5 of [5] that the following mappings are continuous for the
Skorokhod topology:

D([0,T], Mam) — D0, T],R)
1 — <M., x2>;
(.. A+ x)9):
(. xve).
and it is a classical result that the following map is also continuous:
D([0,T],R x R*) — D([OSCT],IR{)

(.X_, )’) — B
Y.
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So from the Continuous Mapping Theorem, the map

D ([0, T1, Ma.ur) — D ([0, T1, R)
" — (W), $)

is itself continuous, and it follows from the continuity of the map

D((0,T],R) — C([0,T],R)

X, — / xgds,
0

together with (73)—(75), that along the same sub-sequence

/O.Arzam(;’ <W (,ﬁf&’) ’¢> s s /O-Afza <W ([Lj) ’ ¢) ds inC(0,T],R). (76)

On the other hand, whenever 15 € Mgy y we clearly have that /1?’[;‘% € My, forallt.
Therefore, as a consequence of Proposition 4.1 together with (19), we have a.s. for all n € N*

andt > 0,

gt 1 IATE AToq B
(%, . 0) = (. o)+ ( - /0 2"y (15) ds | + M"($)inzy nrse-

n
EATY ATog n
= (i, o) + ( fo (w(a57), ¢)ds+ of"") Lige M)

1 [INTaAT2a -
+ Z/o 2"y (15) ds | Ligngme ) + M" @incgnry,.  (T7)

where 0% is a process converging to 0 in probability and uniformly over compact sets.
Now, applying Doob’s inequality to the stopped martingale M" (¢) ar2ar,, and using (20) as in
(64) yields that

- (P)
sup |M"($)inez| —> 0. (78)
1€[0,T] n—00

Moreover, for all i, ¢ and all ¢ we have that

1 IAT] AToy
P| sup —/ 2"y (1) ds | Liaggmy > €
te[0,71 \ " Jo

1 IAT] ATy
=P| sup —/ D'y (u7) ds > &, iy & Mam
tef0, 71 Jo

<P[itf & Mou] — 0, (79)

from (61). Plugging (21) together with (76), (78) and (79) into (77), and using Skorokhod
Representation Theorem implies that on some probability space, almost surely

<ﬂ?‘w¢>=<¢,¢>+fo (0 (@) . ) ds. 1=0.

In other words, i* is a process of C ([0, T], M g (N)) having initial deterministic value ¢, and
solving (23) on [0, T A 124]. As the solution of the latter, if any, is unique, we conclude (i) that
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Ty 1S deterministic, hence (ii) that there exists a solution i to (23) on [0, T A Toy], with which
@* coincides almost surely and (iii) that 7o, = t>,, Where

o = supft 2 0; (fur, 1) A (s ) > 2], (80)

which is strictly positive from (33) and the continuity of the path of f. In particular, as the
_n,ty

tightness of {ji"% } clearly implies that of {fdmz"”‘g <W (,us ) , ¢> ds}, we deduce from (76)
that

/o (v (%) o) s = [ (0.0 ds meqo. 1B,

Using once again the Representation Theorem we obtain that on some probability space,
Ny

/O.Nzwfé} (W (ﬁ;,,rg) ’¢> ds —> i (¥ (i), @) ds as.inC ([0, T], R)

n—oo

which, as the Skorokhod topology and the uniform topology coincide on C ([0, T], R) (see
[3, p.112]), implies that

t A ATY o t Aty
sup / (u‘z(ﬁ?’a),¢>>ds—/ (W (i), d) ds| — 0 as.
te[0,T] /0 0 n—00

and therefore,

A AT LA
« _n,tl! _ (P)
sup / (w (& ),¢>)ds—/ (W (jiy) . $) ds| =3 0.
0 0

te[0,T] n—o0

As the latter holds true for all 7 > 0, we obtain that

AT t
o _n,tl _ P)
sup / (w (5. 0) ds—/ (0 (), ¢) ds| 22 0. (81)
1€l0,64] |0 0 n—00

Consequently, from (77) we obtain that for all ¢ > 0,

P[ sup  [(&), @) = (s, ¢)] > 8}
te

[0,12q]
(1Y o) as — [ . 6) ds
A 0

&
<P e r ] n ¢
B {{Z‘Ef(;l,gaj g 3 } {Ta g 2a}:|

+P |:[€sup \M" (@)ipen + 08| > :| +]PU<Q8’T;’¢> B <§’¢)‘ ~ g]

£
(0,124 3

+P [TS = tZa] .
The first term on the r.h.s. vanishes for large n thanks to (81), the second one from Doob’s

inequality, the third one in view of (21) and the last one from (74). This concludes the proof. [

Existence of the solution on R+. A consequence of Proposition 4.6 is the existence of a solution
(1)r>0 of (23) until 5, defined by (80). Clearly, the latter result can be generalized to any
0 < B < a. Therefore, by the continuity of its path the solution (i1;),>( can be extended at least
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until o, the hitting time of 0 defined by (71). The existence of the solution (fi),> after o then
follows from the explicit form (72).

Asymptotics of 1" (0). We now focus on the mass concentrated at O in the hydrodynamic limit.
Let us first give the following result.

Lemma 4.7. Forallt > ty,,

t AL - 2
Af jis(1) <<“f’x ) 1) ds < (fing. X)1
1,

y (s, X)

where (1) is the only solution to (23) on R+ and tyy is defined by (80).
Proof. Let t > t,,. Plainly, applying (23) to ¢ := x leads to

t t Aty
(s X) = (ﬂm,x>—x{/ (s X) ds+f (s x?) ds

o o

I AN - 2
+/ s X9 ) <—(“_S’X >—1> ds}.
a (Ms’ X)

Therefore, as (it;, x) > 0 we obtain that
t At b 2
- _ Ms, X
(Riry» %) = k/ (iss XV x) ( = ! —1) ds.
Do <I"LS7 X)
The proof is completed by noticing that for all s,
(g, xVX) =Y @i (i — G = 1) =Y g (@)i = ji;(1). O

ieN ieN

Now, let for all n € N* and all 1 > fyq,
X% = Card {U-Vertices of degree 0 at t,,, that have become A before time t};
Y/"% = Card {U—vertices of degree > 1 at tpy,
having become of degree O at time ¢ and being still U at t}.
Denote also X;** = 1 X}"* and ¥,"* = 1/ for all n and t. Then, clearly

A0 = il () — X 4T b= (82)

As the U-vertices of degree 0 are independent of the rest of the graph and eventually all become
A-vertices, it is clear that for any n, the process X™% is Markov on N. It has rcll paths, its
generator clearly reads

DF(x) = (u, (0) —x)

for all functions F : R — R ayd all x € N, so it is routine to check that for all n € N*, for some
square integrable martingale M™%, for all t > 15,

t
Xme = / (&2 (0) — X1) ds + M. (83)
t

2a
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Therefore, with (82), we obtain that

t

i} (0) = i, (0) — /\/ (i}, (0) — X%) ds — M + ¥,
2%
t

= i, (0) — ,\/ (A2 0) = Y) ds — M + Y. (84)

o

It also readily follows once again by Doob’s inequality that the martingale term vanishes
uniformly in L?, andin particular, that for all > 154,

sup [ s 2L o, (85)

5€l120.1] nee

On the other hand, applying (23) to ¢ = 1, and observing that for all i € N,
x(HVLo@) = —1,0),

we get that

t I AL - 2
i1 (0) = fin,, (0) — A f m«))ds—f an (Bl b
' (Hs, X)

by 2a S

Combining this with (84) leads for all n to

t

|27 (0) — 1 (0)] < |, (0) = figy, (0)] +A/ |23 (0) — 35(0)| ds + | M|

1,

?n,a ! on,o ! - (ﬂs’ X2>
+YT +A Yrds +A | ps(D) | —= — 1] ds. (86)
Do Do (/’LSs X>

But by its very definition, we have that for all s > f,, and all n,
Y < g (1) < (@, x)-

Plugging this together with Lemma 4.7 in (86) yields to

t

|2} (0) — 1 (0)] < |, (0) = fin, (0)] + A/ |23 (0) — 25 (0)| ds + [ M|

B,

+ (1420 = ) (g, x) + (g x) -

Therefore, from Gronwall’s Lemma we conclude that for all n € N* and all ¢ > 1),

|2} (0) — 2, (0)|

< (\ﬂ;;a (0) = iy, O] + [ M| + (1 + A — ) (A7, x) + za)ewﬂw. (87)

Proof of Theorem 3.1. We are now in position to prove Theorem 3.1. Fix T > 0. First consider
a function ¢ € B such that ¢ (0) # 0. Let ¢ > 0. We can chose « small enough in (33), and
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small enough positive numbers 8, n and £ so that

PR MT 1)t £ .
(54 0+ (14T = 0)*) (@ +§) +20)HT 0 <3500 (88)

&
< .
2(|ell

First, if T < ty,, Proposition 4.6 trivially implies that

da + &

(89)

P[ sup [{af, &) — {fir, &) >s} — 0.

t€[0,T] n—>00

If T > fpy, define the following events for all n € N*,
2ns={ sw [@© - w©O] < 6);
1€(0,12]
Qn = { sup  [M;"*| < n};

1€(t2q.T)

Qi =1 s |7 1)~ 0] = €.

te(0,t¢]
where M™ is the martingale defined by (83). We have for all n,

P[ sup |<n:a¢>—<n,,¢>|>s}

1€(t2q.T]

§P|: sup |¢<0>|!ﬂ?(0)—ﬁl(0)|>§}

te(IZa ,T]

+IP°[ sup g |<ﬂ?,1N*>—(,zt,1N*>|>§}

te(tae, T

—_ _ &

te(tyg,T]

c

c
+e[(2s)T+e[(2n,) ]+ 22 [(22) ]
3
+P af Ine) — (g, I — N . 90
|:{te(stl;£T]|(Mt we) = (e, Inve)| > 2”¢”} a,s] (90)
Clearly, from (87) and (88), for all n € N*,
3
P s 17 (0) — 1 (0 — N2 N2 N =0. 91
Htefélfn‘“’() HOl > 2|¢<0>|} s 1) S “’f} oD

On another hand, applying (85) and Proposition 4.6 respectively to ¢ = 1y and ¢ = x yields
that

(225 T+ [(22,) ]+ 28 [ ()] =0 92)

n—o0
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Finally, notice that for all # > f,, and for all n,

)~ s )
< (Ain, X) + 20,

S<ﬁga’:ﬂ'N*>+(ﬁt2a’:ﬂ‘N*) §<ﬁ;12a’x>+<'at2a’x>

and therefore with (89),

—-n I % L n =
PH sup _[{f, ) = (fir, Iy )|>2||¢|I}HQ“’S] "

te(t2q.T]

This together with (91) and (92) in (90), concludes the proof for all ¢ € B}, such that ¢ (0) # 0.

We now treat the case of a bounded function ¢ such that ¢ (0) = 0. For this, we fix ¢ > 0 and
let « > 0 be small enough in (33), and & > 0 small enough so that

da + £ < &. (93)

Here again, if T < t5, then Proposition 4.6 implies that

P[ sup |(r', @) — (s, )] >e] —> 0.

t€[0,T] n—>00

If T > 14, just write that for all n,

P[ sup |(ﬁ?,¢>—<ﬂ,,¢>|>e]

te(tae, T

< ]P’“ sup |, @) — (fir )] > s} N Q;{S} +IP>[( g,s)c]. (94)

1€(try,T]
But then, we have for all t > 5, that

[(2f, @) — (e, &) < Nl (2, - x) +20) . (95)

and hence

te(t2e.T]

IF’|:{ sup (&}, @) — (fir, @)| > 8} N Qg§:| =0

which, together with (92) in (94), concludes the proof for such a function ¢.

Only the case of test functions of the form ¢ = Xk ,k € (0, k — 1], remains to be treated. Fix
such a k. Fix also ¢ > 0, « > 0 small enough in (33), and £ > O satisfying (93). Let us finally
set L such that

L. >8M]s. (96)
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First take T < tp,. We have

P sup ‘</’_Ll[1’ Xk>_<ﬁ/l’ Xk>‘ > &
tel0,T]

_ _ &
< IP’[ sup Ku? — e, x")) Ly <ony > 5}
t€l0,T]

B _ £
+IP’[ sup ‘(u? — iy, X">) Litpg>rz) > 5}
te[0,T]

_ _ £
=< IP’|: sup ‘(M?Mg — Hitnng» Xk>’ > §:| +]P’[t2a > r;‘]
1€[0,T]

- - &
< P[ sup ‘(M? = s Xk:ﬂ-[O,Lg)> > 4_1:|
t€[0,T]
_ _ &
—HP’[ sup |(iney = Aonsas A Uit oo = Z} +P [ > 1] ©7)
t€l0,T]

Applying Proposition 4.6 to the bounded function x* 1o, L.)» the first term on the right-hand side
of (97) vanishes as n grows to infinity. The third term also goes to zero from (74). Regarding the
second one, let us define for any measure © on N such that (/L, Xk“‘l) < M, arandom variable
I () having the following size-biased distribution on N:

i* (i)

, ieN.
)

PLI(n) =il =

Then, applying Markov Inequality to / (i) we obtain that
Y i)
i

M
kq > < < —.
<M’ X [Le,+00) | = Lg = Lg
Foranyn > landt < T, both i}, , and fisxr, belong to My u, in particular we can apply the
argument above to both measures. We obtain that

_ _ 2M
sup ‘(M;Z/\tg — Minngs Xk]l[Lg,+oo)>’ = T
t€[0,T] e

so the second term in the r.h.s. of (97) vanishes in view of (96). We thus proved our claim for
¢ = Xk and T < 1.
Finally, just as in (95), we have for all ¢ > #,, that

‘(ﬂ{’, x") - <[Lr, x")‘ < <[L?2a, x"> + <ﬂm, x") < <ﬂ§‘m, x") + 2.

So the result for ¢ = x* and T > 1y, follows exactly as for a bounded function vanishing at the
origin. [

Please cite this article in press as: P. Bermolen, et al., The jamming constant of uniform random graphs, Stochastic
Processes and their Applications (2016), http://dx.doi.org/10.1016/j.spa.2016.10.005




P. Bermolen et al. / Stochastic Processes and their Applications 1 (1111) II-EIR 39

4.5. Proof of Corollary 3.4

We conclude with the proof of Corollary 3.4. Recall the definitions (26) and (27). Let for all
t>0,

t
cé = kf (jig, 1) ds.
0

Let ¢ > 0. Using simple manipulations of the limiting differential system, we have that for all
t >0, (s, 1) <exp(—At). Similarly, applying (19) to ¢ = 1 and taking expectations yields that
for any r > 0 and n € N*,

d
98 [l 1)] = 2 [y 1)
Consequently, there exists S > 0 such that for all n € N*,

max{/oo (i, 1) dr: /OOE[(M,,I)] dz} <2 (98)

Observe now that for all n, (u*, J") is a Markov jump process on Mp(N) x N, whose
infinitesimal generator can be readily deduced from (18). Applying Dynkin’s lemma to the test
function

, {MF(N) xR —R
F:
(u, x) > X

clearly entails that for all » € N* and t > 0,

Jn t Nn

—A/ (/Ls,l)ds+—

n 0
where N" is a F}'-martingale such that, uniformly over compact time sets

Nﬂ

— — 0 inL?

n n—oo

as can be proven using Doob’s inequality. We obtain that for n large enough,

E[|J" —c|] < ]E[ ’s }+A/SOO <g,,1>dr+xE[/Soo(;1?,1) dt}

o [ a—e« (2] (25)]) e

<e.
In the latter, the second inequality follows from (98), the third one from the martingale
convergence and from Theorem 3.1 applied to ¢ = 1, and by observing that the family of r.v.’s

[ fo (/Lt , 1) dt; n e N*] is bounded by S, and hence uniformly integrable. [J

IA
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Appendix. Combinatorial results

Let us fix the probability space ({2, F, P). We first introduce the definition, and several basic
properties which are used in Section 4.1, for the so called hypergeometrical distribution:

Definition A.1. Let n, N and p be three integers such that p > 1 and N > 1. Let P =
(P(1),..., P(p)) € N? such that Zle P(i) = N. We say that the measure-valued random
variable Y € Mg (N) follows a multivariate hypergeometrical distribution of parameters
(n, N, p, P) if for all y € MFp (N) of support in [1, p] such that y(i) < P(i) for all i and
Yy =n,

11(:5)
PlY =yl == .

NG

The following main characteristics are well-known and easily calculated:

E[Y ()] = ”};V(i), i el pl (A1)
PG)P(j)N —
Cov (Y (i), Y (j) = " (;32 (”N_’I, i j el pl.
31 B ()3 PG  nPG)
E[Y(l)]—n(n D1 =2) =+ 3n(n = D=5+ ——=, i e[ pl.
(A2)
In particular, we readily deduce from the latter that
E[(r. 0] = POBULELEED
=y Zij{Cov (@), () —E [y(i)]E[y(j)]}
i
B ZZ nP(l)P(]) N—n _n’P@)P(j)
N -1 N2
_ ZZ .n(n— 1)P(1)P(]). (A.3)
N(N —1)
On another hand, as there are at most p integers i such that y(i) > 0, a simple computation gives
Elroof]= X GEDOYGIO] =3 Y PE[Y()?].
(i, j,0)€[l,n—11NN i
So with (A.2), we obtain
E[(Y x>3] L 3 i3P(i)3+E Y PP
N’ i€[l,n—1]NN N? i€[l,n—1]
3
+3% > iPa). (A4)

ie[l,n—1]
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