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Metastable densities for the contact process
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Abstract

We consider the contact process on a random graph with a fixed degree distribution
given by a power law. We follow the work of Chatterjee and Durrett [2], who showed
that for arbitrarily small infection parameter A, the survival time of the process is
larger than a stretched exponential function of the number of vertices. For A close
to O (that is, “near criticality”), we obtain sharp bounds for the typical density of
infected sites in the graph, as the number of vertices tends to infinity. We exhibit
three different regimes for this density, depending on the tail of the degree law.
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1 Introduction

In this paper we study the contact process on a random graph with a fixed degree
distribution equal to a power law. Let us briefly describe the contact process and the
random graph we consider.

The contact process is an interacting particle system that is commonly taken as
a model for the spread of an infection in a population. Given a locally finite graph
G = (V,E) and A > 0, the contact process on G with infection rate A is a Markov
process (&);>0 with configuration space {0,1}V. Vertices of V (also called sites) are
interpreted as individuals, which can be either healthy (state 0) or infected (state 1).
The infinitesimal generator for the dynamics is

QFE) =D (f(6:) = FE)+ X D (fb@mb) — £9), (1.1)
zeV (z,y):
{z.y}eE
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Contact process on power law random graphs

where

_[ &k, ifz# _ { £(2), if 2 # y;
P = { 0. ite=w YO T T e Ho=u

Here and in the rest of the paper, I denotes the indicator function. Given A C V, we will
write (¢/') to denote the contact process with the initial configuration 4. If A = {xz},
we write (£]). Sometimes we abuse notation and identify the configuration & with the
set {z : &(x) =1}

We refer the reader to [9] and [10] for an elementary treatment of the contact pro-
cess and proofs of the basic properties that we will now review.

The dynamics given by the generator (1.1) has two forms of transition. First, infected
sites become healthy at rate 1; a recovery is then said to have occurred. Second, given
an ordered pair of sites (z,y) such that x is infected and y is healthy, y becomes infected
at rate \; this is called a transmission.

We note that the configuration in which all individuals are healthy is absorbing for
the dynamics. The random time at which this configuration is reached, inf{¢ : §& = @}
is called the extinction time of the process. A fundamental question for the contact
process is: is this time almost surely finite? The answer to this question depends of
course on the underlying graph G and on the rate A, but not on the initial configuration
&o, as long as &, contains a finite and non-zero quantity of infected sites. If, for one such
& (and hence all such &), the extinction time is almost surely finite, then the process
is said to die out; otherwise it is said to survive. Using the graphical construction
described below, it is very simple to verify that on finite graphs, the contact process
dies out.

In order to make an analogy with the contact process on the random graphs we are
interested in, it will be useful for us to briefly look at known results for the contact
process on the d-dimensional lattice Z and on finite boxes of Z?. The contact process
on Z exhibits a phase transition: there exists \.(Z¢) € (0, o) such that the process dies
out if and only if A < A.. The process is said to be subcritical, critical and supercritical
respectively if A < A\.;, A = A, and A > A.. In the supercritical case, if the process is
started with every site infected, then as t — oo its distribution converges to a non-trivial
invariant measure on {0,1}%" called the upper invariant distribution; we denote it by 7.

Interestingly, this phase transition is also manifest for the contact process on finite
subsets of the lattice. Let T',, = {1,... ,n}d and consider the contact process on I',,
with parameter ) starting from all infected, (ftF ™). As mentioned above, this process
almost surely dies out. However, the expected extinction time grows logarithmically
with n when A < \.(Z?) and exponentially with n when A > \.(Z%) ([7], [11]). In the
latter case, metastability is said to occur, because the process persists for a long time
in an equilibrium-like state which resembles the restriction of 7 to the box I',,, and
eventually makes a quick transition to the true equilibrium - the absorbing state. In
particular, if (¢,) is a sequence of (deterministic) times that grows to infinity slower
than the expected extinction times of (£; " );>0, we have

&2 o 2 , L
- 7 ({g e {0,1}2" . ¢(0) = 1}) in probability, (1.2)
n
where | - | denotes cardinality. This means that the density of infected sites in typical

times of activity is similar to that of infinite volume.

The main theorem in this paper is a statement analogous to (1.2) for the contact
process on a class of random graphs, namely the configuration model with power law
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degree distribution, as described in [13] and [8]. Let us define these graphs. We begin
with a probability measure p on IN; this will be our degree distribution. We assume it
satisfies

p({0,1,2}) = 0; (1.3)
for some a > 2, 0 < liminfm® p(m) < limsupm®p(m) < co. (1.4)
m—00 m—oo

The first assumption, that p is supported on integers larger than 2, is made to guarantee
that the graph is connected with probability tending to 1 as n — oo ([2]). The second
assumption, that p is a power law with exponent a, is based on the empirical verification
that real-world networks have power law degree distributions; see [6] for details.

For fixed n € IN, we will construct the random graph G,, = (V,,, E,,) on the set of n
vertices V,, = {v1,v2,...,v,}. Todo so, let dy, ..., d, be independent with distribution p.
We assume that Z?:l d; is even; if it is not, we add 1 to one of the d;, chosen uniformly
at random; this change will not have any effect in any of what follows, so we will ignore
it. For 1 < i < n, we endow x; with d; half-edges (sometimes also called stubs). Pairs
of half-edges are then matched so that edges are formed; since Z;;l d; is even, it is
possible to match all half-edges, and an edge set is thus obtained. We choose our edge
set F, uniformly among all edge sets that can be obtained in this way. We denote by
P, a probability measure under which G, is defined. If, additionally, a contact process
with parameter ) is defined on the graph, we write ]P?W.

Remark. GG, may have loops (edges that start and finish at the same vertex) and mul-
tiple edges between two vertices. As can be read from the generator in (1.1), loops can
be erased with no effect in the dynamics, and when vertices x and y are connected by &
edges, an infection from x to y (or from y to x) is transmitted with rate k.

In [2], Chatterjee and Durrett studied the contact process (§tv) on GG, and obtained
the surprising result that it is “always supercritical”: for any A > 0, the extinction time
grows quickly with n (it was shown to be larger than a stretched exponential function
of n). This contradicted predictions in the Physics literature to the effect that there
should be a phase transition in \ similar to the one we described for finite boxes of Z¢.
In [12], the result of [2] was improved and the extinction time was shown to grow as an
exponential function of n.

As already mentioned, our main theorem is concerned with the density of infected
sites on the graph at times in which the infection is still active. The main motivation
in studying this density is shedding some light into the mechanism through which the
infection manages to remain active for a long time when its rate is very close to zero. In
particular, our result shows that this mechanism depends on the value of a, the exponent
of the degree distribution.

Theorem 1.1. There exist ¢,C > 0 such that, for A > 0 small enough and (t,,) with
t, — oo and logt, = o(n), we have

A 138 n—oo
Pp,n cpll(A) < ’I’: < Cpa(/\) —1,
where p,(\) is given by
AT if2 <a<2i;
\2a—3 3 1 .
paN) = Tegrr(zy MPEEOST
\2a—3 3
W ifa > 3.
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This theorem solves the open problem of [2], page 2337, for a > 2. For 2 < a < 3, the
result is new, as no estimates were previously available. For a > 3, it is an improvement
of the non-optimal bounds that were obtained in [2]: there, it proved that for a > 3, the
density is between A?*~3+¢ and \*~!~¢ for any ¢ > 0, when ) is small.

The near-critical behavior of stochastic models on power law random graphs has
been the topic of the very recent paper [4]. In it, Dommers, Giardina and van der
Hofstad studied the ferromagnetic Ising model on random trees and locally tree-like
random graphs with power law degree distributions (in particular, their results cover
the class of graphs we consider in this paper). They studied several exponents for the
magnetization of the Ising model as 5 — (., where ( is the inverse temperature and
B its critical value, and showed how these exponents depend on the exponent of the
degree distribution. This dependence exhibits different regimes.

By a well-known property of the contact process called duality (see [9], Section I11.4),
forany ¢t > 0and 1 <i <n we have

L (52/"(%') = 1) =P}, (& #9). (1.5)

On the right-hand side, we have the probability that the contact process started at v; is
still active at time ¢. In the study of this probability, we are required to understand the
local structure of GG,, around a typical vertex. This is given, in the limit as n — oo, by a
two-stage Galton-Watson tree.

In order to precisely state this, let ¢ be the size-biased distribution associated to
p, that is, the measure on N given by g(m) = (3,507 - p(i))~* - m - p(m) (note that
the assumption that a > 2 implies that > .., - p(i) < oc0). Let Q,, be a probability
measure under which a Galton-Watson tree is defined with degree distribution of the
root given by p and degree distribution of all other vertices given by ¢. Note that, since
p({0,1,2}) = ¢({0,1,2}) = 0, this tree is infinite. We emphasize that we are giving
the degree distribution of vertices, and not their offspring distribution, which is more
commonly used for Galton-Watson trees. The following Proposition then holds; see [2]
and Chapter 3 of [6] for details. For a graph G with vertex z and R > 0, we denote by
Bg(x, R) the ball in G with center z and radius R.

Proposition 1.2. Foranyk € N and R > 0, asn — oo, the k balls Bg, (v1, R), ..., Bg,, (vk, R)
under P, ,, are disjoint with probability tending to 1. Moreover, they jointly converge in
distribution to k independent copies of By (o, R), where T is a Galton-Watson tree (with
root o) sampled from the probability Q4.

(Obviously, in the above, there is nothing special about the vertices v4,...,v; and
the result would remain true if, for each n, they were replaced by v;, ,,...,v;, ,, with
1<in: < <y < n).

With this convergence at hand, in [2], the right-hand side of (1.5) (and then, by a
second moment argument, the density of infected sites) is shown to be related to the
probability of survival of the contact process on the random tree given by the measure
Qp,¢. In this paper, we make this relation more precise, as we now explain. We denote
by Q;,\Tq a probability measure under which the two-stage Galton-Watson tree described
above is defined and a contact process of rate \ is defined on the tree. Typically this
contact process will be started from only the root infected, and will thus be denoted by
(&7)t>0- Let v,(A) denote the survival probability for this process, that is,

Ye(X) = Qpq (& # 2 V).

As we will shortly discuss in detail, this quantity turns out to be positive for every A > 0.
Here we prove
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Theorem 1.3. For any A > 0, ¢ > 0 and (t,) with t, — oo and logt,, = o(n), we have
&

]P/\ n _ A

p,n (‘ n YP( )

The above result was conjectured in [2], page 2336, and is an improvement of their
Theorem 1 (also note that we do not assume that A is small). Since the proof is essen-
tially a careful rereading of the arguments in [2], we postpone it to the Appendix. Our
main focus in the paper will be finding the asymptotic behaviour of y,(\) as A — 0:

n—00
>e|] —— 0.

Proposition 1.4. There exist ¢,C > 0 such that cp,(\) < vp(A) < Cpa(A) for A small
enough, where p,()) is the function defined in the statement of Theorem 1.1.

Theorem 1.1 immediately follows from Theorem 1.3 and Proposition 1.4. Since we
concentrate our efforts in proving Proposition 1.4, in all the remaining sections of the
paper (except the Appendix) we do not consider the random graph G,,. Rather, we study
the contact process on the Galton-Watson tree started with the root infected, (£7):>0.

We will now describe the ideas behind the proof of the above proposition.

e Case a > 3. Fix a small A > 0. On the one hand, we show that a tree in which every
vertex has degree smaller than & is a “hostile environment” for the spread of the
infection, in the sense that an infection started at vertex x eventually reaches vertex
y with probability smaller than (2))%®¥), where d denotes graph distance (see Lemma
5.1). On the other hand, we show that if a vertex has degree much larger than )\% then
it can sustain the infection for a long time; roughly, if deg(z) > A—KQ then the infection
survives on the star graph defined as x and its neighbours for a time larger than e
with high probability, where c is a universal constant (see Lemma 3.1). This is due to
a “bootstrap effect” that occurs in this star, in which whenever x becomes infected, it
transmits the infection to several of its neighbours, and whenever it recovers, it receives
the infection back from many of them.

Let us now call a vertex small or big depending on whether its degree is below or
above the ﬁ threshold, respectively (this terminology is only used in this Introduction).
It is natural to imagine that the infection can propagate on the infinite tree by first
reaching a big vertex, then being maintained around it for a long time and, during this
time, reaching another vertex of still higher degree, and so on. However, when a > 3,
big vertices are typically isolated and at distance of the order of log % from each other.
This suggests the introduction of another degree threshold, which turns out to be of
the order of 712 log2§ — let us call a vertex huge if its degree is above this threshold.
The point is that if a vertex is big but not huge, then although it maintains the infection
for a long time, this time is not enough for the infection to travel distances comparable
to log % and hence not enough to reach other big sites. Huge vertices, in comparison,
do maintain the infection for a time that is enough for distances of order log (1) to be
overcome.

With these ideas in mind, we define a key event E* = {the root has a huge neighbour
x* that eventually becomes infected} (again, this terminology is exclusive to this Intro-
duction). We think of E* as the “best strategy” for the survival of the infection. Indeed,
in Section 4 we show that if £* occurs, then the infection survives with high probability
and in Section 6 we show that every other way in which the infection could survive has
probability of smaller order, as A — 0, than that of £*. The probability of E* is roughly
q [z log* %+, 00)) - A, the first term corresponding to the existence of the huge neigh-
bour and the second term to its becoming infected. Since p(m) < m™¢ (that is, m® - p(m)
is bounded from above and below), we have ¢(m) =< m~ (1) and ¢([m, o0)) < m~(=2);
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)\20,—3

using this, we see that, modulo constants, g ([; log> +, o0)) - A is ot (

Y which is
the definition of p,(\) when a > 3. ’

e Case 2% < a < 3. This case is very similar to the previous one. The main difference
is that now, when growing the tree from the root, if we find a vertex of large degree K,
then with high probability, it will have a child with degree larger than K (or a grandchild
in the case a = 3). As a consequence, defining small and big vertices as before, big
vertices will no longer be in isolation, but will rather be close to each other. For this
reason, once the infection reaches a big site, the distance it needs to overcome to reach
another big site is small, and we have to modify the “big-huge” threshold accordingly.
The new threshold is shown to be 35 log +. The key event E* is then defined in the same
way as before, and shown to have probability of the order of p,()).

e Case 2 < a < 2%. In both previous cases, the “bootstrap effect” that we have de-
scribed is crucial. Interestingly, it does not play an important role in the regime in
which the tree is the largest, that is, 2 < a < 2%. In this case, the survival of the infec-
tion does not at all depend on vertices of high degree sustaining the infection around
them for a long time, as we now explain. We define a comparison process (7;) which is
in all respects identical to the contact process (&7), with the only exception that once
sites become infected and recover for the first time, they cannot become infected again.
Thus, (£7) stochastically dominates (7;), that is, both processes can be constructed in
the same probability space satisfying the condition & (x) > n:(x) for all x and ¢. The
process (7;) is much easier to analyse than the contact process, and we find a lower
bound for the probability that it remains active at all times (and thus a lower bound
for the survival probability of the contact process). We then give an upper bound for
the survival probability of (£) that matches that lower bound. This implies that, in
the regime 2 < a < 2%, as A — 0, the survival probabilities of (£7) and (7;) are within
multiplicative constants of each other.

Finally, let us describe the organization of the paper. Section 2 contains a description
of the graphical construction of the contact process and of the notation we use. In
Section 3 we establish a lower bound for the survival time of the process on star graphs
(Lemma 3.1) and, as an application, a result that gives a condition for the process to go
from one vertex x of high degree to another vertex y on a graph (Lemma 3.2). In Section
4, we use these results to prove the lower bound in Proposition 1.4. In Section 5, we
give an upper bound on the probability that the process spreads on a tree of bounded
degree (depending on M), and in Section 6 we apply this to obtain the upper bound in
Proposition 1.4. In the Appendix, we prove Theorem 1.3.

2 Setup and notation

2.1 Graphical construction of the contact process

In order to fix notation, we briefly describe the graphical construction of the contact
process. Let G = (V, E) be a graph and A\ > 0. We take a probability measure Pé under
which we have a family H of independent Poisson point processes on [0, cc0) as follows:

{D, : x € V} with rate 1;
{Dy,, : {z,y} € E} with rate \.

The elements of the random sets D, are called recoveries, and those of the sets D, ,
are called transmissions. The collection H is called a graphical construction for the
contact process on G with rate A\. Given z,y € V and 0 < #; < t5, an infection path
from (z,t1) to (y,t2) is a piecewise constant, right-continuous function v : [t1,t3] = V
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satisfying v(¢t1) = «, v(t2) = y and, for all ¢,

o if y(t—) #(t), then {y(t—),7(t)} € Eand t € Dy ) (1)

o ify(t) =z2,thent ¢ D..

If such a path exists, we write (z,t1) <> (y,t2). Given A, B C V, Ji1, Jy C [0,00), we write
A X J < BXx Jyif (z,t1) ¢+ (y,t2) for some x € A, y € B, t; € J; and t5 € Jo with
tp < ty. Given a set U C V with A, B C U, we say that A x J; < B x J; inside U if
A x J; < B x J by an infection path that only visits vertices of U.

For A C V, by letting & () = I{ax{0} & (x,1)} for each t > 0, we get a process (¢*)1>0
that has the same distribution as the contact process with initial configuration 74, as
defined by the generator (1.1). A significant advantage of this construction is that, in
a single probability space, we obtain contact processes with all initial configurations,
((€)120) 4y with the property that for every A, &} = Uyca & and in particular, if
A C B, we have ¢ C ¢P for every t.

2.2 Remarks on the laws p and ¢

Recall that our assumptions on the degree distribution p are that p({0,1,2}) = 0 and,
for some a > 2, ¢y, Cp > 0 and large enough k, we have cok~* < p(k) < Cok~®. The fact
that a > 2 implies that p := > ., kp(k) < oo and that the size-biased distribution g is
well-defined. In case a > 3 we also have v := ) -, kq(k) < co. We may and often will
assume that the constants ¢, Cy also satisfy, for large enough &,

plk, 0), q(k) € (cok™ @71, Cok(71); (2.1)
q[k,00) € (cok™ @2, Cok~(a2)), (2.2)
s 3=a Cym3—@ if2<a<3;

S kq(k) € { Ezom om™™%) ¢ (2.3)

k=0 olog(m), Colog(m)) ifa=3.

2.3 Notation

For ease of reference, here we summarize our notation. Some of the points that
follow were already mentioned earlier in the Introduction.

Given a graph G and A\ > 0, Pé denotes a probability measure for a graphical con-
struction of the contact process on GG with rate A. Under this measure, we can consider
the contact process (gg‘)tzo on GG with any initial configuration 4.

Unless otherwise stated, Galton-Watson trees are denoted by T and their root by o.
Their degree distribution (or distributions in the case of two-stage trees) will be clear
from the context. The probability measure is denoted Q, if the degree distribution of
all vertices is r and Q, s if the root has degree distribution » and other vertices have
degree distribution s. If on top of the tree, a graphical construction for the contact
process with rate X is also defined, we write Q) and Q).

G, denotes the random graph on n vertices with fixed degree distribution p, as
described above, and PP, ,, a probability measure for a space in which it is defined. ]P;}m
is used when a graphical construction with rate A is defined on the random graph.

The distribution p has exponent a, as in (1.4), and its mean is denoted by p. If the
sized-biased distribution ¢ has finite mean, this mean is denoted by v. Since ¢ may
have infinite expectation, we may sometimes have to consider its truncation, that is, for
m > 0, the law
qg(m,00) ifk=1;

(k), ifl<k<mg (2.4)

am(k) = q
0, if £k >m.
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(since q is used as a degree distribution for vertices of a tree, we set the minimum value
of its truncation to 1).

On a graph G, d(z,y) denotes graph distance and B(z, R) = {y : d(z,y) < R}. For a
set A, we denote by |A| the number of elements of A.

3 A survival estimate on star graphs

We start looking at the contact process on star graphs, that is, graphs in which all
vertices except a privileged one (called the hub) have degree 1. A first result to the
effect that the contact process survives for a long time on a large star was Lemma 5.3
in [1], which showed that, for a star S, if A is small and )\2|S | is larger than a universal
constant, then the infection survives for a time that is exponential in A\?|S|. The following
result adds some more detail to that picture.

Lemma 3.1. There exists ¢; > 0 such that, if A\ < 1 and S is a star with hub o,
1 1

(1) 73 (161> 3 - Adeg(o) ) > (1 - e st
e e

(ii.) if \? deg(0) > 64¢? and [¢o| > 1h--Adeg(0), then P (€,.,x2 aeg(e) # D) > 1—e~ 17 dealo),

(iii.) as|S| — oo, P3 (3t: &7 > £ - Adeg(o)) — 1.

Proof. Here and in the rest of the paper, we use the following fact, which is a con-
sequence of the Markov inequality: for any n € IN and r € [0,1], if X ~ Bin(n,r) we
have

Ya>030>0: P(|X —EX|> anr) <e . (3.1)

For the event in (4.) to occur, it is sufficient that there is no recovery at o in [0, 1] and,
for at least 2 deg(o) leaves, there is no recovery in [0, 1] and a transmission is received
from o. Also using the inequality 1 — e~ > \/2 for A < 1, the probability in (i.) is more
than

e P <Bin (deg(o), e~ '(1 — e_)‘)) > Zf\edeg(o)>

A A
> e 1. i S o—1(1 _ p—cAdeg(o)
>e P (Bln <deg(0)7 2@> > 1o deg(o)) >e (1—e )

for some ¢ > 0, by (3.1). (i.) is now proved.
For j > 0, define
Iy ={y € S\lo}: DyN[j,j +1] = o},
Uy ={yel;: &) =1}
W, is thus the set of leaves of the star that are infected at time j and do not heal until

time j + 1. For each j > 0, we will now define an auxiliary process (Z});j<i<j+1. We put
Z? =1 and, for j > 1, put

- 77 =0;
« for eacht € [j, j + 1] such that for some y € ¥; we have ¢t € D, ,, put Z'g =1;
« foreach t € [j,j 4+ 1] N D,, put Z} = 0;

* complete the definition of Zg by making it constant by parts and right-continuous.
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It is then clear that ,
Z] < &(0) Vj,t. (3.2)

Consider the events, for 7 > 0:

Ay ; = {|T;| > deg(o)/2e};
Ay = {|¥;| > Adeg(0)/32¢2};

j+1
J

{H yeTl,:forsomet e [j,j+1], H )\deg(o)}
Ay = > .

Z] =landt€ D,, 16e

Notice that, by (3.2) and the definition of A; ;,

1 N 1 N-1
N/O I{g;’(a):l} dt > 5 D jDO Ag’j VN € IN. (3.3)
We have
P2 ((Ay;)°) < P ( Bin(deg(o),1/e) < deg(o)/2¢ ) < e~?deele)/e, (3.4)

We now want to bound P ((A4;)¢ | A1,; N As;), for j > 0. By the definition of (Z7),
the event A; ; N Az ; depends only on &9, (D, N[j,7 +1])yes and (Dy o N [4,7 + 1])yes\{o} -
Therefore, conditioning on A; ; N A3 ; does not affect the law of (Do, N [4,j + 1])yes\ {0},
the set of arrows from the hub to the leaves at times in [j, j + 1]. We thus have

P ((A1)° | A1, 01 As ;) < P (Bin(deg(0)/2e, 1 ¢™/%) < Adeg(0)/16¢)
< P ( Bin(deg(0)/2e, A\/4) < Adeg(0)/16¢)) < e A des(0)/8e v >, (3.5)

Let us now bound P2((As ;)¢ | A2 ;). Define the continuous-time Markov chains
(Y2)e>0, (Y{)e>0 with state space {0, 1} and infinitesimal parameters

2
Jo1 = %52(0)7 qi0 = 1;
P 62
9o =1, o = o esio)-
Now, if 32¢?/(A? deg(0)) < 1/2 we have
! 1 3002 [UHEY 1
e 32¢
Pg((As;)° | Az ) <P Iyiepdt > - | =P | o—— Iiyi—oy dt > =
s ((A5)° | Ag ) < (/0 {v,=0y dt 2 2) 32 deg (o) /0 {vy=0y dt 2 3
32¢2
Denoting by 7 the invariant measure for Y/, we have 7y = —-%2) < %. Then, by the
A2 deg(o)
large deviations principle for Markov chains (see for example [3]), we get
P3 (A3 )° | Az j) < oo deslo) (3.6)

for some ¢ > 0.

Finally, for any j > 1 we have
Pg ((As,7)° | Aaj—1) < P (Bin(Adeg(0)/16e, 1/e) < Adeg(0)/32¢) < 0N deg(0)/162e?
(3.7)
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and similarly, P2 ((Az,0)°) < e~03"des(0)/16Xe”  putting together (3.3), (3.4), (3.5), (3.6)
and (3.7), we get the desired result.

Statement (4ii.) can be proved by similar (and simpler) arguments than (i:.), so for
brevity we omit a full proof. |

As an application of the previous result, for two vertices x and y of a connected
graph, we give a condition on deg(x) and d(z,y) that guarantees that, with high proba-
bility, the infection is maintained long enough around z to produce a path that reaches
Y.

Lemma 3.2. There exists \g > 0 such that, if 0 < A < \g, the following holds. If G is a
connected graph and z,y are distinct vertices of G with

|§0 N B(l’,1)| > L
N |B(z, 1) ~ 16e

71 1
deg(z) > v log (/\) -d(z,y) and

then

n By, 1 o
PA(3t: [& 0 Bly, I >— | >1—2e @ des(@),
¢ ( N [B(y. 1)~ 16e ‘

Proof. Letr =d(z,y)+1and L = LMJ. Define the event
A} ={Vs < Lr, 3z € B(z,1) : £%(2) = 1}.
By Lemma 3.1 we have PA(A2) > 1 — ¢—c1)" dea(a),
Further define the events

A, ={3z€B(x,1):&.(z) =1}, i=0,....,.L—1

so that A? C N/ A%,. On A3, we can choose Z; € B(z,1) such that ¢%.(Z;) = 1 and a
sequence Yi,o = Zi, Vi1, ---,Yik, =Y such that d(v; ;,%ij+1) = 1Vjand k; < d(z,y)+1 =
r. Define

A=A}, N {Els € [ir, (i+1)r—1):(Z;,ir) < (y,s) and &1 0 By, I > 2 }

NIBly 1) T6e

We claim that ,
PG (N2 A3,) N (Ut A3,)°) < emarh des@) (3.8)

From this we can complete the proof as follows:

& N By, 1 1 _ _
R (30 B D20l L) 2 R (i ) 0 (Ui 42)

= Py (N1 43,) - P (51 43,) 0 (Ul 43,)°)
> Pg} (A:{) o 67c1>\2 deg(x) >1— 2611)\2 deg()
Let us prove (3.8). For each i we have
PY (4| A3y, (Eosizir) 2 (7 (L) M (1o es®) 3.9)
To see this, note that an infection path from (Z;,ir) to {y} x [ir, (i + 1)r — 1) can be

obtained by imposing that, for 0 < j < k;, there is no recovery in {v; ;} X [ir+j, ir+j+1)
and at least one transmission from ~; ; to 7; j+1 at some time in [ir + j, ir + j + 1). This
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explains the term (e7!(1 — e~*))" in the right-hand side of (3.9). The other term comes
from Lemma 3.1(i.).

The right-hand side of (3.9) is larger than (%)r . ‘1’\ when ) is small. We then have
Pa ((Nf2y A3,) N (U A3,)°) < P53 ((NE5! A3 N(UfSs 43,)) - (1= (ean/3) (A/3)")
< P2 (N5 A3) N (UiSg A3,)°) - (1= (e1n/3) (A/3))

and iterating, this is less than

"\ d(@,y)+1

aA (A X [\ 1 )

_ A < Cad (A _ . |
<1 3 <3>> exp{ 3 (3) ey P deg@}}, (3.10)

since L > exp(ciA? deg(z))/2d(x,y). We will now show that, if ) is small enough, then
the right-hand side of (3.10) is smaller than e—c1A” deg(@), taking logs on both sides, this
is the same as showing that

d(z,y)+1
c1 A2 deg(x) > 6d(l‘,y) § X 2
2 S 1 \” deg(z).

We thus need to show that there exists Ay > 0 such that

£+1
o2k 60 (3 9 7 1
! — (= -1 Ak VA< A, £>1, k> 1 L. 3.11
e >Cl)\<>\> a < Ao, 1)\2 g\ (3.11)
To this end we use the simple inequality
e’ > Ms VM >1, s > 2log M, (3.12)

which follows from the fact that the function s — e¢® — M s is positive at s = 2log M and
has positive derivative in (2log M, o). In order to use (3.12) in (3.11) (with s = ¢;\%k

and M = )Hl), we need to check that

('1>\ ()\

7 ) 60 3\
if Aissmall, ¢ > 1, k>—ﬁlog /\ £, then c; A“k > 2log 1)\ X . (3.13)

Indeed, when ) is small,
ANk > e N2 x lo ¢ ="Tlo L
1 ZC )\2 g )\ = &\

. 6 60 /3
> (20 +4) log 3 + ¢+ 1)(2log3) + 2log aé = 2log o \x )

This completes the proof of (3.11), and hence the proof of (3.8). |

4 Proof of Proposition 1.4: lower bounds

Given a random graph G (which will be either a Galton-Watson tree or the random
graph G,), a vertex x of G and R, K > 0, define the event

M(z, R, K) = {3y : d(z,y) < R, deg(y) > K}. 4.1)

We will need the following simple result on Galton-Watson trees.
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Lemma 4.1. If2 < a < 3, then héninf Qq (M(0,2,Klog K) | deg(o) = K) > 0.
— 00

Proof. Assume deg(o) = K and define

A= {\{x cd(o,x) =2} > %OKlogK} .
Let z1,..., 2k be the neighbours of the root and Z; = deg(z;) — 1 for 1 < i < K, so that
> Z; = |[{z : d(o,x) = 2}|. Note that the law of the Z; is given by & — ¢(k + 1), thus
stochastically dominates the distribution

ke G(k) o= g (k + 1), (4.2)

where @ is the truncation of ¢, as defined in (2.4). Let Y3, Y5, ... be i.i.d. with distribu-
tion ¢(k). We then have, by (2.3),

E(Y1) > colog(K),  Var(Y1) < Y kq(k+1) < CoK
E<K

where Cj > 0 is a constant that depends only on p. Then,

¢ c
Qq(A | deg(o) = K) =Q, ZZk>§OK10gK deg(o) =K | >P ZYk>§OKlogK

k<K k<K
Ch- K2 K—o00
>1-P ZYk—K-E(m)>%’KlogK >1- —20 ; 1.
k<K (%"KlogK)

Now, if A occurs, then there are at least 5 K log K vertices at distance 2 from o. Each
of these vertices has degree larger than K log K with probability ¢(K log K, o) >
co(Klog K)~(2=2) > ¢y(Klog K)~ 1, since a < 3. We thus get

Qu(M(0,2, Klog K) | {deg(0) = K} N A) > 1— (1— co(Klog K)~1) %K

2
> 1fexp{fco (KlogK)*l . %OKlogK} 16Xp{(cg) }

This completes the proof. |

Again assume that G is a random graph; also assume we have a graphical construc-
tion for the contact process with parameter A on G. Let

xt = {y : (x,0)>(y,t) inside B(z, R)}.

Then, define

No, R, K) = {ay,t d(e,y) < R, degly) > K, X 0 Bw1)] mm““")}, 4.3)

|B(y,1)] 16e

where )¢ is as in Lemma 3.2. In words, in the contact process started from x infected,
a proportion larger than % of the neighbours of y become infected at some time
t, and this occurs through infection paths contained in the ball B(x, R).

In this subsection, we will assume that A < )y, as in Lemma 3.2, and often will state

conditions that require X to be sufficiently small.
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4.1 Case?2l <a<3

Define
84a 1 1 84a 1 2/(1 1 . . .
K= wlog(3), K= m selog (3), Ki=gp+i-3,i23;
R1 = 1, R2 = 3, RZ = falogz K{l, ) > 3,

where ¢; is as in Lemma 3.1. We will show that, for some ¢ > 0 and A small enough,

a—2
oo /\2
Qp,q (irjl M(07 Ri) Kz)) >c (log(i)) and (44)

b <1Ql Nlo, Ri, K;) | 0 M(o, RivKi)) > cA. (4.5)

Since {¢ # @ Vt} D N2, N (o, R;, K;), these inequalities will give us the desired result.

To prove (4.5) we assume N2, M (o, R;, K;) occurs and let y1, y2, . . . denote sites with
deg(y:) > K; and d(o,y;) < R; (so that d(y;,yi41) < 2Riy1). With probability 25, the
root infects its neighbour y; before recovering (unless the root itself is equal to y;, in
which case this probability is 1). Then, by Lemma 3.1(i.), with probability larger than
e (1 — e~@1rdee(v1)), we have % > 1&- for some ¢ > 0, so that (o, Ry, K1)
occurs. For each ¢ we have ’

deg(y:) > K; > g : él()g% “2Ri11 > % : %1%% - d(Yis Yiv1)- (4.6)
Indeed,
KZ:%+i—3>£-%log§~ {alogz (/\13—&-(2'—1—1)—2)-‘, i>3,

the third line holding if X is small enough. With (4.6) at hand, we can repeatedly use
Lemma 3.2 to guarantee that, with probability larger than 1 —2% 2, e~ &i for each

i there exists t > 0 such that 150 Bwi.DI -+ This shows that

A1B(yi,1)]

w| >

=1

oo oo )\ >° 2
A . . . . . —1 _ —01/\K1 . _ —01A Ki
o (ﬂ N (o, R;, K;) i M(o,RZ,Kz)> > T (e ' (1—e )) (1 2§ e ) >

when A is small enough.
We now turn to (4.4). By (2.2) we have

—(a—2)
84a 11 1> “.7)

Qp.g(M(0, Ry, K1)) > co <cllog2/\2 ng

On the event M(o, Ry, K1) = M(o,1, K1), again let y; denote a vertex in B(o,1) with
degree larger than K. By Lemma 4.1, we have

QP;Q (M(y1’2aKl 1OgK1) | M(07 17K1)) >c (48)

for some ¢ > 0 that does not depend on A. Since

84a 1 1 84a 1 1 84a 1 51
KilogK, = —— —log~-log | —— - —log~ | > —— - — log? — = K>,
PO R = T og2 a2 8 Og<cllog2 A2 OgA) clog2 a2 0B N T2
EJP 18 (2013), paper 103. ejp.ejpecp.org
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(4.8) gives
Qpﬂ (M(O,?),KQ) | M(O, Rl,Kl)) > C. 4.9)

To give a lower bound for the probability of M(o, R;, K;) when ¢ > 3, we observe that
there are at least 2% ~! vertices at distance R; — 1 from the root, by the fact that the
degrees of all vertices are at least 3. Thus,

oR;—1

Qpg(M(o,R;, K;)) > 1—(1— COK;(a72))

(o 1 2
Zl—exp{—%o-Ki( 2)-Kf}:1—exp{—c20 <)\3—|—i—3> }

We then get
¢ o c L5\ 2
Qp.q ((%O M(07Ri,KZ')> > < ZG*TO(A%qufd) (410)
' =3 i=3
and, as A — 0, the right-hand side converges to 0 faster than any power of \. Inequality
(4.4) now follows from (4.7), (4.9) and (4.10).

4.2 Casea >3

This case is very similar to the previous one, only simpler. The proof can be repeated
with the constants given by

84 1 2/(1 1 . . .
Kl:cllo(g;Q.ﬁlog (X)v Ki:ﬁ‘F'L—Q,ZZQ,

R1 = 1, Rl = |—alog2 Ki‘l, 7 > 2.

Note that here we do not need different constants for = 2 as in the previous case. It is
thus shown that

)\2
log” (%)

It is instructive to mention that, had we not updated the values of the K; and R; from
those given in the previous subsection, we would have obtained a much smaller value
for Qp,q (N21 M (0, R;, K —i)). The reason for this was outlined in the last paragraphs
of the Introduction: whereas when a < 3 vertices of high degree are likely to have near
descendants of even higher degree, this is not true when a > 3. In other words, Lemma
4.1 no longer holds. Consequently, when a > 3, the event that the root has a neighbour
of degree of order ;—2 log? % is more likely than the event that the root has a neighbour
of degree of order - log + with a further close descendant of degree of order 5% log” .

a—2
Qp.q (ﬁlM(o, Ri,K¢)> >c ( ) and Qg’q (ﬁlj\/’(o, R, K;)

_‘r’iM(o, Ri,Ki)> > e\

4.3 Case2<a<2i

The lower bound for the case 2% < a < 3 also holds for this case, but is not sharp
now. Recall the definition of ¢ in (4.2). We will show that

Q) (& # @ V) > AT L, 4.11)

This will give the desired result since

A

pa (€ A DY) > Q€ £ 2 W),

In order to study the contact process (£7);>0 on T (a tree sampled from Q;) and

started from only the root infected, we introduce a comparison process (7;):>0, started
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from the same initial condition. (7;) will be a modification of the contact process: sites
will become permanently set to value 0 the first time (if ever) that they return to value
0 after having taken value 1. Consequently, sites cannot infect sites closer to the root
than themselves.

More precisely, (n:);>0 is defined as follows. Suppose we are given a tree T and
a graphical construction {(Dg)zer, (Ds,y)zyeT, e~y} With parameter A > 0. Let o, =
inf D, be the first recovery time at the root and set 7:(0) = Ijg ) (t) for all ¢ > 0. Now
assume (7:(x))+>0 has been defined for all = at distance m or less from the root, and fix
y with d(o,y) = m + 1. Let z be the parent of y, that is, d(0,z) = m and d(z,y) = 1. Let
1, = inf ({t : m(2) =1} N D, ) and, if 7, < 0, let o, = inf ([7,, 00) N D,,). Now, if 7, < o0,
set 1:(y) = I, »,)(t) for all t and otherwise set n;(y) = 0 for all ¢.

Define

Xm = {7z : d(o,2) = m,3t < oo with n,(z) = 1}|

for m = 0,1,2,... Then (X,,)m>0 is a branching process and is in principle easy to
analyze. We have {X,, # 0Vm} C {{? # @ Vt}, so a lower bound for the probability of
the first event will also be a lower bound for the probability of the second. Our first step
in giving a lower bound for Q;(X,, # 0 Vm) is Lemma 4.2 below, which is an estimate
for the tail of the law of X;. Since we are assuming that 2 < a < 2%, it implies that the
expectation of X is infinite.

It should be noted that the definition of the branching process (X,,,) does not depend
on the assumption 2 < a < 2% ; for any a > 2, (X,,) can be defined and the tail estimate
in Lemma 4.2 holds. However, it should be observed that:

» if @ > 3, the expectation of X, is not only finite, but tends to 0 as A — 0. Hence,
{X;m # 0 ¥m} has zero probability in this case. This shows that, in the regime
a > 3, the “reinfections” that are suppressed when we pass from (£7) to (n;) are
indispensable for the spread of the infection.

* in the intermediate regime 23 < a < 3, like in the lower regime 2 < a < 23, the
expectation of X, is infinite, so for any A > 0 the probability of {X,, # 0 Vm} is
positive. In fact, if we set aside the case a = 3, the proof in this subsection and
inequality (4.11) hold true for the intermediate regime.lHowever, (4.11) does not
give an optimal bound, as can be seen by comparing A\3=« with A\2?~3 for 2% <a<
3. We can thus infer that, in the intermediate regime, although the infection can
spread without “reinfections”, this is not the most likely way it will spread.

Lemma 4.2. There exists co 1 such that, for A € (0,1) and all k > 1,
Q) (X1 > k) > can (ME)2.

Proof. For k > 1, we have

2k
A A
Q)06 2 1) 2 Q) (X1 2 k. 7, 2 1, deglo) > 2o )

> Q) (00 > 1, deg(o) > 1_212_0 P (Bin Ul _QIZ_J , l—e_/\) > k)
el.g[l _QIZ_A, oo> P (Bin <[1—2]Z—Aw , le/\> > k>

T 2% A\ 42
>C.q|:1_e—k’oo>>02'1<k.> .
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As a consequence of the above result, X; has infinite expectation, so, with positive
probability, X,, — oo as n — oo. We define the generating function for the law of X;:

Ua(s) =D Q)(X1=mn)-s" (s€(0,1)).
n=0
We can use Lemma 4.2 to get the following estimate for ¥,(s), where the infection

parameter A > 0 is fixed.

Lemma 4.3. There exists co 2 > 0 such that, for A € (0,1) and s € [1/2,1),
\I/)\(S) S 1-— 02'2()\(1 — S))Q_Q.
Proof. By monotonicity of s™ in m, we have for any positive integer k&
k 0o
Ua(s) <D QX1 =i)+sF > QX1 =1i)=1-Q}(X1>k)-(1—5").
i=0 i=k+1

We choose k equal to {ﬁJ which gives the desired inequality, since s — 1 — slr=] is

bounded away from zero for s € [1/2,1). |
From Lemma 4.3 we can easily get the following

Corollary 4.4. There exists co 3 > 0 such that, for A > 0 small enough,
Q) (X #0Vn) > co A5,

Proof. We know that X; has infinite expectation and so from the standard theory of
branching processes (see e.g. [5]), we have that the survival probability J satisfies

B=1-Wy(1-7).

By Lemma 4.3, the right-hand side is larger than c;2(A\3)%72, so 8 > c22(A\3)*72, so

5 > (62.2)ﬁ . )\g:‘3 [ |

Since $=2 = -1~ — 1 and {¢ # @ Vt} D {X,, # 0Vn}, (4.11) is now proved.

5 Extinction estimates on star graphs and trees

Our main objective in this section is to establish estimates that allow us to say, under
certain conditions, that the contact process does not spread too much and does not
survive too long. In Lemma 5.1, we obtain upper bounds for the probability of existence
of certain infection paths on finite trees of bounded degree. In Lemma 5.2, we obtain
a result for star graphs that works in the reverse direction as that of Lemma 3.1: with
high probability, the contact process on a star graph .S does not survive for longer than

OIS for some large C > 0.
Lemma 5.1. Let A < % and T be a finite tree with maximum degree bounded by ¢5.

Then, foranyz,y € T and 0 <t < t/,
(i.) P2 ((,0) < {y} x Ry ) < (20)4");
(i) Pp ((2,0) & {y} x [t,00) ) < (2A)H@9) . e=t/4,
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(i) PA (€] #10) < T2 =t/
() P ({2}  [0,1] & {y} x Ry ) < (t+1) - (20) 0,

Ifx#y,

(0) P (30< 0 (2,0) 6 (3,)  (@,0) ) < (20)240);

(vi.) PR (3¢ {x} x [0,1] < (y,£) and (y,£) < {x} x [(,00) ) < (t +1) - (21)24@9),

Proof. (i.) For u > 0, let M, = Y __; £2(2) - (20)?=¥). We claim that (M,),>0 is a
supermartingale. To check this, notice that, for fixed v > 0 and ¢ € {0,1}7,

d
%E% (Mygr | &u = &) lr=0+ = Z A Z (2)\)d(w7y) — (ZA)d(z’y)
z€T: £(2)=1 wiw~z, E(w)=0
1
< d(z7y)71 . d(z,y) - . d(Z,y)+1 . d(z,y)+2 _ d(zvy)
< ) (2 AW 4 1502 A (2))
z€T: £(z)=1
= Y e (2d<z,y)—1 4 ood(z)-2 _ Qd(z,w)
z€T: £(z)=1
=— Z& (22) %), (5.1)
zET

Then, if 0 < s < u,

d
— B} (Myyy | €0 :0< 8 <5) |T

dr
3
In addition, the function u € [s,00) — E} (M, | £y : 0 < s’ < s) is continuous. Conse-
quently, it is decreasing, so Ep(M,, | &y 10 < s’ < s) < M;.

Now, let 7 = inf{u > 0 : £*(y) = 1}. By the optional sampling theorem (which may
be applied since M is a cadlag supermartingale), we get

—0+

u+r|§u* )|7’:O+'P7)“\(§u:€|£s’:O§5/§5)<0-

&‘Q‘

Pp((z,0)+{y} x Ry) = Pp(1 < 00)
< Ep(My; 7 < 00) < Ep (M) = (2))3@9),

(#.) Since by (5.1) for any u we have

d

1
— ~M,,
dr

Eé\’ (Mu+r ‘ fu) ‘7"20—0— S *4

the process M, = e*/*. M, is a supermartingale. Now define o, = inf{u > ¢ : £%(y) = 1}.
The optimal sampling theorem gives

P} ((,0) & {y} x [t,00) < /0 B (W, Ty
<e . R (MO) = et (2)) @)
completing the proof.

(iii.) Again applying the optimal sampling theorem to the supermartingale (1, defined
above, we get
PYEE(y) = 1) < e /A 204 v, (5.2)
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Applying (5.2) and the fact that A < 1/2,

PMET£0) < S PMEW) = 1) < [T,

z,yeT

(iv.) Foru >0 and z € T, define (.(2) = I{{z}x[0.4] & (z,u)}+ (Cu)u>0 is thus a process that
evolves as (§,).>0, with the difference that site x is “artificially” kept at state 1 until
time ¢. Next, define for u > 0

Ny =max(t +1—wu, 1) Cu(z)- (QA)d(I’y) + Z Cu(2) - (2)\)d(z’y).
z#x

We claim that (N, ),>0 is a supermartingale. As in the previous parts, this is proved

from

iEA(N | Cu) | <-In, <0 (5.3)
d’l’ T u+r w) |[r=0+ 4 u . .
In case u > t, (5.3) is proved exactly as in the first computation in the proof of part (i.).
In case u < t, we note that

d

EE% ((t +1—u—7) Cugr(z) - 2NV | <u> ‘7:04_ = —(2\)%=Y),

so the same computation can again be employed and (5.3) follows. The result is now
obtained from the optional sampling theorem and the fact that Ny = (t + 1) - (2\)4@¥),

(v.) The proofs of (v.) and (vi.) are similar but (v.) is easier, so we only present (vi.).
(vi.) Forw > 0 and z € T, define

nu(z) = I{{z} x [0,t]<>(%,u) by a path that does not pass by y};

n..(z) = I{{z} x [0,t]<>(z,u) by a path that passes by y}.

Notice that, in particular, n,(z) =1 Vu <t, n,(y) = 0 Yu and

{ 3 {2} x [0, (y, t') } ={3s: nl(z) =1}

and (y,')¢>{x} x [t', 00)
Also define, for u > 0,

Ly =max ((t+1—u), 1) ny(x) - (20)21Y + 3~ p,(2) - (24)4E0)Fdv2)

z€T:
z#x

£30 1) (N,

zeT

Proceeding as in the previous parts (and again treating separately the cases u < ¢ and
u > t), we can show that (L,,),>0 is a supermartingale. The result then follows from the
optional sampling theorem (consider the stopping time inf{s : 7.(z) = 1}) and the fact
that Ly = (t + 1)(2X)24@v), |

Lemma 5.2. If\ < 1/4 and S is a star,

1 2
A (¢S _ - _—16A%|S|
P2 ( 3log(1) ~ 2) > ;e :
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Proof. Let (({)i>0 be the process with state space {0, 1}, starting from full occupancy,
and with the same dynamics as that of contact process, with the only difference that
recovery marks at the hub o have no effect, so that o is permanently in state 1. (¢7)
and (¢7) can obviously be jointly constructed with a single graphical construction, with
the property that ¢7 < (7 for all ¢. Also note that the processes {((z) : * € S} are
independent and, if  # o, the function ¢t — P2((’(z) = 1) is a solution of f'(t) =
A(L— f(8) — f(1), so

PG @) =1) = 1y (Ar e ).

Let o = inf D, N [log §, o0) be the first recovery time at the hub after time log }. Also
define the events

B} = {a<210g }

By = {I¢7] < 4XIS};
Forallz € (S, D, N[0, 0 +1log 1] # @
and inf (D, N [0, 00)) < inf (Dyo N[0, ) |

B
I

We then have {53 gt =9 } D Bi N B} N Bi. To see this, assume that the three events

occur. By the definition of o, we have ¢5(0) = 0 and |¢J| < |¢F] < 4)\|S| and every vertex
that is infected at this time recovers without reinfecting the root by time o + log(1/)\) <
3log(1/N).

We have
1
P3(B}) = P} <Doﬁ {1ogA 21log } # @) —eloEx =1\,
Forz # o0, P} (¢(S(z) =1) < ()\ + e~ (14N log A) < 2, so
P2(B}) > P(Bin(|S], 2\) < 4A[S]) > 1/2.
Also, for x # o,

P Dxﬁ[or, U+1og§] # @ and
inf (

S 1otk A >1—2),
D, NJo, 00)) <inf (Dy, NJo, 00))

14+

SO
P} (BY| BINBY) > (1 — 2A)S] > =220 ANIS| — o~16X715]

since 1 —a > e 2% for a < 1/2.

In conclusion,

P3 (€511 = 2) = PX (BY| BLNB})-P2 (BI N B}) > 616*2|5|.<1 - > >

Applying the above result and Lemma 5.1, we get a bound on the probability of
extinction of the contact process on trees where, one vertex apart, degrees are bounded

by o=
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Lemma 5.3. For A\ > 0 small enough, the following holds. IfT is a tree with root
o, |T| < 55 and deg(z) < g3z for all z # o, then

1 2 Jor
A T _ —16\“ deg(o
Pr (51oolog§*®)2§€ 50,

Proof. Let S be the star graph containing o and it neighbours, 7" = T\{o} be the
disconnected graph obtained by removing o and all edges incident to it from 7" and
L= % log % We introduce three basic comparison processes, all generated with the
same graphical construction on T that is used to define (¢ )i>0-

° (gtT ’1) . is the contact process on 7" started from full occupancy, that is,
>0

gtTlvl _ {Jf . T/ X {O} AN (x’t) inside T/}7
e (1) > 18 the contact process on S, beginning from full occupancy at time L, that is,
n? ={x:S x L« (z,t) inside S} ;

. (ftT ’2) is the contact process on 7" started from full occupancy at time 2L, that
t>2L
is,
& ?={z: T x 2L ¢ (,t) inside T} .

The event {£1, = @} contains the intersection of the following events:

B%:{fglzg}; BSZ{WQSLZQ}; B:?:{ggf:@};
B? = {#(z,5) : d(o,z) > 2, 0x [0, 3L] <> (z,5) ¢+ {0} x [s, 00)}.

Let us prove this. If B? occurs, then for any s > L and x € T, ¢/ (z) = 1 implies that
{0} x [0,s] > (x,s). Thus, if B2 N B? occurs, then for any s > L, 77(0) = 0 implies
¢T'(0) = 0 so that, if B? N B2 N B? occurs, we have ¢ (o) = 0 for s > 2L. It then follows
that ¢J, = @ if all four events occur.

We now note that the four events are decreasing with respect to the partial order on
graphical constructions defined by setting, for graphical constructions H and H’, H <
H' if H' contains more transmissions and less recoveries than H. Thus, by the FKG
inequality, PA(NL, B?) > [T;_, PA(BY).

By Lemma 5.1(vi.), we have Pp(B3) > 1— (3L +1) - (2)\)* - 5%. Also applying Lemma
5.1(iii.) and Lemma 5.2, it is then easy to verify that, for A small, P}(B?) - P}(B3) -
P)(B3) > 3. n

6 Proof of Proposition 1.4: upper bounds

We now want to apply the estimates of the previous section in proving the upper
bound of Proposition 1.4. Since Lemma 5.1 must be applied to finite trees, our first
step is defining truncations of infinite trees: given the distance threshold r and the size
threshold m, vertices of degree larger than m and vertices at distance r from the root
will be turned into leaves.

Let r,m € IN and T be a tree with root 0. Define the r, m-truncated tree

Tym={o}U{zeT:do,z) <r deg(y) < m Vy in the geodesic from o to =, y ¢ {o,z}}.
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Also define, for1 <i <,

S (T = x €T :d(o,z) =1, deg(x) > m,
mmAT/ | deg(y) < m Vy in the geodesic from o to x, y ¢ {o,z}

and, finally,

S(T) = {x € Ty :d(o,2) =71}
We want to think of Trym as the result of inspecting 7' upwards from the root until
generation r so that, whenever a vertex = of degree larger than m is found, the whole
subtree that descends from it is deleted, so that x becomes a leaf.

Note that, if T is a tree sampled from the probability Q, ,, then T, ., is a Galton-
Watson tree of r generations in which the degree distribution of the root is p and that
of other vertices is §,,(k), as in (2.4). In particular, using (2.2) and (2.3), for 1 <i < r
we have the upper bound

Cop - (Com3=2)i=1.m=(e=2) if2 < a < 3;

m i—1
Eq,., (1%l ) < (Z kq(k)> «q(m,00) < ¢ Cop- (Cologm) - m~* if a = 3;

Cop - v~ -m~(a=2) ifa > 3.
(6.1)
Similarly, for 1 < <,

v eT. . - m -1 Cop - (Com3=)i=1 if 2 < a < 3;
Eq,, (H d(o x;’f% }D <p- (Z k’Q(k)> <9 Cop-(Cologm)—" ifa=3;
. k Cop - vt ifa > 3.
(6.2)

Throughout the following subsections, we will take degree and distance thresholds,
M and R, which will depend on A and a, as follows:

—2——log(1)] if2<a<2i;
(#)ﬁ lf2<a§2%, ’V(logQ)(B—a) Og(k)m 1 <as 27

M= 8COA1 | 1 R= [2atl] 41 if 25 < a <3;
o7 ifa>25; 2a + 2 ifa > 3.

6.1 Case2<a<2i

The treatment of this regime is very simple. We start defining the event that the root
has degree above M,
B} = {deg(o0) > M},
and the event that the root has degree below M and the infection reaches a leaf of the
truncated tree,

R , —
= {deg(o) <M, (07 O)(—) (91 S;%,J\l) X ]R+ inside TR,]M} .

We observe that {£ # @ Vt} C B} U Bi. We wish to show that both events have
probability smaller than Cp,()) for some universal constant C. For the first event, this
is immediate:

Qpq(BY) < Co(8CoN) i < AT=

when ) is small. For the second,

0 ,0)<8% xR
p,q BQ SZZQWZ( o ’

=1 k1 inside TR M

deg(o) < M
‘S%,M‘ =k

’ )-Qp,qus;;,m:k).
(6.3)
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.
3—a

Since the degrees of vertices of T s are bounded by (ﬁ) < gr=, Lemma 5.1(i.)

implies that the conditional probability inside the sum is less than k(2))’. (6.3) is thus
less than Y"1 (21 Eq,,( Sk ). Using (6.1) and (6.2), we have

Eq, ,(|Skal) < Cop- (CoM*=*)=t . M~(*2) for i < R and

Eq,,( ‘Sg,M| ) < Cop - (CoMP~)R1,

Thus,

R ) _ R—1 )

> (2N Eq,, (157 m]) < Cop2X <M<a2> D (@A CoMPT) T 42X OOM3“)R1> .
=1 =1

By the definition of M, 2\ - CoM3~® < % Using the definition of R, we also have

INF1 1\ TEmEms e % . a2
(2X - CoMP=)F=1 < (2> < (2) T

In conclusion,

=

— i—1
a— ]. a— a—
qu(Bg) <2Cop - A ((80{))\) = <2> + AS?‘) < CA\'Fima = O,
1

(2

6.2 Casea > 2;

In the proof of the previous subsection, we needed two facts about the truncation
degree M:

(A) M had to be smaller than 1/(8)\?), so that we could apply Lemma 5.1;
(B) A- M3~% had to be small, so that the terms in the estimate for BS were small.

Since we had 2 < a < 2%, (B) was a stronger requirement than (A), which explains why
we had to take M of smaller order than 1/(8)\?). Fortunately, this already yielded an
upper bound that matched our lower bound.

In case a > 2%, we can repeat the computation of the last subsection with the new
value of the threshold, M = 1/(8\?) (note that requirement (B) would be weaker than
(A) in case 2% < a < 3, and would be absent in case a > 3). This would establish that

o (60 # @ VE) < O3,

which does not match our lower bounds because of the logarithmic corrections. In
order to obtain these corrections, we will need to consider more events, taking a closer
look at the truncated tree and ways in which the infection can leave it.

Our first two events are similar to those of the previous subsection:

Bf = {deg(0) > M};

R . _
Bg = {deg(o) <M, (0,0)<—> (92 S;-?,,IW) x R4 inside TR,JV[}

The difference to the previous subsection is that Bj only includes leaves at distance
two or more from the root. We will have to treat separately the leaves neighbouring the
root. We first consider the case in which there are at least two leaves neighbouring the
root and at least one of them becomes infected:

Bj = {deg(0) < M, |Sk.al =2, (0,0) + Sk x Ry inside Tg s}
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Next, if |S}13, v | =1, then let o* denote the unique element of S}?q s (0* is thus a neighbour
of the root). Also let 0 < t* < t** denote the two first times of transmissions from o to
o* (that is, the two first arrival times of the process D, ,-). Let

Bj = {deg(0) < M, |Sk | =1, t™ < Do}

In order to define our two last events, we distinguish two ways in which o* may
receive the infection initially present from o. We say that o* becomes infected directly
if t* < D,, that is, at least one transmission from o to o* occurs before the first recovery
time at 0. We say that o* becomes infected indirectly if there are infection paths starting
at (0,0) and ending at {o*} x [0, c0), but all of them must visit at least one vertex different
from o and o*. We then define

By = {deg(0) < M, |Sk p| =1, 0" becomes infected indirectly},
Bg = {deg(0) < M, |Sk | =1, t* < D,, (0%, t*) > T x {t} forall t > t*}.

Thus, in event Bg, the first transmission from o to o* precedes the first recovery at o,
and the infection generated from this transmission then survives for all times in the
(non-truncated) tree T.

The reason we make the distinction between o* becoming infected directly or indi-
rectly is subtle; let us explain it. In our treatment of Bi, we will re-root the tree at o*
and study the distribution of this re-rooted tree, so that we can find estimates for the
infection that is transmitted from (o*,¢*). This study will be possible because, when we
are told that a direct transmission has occurred, we only obtain information concerning
the recovery process D, and the transmission process D, .-, so the distribution of the
degrees of other vertices in the tree is unaffected. In contrast, if the transmission is
indirect, we have information concerning the portion of the tree that descends from o
through vertices different from o*, so the study of the re-rooted tree is compromised
and we have to follow a different approach.

We now have {¢f # @ Vt} C US_, B}. We wish to show that Q) ,(B;') < Cpa(}) for
each i.

1) Event B{. As in the previous section, we have
2 o(B1) < CoM =7 < 2Cq - (80)2(*™) < p,(A)
when A is small.

2) Event Bj. As in our treatment of B3 in the previous section, we have

R
=2

=2
Using (6.1), for 2 <14 < R, we have
CMf(a72) . (C/)\M?)fa)ifl
< ON%4 . (O \2e5)imL if23 <a<3;

; ; CM~(@=2) . (C'Xlog M )"~ 1
i—1 . (3 < .
(2)\) EQp,q( |SR,M| ) = S C)\2a74 . (C’/\log %)171 ifa = 3;

CM—(a—Q) il
< ON\20—4 . il ifa > 3.
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We then have
O N\20—4 . )\2a—5 . 2522(0//\%—5)1'—2 if 2% <a<3;
(207! Bq,, (1Skal) <4 CA2t Mog - Y072, (C'Alog 1)1 ~2 if a = 3;
ON2e—4 . ). ZzQ(C/A)i_z ifa > 3,

=

-1

=2

for constants C, C’ that do not depend on \. Then,

R—1
D> @A Eq,, ([Shal) < A% (6.5)

i=2
when ) is small enough, for some § > 0 that depends on a but not on .
For i = R, using (6.2) we get

C(C'Ne=5)1 el <0 <3
N B, (19F:]) <S © (C'Xlog %)Rfl ifa = 3;
c(cryfi-t ifa > 3.
By the choice of R in each case, when )\ is small we get
(2N B, , ([SF ) < A% (6.6)
Using (6.5) and (6.6) in (6.4), we conclude that, if A is small,
2 a(Bd) < ONT3H0 < p (),

Again we emphasize that for both (6.5) and (6.6) we use the fact that 2a — 5 > 0, that is,
that a > 23.

3) Event B;. We bound
na(B3) <> p(k)-2X-Eq,, ( 1Skl Ipjsy 122y | deg(o) = k ) : (6.7)

Under Q) 4( -|deg(o) =k ),

E(X - I;x>2y) = np—np(l — p)"_l =np(1l—(1 —p)”_l) < (np)Q, (6.8)

in(k,q(M, 0)). If X ~ Bin(n, p), then

since, by Bernoulli’s Inequality, (1—p)"~! > 1—(n—1)p > 1 —np. Using the bound (6.8)
for £ < M and the bound E(X - I{x>2y) < np for k > M, (6.7) is less than

<Zp q(M,00)* + ) P(k)'k'Q(MaOO)>
k=M+1
CA( —2(a=2) , Zp + M (e=2) i p(k)k)
k=M+1

<CX (M—Q(a—Q) . MS—a + M—((L—Q) i M_(a_g))
< CX (M 3a+7 + M72a+4) < C}\()\6a714 + )\4(178) < Pa(>\)

when ) is small, since 6a — 13,4a — 7 > 2a — 3 when a > 21.
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4) Event lel. The number of transmissions from o to o* before time ¢ has Poisson
distribution with parameter \¢t. Thus, conditioning on D,,

p,q

3o BY) = Qg deg(o) < M, [Sharl =1)- [ T P(Poi(M) 2 2) et dt
0

< Qpq( [Spul >0) / P( Poi(\t) >2)-e " dt.
0

The first probability on the right-hand side is less than >3 ; p(k)-k-q(M, 00) < CAHe=2),
To bound the second probability, we use the simple bound P( Poi(k) > 2 ) < 2, which
holds for all x > 0. The above is thus less than

Cx2a=2) . / (At)2e ! dt < ONHeDF2 < py(N).
0

In order to bound the probabilities of B and Bg, we will need the following result,
whose proof is omitted.

Lemma 6.1. The degrees of the vertices of T under Q, ,( - | deg(o) < M, |SE | =1)
are distributed as follows:
(i.) First, deg(o) is chosen with distribution

) Q| Shoal =1 deg(o) = k)
Shly e Qpg(|Sh | =1 deglo) = w)

(ii.) Given the choice of deg(o), the degrees of o* and the remaining neighbours of o are
chosen independently: deg(o*) with law

kel0,M]—

(6.9)

ke (M,00) — (q(M,0))~" q(k) (6.10)
and the remaining degrees with law
k € [0, M] + (q[0, M]) ™" g(). (6.11)
(#ii.) All other vertices in the tree have degrees chosen independently with distribution
q.
Remark. The distribution in (6.9) is equal to
p(k) - k- q(M, 00) - (q[0, M)

ko M w—1
szl p(w) - w - q(M,0) - (Q[07 M])

M —1
= (Z p(w) -w- (Q[O,M])“’_1> p(k) - k- (g0, M)
w=1

hence, it is stochastically dominated by q. Obviously, the distribution in (6.11) is also
dominated by q.

5) Event Bj.

EIyETR7M,O<s<t: deg(o) < M,
;)\,q(Bg) < QP#('S}%,AH > 0) ' 1>)\,q ( (0 0) ‘ ( ) .

< (y,s)>(o,t) inside Trs | Skl =1

As already observed, the first probability on the right-hand side is less than CA2(¢~=2),
By Lemma 5.1(v.), the second probability is less than

R
> N-Eq,, ({z € Tras : dlo,x) = i}| | deg(o) < M, [Sk | =1) (6.12)
=1
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By Lemma 6.1 and the remark that follows it, this conditional expectation is bounded
by 4
(CoM3e) if 21 < a < 3;

Eq, (|[{z € Tra : d(o,2) =i}]) <4 (CologM)" if a=3;
vt ifa > 3.

It is then easy to check that the sum in (6.12) is less than A9 for some § > 0. In
conclusion, Q) ,(B#) < A2(@=2+140 < 5 (X) when ) is small.

6) Event B{. This is the bound that requires most effort. We start with

pa(B3)
A
< ONHa=2) . e 2o (0%, %) & T x [t,00) Vt > t* | deg(0) < M, |Sk | =1, t* <inf D,)
A
= O\, T 24 ((07,0) > T x [t,00) Vt > 0 | deg(o) < M, Sk 5| =1).

(6.13)

In order to deal with the conditioning in (6.13), we need the following, which is a con-
sequence of Lemma 6.1 and the remark that follows it.

Lemma 6.2. Let T be the random rooted tree obtained by
e sampling T under law Q,, 4( - | deg(0) < M, |SE 5| = 1);
e repositioning the root at o*, the unique vertex in S}37M.

Then, T is stochastically dominated by the distribution Q,( - | deg(o) > M).

As a consequence of Lemma 6.2 and attractiveness of the contact process, we get

24 ((07,0) &+ T x {t} Vt > 0 | deg(o) < M, [Sk | =1) < Q) (& # @Vt | deg(o) > M).
Using this in (6.13), we get

2 (Be) < OXT2e=2) Q) (&9 # @ Yt | deg(o) > M). (6.14)
In treating the last term of (6.14), we will obtain the logarithmic term in the definition
of p,(A). This is encompassed in the following proposition.
Proposition 6.3. There exists C > 0 such that
Clog=(@? (5) if2i<a<3;

1

(6.15)
Clog 22 (1) ifa > 3.

Q) (€ # 2Vt | deg(o) > M) < {

Define
) [e15zlog ()] if2i <a<3;
- { feaix log? (1)] ifa >3,
where €1, ¢ are constants to be chosen later, depending on @ but not on A\. Our approach
to prove Proposition 6.3 starts with the following:

Q; (& # @ vt | deg(o0) > M)

- f; Q) (69 # & Vit | des(0) = m) - @ (des(o) =m | deg(0) > M)
€ O €5 # V1| o) = M)+ Q (Cou(@) > M | dogle) > M)
< Q) (€2 # 0 vt deglo) = b + L)
59 18 (2013, paper 103 S
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Now, by (2.2), the term q[[M )) is bounded from above by the expression in the right-
hand side of (6.15), for some C' > 0. Proposition 6.3 will thus follow from

Lemma 6.4. Ifa > 2%, then there exists § > 0 such that
Q) (& # 2Vt | deg(o) = M’) < X,

In the next two subsections, we prove Lemma 6.4 separately for the cases 2% <a<3
and a > 3.

6.3 Completion of proof for 2% <a<3

In this subsection and the next, we will consider the probability measure Q(’]\( - | deg(o) =
M"), so T will be a tree with root degree equal to M’'. Here we will give the proof in
detail for the case 2% < a < 3; the case a = 3 is treated similarly and we will omit it for
brevity.

Let ] = 2‘1—2‘5 and €; = 6 7> this is the constant that appears in the definition of M. !
Also let L; = A\~“1/2 and fix an integer R’ large enough that (2a —5)(R' — 1) —1 > 2a — 5.
We will be particularly interested in the contact process on Br(o, R’) in the time interval
[0, L4].

We will need the quantities

RI
O(T) = D2V - Sh pr (T
i=1
R’ . o
B(D) = DN o € T« dx,0) = i}
=2

We define two environment events, which are simply
Bl ={o(m) >t} Bi={w(m) >t}

and then define three events involving the contact process:

R )
By =@ o) n{iorx 0.l o (0 Shoar) xR fs

B} = (B{UB) N {3z € Tr m, s>0:{o} x[0,L1] ¢ (z,5) > {0} x [s,00) inside T s} ;
BE = {B(o,1) x {0} <> B(0,1) x {L,} inside B(o,1)}.

We claim that {& # @ Vt} C U?_, B?. To show this, it suffices to show that, if an infection
path ¢ — ~(t) € T with v(0) = o ever reaches any point of UZR:'lSj'%,’M, then one of the
events must occur. Let t* = inf{t : v(t) € Uﬁ;lSj{,’N[} and t** = sup{t < t* : y(t) = o}. If
t** < Ly, then B} occurs. If t** > L; and 7(t) € B(o, 1) for all t € [0,**], then B occurs.
Otherwise, B} occurs.

We now want to show that the probability of each of the five events is less than \°
when ) is small, for some § > 0.

1) Event B?. Bounding as in (6.1), we have

Eq, (¢(T) | deg(o) = M')

R —1
< Z (2))° A(CoMP=2) = . CoM =2 4 20 F - M - (CoM>~*) ' ~1(6.16)
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The first term in (6.16) is less than

1 1 2\a—2 = 1 e 2a—5 1
2\ €1 35 log | ¢ - Co(8\?) Z Co (52 2\ <OXlog ()

i=1

The second term in (6.16) is less than

1 1 1\ e 1 1 1 Rt
_ 2a—5
2\ €1 22 log (A) . <CO (8)\2> . 2)\) = 261 . X log <>\> . (CO . 8370’ - \e )

and this is also less than C'A\??~°log(1/)) by the choice of R’. This shows that

Eq, (0(T) | deg(o) = M') < CX**~ - log(1/)
Thus, by the Markov inequality,

2a—5
Qq (BY | deg(o) = M') < %‘w < \(20-5)/4

2) Event Bj. Bounding as in (6.2),

Rl
Eq, ((T) | deg(o) = M') < M- (20)* - (CoM*~¢)"
=2
R 3—a\ !
1 1 ; 1 1
< il — ) .3, 2i—3 | = -
<e g log(A) A gm) <CO<8/\2> ) <C/\log<)\>,

since the exponent of A inside the sum, 2i — 3 — 2(3 —a)(i — 1) = (2a — 4)i + 3 — 2a,
is positive when ¢ > 2. The desired bound now follows from the Markov inequality as
above.

3) Event Bj. For x € T, z # o, let s(z) denote the neighbour of o in the geodesic from
o to x, and let T(x) be the subtree of T with vertex set

{0} U{y € T : the geodesic from o to y contains s(z)}

and edge set {{z,w}:z~winT, z,w € T(z)}.

For B3 to occur, there must exist z € UlellSjé,’M so that {0} x [0, L1] <> {#} xR inside
T(x) N Tg pr. For a fixed z, the probability of such a path is less than (L; 4 1) - (2))%(©®)
by Lemma 5.1(iv.), since T(x) NTg/ a is a tree in which all degrees are bounded by M.
Summing over all z, this yields

Py ({0} x [0, Ly] > UL, Sh o R+) < (L1 +1) - ¢(T).
If BY does not occur, then the right-hand side is less than (L; 4+1)- A1 = (A™1/241) - A,

Thus,
QMBS | (BY)?) < X4/2 4 ).
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4) Event Bj. This is treated similarly to the previous event; here we use Lemma 5.1(vi)
to conclude that
Q)(B] | (B3)9) < (L +1)- X% = A4/7 4 xk,

5) Event BZ. Fori <0, let

E; ={B(0,1) x {i-3log(1/A)} < B(o,1) x {(i+1)-3log(1/A)} }.
These events are independent and, by Lemma 5.2,

Q)(E; | deg(o) = M') > (1/4)e™ N M = (1/4)A10e1 = (1/4)A/4, (6.17)
If B(o,1) x {0} +» B(0,1) x {L;}, then E; cannot occur for

0<i<|Li/(Blog(1/N))]| = L)\_E,I/Q/(Zilog(l//\))j. (6.18)

Comparing (6.17) and (6.18), it is easy to see that Qq/\(Bg) is smaller than any power of
Aas A — 0.

6.4 Completion of proof for a > 3

Fix ¢, > 0 with €}, < min ((4logr)™!, a —3) and set e; = %; this is the constant that

appears in the definition of M’. Also define R’ = [ejlog 1] and Ly = A~!7¢2108 X. We will
be particularly interested in the contact process on Bt (o, R’) in the time interval [0, Lo].

This time, our environment events correspond to violations of the properties re-
quired for Lemma 5.3 to be applied:

BS = {|B(0, R)| > /\73};
BS = {3z € T\{o} : d(o,z) < R, deg(x) > M}.

The first event involving the contact process is the existence of an infection path start-
ing on {o} x [0, L2] and reaching vertices at distance more than R’ from the root,

BS = (BY U BS)“n {{o} x[0,L3] > B(o,R)* x Ry},

The second event is the infection surviving up to time L, without leaving the ball
B(o,R'),

BS = (B UBS)°n{B(o,R') x {0} +> B(o, R') x {L,} inside B(o, R')}.

Again we have {£ # @ Vt} C U}_, BS. We proceed to show that each of these event has
probability smaller than A, for some § > 0.

1) Event B?¢. Using Markov’s inequality,

Qq(BY | deg(o) = M') < A* - Eq, (|B(o,R)| | deg(o) = M’)
<N R -Eq, ({x € T:d(o,x) = R'}| | deg(o) = M)
MNLOR MR

1 1 1 1 1
<\ 26, logX . 2€2ﬁlog2 (}\) pamEv sk o )\1/2

when A is small.
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2) Event BS.

R/
1 1 .
Q,(BS | deg(o) = M') < ZGQFIOgX T g(M, 00)
i—1

< \2(a—2)—2 -logi LR+ < /\2(176726',

)

by the choice of €, 2a — 6 — 2¢/ > 0, so we are done.

3) Event BS. Assume (B} U BS)¢ occurs, so that T is such that |Br(o, R')| < A~3 and,
with the exception of the root o, the degrees of all vertices in By (o, R’) are less than M.
Recall from the previous subsection (in the treatment of the event Bg) the definition of
T(z) for a vertex x # o. Note that presently, for any « € Br(o, R'), T(x) is a tree in
which all degrees are bounded by M.

If {0} x [0, Ls] <+ Br(o, R')¢ x Ry, then there must exist « with d(o,xz) = R’ so that
{0} x [0, Ls] ++ {z} x R4 inside T(z). For a fixed z, the probability of this is bounded by
(Ly 4+ 1) - (20, by Lemma 5.1(iv.), so

P ({0} x [0, Ly] <> B(o, R x Ry) < [{z : d(0,x) = R'}-(La+1)-(20)F < A3 (Ly+1)-(20) 7,
so that
Q)(BS | (B UBS)", deglo) = M) < A7 (A7 loed 1) - (23) e,

’
€2

14, we are done.

so, using the fact that e; =

4) Event BS. Again assume that (B% U B$)¢ occurs. For i > 0, let
F; ={B(o,R’) x {i-1001og(1/\)} +» B(o, R") x {(i +1) - 1001log(1/A)}} .
These events are independent and, by Lemma 5.3,
P)(Fy) > (1/8)e  16AM" — (1/g)\16e21oa(1/A) (6.19)

If B(o, R') x {0} <> B(o, R") x {Ly}, then F; cannot occur for

0 <i<|Ly/(100log(1/X))] = [A~17e218(/N) /(10010g(1/N))]. (6.20)
Comparing (6.19) and (6.20), it is easy to see that Q) (B{ | (Bf U BS)°) is smaller than
any power of A as A — 0.
7 Appendix: Proof of Theorem 1.3

Recall the definition of M(z, R, K) and N (z, R, K) in (4.1) and (4.3). We will also
need
L(z,R) ={(z,0) <> B(z,R)* xRy }.

Lemma 7.1. For any e > 0 and A > 0 there exists Ky > 0 such that, for any K > Ky,

@) (7., X (0.alos).)

K+1

deg(o):K> >1—e. (7.1)
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Clearly, it is enough to prove the above for A\ small enough. This is done using
Lemma 3.1(¢4i.) and Lemma 3.2; since the proof is essentially a repetition of the ideas
of Subsection 4.1, we omit it.

The point of the following lemma is approximating the event {£? # @ V¢} on the

infinite tree T by events involving the contact process on a finite ball around the root,
B(o, R).

Lemma 7.2. Foranye > 0, A\ > 0 and Ry > 0, there exists R > Ry such that

2. (L(0,R) —e< @), (& #2Vt) <Q), (N(o,R,R?)) +e.

Proof. Fix ¢, A and Ry. The existence of R such that the first inequality is satisfied is a
direct consequence of {& # @ Vi} = N2, L(o, R).

Let us now deal with the second inequality. For the process (£7):>0, let o; be the first
time the infection reaches a vertex at distance ¢ from the root, and X, the vertex that
becomes infected at this time. Define Nj, = inf{i : deg(X;) > k}. Since

lim Q), (Ny <oo| 3t:& =2)=0and
k—o00 ’

lim Q) (Ni < oo, d(o,Xn,) <r| & #@Vt)=1forallk,

r—00

we can choose 7, kg such that
Q;\,q(Nko < 0, d(O, XNkD) < TO) > Q;\,q (Ef 7é ) vt) — €

Also assume kg is large enough that (7.1) is satisfied when K = kg — 1.

Choose k; large enough that (¢ + alog, k1)2 < ki and ro + alogy k1 > Ry. We define
the event N/ (XNk0 ,alog, ki, k1) as the event N/ (XNkO ,alog, ky, k1) with time shifted so
that o, becomes the time origin (so that the infection starts at the space-time point
(XNy,s Ny, ))- By the definition of Ny, and the choice of ko,

gq (N (XNkU,alogz k1, kl)’ Ny, < 00, d(o, Xn,, ) < 7o)

> Q) (N(o,alogy ky, ki) | deg(o) =ko—1) >1—e.

We have thus shown that, with probability larger than (1 —€) (Q), (§7 # @Vt) —€),
the infection reaches a site Xy, of degree larger than ko and distance less than rg
from the root and then, reaches a site y of degree larger than k; and distance less
than alog, k1 from Xy, . All this occurs through infection paths through vertices whose
distance from the root is never more than R := r+alog, k1, so that R > Ry and R? < k;
as required. Since ¢ is arbitrary, the proof is complete. |

Lemma 7.3. For anye > 0, A > 0 and (t,) with logt, = o(n), there exists R > 0 such

that
lim inf P, (&' # @ | N(v, R, R?) >1—e

pn

Since the proof of this lemma requires several preliminary results, we will postpone
it. With Lemmas 7.2 and 7.3 at hand, we are ready for our main proof.

Proof of Theorem 1.3. Fix A > 0, ¢ > 0 and (¢,) with ¢,, — oo and logt, = o(n). We will
write y = Q) , (& # @ Vt).
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By Lemmas 7.2 and 7.3, we can choose R > 0 such that

2y (L(0,R)) —e<y <Q), (N(o,R,R?)) +e

p,q
limsup P, (6" = @ | N'(v1, R, R?)) < €

n—oo

(7.2)

For the contact process with parameter A on G,,, define:
Xn,i = I{Ezj;#g}’ Xmi = Iﬁ(vi,R)a Yn,i = I,C(v,; cn {5 #g} 1<i<n.

Under P, (Xn1,..., Xon), (Xn1,---, Xnn)and (Yo 1,...,Y, ) are exchangeable ran-

p,n’ 2,1
dom vectors with X,, ; < X,, ; +Y,, ; for each ¢ and, by Proposition 1.2,

lim P), (Xn1=1)=Q),(L(o,R)) <Y+e

n— o0

lim P}, (Yo, =1)=0; (7.3)
lim COV(Xn 1,Xn2) 0.

n— oo

Using duality for the contact process, we have

P, (\@V:I > (v + 36)n) =P, (Z Xoi> (v + 3e)n>

i=1

n— oo

<P, (Z > (v + 2¢) >+]PA (Zym>en>—>0

by (7.3).
We now define

Zn,i = IN(vi,R,R2)7 Wn,z’ = IN(vi,R,RQ) A {gz’i:g}7 1<i<n.

Again, we get exchangeable random vectors and X, ; > 7,” — W,,i. By Proposition 1.2
and (7.2),
lim P, (Zn1=1) =Q), (N(o,R,R?)) >v —¢,

n— 00 Pq
limsup P}, (Wn1 =1) < €2, (7.4)
n—oo
lim Cov(Z, 1, Zn2) =0.
n—oo

We then have

P, (|§Xf| <(y- 36)n) =P, (Z Xpi < (y— 3e)n>
=1
SIP;)‘m <zn:an < (y — 2¢) ) —I—IP)‘ <ZW7” > en) )
i=1

The first term in the right-hand side vanishes as n — oo0; by Markov’s inequality, the

second term is less than
nEin (Wn,l) < 26277,

en en
when n is large. Since ¢ is arbitrary, the proof is now complete. |

= 2¢

We now turn to the proof of Lemma 7.3. Let us first explain our approach. We
want the infection started at v; to survive until time ¢,,. Lemma 7.4 below guarantees
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that, to this end, it is enough to show that the infection reaches a vertex of degree nd.

Lemmas 7.5 and 7.6 show that with high probability, there exists a “bridge” of vertices
of increasing degree that can take the infection from v; to a site of degree larger than
n%. In order to cross this bridge, the infection needs some “initial strength”, which is
provided by the event A/ (vi, R, R?) in the conditioning in the probability in Lemma 7.3.

The following result was proved in [2] for ¢, = e"B, where § < 1. Applying the
exponential extinction time result of [12], it is easy to improve this to ¢, satisfying
log(t,) = o(n).

Lemma 7.4. For anyd, ¢, A > 0 and (t,) with logt, = o(n), we have

n—o00
P, (Uevnzgiig%zm P, (& #2)>1- e) — 1
In words: as n becomes large, the probability of the following converges to 1: the
graph G, is such that, starting the A-contact process with a single infection at any site
of degree larger than n’, with probability larger than 1 — e the process will still be active
by time ¢,,.

In order to prove the two following lemmas, we describe an alternate, algorithmic
construction of the random graph G,. Let di,...,d, be independent with law p and,
by adding a half-edge to some vertex if necessary, assume that Z?Zl d; is even. We
will match pairs of half-edges, one pair at a time. Let H denote the set of half-edges.
To start, we select a half-edge h; in any way we want and then choose a half-edge ho
uniformly at random from #\{h;}. We then match h; and h, to form an edge. Next, we
select a half-edge hjz from H\{h1, ho}, match it to a half-edge h4 uniformly chosen from
H\{h1, ha, h3}, and so on, until there are no more half-edges to select. With a moment’s
reflection, we see that the random graph produced from this procedure is G,,.

Lemma 7.5. There exists k = x(a) > 0 such that, with probability tending to 1 as
n — oo, no cycle is formed when less than n™ matchings of half-edges are made.

Proof. Leto = ﬁ, K= 9(‘;7__21) Define
_ = ny . o 1—20(a—1) 1—2(a—2)
A= di>—, {i:d; >n°} >n , di <n 2 .

Using the Law of Large Numbers, (2.1) and (2.2), we get P, ,(A) — 1 as n — oo.
Assume A occurs and we have matched j pairs of half-edges, with j < n”. Let J be
the set of vertices associated to half-edges that were matched; we have |J| < 2j <
2" < pt-20(a=1) = \/n since k < 1/2. Suppose we now choose a half-edge uniformly at
random from the set of half-edges that have not yet been matched. The probability that
the chosen half-edge belongs to a vertex that is not in J is

Zi: v, ¢J di 1 Zz viGJdi - 2-7 > Zz v; €J dl

Thidi-2% TLidi-2 T o/

since > ;d; > nu/2 and j << n. Since [{i : d; > n7}| > |J
larger than

, the right-hand side is

1 2 dysne i 1_ n'=3(0=2) —1_ 4
nu/4 nu/4 pnz@=2)"
n— 00
So the probability of forming a cycle in |n”] matchings is less than n* - e R
0 since k < Z(a —2). |
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Lemma 7.6. There exists § = d(a) > 0 such that the following holds. For any e > 0,
there exists Ky such that, for any K > K, and n large enough,

[n’]
Pyn (ka M(vy,alog, k, k)) >1—e

Proof. Let k be as in the above lemma; set § = = and N,, = [n9]. Define the event

N, i d d; 1
v =B {5t - g}
We have
n N,
P, (A(K)>1-P,, <Z d; > 2n,u> I d; < ;"_"1
=1 k=K i:d; >k

For fixed k, we have

2
]Pp,'n Z dz < La—1 < ]Pp,n ({Z : dz > k}| < ]Zlu> .
i di>k

Now, letting X ~ Bin(n, p[k, 00)), the probability in the right-hand side is less than
P(X <2nu/k?) < e CRT

by (2.1) and (3.1). We have thus shown that liminf P, ,,(A/(K)) > 1 — Yo" e~ " >
n—r oo
1 — e when K is large enough. Fix one such K.

We now start matching half-edges; we first match all half-edges incident to v;, then
the half-edges incident to the neighbours of v;, and so on. We continue until either a
cycle is formed with the edges that we have built (call this a failed exploration) or we
have revealed more than n” vertices (a successful exploration). By the above lemma, as
n — oo, with high probability we have a successful exploration. We remark that, since
all vertices have degree larger than 2, in a successful exploration we reveal at least 2°
vertices at distance ¢ from vy, for 0 < ¢ < |log, n”|.

Assume A’(K) occurs and let k € [K,N,]. If at some point in the exploration, j
matchings have already been made and no vertex of degree larger than k£ has been
found, then the probability that the next revealed vertex has degree larger than k is

larger than (Zi: deg(vi)>k di) /(X di —25) > k=@~ Thus,

P, ,, (M(v1,logy k, k) | A'(K) N {Successful exploration} )

- ( A vertex of degree larger than k is A'(K) N { Successful })
’ exploration

>P
found in k% steps in the exploration

>1—(1—k~@ D) > 1 ek

This completes the proof. u

Proof of Lemma 7.3. Fix ¢, A and (¢,) as in the statement of the lemma. Since for R
large enough, lim P}, (N(v1,R,R?)) = Q) , (N(o,R,R?)) > § Qpq (& #@Vt) > 0,
n—00 ’

p,q
the lemma will follow if we prove that for R large enough,

limsup P}, (M(vi, R, R*) N {& = o}) <e (7.5)

p,n
n—oo
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Recall that, if V'(vi, R, R?) occurs, then there exist y*,t* so that d(vy, y*) < R, deg(y*) >
R? and €2 N B(y*,1)|  min(M\Ao)

[B(y*,1)] 16e
enough,

> . So, to prove (7.5) it suffices to prove that for R large

for all y* € B(vy, R) with deg(y*) > R?,

liminf P, >1—e (7.6)

N By* .1 in(AA -
e |§U|B(y*(§/1)| A mintdo) — PR (éﬁ, # @> >1—e

Also, it is enough to prove (7.6) under the assumption that A is small enough, so we take
A < Ag, where )\ is as in Lemma 3.2.

Fix 6 > 0 and K, corresponding to ¢/2 in Lemma 7.6. Then take K > K such that

= 1. 1
2y eme Nk < % k> ()\log A) -2alogy(k +1) Vk > K. (7.7)
=K 1
Next, choose R > 0 such that
—ar?Rr? _ € o 1 L
2e7 4 <§, R >a~ﬁlogx-(3+alog2K). (7.8)

Now define the events for the graph G,,:

— 3 A v E A o [n’]
B = {Uevn:gg}v»m Pg, (& #2)>1- 3}7 By = N M(v1,alogy k, k)

By Lemma 7.4 and the choice of K, when n is large enough we have P, ,,(B1NBs) >
1 — €. Assume B; N By occurs and fix y* with deg(y*) > R? and d(vy,y*) < R; let us now
prove that, if % > 1+, then PA(§! # @) > 1 — €. Since B, occurs, we can take
hes Beq1r s ZFnﬂ such that deg(z}) > k, d(v1,2}) < alog, k. Now, by (7.7) and (7.8),
7 1

701
d * - —
eg(y)>c 2

1
log — - d(y*, z%) and deg(z}) >
c

1
A log — - d(2;,254,) forall k > K,

A2 A
so Lemma 3.2 can be used repeatedly to guarantee that the infection is transmitted
from y*, through 2%, 2%, ,... until ZFnﬂ with probability larger than

[n°]
* p * 2
1— 26701)\2 deg(y™) _ ) ];iK efcl/\z deg(z;) >1— ge,

To conclude, by the definition of B, the infection then survives until time ¢,, with prob-
ability larger than 1 — e.
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