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Abstract

We consider the contact process on the model of hyperbolic random graph, in the
regime when the degree distribution obeys a power law with exponent x € (1,2) (so that
the degree distribution has finite mean and infinite second moment). We show that the
probability of non-extinction as the rate of infection goes to zero decays as a power law with
an exponent that only depends on x and which is the same as in the configuration model,
suggesting some universality of this critical exponent. We also consider finite versions
of the hyperbolic graph and prove metastability results, as the size of the graph goes to
infinity.

1 Introduction

It has been empirically observed that complex networks such as social networks, scientific
collaborator networks, citation networks, computer networks and others (see [2]) typically are
scale-free and exhibit a non-vanishing clustering coefficient. Moreover, these networks have a
heterogeneous degree structure, the typical distance between two vertices is very small, and
the maximal distance is also small. A model of complex networks that naturally exhibits these
properties is the random hyperbolic model introduced by [29] (and later formalized by [24]):
one convincing demonstration of this fact was given by Bogund, Papadopoulos, and Krioukov
in [8] where a compelling maximum likelihood fit of autonomous systems of the internet graph
in hyperbolic space was computed. Another important aspect of this random graph model is
its mathematically elegant specification, making it amenable to mathematical analysis. This
partly explains why the model has been studied also analytically by theoreticians.

On the other hand, the contact process describes a class of interacting particle systems which
serve as a model for the spread of epidemics on a graph. Its use in the context of complex
networks as above goes back at least to Berger, Borgs, Chayes and Saberi [4], and has been
since then the object of an intense activity (see below for a partial overview).

Before giving more related work, we define the concepts mentioned in more detail.
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The hyperbolic graph model of [29]

In the original model of Krioukov, Papadopoulos, Kitsak, Vahdat, and Bogunid [29] an n-vertex
size graph was obtained by first randomly choosing n points in the disk of radius R = R(n)
centered at the origin of the hyperbolic plane. From a probabilistic point of view it is arguably
more natural to consider the Poissonized version of this model. Formally, the Poissonized
model is the following (see also [24] for the same description in the uniform model): for each
n € N, consider a Poisson point process on the hyperbolic disk of radius R := 2log(n/v)
for some positive constant v € R™ (log denotes here and throughout the paper the natural
logarithm) and denote its point set by V;, (the choice of V,, is due to the fact that we will
identify points of the Poisson process with vertices of the graph).

The intensity function at polar coordinates (r,0) for 0 < r < R and 0 < § < 27 is equal to

g(r,0) == Vegf(r, 0),

where f(r,0) is the joint density function with 6 chosen uniformly at random in the interval
[0,27) and independently of r, which is chosen according to the density function

asinh(ar)
f(r) :={ cosh(aR) — 1’
0, otherwise.

if 0 <r <R,

Note that this choice of f(r) corresponds to the uniform distribution inside a disk of radius
R around the origin in a hyperbolic plane of curvature —a?. Identify then the points of the
Poisson process with vertices (that is, identify a point with polar coordinates (r,6,) with
vertex v € V,) and make the following graph G,, = (V,,, E,): for u,u’ € V,,, u # u/, there is an
edge with endpoints u and «’ provided the distance (in the hyperbolic plane) between u and
u’ is at most R, i.e., the hyperbolic distance between u and v/, denoted by dy, := dy(u, ), is
such that d;, < R where dy, is obtained by solving

coshdy, := coshry, coshr,, — sinh r, sinh 7, cos(6,—0,). (1.1)

For a given n € N, we denote this model by Poi, ,(n). Note in particular that

//g(r,@) df dr = ve? = n,

and thus E|V,,| = n. The main advantage of defining V,, as a Poisson point process is motivated
by the following two properties: the number of points of V,, that lie in any region A follows a
Poisson distribution with mean given by [, g(r,6) dr df, and the numbers of points of V}, in
disjoint regions of the hyperbolic plane are independently distributed.

In this paper we restrict ourselves to % < a < 1. The restriction a > % guarantees that the
resulting graph has bounded average degree (depending on « and v only): if o < %, then the
degree sequence is so heavy tailed that this is impossible (the graph is with high probability
connected in this case, as shown in [7]), and if a > 1, then as the number of vertices grows,
the largest component of a random hyperbolic graph has sublinear size (more precisely, its
order is n'/(20)+°() gee [6, Theorem 1.4] and [18]). It is known that for 2 < a < 1, with high
probability the graph G,, has a linear size component [6, Theorem 1.4] and the second largest
component has size (9(logﬁ n) [28], which justifies referring to the linear size component as
the giant component. More precise results including a law of large numbers for the largest
component in these networks were established in [22].



For ease of notation, we will assume v = 1 throughout the paper; all our results, however,
hold for any constant v. In fact, in this paper, we use a different representation, namely
the representation of the hyperbolic graph in the upper half-plane. For our purposes, the
representations are equivalent (see Section 2 for details), and for us it is easier to deal with
the latter. We consider an infinite rooted version of this graph (that is, a graph in which one
vertex is distinguished as the root, once more see Section 2 for details), which we shall denote
by Gu, and a finite version, corresponding to the previous model: for n > 0, we let G,, denote
the restriction of G to the rectangle [—Zn, Tn] x [0,2logn], in which we identify the left and
right boundaries.

The contact process

In the contact process, each vertex of a graph is at any point in time either healthy (state 0) or
infected (state 1). The continuous-time dynamics is defined by the specification that infected
vertices become healthy with rate one, and transmit the infection to each neighboring vertex
with rate A > 0. We refer to [32] for a standard reference on the contact process.

Given a subset A of the set of vertices V' of a graph, we denote by (£1);>0 the contact process
starting from an initial configuration of infected vertices equal to A, and write simply (&)i>0
when A is a singleton {v} (when a superscript is not present, the initial configuration is either
clear from the context or unimportant). We will view &/ either as a function from V to {0,1},
or as a subset of V.

Our results

Our first result concerns the non-extinction probability of the contact process on G, starting
from only the root infected, which we denote by ~(\). In particular, it shows that vy(\) is
nonzero for all A > 0, which means that the critical infection rate A\.(Goo) is almost surely
equal to 0. Thus Theorem 1.1 should be read as a result on the asymptotic behavior of v(\),
as A approaches this critical value by above. Given non-negative functions A — f(X), g(}),
we say that f(A) < g(\) as A — 0 if there exist two positive constants ¢ and C such
that c¢f(A\) < g(A) < Cf(A) for all X small enough.

Theorem 1.1. As A — 0,

armE, ae (3
Y(A) = \damt 5
ezt @ € (1,1):

It is worth noting that such result has been shown in only a very limited number of other
examples. Indeed, to our knowledge so far it was only established for the configuration model
[12, 15, 35], and the so-called Pélya point graph [10] (which is the local limit of preferential
attachment graphs [5]), as well as for certain classes of dynamical networks [26]. We shall
comment further on the similarities and differences between all these results a bit later; in
particular the exponent in the power of A seems to be a universal constant only depending on
the degree distribution, while the power of the logarithmic correction seems on the contrary to
be model dependent.

Our next results concern finite versions of the hyperbolic random graph and show metastability
type results, namely that the extinction time when starting from the fully occupied configuration
is exponential in the size of the graph (see Theorem 1.2), and furthermore that the density of
infected sites remains close to y(\) for an exponentially long time (see Theorem 1.4).



For a finite graph G, we define T as the extinction time of the contact process on G, when
starting from all vertices infected. This is the hitting time of the unique absorbing state of the
process, equal to the identically zero configuration.

Theorem 1.2. For any A >0 and o € (3,1), there exist ¢ >0 and 8 € (0,1), such that
P(tg, >€e") > 1— e_mﬁ, VYn > 1.

The next result shows that there is no hope to take 8 = 1 in Theorem 1.2.

Proposition 1.3. For any o € (1/2,1), there are 8,¢' € (0,1) and a G,-measurable event
A,, with probability P(A,) > exp(—n?), such that E[rqg, | An] < exp(n®).

Finally our last main result proves the convergence of the density of infected sites to the
non-extinction probability on the infinite graph G..

Theorem 1.4. For any A > 0 and o € (%, 1), there exists ¢ > 0 such that the following holds.
Fiz (tp)n>1 such that t, — oo and t, < e for each n. Then, for any e > 0,

P ("5?;' —7()\)‘ > 5) 0

n—o0

Metastability results such as Theorems 1.2 and 1.4 for the contact process were first established
in 1984 for finite intervals of the line [14], and have since then been obtained in a large number
of other examples, including finite boxes of Z? (see [19, 33] and references therein), finite
regular trees [16, 38|, random regular graphs [30, 36], the configuration model [12, 15, 35],
Erdés-Renyi random graphs [3], preferential attachment graphs [10], rank-one inhomogeneous
random graphs [11], as well as for a large class of general finite graphs [34, 39]. The general
idea of the proof is often similar in all these models, but the technical difficulties are specific
to each case. Here as well, the hyperbolic nature of the graphs we consider lead to some new
difficulties.

Overview of proofs

The proof of Theorem 1.1 is based on proving corresponding lower and upper bounds. For the
lower bounds, we use a standard argument: we show that there is a certain chance that the
root will infect a vertex of sufficiently large degree, from where on the infection then survives;
either directly infecting from there vertices of even higher degree, or indirectly infecting such
vertices using low degree vertices, therefore giving rise to two different regimes. The upper
bounds require some harder and more original work. They are based first on partitioning the
event of survival into different events, depending essentially on the distance to the origin and
the degree of the vertices which are reached by the contact process, in such a way that each of
the events has at most the desired probability to happen. Again, in both regimes we identify
different events, giving rise to different values. Also, interestingly our estimates rely on some
new facts about the non-extinction probability of the contact process which hold on general
graphs and which might as such be of independent interest; see in particular Lemma 5.5.

The proof of Theorem 1.2 is based on finding a large (linear-sized) connected subgraph on
which the contact process survives for a long time. The key idea is a suitable tessellation of the
upper half-plane into different boxes, such that a constant proportion of small degree vertices
belongs to this subgraph, and such that all vertices of sufficiently large degree belong to this
graph as well. Proposition 1.3 is shown by explicitly constructing a graph whose connected
components are of size at most cn! =%, therefore yielding a smaller extinction time.



Finally, Theorem 1.4 makes use of the idea that if the process on the infinite graph starting
from only the root infected, survives for a long time then and only then it will escape from a
large neighborhood of the root. The proof of this idea is based on self-duality of the contact
process, and then by applying the first and second moment methods to the number of vertices
escaping from a large neighborhood (for corresponding upper and lower bounds, respectively);
The hyperbolic shapes of the neighborhoods, however, and in particular, the existence of very
high-degree vertices make this basic idea a bit delicate at times.

Discussion of results

In Theorem 1.1 we can observe a phase transition at a = %. This is interesting for different
reasons: recently it was observed that the value of o = % corresponds to a change of regime in
the local clustering coefficient averaged over all vertices of degree exactly k (see [21] for details)

- for a > % the clustering coefficient is of the order %, whereas for % <a< % it is of the order

k2=4 (for o = 2 it is of the order log k/k). It would be interesting to investigate further the
link between these two results. Second, since random hyperbolic graphs have a power law
degree distribution with exponent x := 2« + 1 (see [24]), the phase transition given here as
well as the speed of decay to zero of () is exactly the same as in the configuration model [35],
for both regimes. Given the similarities in the proof strategies in the two models this might
perhaps be less surprising, but it clearly raises the natural question whether a more general
theorem, with more general conditions on a random graph model, can be stated and proved.
In fact this striking fact had already been observed in another model, the Pélya-point graph,
already mentioned before. Indeed, in [10] it is shown that for x € [3,+00), the non-extinction
probability also decays polynomially as a function of A, with the same exponent as in the
configuration model [35], except for the power of the logarithmic correction, which suggests
that only the power of A might be a universal constant.

Related work. Although the random hyperbolic graph model was relatively recently intro-
duced [29], several of its key properties have already been established. As already mentioned,
in [24], the degree distribution, the expected value of the maximum degree and global clustering
coefficient were determined (details on the local clustering coefficient were then established
recently in the already mentioned paper of [21]), and in [6], the existence of a giant component
as a function of a.

The threshold in terms of « for the connectivity of random hyperbolic graphs was given in [7].
The logarithmic diameter of the giant component was established in [37], whereas the average
distance of two points belonging to the giant component was investigated in [1]. Results on
the global clustering coefficient of the so called binomial model of random hyperbolic graphs
were obtained in [13], and on the evolution of graphs on more general spaces with negative
curvature in [20]. Finally, the spectral gap of the Laplacian of this model was studied in [27].

The model of random hyperbolic graphs for % < a < 1is very similar to two different models
studied in the literature: the model of inhomogeneous long-range percolation in Z? as defined
in [17], and the model of geometric inhomogeneous random graphs, as introduced in [9] (see
these papers and the references therein for more details about these models). In both cases,
each vertex is given a weight, and conditionally on the weights, the edges are independent (the
presence of edges depending on one or more parameters). The latter model generalizes random
hyperbolic graphs.

Plan of the paper

The paper is organized as follows. In Section 2, we define more precisely the random graph
models on which we will work. We also recall basic facts and definitions about them, as well



as for the contact process. In Section 3, we prove Theorem 1.2 and Proposition 1.3, which
are based on some basic geometric constructions that shall be used throughout the paper. In
Sections 4 and 5, we prove the lower and upper bounds in Theorem 1.1, respectively. Finally
Section 6 provides the proof of Theorem 1.4.

2 Preliminaries

2.1 Hyperbolic graph model

Following [22], we consider the continuum percolation model defined in the upper half-plane.
Thus we let
H:=R x [0, 00),

and consider an inhomogeneous Poisson Point Process P on H with intensity measure u given
by
o
dp(z, h) = —e~*" dz dh.
T

The first coordinate of a point in H is sometimes called its horizontal coordinate (or x-
coordinate), and the second one its height. We then define G, be the graph whose vertex set
is the set of points of P, together with an additional (random) point p = (0, h), called the root,
where h is a random variable with density with respect to Lebesgue measure given by ae™*".
Furthermore, two vertices v = (z,h) and v' = (2, h') are connected by an edge in G, if, and
only if,

|$ _ .Z'/| < €(h+h,)/2.

For n € N, we define the graph G, as the restriction of G to the rectangle [-5n, §n] x
[0,21ogn], in which we identify the left and right boundaries. Note that this may create new

edges between pairs of vertices which are close to the boundaries.

In [22] a precise correspondance is established between G, and the model discussed in the
introduction, which indicates that all results that we prove here for G,, hold as well for the
former model.

Recall that we set v = 1 and thus R = 2logn. Consider the map ¥ : [0, R] x (—m, 7] —
(—5mn, 5n] x [0, R], with
oR/2

U (r,0)— (97

between the Poissonized hyperbolic graph model from the introduction and the continuum
percolation model in the upper half-plane. Denote by Vy, the vertex set of Gn. In [22] the
following result is shown:

,R—r),

Proposition 2.1 ([22]). There ezists a coupling of Gy, and Gy, such that with probability
tending to 1, as n — oo,

o U(V,)=V,, and

e under the event above, for all u = (r,0) and v = (r',0") € V., with r,v’" > 3R/4, u and v
are neighbors in G, if and only if ¥(u) and ¥(v) are neighbors in G,.

Since the proof of Theorem 1.4 only involves vertices at height smaller than elogn with ¢
some small constant, the proposition above is enough to transfer our proofs from G,, to G,.
Theorem 1.2 and Proposition 1.3 require explicit control of the probabilities of certain bad
events. The coupling is not enough to directly transfer the results; however, the proofs of both
results can be easily modified for Gy, so for consistency we give the proofs still in Gy,.



Now for a vertex v = (z,h) € Goo, we denote by Boo(v, 1) the ball centered at v containing its
neighbors, that is,

Boo(”? 1) = {1)/ = (.’E/, h/) € Gy |l‘ — l‘,| < 6(h+h/)/2},

More generally, for r € N, we let Boo(v, ) denote the subset of vertices of G, being at graph
distance r from v, that is, the set of vertices that can be reached from v by a path of length at
most 7. As in the infinite case, we define for any r > 0, and any vertex v € Gy, by B, (v,r) for
the ball of graph distance r in G,.

We need one more fact. Define a rooted graph as a couple (G, p), with G some graph and p
some (possibly random) distinguished vertex of G. A finite rooted graph (G, p) is said to be
uniformly rooted, if p is a vertex chosen uniformly at random among the vertices of G. A
sequence of rooted graphs (G, pn)n>1 is said to converge locally towards (G, p) if for every
fixed » > 0 and every fixed graph H, lim, oo P(B,(p,7) = H) = P(Bs(p, ) = H). In our case
it readily follows from the definitions of G,, and G, that the following holds.

Lemma 2.2. The rooted graph (Goo, p) is the local limit of the sequence of uniformly rooted
graphs (Gy, pn)n>1, s n — 00.

2.2 Contact process

Here we recall some elementary facts about the contact process, as well as some results from [35].
We will keep using the abuse of notation that identifies, for a set S, the element ¢ € {0,1}°
with the set {x € S: {(z) = 1}.

Given a graph G = (V| E) and A > 0, a graphical construction for the contact process on G
with rate A is a family of Poisson point processes on [0, 00):

D? : x € V all with rate one, and
DY) gy eV, {z,y} € E all with rate A;

all these processes are independent. If t € D* we say that there is a recovery mark at x at
time ¢ (or in short, at (z,t)), and if t € D®¥) we say that there is a transmission arrow from z
to y at time ¢ (or in short, from (x,t) to (y,t)). An infection path in the graphical construction
is a right-continuous, constant-by-parts function g : I — V for some interval I, so that:

— for all r € I, there is no recovery mark at (g(r),r);

— whenever (r) # v(r™), there is a transmission arrow

from (y(r™),r) to (y(r),r).

Given (z, ), (y,t) € V x [0,00) with 0 < s < t, we write (z,s) ~ (y,t) either if (z,s) = (y,t)
or in the event that there is an infection path ¢ : [s,t] — V with g(s) = x and g(t) = v.
For A CV, we write A X {s} ~ (y,t) if we have (z,s) ~ (y,t) for some x € A. Similarly we
write (z,s) ~ B x {t} and A x {s} ~» B x {t}.

Given any initial configuration A C V', the contact process started from A infected can be
defined from the graphical construction by setting

M x) = 1{A x {0} ~ (z,0)}, t>0, z€V;

as mentioned earlier, we write £ when A = {z}, and we omit the superscript when it is clear
from the context or unimportant.



Due to the invariance of Poisson point processes under time reversal, for any A, B C V we
have P(A x {0} ~» B x {t}) =P(B x {0} ~» A x {t}); this immediately gives the self-duality
relation P(¢2 N B # @) =P(¢P N A # @). In case B = {x}, this gives

P(ei(e) = 1) =P(EFNA£ D). (2.1)
Let us also repeat the definition of the extinction time
¢ = inf{t: & = o},

that is, the time it takes for the process started from all infected to reach the (absorbing)
all-healthy configuration.

We now state a result about the contact process on star graphs.

Lemma 2.3. There exists ¢ > 0 such that the following holds for any A < 1 and any d >
1/(e)?). Let Sy denote the star graph consisting of a center vertex o with d neighbors, and
let (&)i>0 denote the contact process with rate A\ on Sq. Then,

6] > Erd = P (|&] > E\d) > 1 — exp{—cA\2d} for any t € [1,exp{EA?d}]. (2.2)

Moreover,

& ={o} = P(&| >c\)> i for any t € [1,exp{cA®d}]. (2.3)

Since the proof is essentially the same as that of Lemma 3.1 in [35], we omit it.

We will need the following consequence of the above lemma. For d > 1, denote by L4 the graph
formed by the half line Ny = {0, 1,...}, where to each vertex m € Ny, we attach d additional
neighbors (with the additional neighbors attached to distinct points of Ny being all distinct).

Lemma 2.4. There exist positive constants ¢ and C' such that for any A\ < 1/2, the contact
process with infection rate A survives with probability at least ¢ on the graph Ly, when starting
from the origin infected, where d = C'log(1/)) - A72.

Proof. Let C > 0 be large, to be fixed later. Fix A < 1/2, define d as in the statement of the
lemma and let (& ):>0 denote the contact process on Ly with &y = {0}.

Define t,, := 1 + exp{eA?d} - n for all n € Ny, where ¢ is the constant of Lemma 2.3, and define
the discrete-time process

Cu(m) = 1{|&, N S| > eAd}, n € No, m € N,

where S, denotes the subgraph of L; consisting of the star graph containing m € Ny
and its d extra neighbors (so not including the neighbors of m in Np). Note that (2.3)
gives P ((o(0) = 1) =P (|¢&1 N So| > exd) > 1.

Now, assume that for some m,n we have (,(m) = 1, that is, |&, N Sy| > éAd. Then, by (2.2),
with probability larger than 1 — exp{—cé\?d} = 1 — A\°C we also have (,,,1(m) = 1.

Moreover, in case (,(m) =1 and (,(m + 1) = 0, there is a high probability that the infection
from S, at time t,, will pass to S,,+1 in the time interval [t,,¢,+1] and occupy it sufficiently
long to produce (,+1(m + 1) = 1. Indeed, as already mentioned, the infection remains in S,
during [t,, tn41] with probability larger than 1 — A\°“; condition on this. During this time
interval, we make propagation trials as follows: starting a trial at a time t € [t,,, tp,4+1 — 3], we
demand that during [¢,t + 1] some infected vertex of S, infects m; next, before time ¢ 4 2
and before recovering, m infects m + 1; finally, the infection spreads in Sy, +1 until time ¢ 4 3,
so that [£413 N Syui1| > eAd. The probability of success of such a trial is larger than cA? for



some ¢ > 0, by (2.3). The number of trials available is | (t,11 — t,)/3] = |exp{cA?d}/3| =
|(1/X)%“/3]. Hence, by taking C large enough and recalling that A < 1/2, the probability to
have a successful trial can be made as close to one as desired.

Using these considerations, the proof is completed with a standard argument, showing
that (¢n)nen, stochastically dominates a site percolation process (Q:n)neNo on the oriented graph
with vertex set Ng x Ny and all oriented edges of the form ((m,n), (m,n+1)) and ((m,n), (m+
1,n 4 1)). This process can be taken one-dependent, and so that the probability of any site
being open is above 1 — ¢, for any fixed 6 > 0, by taking C large enough (and uniformly
over A € (0,1/2)). Consequently, it has an infinite percolation cluster containing the origin
with positive probability if J is small enough (see [32, pages 13-16]). |

3 Proofs of Theorem 1.2 and Proposition 1.3

Our approach for proving Theorem 1.2 consists in showing that there are some ¢ > 0 and
B € (0,1) such that with probability at least 1 — e="” the random graph G, is “good” in
the sense that it contains a special structure where the process is able to survive for an
exponentially long time in n.

In order to find such a structure fix 0 < ¢ < @, and set L := O‘Q—J&l -log 2, which is chosen to

satisfy log2 < L < 1052. Next, construct a sequence Bjj of non overlapping open boxes of

height L and width 27 as follows:

e Take kg = [n'7¢1°82| which tends to infinity with n from our assumption on e. We
define the first row of adjacent boxes { By}, where k ranges from 0 to ko2lelogn) 1 ag

a row of adjacent boxes of width 1/2 and height L of the form By = (g, %) x (0,L).

e Analogously, for each j € {1,..., |elogn|} we construct a row of adjacent boxes {B;}
where now k ranges from 0 to kg2l€1°87 =% of width 2/~ and height L of the form
Bjr = (271,277 (k + 1)) x (jL,(j + 1)L), that is, we construct the row B, directly
on top of row j — 1; the only difference being that boxes now have width 2771,

Each B; at row j lies below exactly one
box Bj1 |x/2) from row j+1, which we call
its parent. Conversely, any Bj 1 at row T
J + 1 lies on top of exactly two boxes B; o

and Bj op41 from row j, which we refer to L B2y Baa

as its children. In the picture to the right By By B B3

we can see an example of the construction Bo,0|Bo,1|Bo,2|Bo,3|Bo,|Bo,s| Bo,s| Bo,7 .
where By is highlighted as the parent of i
BI,O and Bl,l-

Using this partial order relation between boxes we define a new graph G which will be
fundamental in our construction:

Definition 3.1. Let B := {Bj};r be as above. We define G as the graph with vertex set B
where any two B, B’ € B are connected by an edge if either:

e B is the parent of B’ (or viceversa), or

e B and B’ are adjacent bozxes at row |elogn].



The reason we connect parents to their children is that vertices contained in the corresponding
boxes are connected by an edge in G,: indeed, take some (x,h) € B and (2',h') € Bjiq |1/2)
and notice that from the definition of the boxes we have |z — 2/| < 2/ and h, k' > jL so that

, - h+H
o —a'| <27 < e/l <exp (;) :

and hence (x,h) and (2/,h') are neighbors in G,,. The same reasoning allows us to show that
vertices contained in adjacent boxes (that is, in pairs of boxes of the form B, and Bj 1) are
connected by an edge, since these also satisfy |z — 2/| < 2/ and h,h’ > jL. We will make use
of the latter property only for boxes at row |elogn] though.

When taking A small, the contact process tends to die out quickly, except on “good” regions
where vertices have an exceptionally large amount of neighbors, enabling the process to survive
for a very long time. We will show next that above some fixed row jg, with a large probability
the boxes defined above induce large cliques in G, and hence define good regions. Indeed,
note that every box induces a clique: observe that for any two vertices (z, k), (z/, k') € Bj, we
have |z — 2/| < 27~! and h,h' > jL, and hence we obtain that (z, ) and (z’, ') are neighbors
in G,,, as in the previous argument.

To see that said cliques are large enough, observe that the amount of vertices within Bjy is a
Poisson random variable P;j with parameter

L [UDE o

pi = 277 / —e Ydy = c2e V", (3.1)
iL i

where c is a positive constant. From our assumption L < 1052 it follows that p; * oo with j,

and even further, using a tail bound for Poisson random variables we have that there is some
Jjo independent of n such that for all j > jo,

pj i =P(Pjp>A"%) > 1- (6)\3[@'))\_367‘% > 1— De /2 (3.2)

for some D independent of u; and n. Since this expression tends to 0 as j — 0o, we conclude
that the corresponding cliques at rows with a sufficiently large index are very likely to be large.

Say now that a box B, is good if it contains at least A73 vertices in G,,. We define a subgraph
G C G obtained by
e removing from G all vertices B € B that are not good, and

e removing all connected components from the remaining graph not containing a box at
row |elogn].

A < [ > ~ A ~ 1> y
eLlogn [ <X > L4 1> < 7t

S T T T ST T A T T I T T LTI T Tl H T T T T T T T T T I T
T T M T T T A A e A e T T S T A A A T A T T T T A DT T T

Figure 1: Good boxes are shaded in light red, allowing us to obtain G which consists of two
connected components in this case.

As shown in Figure 1, the resulting graph G consists of a collection of percolated binary trees
all having their roots at row |elogn|, and these roots might or might not be connected. The
next result states that with a large probability G is not only connected, but also contains a
positive fraction of the whole graph G;:
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Lemma 3.2. There are some fized ¢ > 0 and 0, € (0,1) such that
P(G is connected, and |G| > dn) > 1 — e’

Proof. Notice that from the definition of G, the subgraph G is connected if and only if all
boxes (B|c1ogn),k)k are good. Now, applying (3.1) and (3.2) for j = |elogn| we obtain

P(Bj is good) > 1 — D exp(—Cnslloe2=al)y,

for all k, where C' is some positive constant. Since there are at most kg = [n'~¢'°¢2| such
boxes, we obtain that for that value of j,

P(B; ) is good Vk) > 1 — Dnl¢1982 exp(—Cpelos2=al)y (3.3)

which is already of the form 1 — e~"". It remains to show that |G| > én with a probability of
the same order, for which we assume that the event on the left of (3.3) holds. Call G; the set
of vertices of G at row j and define the events

& = {IGjl > 2(1 = f(7))|Gj1l},
with f(j) = 1/j2. Observe that for any fixed j, under &, 11, ... ;€| clogn) We have

lelogn]—1
Gil > [Glaogn)l [T 201 = F(0)) > cho2le8m =71 > 2772, (3.4)
l=j

where we have used that at row |elogn] all boxes are good, and where ¢ = [];2,(1 — f(£)) is
a positive constant. The result then follows if we show that there is some jy independent of n
such that

P(gjo,gj0+1, oo 75\_alognj) 2 1-— e—cnﬁ.

From the construction of G and the independence of the events {B; is good};; we know
that given |G;11| the random variable |G| follows a binomial distribution with parameters
pj and 2|Gj41|. On the other hand by (3.2) there is jo large such that for j > jo we have
1 — f(j) < pj, and thus using Chernoff’s bound we obtain

P(E | Gyual) > 1 - exp (~210)

which is increasing in |Gj41|. From the discussion leading to (3.4), there is a constant ¢ > 0,
such that

P(gj ’ngrlv oo 78LalognJ) > 1—exp (*5n2_jru’jf(j)) > 1—exp (*Enl_agLf(8 log n)) >

where we used that 277y, f(4) is decreasing in j. Finally we conclude that

P(E; 8j0+17 cee 7€Lalognj) >1- LE log ’nJe_Enliast(‘SlOg”)’

Jo>

C

which is larger than 1 — e~ ”ﬁ, for any 8 < 1 — aeL, and some ¢ > 0 depending on (3. |

We are now ready to give the proof of Theorem 1.2: take a realization of G,, such that G is
connected and |G| > én, and construct the subgraph G,, C G,, with vertex set G, NUgcaB
as follows:

11



1. For each B € G choose an arbitrary vertex v and let all the remaining vertices in B to
be connected by an edge to vp (and to no other vertex),

2. Add the edge {vp,vp'} to G, if and only if B ~ B’ in G.

It follows that G,, is composed of at least én stars of size no smaller than A3, which are
connected by their centers. For such a structure it was already proved in [34] that the infection
starting from the fully infected configuration satisfies

Pltg, > e >1—e "
for some ¢ > 0, and the result follows.
|

We now provide the proof of Proposition 1.3 by constructing the bad event A, as follows:
Choose some a € (%, 1) and some ¢ € (0,1) with a + e < 1. Take now an ordered sequence

{1} of evenly spaced points in [—Zn, Zn] with distance equal to n'~®. Observe that k ranges

from 1 to |[7n®|. We use these points to divide the space [-5n, §n] x [0,2logn)| into the sets
By ={(z,h), h >clogn}
By ={(z,h), |z — x| < $n° and h < clogn}
Cr ={(z,h), xx + %na <x < Tppy— %ns and h < elogn},

which are well defined because € < 1 — a. It follows directly from the definition of p that
w(Bo) < nl72 and for all k > 1, u(By) < nf and u(Cx) < n'7% As a result, there are
positive constants ¢ and C, such that

P(BO NG, = @)
P(By NG, = )

\%
ml
3

vV
o

—n® forall k >1

P(|Cr NGyl > Cn1™9) < e ™" forall k> 1.

Define A,, as the event in which there are no vertices in any of the By (including k£ = 0), and
in every O, there are at most Cn'~® vertices. Using that all sets correspond to disjoint areas,
we obtain

_ﬂ,(nlfas_,'_naJrs) . —nB

e e,

P(Ay) > e ()™ (1m e )T >

N | —

for some 5 > 0.

Now observe that if we take v = (z,h) and v = (2/, ') belonging to different C}, we necessarily

have |z — 2’| > n®, since there is at least one set By between them, and also eh+Thl < nf, so
that v and v/ cannot be neighbors in G,,. It follows that on A,, the graph G,, is composed of
connected components each of size at most Cn!~?. As shown in [39, Lemma 2.3], this entails
that the expected extinction time on each of these connected components is at most eC/"Q_Qa,

for some other constant C’ > 0. Since there are at most n such components, we finally deduce
E(rg, -14,) < nexp(C'n*72%),

and the result follows from the assumption a > 1/2.
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4 Survival probability: lower bounds

In this section we prove the lower bounds in Theorem 1.1. We give two different strategies that
show that the contact process survives for a long time. In a nutshell, in the case a € (%, %]
the strategy of surviving corresponds to finding a neighbor of the root of sufficiently high
degree, from which the infection will then pass over to vertices of even higher degree, and thus
surviving an infinite amount of time. In the case o € (2, 1) the strategy is different: a neighbor
at a high level is infected, but all its neighbors of low degree are needed to infect a vertex of

even higher degree (using Lemma 2.4). We make this more precise in the next two subsections.

4.1 Case o € (3,

]

The goal is to prove the following lemma:

(SN

Lemma 4.1. Let o € (,3]. Then

1
Y(A) > cA2=2a
for some sufficiently small constant ¢ = c¢(«) depending on a only.

Proof. We consider the contact process () on G started from a single infection at the
root, §o = Lypy. Let hy = ﬁ log(C'/\), with C some large constant to be chosen later. Let Ej
denote the event that the height of the root is below h,. Also define 7y := 0 and let 7 be the
first recovery time at o.

Let E; denote the event that Ey occurs, and that o has a neighbor 91 € R X [hy, hs + 1),
and there is a transmission from o to 0; at a time 71 € [r, 7). Recursively, assume that
events g O ... D Ej are defined, that they only involve information on the portion of the graph
contained in Rx [0, h,+k), and that Ej involves a vertex 0 € Rx [hy+k—1, hy+k) receiving the
infection at a time 75, On Ej, let 7;, denote the first recovery time at 0y, after 7,. Then, let Ej 4,
be the event that Fj occurs, and additionally 0y has a neighbor 05411 € R X [hy +k, hye +k+1),
and there is a transmission from 0y to Oy at a time 7541 € [7%, Té) Clearly, if Ng>0E}), occurs,
then & # @ for all ¢, that is, the process survives.

We now give lower bounds to the probabilities of these events, starting with

e —ah 1
P(Ey) = ae " dh > 5
0

if X\ is small (and hence h, is large). Next, denoting the height of o by h,, the number Ny of
neighbors of 0 in R x [hs, hy + 1) follows a Poisson distribution with parameter

hy+1 hat1 %
/ eXp{hO;h—ah}thﬂo::/ exp{@—a)h}dhzc(g)

with ¢ some positive constant depending only on « (which may change from line to line).
Hence,

)\ a2 —
B(B1 | Bo) > 15 - B(No 2 1| o) 2 eX-fo 2 ¢ O 53 - Awam,

where we used that \ is small, so that 1 + X\ < 2 and e %0 > %

Next, on Ej, let Ny denote the number of neighbors of 0 on R X [hy + k, he + k +1). We
have that (conditioned on Ej) the law of Ny is Poisson with parameter larger than

het+k+1 -1
B == / exp {W - ah} dh > cexp{(1 —a)(h+k)} = % cell—alk,
hs+k

13



Then, by the strong Markov property,

1
1+ AN

1

F(Bl | B) = E [ IFSvAs

Ek} < B(Ny < Bo/2 | Bi) +

By a Chernoff bound we have, P(Ny < 8x/2 | Ex) < S5 ', so we obtain

c C C —(l—«
IP(EkJrl\Ek)g)\—ﬁkgg.e (1-a)k

Putting these bounds together we have

plet

1 -1 1 c
> . T 272a . —2a . _ — . _(l_a)k .
P(ﬂkZOEk) = cC™ 272a . \2-2 ]!;Il (1 C e )

Recalling that ¢ depends only on «, and choosing C' > ¢, so that the infinite product on the
right-hand side is positive, the proof is complete. [ |

4.2 Case a € (3,1)

The goal is to prove the following lemma:

Lemma 4.2. Let a € (2,1). Then
)\4&—1

T gt

for some sufficiently small constant ¢ = c¢(«) depending on a only.

Before we prove this, we state an auxiliary result. Recall the definition of the graph L4 from
Lemma 2.4, consisting of a “half-line of stars”.

Lemma 4.3. Let C > 0 and d = C'log(1/)\)/\? be as in Lemma 2.4, and let hy. = 2log(2d).
Let v = (zy, hy) € H with hy > ha, and let GY, be the random hyperbolic graph with a vertex
artificially added at v. Then, with probability tending to one as A — 0, G%, has a subgraph
isomorphic to Lg, entirely contained in [x,,00) X [0,00), and so that v plays the role of the
center of the first star of the half-line.

Let us now show how this lemma allows us to prove our lower bound on the survival probability.

Proof of Lemma 4.2. As before, we start a contact process on G, with only the root o
infected. Writing o = (x,, h,), we first consider the event Ej that the root has at least one
neighbor in [z,,00) X [, 00). On this event, we let © = (x4, hy) denote the neighbor of o
on [zy,00) X [Ass, 00) such that x; is minimal. Furthermore, let F; be the event that Ey occurs
and there is a transmission from o to © before the first recovery at o. We then have

cA (L—a)h cata—l
-e\2 *% -
14+ A ~ log(1/X)2e—17

P(E;) >

for some positive constant ¢ that only depends on a. Conditioned on Fi, since the graph
on [x3,00) X [0,00) is still unrevealed, and by Lemma 4.3, with probability larger than % (if A
is small), v is the first star in a copy of L4 entirely contained in [z4,00) X [0, 00). Conditioned
on this subgraph being present, the infection then survives with a probability bounded from
below by a positive constant, uniformly in A, by Lemma 2.4. [ |
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It remains to prove the auxiliary result:

Proof of Lemma 4.3. By invariance of the point process under horizontal translations, it suffices
to treat the case x, = 0. We define Hy, := h, + k for k > 0; also let

k—1
O, =2 k>0, Ly:=0, Li:= Zej, k>1.
j=0
Next, define the boxes
Sk := [Lk, Lgy1) % [Hg, 00), S} = [Lk, Liy1) x [0,1], k= 0;

note that they are all disjoint. We now state and prove two claims about these boxes.
Claim 4.4. Let k € N and condition on a = (4, hq) € Sk being a vertex of GY,. Then, a has
a neighbor in Sk11 with probability larger than 1 — exp{—ée(lfa)(h*ﬁk)*l}.

Proof. First note that any vertex b = (xp, hy) € Sk41 is necessarily a neighbor of a, since

_ _ ha+hy
|Tq — x| < Ly + Lt =eflr=2 L Himl < el < o2

Hence, we only need to estimate the probability that S has no vertices. Since the number
of vertices in Sy is Poisson with parameter at least

€k+1 : /OO e_ahdh = l . e(l_a)(h**—‘,-k)—]_’
Hyq (%

the result follows. |

Claim 4.5. The following holds for A small enough: let k € N and condition on a = (x4, hs) €
Sk being a vertex of GY . Then, a has at least d neighbors in S; with probability larger
than 1 — exp{—cdek/z}, for some ¢ > 0 that does not depend on A or k.

Proof. First note that, since ef¥/2 « %er—Q = %Ek for any k if A is small, at least one of the
boxes
[2q — /2 2,0 % [0,1] and [z4, 24 + /%] x [0,1]

is contained in Sj. Moreover, any vertex in these two boxes is connected by an edge to a,
since h, > Hp. The number of vertices inside any of the two boxes is Poisson with parameter

1 _
er/Q/ e~ qp = ﬂ CeHe/2 — 9. oF/2.
0 «

By a Chernoff bound, such a Poisson random variable is larger than d with probability larger
than 1 — exp{—cde*/?} for some universal constant ¢ > 0, completing the proof. |

Now, combining the two claims and independence of the point process in disjoint pairs of
boxes, the probability that we can find a sequence vy = v,v1,v9,... so that for every k we
have vy € Sk, vg ~ vp+1 and vg has at least d neighbors in S,’i, is larger than

[e.e]

1
1-— H (1 — exp {e(l_a)(h**+k)_1}> - (1 — exp{—cde*?}),
o
k=0
which can be made as close to 1 as desired by taking A small, since h,. — co as A — 0. |
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5 Survival probability: upper bounds

We prove here the upper bounds in Theorem 1.1. We start with a general result (see Lemma 5.1
below) regarding the existence of infection paths.

5.1 Infection paths and ordered traces

Given a graph G = (V, E), we define I'n, = I'o (G) as the set of all finite and infinite sequences
of the form (v(0),~(1),...) with v(0),v(1),... € V and (i) ~ v(i + 1) for each i. Elements
of I's are called vertex paths; the length of a finite vertex path v = (7(0)...,v(k)) is defined
as |7y| := k; in case + is infinite, we set |y| = oco.

Assume given a graphical construction for the contact process (&;);>0 with some rate A > 0 on G.
Recall the definition of infection paths from Section 2.2. Given an infection path g : I — V,
where I C R is an interval, we say that the ordered trace of g is the vertex path v, =
(74(0),...) € I obtained by setting v4(0) as the vertex where g starts, g((inf I)"), and letting
the subsequent vertices of v, be the vertices visited by g in order.

Lemma 5.1. Assume \ < % Given v € ', the probability that there exists t > 0 and an
infection path g : [0,t] — V having v as its ordered trace is at most (2X)17.

Proof. Fix v € T'w. For each t > 0, define X; as the largest value of ¢ € {0,...,|v|} such that
there is an infection path g : [0,t] — V with g(0) = v(0) and ordered trace v4 = (7(0),...,7(3))
(let X; = —oo in case no such i exists). Let

T = inf{t : Xt € {—OO, |’7’}}7

and note that the event described in the statement of the lemma occurs if and only if X, = |v/|.
Next, define
M; = (2)\) "X, t >0,

so that M, = 0 when X; = —oo. We claim that (M-x¢):>0 is a supermartingale with respect
to the natural filtration (F;):>0 of the Poisson processes in the graphical construction. To see
this, note that, on {7 > ¢},

d
T E[Miys | Fi]

ds = ((QA)_(Xt‘l) — (2)\)‘Xt) + A ((2)\)—()(}—1-1) _ (2)\)_Xt>

s=0

1
_(QA)_Xf-<2/\—1+2—)\> <0,

assuming A < % Now, the optional stopping theorem gives
1 = E[Mo] > E[M;] > 20) V- P(M: = (20) 1) = 20) 71 P(X; = ),

completing the proof. [ |

In what follows, we write, for h > 0 and d > 0,

D(h) = M2 H(d) = DM(d) = 2log <(a - ;) - d> . (5.1)

Note that D(h) corresponds to the expected degree of a vertex at height h; the value H(d)
should be thought of as a height compatible with degree d.
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5.2 Regime a € (3, 2]

The goal of this section is to prove the following proposition:

D=

Proposition 5.2. Let a € (4,3]. Then

~(\) < CAT2,

for some sufficiently large constant C = C(«) depending on « only.

Proof. Let dy = A" for a sufficiently small constant ¢ = ¢(a)) > 0. Call a vertex to be red
if its height is at least hg = H(dp) (in other words its expected degree is at least dy), and all
others blue. Starting from o (that was artificially added), we say we exit the k-th neighborhood
of (G, 0), if either the infection spreads through a path of all blue vertices of length k, or if a
red vertex at distance less than k from o is infected, or if a blue vertex already appearing on a
blue path becomes re-infected (we do not claim that the vertex healed in the meantime, we
just say that there was another infection that took place, that is, another transmission arrow
in the graphical construction). We will show that for £ = log(1/)), the probability to exit
the k-th neighborhood is at most C)\ﬁ, thus proving the desired statement. We define the
following events:

E; = {oisred}

={o0 is blue, there exists a path of length 0 < j < k of (all different) infected blue vertices,
followed by a red vertex that is infected}

E5 ={o is blue, there exists a path of (all different) blue vertices of length k
through which the infection travels}

E, ={o is blue, there exists a path of (all different) blue vertices of length 1 < j < k
followed by a blue vertex that appeared previously on the path that is infected again}

It is clear that if none of E;, F», F3, E4 happens then the infection does not survive.
For Ej, the probability that o is red is (C' = C(«) is a sufficiently large constant that changes

from line to line),

—ah _ _—aho __ 37‘1 %
o e “"dh=c¢e = (CA\2—2a < O)\2-2a,
h>ho

Next, consider a path of length 1 < j < k, of (all different) blue vertices followed by a red
vertex, through which the infection travels. For j+1 (ordered) distinct vertices o, x1, ..., x;, let
Fs(o0,x1,...,2;) be the indicator function for vertex x; being infected by o; for i =2,...,j—1,
x; being blue and being infected by x;_1, and finally, x; being red and being infected by x;_;.
By the multivariate Mecke formula (see for example [31, Theorem 4.4]) and Lemma 5.1, we
have

+
E Z (F2(0 T1,...,T5))

0,1,

h<hg h1<h0 hj_1<ho h’>h0

< (CA) =)~ Dhot+(z—a)ho < (Cc22yi . \1=2 L2
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where the sum is over (j + 1)-tuples of vertices being all different; indeed, the Mecke formula
gives the desired integral representation for the expected number of vertices in the desired
region, and since conditional under having points at certain locations the probability of having
infections is bounded by Lemma 5.1, the expected number of infection paths is the product of
the existence of paths together with the indicator variable of having an infection throughout
the path, giving the desired formula. Therefore,

Ea

k-1 # -1
_1-2a _oang 1
E(Y Y (Falo,ar,...,z))) | <A 722 ) (CP2) < CATam,

j=10,x1,....,x; 1

<.
Il

where in the the last inequality we assumed c sufficiently small so that the sum is convergent.
Note that in order for Es to hold, there must exist 1 < j < k and o,z1,...,7j-1,7; so that
Fs(o,...,xj—1,z;) = 1, and hence, by a union bound we have the desired upper bound on the
probability of FEs.

By the same argument, for E3, the probability of having a path of (all different) blue vertices
of length k£ =log(1/)\) through which the infection travels is at most

(CA)k:/ / / (=)t cthin) (3-0)(hthe) < \(C2-20)k-1 < OATam
h<hg Jh1<hg hip<hg

where we assumed again c¢ sufficiently small, and used « > 1/2 for the last inequality.

Finally, for the probability that o is blue, and that there is a path of (all different) blue
vertices of length 1 < j < k through which the infection travels, followed by a blue vertex that
appeared previously on the path, observe that for the last vertex that is repeated, there are j+1
choices to choose the vertex. Since this vertex is already there, there is no additional factor
corresponding to the intensity of having a vertex there, there is however an additional factor
A for re-infecting the previously appeared vertex. Let Fy(o,z1,...,2;,2,) be the indicator
function for vertex x1 being infected by o; for i = 2,...,7 — 1, x; being blue and being infected
by x;—1 (all vertices up to z; being distinct), and finally, z, is infected by x;, where z, is a
repeated vertex (for which there are j + 1 choices). Once again by the multivariate Mecke
formula we have (summing over all tuples of vertices where only the last vertex is repeated, all
others being distinct),

k—1
E Z Z (Fy(o,21,...,zj,2))

j=10,x1,....25,Ty

-1

T

<N (NG + 1) / . / e(1=a)(hat.thj—1) (5 =) (hthy) dhj . ..dhidh
h1<ho h;<ho

h<hg

< ST+ DACE2Y L < A2 < OTa

> .
I

<
I
—

where the sum is over tuples of vertices with (o,z1,...,2;) being all different and z, €
{o,21,...,2;}, and where we used for the last inequality that o < 3/4. By taking a union
bound over the probabilities of all events Eq, Fo, F3, E4, the proof is finished. |

5.3 Regime a € (3,1)

The goal of this section is to prove the following proposition.
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Proposition 5.3. Let a € (2,1). Then
)\40471

T g

for some sufficiently large constant C = C(«) depending on o only.

Before turning to the proof of this result, we need to make a detour, with several definitions
and intermediate results. To justify why this is needed, we first point out that, in the upper
bound for the case o € (%, %}, we did not really have to deal with the infection spreading from
vertices of degree above dy = c)\_ﬁ < A72: such vertices were labelled red there, and the
probability of their ever becoming infected was already small for the purposes of our upper
bound. For the present case a € (%, 1), however, the event that the root has a neighbor of
degree around A\~2, and infects this neighbor, has probability of larger order than what we
hope to achieve with our union bound. Hence, we need to include this event in our proof,
and go further by saying that even if it happens, the infection has small chance of surviving
thereafter. To do so, we need to develop tools to argue that the infection does not travel far
even if it starts from a vertex whose degree is around A~?; around these vertices, multiple
re-infections are likely to occur.

We fix a rooted graph (G = (V, E), 0), and consider the contact process (§;);>0 on G started
from &y = {o} (in all that follows, this initial configuration will be assumed). Given a vertex u €
V', we say that (&) is thin on u in the event that there is no infection path g : [0,¢] — V for
some t > 0 with g(0) = o and such that u appears more than once in the ordered trace of g.
We say that (&) is thin on a set V/ C V in the event that (&) is thin on every vertex of V'.

Lemma 5.4. If V C V is finite, then on the event that (&) is thin on (Vp)¢, it almost surely
dies out, that is, almost surely there is t > 0 such that & = @.

Proof. For t > 0, let E; be the event that § # @ and the ordered trace vy, of any infection
path ¢ : [0,s] = V with g(0) = 0 and s < t visits each vertex of (V)¢ at most once. Using
the finiteness of V{, and making a finite number of prescriptions on Poisson processes on the
graphical construction, it is easy to see that P(Ey1) < o(X, Vo) - P(E}) for some o(X, Vp) < 1
(it suffices for example to extend an existing infection path g : [0,¢] — V by imposing that in
the time interval (¢,t + 1), it reaches some u € (V5)€, then from there jumps to a neighbour
of u, then to u again). We then have

P (& # @ Vt, (&) is thin on (V))¢) = tll)rgo P(E;) = 0.

Before stating the next result, we will need to define some subsets of I',. We fix aset A CV
with o ¢ A, and define

(~(0),...

,7(k)) € Tog : 7(0) = o,

% =< ~(0),...,v(k — 1) are distinct and not in A, p, k>1
v(k) e A
(7(0),---,7(k)) € To = 7(0) = o,
I‘ljh* =< 7(0),...,v(k — 1) are distinct and not in A, », k>3,

(0)
v(k)

Ty := Uk>1 Fi,

€ {7(0),...

k
Pays = Uk>s Iy,
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The role of A will become clear in the sequel, but the intuition is that in the hyperbolic graph
setting A is a set of dangerous vertices (typically vertices above a certain height and thus of
high degree) whose infection should rather be avoided, as otherwise the infection goes on for
too long. Nevertheless, the following lemma holds in a more general setup:

Lemma 5.5. There exists ¢ > 0 such that, for any A < %, the following holds. Let G, 0, A be
as above, and let (&)i>0 be the contact process with parameter X\ on G with & = {o}. Then,

A2 d
P, £t > 0) < PRI - ()} | p Soent foraiT > 0.
YEL AUl 4«

Proof. Let S denote the star graph with vertex set {o}U{z :  ~ o} and edge set {{o, 2} :  ~ o}
(we will also denote the vertex set of this graph by S). We assume given a graphical construction
for the contact process (§;) with rate A on G; using this same graphical construction, we
define (1) as the contact process on S with 1y = {o}.

Fix T > 0. Let 7 = inf{t : n, = @} and define the event E, := {7 > T}. For each
finite v = (7(0),...,7(k)) € I's, let Er, denote the event that there exist ¢t < 7" and an
infection path starting at (o,¢) and having ordered trace v. Finally, define 7" as the first time
when either a vertex of A becomes infected, or an infection path ¢ : [0,7'] — V can be formed
with ¢(0) = o and so that some vertex v ¢ S is in the ordered trace of g twice.

Claim 5.6. We have that

{f'<x}<EU |J EBn, (5.3)

YEL AUl 4,4

Proof of Claim 5.6. Assume that 7/ < co. Then, we can take an infection path g : [0,7] = V
with ¢g(0) = o and so that either g(7') € A or the ordered trace of g contains some vertex v ¢ S
more than once. We consider three cases:

e If 7/ > T and during the whole time interval [0, T], g only occupies vertices of S, and
only traverses edges of S, then E, occurs.

e If 7/ < T and during the whole time interval [0,7'], g only occupies vertices of S, and
only traverses edges of S (which can only happen if g(7') € SN A), then the event Er .
occurs for v = (o, g(7")).

e If neither of the previous two situations holds, then we let s be the first time at which g
traverses an edge that is not in S; note that s < T, g(s—) is a vertex of S, and g(s)
may or may not be a vertex of S. Then, Er, occurs for the vertex path v defined by
setting v(0) = o, (1) = g(s—), 7(2) = g(s), and the rest of v given by the subsequent
vertices visited by ¢ in order, stopping when either there is a repetition or A is reached.

We now complete the proof of the lemma by using the claim and bounding the probabilities
of the events on the right-hand side of (5.3). It is known that there exists ¢ > 0 such
that E[r] < exp{cA?deg(0)} (see Theorem 1.4 in [25] and the observation that follows it).
Using this and Markov’s inequality,

P(E,) < exp{cA? deg(o)}
o) = T .
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Next, fix v = ((0),...,v(k)) € T4 UT4.. Let us first observe that, for any ¢, the prob-
ability that there is an infection path starting at (v(1),¢) and from there visiting the ver-
tices (7(2),...,v(k)) in order is smaller than (2A)*~!, by Lemma 5.1. Hence, letting X denote
the set of times ¢ < T at which there is a transmission arrow from (o,t) to (y(1),t), a union
bound gives P(Er.|X) < |X|- (2A)*~!. Taking expectations on both sides of this inequality,
we obtain:

P(Ery) < (20" - E[X|] =T - A",

Hence, by a union bound over all 7, the probability that a vertex of A ever becomes infected,
or that a vertex outside S appears more than once in the ordered trace of an infection path
started from (o,0), is at most

exp{c)\? deg(0)} .
= +T Y (enhl

YEL AUl 4 4
If none of these things happen, then (&) is thing outside S. The conclusion now follows from

Lemma 5.4. [ |

We now come back to the hyperbolic setup. Given u = (xy, hy), v = (2, hy) € H with |z, —
Zy| < exp {(hy + hy)/2}, let G™? denote the graph obtained from G, by artificially including
vertices at v and v. We root this graph at u. We define

he :=H <A12> (5-4)

and

A :={w = (zy, hw) € G"Y: hy > hy},
and the sets of vertex paths I'y and I'4 , as in (5.2). We then have:

Lemma 5.7. There exists g > 0 such that for any 6 > 0 and for A small enough (depending
on 0), the following holds. Abbreviate

W= H <A‘52 log G)) . (5.5)

If u has height h, < h" and v has height h, < hy, then
El Y ey <.
YEL AUl 4 4«

We will give the proof of this lemma later; for now, we state and prove:

Proposition 5.8. There exist §,¢ > 0 such that the following holds for \ small enough.
Let u = (x4, hy), v = (x4, hy) be as above, and further assume that

hy < B, hy < hy. (5.6)
Let (&) denote the contact process with parameter X on G*V and & = {u}. Then,

P (& # @Vt > 0) < X,
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Proof. Welet § = {2, where g is the constant of Lemma 5.7, and c is the constant of Lemma 5.5.
Also let T = A~¢9/2_ Then, by Lemma 5.5,

P(& #@VE> 0] G™Y)
2,20 1
<1 {deg(U) > 2 108 <1> } g ot el (3} g > ey

22 A T
YELAUT 4

20 1 €o/4 —e0/2
=1 {deg(u) > Flog <)\> } + As0/4 4 yme0/2. Z (2x)h!.

YEL AUl 4,4

Taking expectations and using Lemma 5.7 then gives

P& #£oVE>0) <P <deg(u) > i—g log <i>> + Fo/4 4 \e0/2,

Note that deg(u) — 1 ~ Poisson(D(h,,)) and by (5.6) we have

by < (i (Loe (1)) = foe (1)

Using a Chernoff bound, it is easy to see that there exists ¢ > 0 such that

J 1 9 1
P <deg(u) > 2? log (A)) < exp {—c- ﬁlog <)\>} < A,

if A is small. We then have, for A small,
P(& # @Vt > 0) < A+ X0/4 4 \0/2)

so the result follows by taking ¢ = €¢/5. |

Proof of Lemma 5.7. We fix g9 > 0, whose value will be chosen later, let § > 0 be arbitrary,
and assume u = (x, hy) has hy, < h", with h” defined as in (5.5). Recall that T% = {y € T'4 :
|v| =k} for k> 1 and FZ* ={y€Ta.: |y| =k} for k > 3. We further let T'% be the set of

vertex paths in I‘ffl that do not visit v, and similarly define f"jjl e

We bound, for £ > 1, using the multivariate Mecke formula (see [31, Theorem 4.4]) and
Lemma 5.1,

2NF - E[ITR]] < (2)\)k/ / / dn® ... qn®
rD<h, hE=D <p, JR(R)>h,

hay _ 1
exp{2 +(1—a)(hW 4. g kD) <2 - a> h(k)}

:(2A)k-0k-exp{h2u+((1—&)(1{:—1)+;—a> h*},

(Recall that the value of C' = C'(«) may change from line to line, but it will never depend on
A). Recalling that h, < h”" = H (% log (3)), he = H (A2) and (5.1), we see that the above
is smaller than

4((1—a)(k—1)+1-0)
(2)\)1"’0]‘3% log <i> <i> ’ = C*log <i) Ada=3)k,
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Hence,
o0

A 1 -
Y @Vt E [|rfgy} < C-log (A> a3 )¢ (5.7)
k=1

for some € > 0 and A small enough, since 4o — 3 > 0.

Next, for k > 3, again by the multivariate Mecke formula,

NF BT L] < 2A)F- k/ / dh® =1 ... qpM
' R <h, h=1) <h,

hy _ 1 _
exp{z—l—(l—a)(h(l)—i—'--—i-h(k 2y + <2—a> hk 1>}

1 1 1\ A0-a)(k-2)

=k-CF. log (i) . \(4a—3)k—8a+6

Then,
00 A 1 }
S ent B[] < - log <A> Aa-B3-8at6 _ 3¢ (5:)
k=3

for some € > 0 and A small enough, since the exponent of A in the middle term is 4ac — 3 > 0.

The bounds carried out above, yielding (5.7) and (5.8), can be repeated for the sets of vertex
paths Fﬁ\f‘ﬁ and I‘fﬁl *\f‘]j{ .» with no significant differences, except that one of the integrals
involved in each of the bounds is suppressed to account for a visit to v. We omit the details
for brevity. The result now follows by taking g < € and \ small. [ |

Bounds on infection paths through low vertices

We let (Goo, 0) be the random hyperbolic graph on H with uniformly chosen root, and (&;):>0
the contact process with rate A on this graph with £, = {o}.

Our next goal is to prove:

Proposition 5.9. There exists €1 > 0 and o > 0 such that the following holds for A small

enough. Abbreviate
1

Let E be the event that: for every infection path g which starts at o at time zero, and from
there jumps to a vertexr v = (xy, hy) with hy, < k', we have that g is finite and never visits a
vertex with height above h'. Then,

P(E) > 1 — \o~lter

Before proving this result, we need to give some definitions, and state and prove a lemma. We
continue abbreviating h, = H (/\%) We leave o € (0,1) fixed for now, with 2’ as in (5.9) and
we define the random vertex set

A=A, :={v=(2p,hy) € Goo: v#o0, hy > 1}
Next, define I' f = T'4(Goo,0) and I' 4 » = T' 4 +(Go,0) as in (5.2); also let
Tg:=T4\TY = Upsa TH

and
Ty ={(o,u,0,v) : u,v ~ o}.
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Lemma 5.10. Assume o € (0,1). If no infection path g with g(0) = o has v,4 € ToUT AUT 44,
then the event E of Proposition 5.9 occurs: any infection path g with g(0) = o and v4(1) ¢ A
is finite and never enters A.

Proof. Assume that the realization H of the graphical construction of the contact process is
such that no infection path started at o at time zero has ordered trace in I'gUT' 4 UT" 4 «. Then,
it is readily seen that, for any infection path g (starting from time zero),

if g(0) = o0, 74(1) ¢ A, then g does not intersect A, (5.10)
and also
if g(0) = o0, 74(1) ¢ A, then no u # o appears in vy, more than once. (5.11)

(indeed, if an infection path g : [0,t] — Goo With g(0) = 0 and v4(1) ¢ A violated either property,
we could obtain s < ¢ so that the restriction g of g to [0, s] would have 75 € To UL 4 UT 44).

Now, let H' denote the graphical construction obtained by removing from H all Poisson
processes associated to vertices of A, and edges that intersect A. Then, (5.10) implies that
the set of H-infection paths g with g(0) = o, v4(1) ¢ A is equal to the set of H'-infection
paths g with g(0) = o. Moreover, (5.11) implies that the contact process (§}):>0 obtained
from H' and & = {0} is thin outside o, so by Lemma 5.4, this process dies out. In particular,
any H'-infection path g with g(0) = o is finite. |

Proof of Proposition 5.9. Recalling that h, denotes the height of the root o, we start by
bounding

P(E) <P(h, > h') + P(E°N {h, < K'})
< P(ho > h)+E [1{h, < h'} - > @y, (5.12)
YETQUT 4UT 4,4

where the second inequality follows from Lemmas 5.1 and 5.10. We will bound the terms on
the right-hand side separately. We start with

0o (5.1),(5.9) —2(2—0)a
P(hy > 1) = / ae e dn, < O C <i> < Na—l+a (5.13)

for 0 > 0 and €1 > 0 small enough, and then A small enough.

Next, we bound (again using the multivariate Mecke formula):

(27)° - E [|Ty| - 1{h, < 1'}]

h' co oo
< (203 / o / / dhodh™Mdn® exp {(1 — a)h, + (; - a) () 4 h@))}
0 0 0
<X.C-exp {A-a)/}<C- A3~2(2-0)(1-a)

Now, since
3-22-0)1—-a)>3-2-2-(1—a)=4a—1,

we obtain
(20)* E[|To| - 1{ho < W'}] < Ato71Fe (5.14)

for some €7 > 0 and A small enough.
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We now bound, for k > 2, one more time using the multivariate Mecke formula,

@2\F - E [my} - (2)\)’“/ / / / dn® ... dhMdn,
0 JhW<n RE=D<h’ Jhk) >n/

aexp {(1 —a)(hV 4 4 R 4 (; — a) (ho + h“”’)}

S)\k-CkH-exp{((l—a)(k—l)—i—;—a)h’}

< O A\k—2(2-0)[(1-a)(k—1)+5—a]

Thus, if ¢ is small,

Z(zA)k E [[F’jﬂ} <C. \2-22-0)[(1-a)(2-1)+3—a] _ Aa—lder (5.15)
k=2

where for the last inequality we assumed that £ > 0 is small enough depending on «,
and o = o(e) is small enough. Indeed, this can be accomplished, since if we had o = 0, then
the exponent of A in the middle term would be 8« — 4, which is strictly larger than 4o — 1
when o > %; by continuity, this strict inequality still holds for small o > 0.

The last term we have to treat is, for k > 3 (again using the multivariate Mecke formula)
(2)‘) [|FA Al = / / e / dr=D ... anMap,
1) <p’ h(k=1) <p/
aexp { (2 — a> (ho + %Dy £ (1 —a)(hM + - + h(k—2>)}

<\ ok exp{(k—2)(1-a) h’}<Ck Ne=22-0)(1=a)(k=2)
Then,

Nk

(20FE [T, || < € 22010 @2) ¢ ylomtta (5.16)

o

=3

for small €1 > 0: if we had ¢ = 0, then the exponent of A in the middle term would be
precisely 4o — 1, and moreover this exponent is increasing in o.

The proof is now completed by using the bounds (5.13), (5.14), (5.15) and (5.16) back in (5.12).
|

We are now prepared to finish the proof of Proposition 5.3.

Proof of Proposition 5.3. We recall the definition of h,, A" and A" in (5.4), (5.5) and (5.9).
We now give several additional definitions. We let

N ={v=(20,h) € Goo: v~ 0, hy 2 h'}, N =|N].

On the event {N = 1}, we define & = (x4, hy) as the unique element of . Next, let M
denote the number of transmission arrows that appear from o to vertices of N before the first
recovery mark at o. On the event {N =1, M > 1}, define 7 as the first time a transmission
arrow occurs from o to 4. Further define, on {N =1, M > 1}, the process (n:):>- as the
contact process on Gy, started from time 7, with a single infection at u; this process is defined
with the same graphical construction as that of the original process on G.. In other terms,
recalling the notation from Section 2.2, we set

ne(v) = 1{(a,7) ~ (v,t)}, vE€ Gy, t>T.
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Lastly, we define the event
E:={N=1 M=1, 1 #o foral t >7}.

Recall the definition of the event £ in Proposition 5.9. We now claim that, if neither of the
four events

(B), {N>2 M>1}, {N=1, M>2}, E (5.17)
occurs, then & = @ for some t. To prove this, we first observe that, by the definition of E, on
the event F2 N {M = 0} we have that every infection path started at o at time zero is finite,
and hence (&) dies out. Having this in mind, if neither of the four events in (5.17) occur, the
only remaining situation in which we need to rule out the survival of (&) is when N = M =1
and (7;)¢>- dies out: this is the area painted blue in Figure 2. In that case we can argue as
follows: given an infection path g started at o at time zero, if we have v4(1) # @ then g is
finite (because E occurs), and if v,(1) = 4, then the jump from o to @ must be through the
only transmission arrow from o to 4 before the first recovery at o; then, the rest of ¢ is an
infection path available to (7;), so it is finite since (n;) dies out.

_ R A A ——
{N_Q}{{NZZ,Mzo}{/ \

{(N=1, M >2}
{N=1}{ (v=1, Mm=1} {[" O / .....

(N =1, M =) [[rmmmmmmmm

A /

(E)°

E

Figure 2: The four bad events defined in (5.17) are painted grey. In the regions painted white
and blue, the contact process dies out.

Hence, the proof of the upper bound will be complete once we show that the four events
)\40471 _

in (5.17) have probability smaller than C Tog(1/NZa=T for some C' > 0. For (E)¢, this is already
given by Proposition 5.9. We proceed to bound the other ones in order.

e Probability of {N >2, M > 1}. We bound

AN
1+ AN

The law of N conditioned on h, is Poisson with parameter

o / P { (é - a> h} dh < C-e'F A2 (5.19)

/

P(N > 2, M21)=E[ .n{sz}} <X\-E[N-1{N >2}]. (5.18)

so we can bound

E[E[N - T{N > 2} | ho| - 1{ho = H(1/A)}] < E[E[N | ho| - 1{ho > H(1/A)}]

<c. /oo o—oho . (e% .>\(2—0)(20¢—1)> dh, < C - \3=0)(20-1)
H(1/A)
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Next, when h, < H(1/X) the expression on the right-hand side of (5.19) is smaller than C -
A2=9)2a=D-1 « 1 if ¢ is small (and X is small), since o > 3. We then use the bound,
for Z ~ Poisson(f) and S small,

E[Z -1{Z>2}| =E[Z] -E[Z-1{Z =1}] = f — B # < 2
to obtain

E[E[N - 1{N > 2} | ho] - 1{ho < H(1/N)}]
H(1/X
< C / (/ )e—ahg . (e%’ . A(2—a)(2a—1))2dho
0
—C- )\(270)(40172)72(1704).

Now the expression on the right-hand side of (5.18) is smaller than
C. ()\(3*0)(2a71)+1 4 )\(270)(4a72)72(17a)+1> '

If we had o = 0, the exponents of X inside the parentheses would be 6ax — 2 and 10« — 5, both
of which are larger than 4ac — 1 when o > %. This shows that

P(N >2, M > 1) < \o—1+e

for some &’ > 0, if o is small enough (and A is small).

e Probability of {N =1, M > 2}. This is easier to handle. We first have (by the multivariate
Mecke formula)
o0 (o9} 1
P(N=1)< / / exp { (2 - a) (ho + h)} dhdh,
0 /

< C-exp { <; — a) h’} — . \2-0)(2a=1)

2 5.20
P(N=1 M >2)= <1i)\) ‘P(N =1) ( < ) C . \2H2@2-0)(a—3) o yda—3

(5.20)

Then, we bound

if o is small enough, and then A is small enough.

e Probability of E. We start with

P(E) <P(hy > h,) +P(N =1, M > 1, hy > h")
+P (N =1, M >1, hog < hy, hg <h", (M)i>r survives) .

The first two terms can be handled with some more calculations of integrals:
P(h > hy) < C - exp{—ah,} < C -\,
as in (5.13), and
P(N =1, M > 1, hg > h")

A o] 00 1 >\4a—1
< — . — — ) (ho+h)y dhdh, <C+ —————
<ty [ el (e g) torn) log(1/0)2 1
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(this is the only term in the proof whose bound is at the sharp value). Next,
P (N =1, M >1, hy < hy, hg <K', (Mt)i>r survives)

A
< T -E [P ()7 survives | 0,4) - I{N =1, ho < hy, hy < h"}]. (5.21)

On the event {N =1, h, < hy, hy < h"}, conditioned on the respective locations v and u of the
vertices o and 4, the graph G is stochastically smaller than the graph G“" of Proposition 5.8.
Indeed, the conditioning gives no information on the graph apart from the locations of these
two vertices o, 4, and some negative information about the presence of other vertices in the
region {(z,h) € H: |z — x,| < exp{(ho + h)/2}}. Hence, Proposition 5.8 gives

P ((nt)1>7 survives | 0,4) < A° on {N =1, h, < hy, hy < h"}.
Then, (5.21) is smaller than

)\14—8 . ]P)(N _ 1) (S%U) )\(2—0’)(2&—1)4-14-6‘

If o is small enough (depending on ¢), this is smaller than A**~1+¢/2 for \ small enough, and
the proof of Proposition 5.3 is finished.

6 Convergence of density

We prove here Theorem 1.4, that is the convergence in probability of the empirical density of
infected sites to y(\). We start with the upper bound.

Lemma 6.1. Let (t,)n>1 be any sequence with t, — oco. Then, for any € > 0, and any A > 0,

lim P ‘gcjn >vy(A)+e | =0.
n—oo ’Gn|

Proof. Observe first that for any R > 0, almost surely,

P(&P # @, €2 C B(p, R) for all s > 0) = 0.

Using the fact that (G, )p>1 uniformly rooted, converges locally to (G, p) by Lemma 2.2,
this yields for any sequence (t,,)n>0, with ¢,, — 0o, and any fixed R > 0,

1
lim B | —— Y 1{¢, # @, CBu(v, R) for all s < t,}| =0. (6.1)
n—00 |G| et
We thus have by self-duality of the contact process (recall (2.1)),

[ o 1 .
P<|Gn| >7(/\)+5> —IP’<|Gn > 1{§tn7é®}>’y()\)+€>

’UGGn

<'p <|é D0 ME, #2356 Bu(w R} > 00 + ?;) +o(1)
n veEG,

<P (Xn > y(A) + 3:) +0(1), (6.2)

28



with
1

X, =
G|

> 1{Fs>0: & ¢ Bu(v, R}

’UGGn

We will then apply Chebyshev’s inequality in order to bound the probability on the right-hand
side of (6.2). For this we need bounds on the expectation and variance of X,,. Concerning the
expectation, observe that almost surely,

(V{3s>0: & ¢ Bulp, R)} C {€8#0Vs >0}

R>0

Indeed, if the process does not escape to infinity in finite time, then this is true by definition,
and if it does, then in particular infinitely many vertices get infected, which in turn almost
surely maintain the process alive for an infinite amount of time (just because for any t > 0,
almost surely at least one of them survives for a time larger than t). Therefore for any € > 0,
there exists R > 0, such that

P(3s >0 : € ¢ Boo(p, R)) < v(N) + /4. (6.3)

Fix now € > 0, and then R > 0 as above. Using again that (Gy,),>1 uniformly rooted converges
locally to (G, p), we deduce that

lim E[X,] =P3s >0 : & ¢ Boo(p, R)). (6.4)

n—oo

Then (6.3) and (6.4) show that for the above choice of R, for n large enough,
E[X.] < 7(V) + = (6.5)

We move now to the variance of X,,. We first notice that |G| ~ n, in probability. Indeed
by definition |G| is a Poisson random variable with parameter u(R,), where we recall

Ry = [-5n, §n]x[0,2logn|, and from the definition of i, one can easily verify that (R,) ~ n.

We next subdivide R,, into a disjoint union of small cubes (B; ;); ; of side length one. More
precisely, for i € Z and j € N, we set B; j := [i,i+ 1] X [, j + 1]. Then let

Zij = Z 1{3s >0 : & € B, (v, R)},

’UEGnﬁBi,j
and

> 1
Xn = E Z ZZ'J‘.
Z?.]

Due to the above discussion it suffices to show that for some constant C' > 0, for any € > 0,
P(X, — E[X,] > ¢/5) < Ce.
Let now h. > 0 sufficiently large, be such that
u([—gn, gn] x [he, 2logn]) < 2.

Noting that one can bound Z; ; by |G, N B; ;|, whose mean is exactly u(B;;), we get using
Markov’s inequality

13
P ‘ Z Zi,j Z TO S 10e.
(4,9) :j=he
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Thus all we need to show in fact is that

1
Sy =o(1), with X° == Zi ;. (6.6)

(6:5) : <he

P(X; — EIX;] > —

To this end, we estimate the variance of X. Note that for any pairs of indices (¢, j) and (k, ¢),
conditionally on G,,, Z; ; and Zj, are independent, unless By, ¢ intersects the ball of radius
2R centered at some vertex of B; ;. Moreover, in the latter case, one can use again the trivial
bound

’COV(ZZ"J‘, Zk,g)| < ‘Gn N Bi,j‘ . |Gn N Bkj’,

yielding
1
var(X7) < — > E[|GnNBijl-|Gn N (Uveg,nb,, Bn(v, 2R+ 1)]]
(i.§) 1 <he
C 1
<3 Z w(Bij) = O(H)’
(4,4) 1§ <he

where C' = C(R,e) =1+ 2u(B,((0,h: +1),2R + 1)), is a constant that only depends on R
and e. Then (6.6) follows and this concludes the proof of the lemma. n
We prove now the lower bound, which is a bit more delicate.

Proposition 6.2. Let (t,),>1 be any sequence with t, — oo and t, < e for each n, with ¢
as in Theorem 1.2. Then, for any € >0 and A > 0,

lim P ‘§$n| <v(A)—¢e| =0.
|Gl

n—oo

Proof. Fix € > 0. Using that for any R > 0, one has
P(£? C Boo(p, R), for all s > 0) =0,

we deduce as in the proof of the previous lemma, that for any sequence (t)n>1, with ¢, — oo,

’&Sn‘ 1 v . v 3e
P ( remi () — &?) <P (\Gn! g #£2,35>0: &L Ba(v, R)} < y(A) - 4) +o(1).

veEG),
Moreover, as before, for any € > 0, there exists R > 0, such that
€

P35> 0: & ¢ Buolp, B) = 7() - =

Then, using the same argument as in the proof of the previous lemma, we get

. 1 €
P <\Gn]

Z 1{3s >0 : & € By(v,R)} <~(\) — 2) =0.

UEGn

Thus,

Gn
P C%A‘ <y(A) - s> <P <|Glrn‘ S 1 =2,35>0: ¢ ¢ By(v,R)} > i) +o(1).

’l)GGn
(6.7)
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We proceed now as in the previous lemma, but this time we only need a first moment bound.
Recall the notation for B; ;, from there, and let

1
Y, ==Y 1(Ei ) |GnN Byl

n —
Z7J
where
E@j = {3’0 & Gn n B@j : fg}n = ¢ and ds > 0 with 5: g Bn(’U,R)}

We claim that when R is large enough, one has almost surely,
P(E;; | GnN B;j) < &2 (6.8)
Note that given this fact we deduce that for some constant C' > 0,
E[Y,] < Ce?,

and together with Markov’s inequality, we get that the first term on the right-hand side of
(6.7) is O(e), from which the proposition follows.

Let us prove now (6.8). The basic idea is quite simple: each time the process reaches a new
shell B,,(v,i 4+ 1) \ B, (v,1), it has some positive probability to infect a vertex at some high
level, which will then sustain the infection for a time t,, with high probability, as was shown in
the proof of Theorem 1.2. If R is taken large enough, then the process will have many chances
to do this, and thus it should happen with probability as close to one as wanted.

We proceed now with the details which require a certain care due to the hyperbolic shape of
the balls. Define hy, for each ¢ > 1, by

¢ o 13
M([O')z ] X [h‘@?OO)) - ﬁ?
or equivalently by
1
he = a((ﬁ +1)log2 — 3loge + 2log¥).

Note that by Markov’s inequality, for each ¢ > 1,

3
P(Gy N [0,2Y] x [he, 2logn] £ @) < E [yGn 10,2 x [he, 21og n]\} < 2%
Thus, letting
¢
Tp:i=x0 + Z 2™ and Dy := [xg,xp41] X [hey1,2]logn],
m=1
a union bound gives
P(A,(v)) >1—¢* where A,(v):={G,N (UmoD;) =2} (6.9)

Let L := 0‘2—'21 -log 2, be as in Section 3, and then for £ > 0, set
QL) == [z, o] X [(€+2)L, (£+ 3)L].

Note the important property of these boxes, which is that any vertex in G,, NQ(¢) is a neighbor
of any other vertex in G, N Q(¢ + 1), for any ¢ > 0 (this follows from the fact that L > log2).
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We call C,,(v) the event when all these boxes are good in the sense of Section 3, at least for ¢
large enough. That is, we define

Cn(v) :=={|G, N Q)| > CoA™3 for all £ > 1y},
where C is a positive constant to be fixed later, and £; is the smallest integer such that
P(Cn(v)) > 1 — &% (6.10)

Observe that for any 0 < ¢ < m, one has (x,, hy,) and (zy, hy) are neighbors in G,,, only if
m < 2042—1 + C'log m, for some constant C' > 0. In particular, since a > 1/2, for any fixed ¢,
this happens only for finitely many integers m > ¢, and one can thus define inductively the

sequence (¢;);>0, by o = 0, and for i > 0,

livi =1inf{m > 4; : (xpr, hp) & Bu((g,51, he;11), 1) ¥Ym' > m}.
Consider now (&)¢>0 the contact process starting from only v infected, and define:

Hn(v) = {35 2 0 : £/ N (U=, QL)) # 2}
The proof of Theorem 1.2 given in Section 3 shows that (at least by taking Cy large enough)

P(Cn(v) N Hy(v) N{E, = @}) <&

Therefore, recalling (6.9) and (6.10), we see that all we need to show is that for R large enough,
P(H,(v)° N A (v) N {Ts >0 : €& € B (v, R)}) < &%, (6.11)

where B, (v, R) := By(v, R) U ([~5n,z0] x [0,2logn] N G,,). Indeed, this would show that,
for £ small enough,

P({3s>0: & ¢ B (v, R)}IN{& =2}) <3 <2,

and as explained previously this would conclude the proof of the proposition.

We prove now (6.11). For i > 0, we define the stopping time
7 =1inf{s > 0: Jw = (z,h) € &, with x > xy,,}.

Note that when the rectangles D, are empty, then the first coordinate of the vertex which is
infected at time 7; cannot be larger than xy,, ,. Otherwise there would exist m > f2; 12, such
that (2, hy,) would be in the neighborhood of (xy,,, he,,), and this is not possible by definition
of the sequence (¢;);>o. In other words, for any ¢ > 0, on the event A, (v) N {7; < oo}, one has
T < Tit1-

We then consider the good events
Al = {|Gy N [z, 2ay, +27] X [JL, (5 + 1)L]]| > A3 for all £y < j < fo; + 1},

and
A2 := (G N 24y, 0y, + 2] X [JL, (j+1)L) # @ forall 0 < j < 4y},

and set
A; = A} N A?.

We next define B;, as the event that 7; is finite and that after this time, there exists an infection
path within the rectangle [z, 11, %, ,] X [0,2logn], going from the vertex infected at time
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7; up to a vertex in Q(f2;). We also need to consider truncated versions of A, (v), defined for
any i, by '
Aiz(v) = {Gn N (Uﬁ§42i+2D€) = Q}'

We finally consider the filtration (G;);>0, where G; is the o-field generated by this set A% (v),
the restriction of the graph G, to the rectangle [zq, x,,,,] x [0,2logn], together with all the
Poisson clocks associated to the vertices in this rectangle, as well as all those associated to the
edges between them in the Harris construction. Note that by definition A; is G;-measurable.
Note also that by definition of the (¢;);>0, the event A% 1(v) N B; is G;-measurable as well,
since on A% (v), the vertex infected at time 7; has a first coordinate smaller than zy,,, .

Moreover, by definition
B; CHp(v), foralli>1,

and therefore for any integer r > 1,

Ho(v)° C () By- (6.12)

i<r

On the other hand, a straightforward computation shows that there exists a constant p; > 0,
independent of 7, such that almost surely,

P(A; | Gi—1) = P(4) = p1,
using for the first equality that A; is independent of G;_1, by definition.

Now we claim that on the event A; N AL~1(v) N {7; < oo}, the vertex infected at time 7;, or
the one who infected it, has a neighbor (possibly itself) in one of the boxes occurring in the
definition of A} or A2. Indeed, let v; = (z;, h;) be the vertex infected at time 7; and v} = (z/, k)
be the one who infected it. By definition one has x; > xy,,, and z} < xy,,. Since v; and v}
are neighbors, one also has |z; — x;] < e(hithi)/2 - Assume first that h; > h;, and let j > 0 be
such that jL < h; < (j + 1)L. Note that one can assume z; > xy,, + 2/, as otherwise there is
nothing to prove (since in this case v; already belongs to one of the boxes appearing in the
definition of A} and A?). Now by definition on the event A; there exists v/ = (z!/,h}) € Gy,
such that @y, < 2!/ <z, +2/71 and (j + 1)L < h! < (j + 2)L. Note that one has either
o <! <a;or 0<af —2; <29 <z — ). Hence, in all cases it holds

. / . 1
o — 1] < i — ] < CHRI2 < (D2,

and thus v; and v} are neighbors, which proves our claim when h; > h.. If on the other hand
hi < hl, then we can use a similar argument: assume jL < h; < (j + 1)L, for some j > 0, and
again that x; > my,, + 27, as otherwise there is nothing to prove. Pick a vertex v = (2!, h!) in
G, N [@ey,, Tpy, + 27T x [(G+ 1)L, (j + 2)L). If 2; > 2!/, then

. ’ ’ "
|lh — 2| < |af — x| < elPithi)/2 < o(hithi)/2,

which implies that v; and v are neighbors. If z; < z/, then

|z — 2| <20 < eI < ehith)/2)
using for the second inequality that L > log 2, since 1;—;‘ > 1, for any a < 1. This proves the

claim in the case h; > h} as well.

It follows that after time 7;, the vertex v; will infect another vertex in one of the cubes occurring
in the definition of A} or A?, with probability at least (A/(1 + A))?. Once infected it will
propagate the infection up to @Q(¢;) within the boxes appearing in the definition of Al1 and A%
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with positive probability, uniformly bounded from below by a constant independent of i (this
last point following from the same argument as in the proof of Theorem 1.2). Therefore, there
also exists a constant py € (0, 1), such that on AL-1(v),

P(A; N Bf N {r; < o0} | Gi—1) < p1pa.
As a consequence, there exists p € (0,1), such that on A%~1(v), one has
P(Bf N {r < oo} |Gi—1) <1—p, foralli>1. (6.13)

The conclusion follows: indeed, let first 7 be some integer such that (1 — p)” < ¢3/2, and note
that for R large enough,

{3s>0: & € Bp(v,R)} C {1 < oo} U{r_, < o0},

where we denote by 7_, the first time when there is an infected vertex with x-coordinate
smaller than —xzy, . By symmetry we can consider only the event {7, < oo}, but then (6.13)
and an immediate induction give

P(An(v), Tr < 00, ﬁiSTBZ-C) < 63/2,

from which (6.11) follows using also (6.12). This concludes the proof of the proposition. R

7 Discussion and outlook

In this paper we gave a complete picture of metastability for % < «a < 1. Naturally, one might
wonder how the contact process evolves outside this regime: on the one hand, for a < %, the
total number of edges of GG, is superlinear, and hence, we do not expect metastability in this
case (and there is no natural infinite graph either); a similar phenomenon could also arise in
the case a = % On the other hand, for a > 1, the largest component is of order nl/ () « Vn,
roughly corresponding to the maximum degree (see [18]). Therefore, this component is roughly
like a star, with a few extra edges. The same proof given therein can be used to show that
most other components are star-like, and there should be of the order n'=2%# such star-like
components of size n® for any 0 < 5 < 1 /(2a). Hence, the expected component size in the

infinite graph is of order |, 51 i (OQO‘) n?72%dA3, which is finite for & > 1. Thus, the component of
the root is almost surely finite, and the contact process cannnot survive. For a = 1, for v
sufficiently large (see [22]) there exists a giant component, and the study of the contact process
in this regime is subject to further work.
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