N
N

N

METASTABILITY OF THE CONTACT PROCESS ON

HAL

open science

SLOWLY EVOLVING SCALE-FREE NETWORKS

Emmanuel Jacob, Amitai Linker, Peter Morters

» To cite this version:

Emmanuel Jacob, Amitai Linker, Peter Morters. METASTABILITY OF THE CONTACT PROCESS

ON SLOWLY EVOLVING SCALE-FREE NETWORKS. 2024. hal-04846794

HAL Id: hal-04846794
https://hal.science/hal-04846794v1

Preprint submitted on 18 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04846794v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

METASTABILITY OF THE CONTACT PROCESS
ON SLOWLY EVOLVING SCALE-FREE NETWORKS

EMMANUEL JACOB, AMITAI LINKER AND PETER MORTERS

Abstract: We investigate the contact process on scale-free networks evolv-
ing by a stationary dynamics whereby each vertex independently updates
its connections with a rate depending on its power. This rate can be slowed
down or speeded up by virtue of decreasing or increasing a parameter 7,
with 7 | —oo approaching the static and n 1 oo the mean-field case. We
identify the regimes of slow, fast and ultra-fast extinction of the contact pro-
cess. Slow extinction occurs in the form of metastability, when the contact
process maintains a certain density of infected states for a time exponen-
tial in the network size. In our main result we identify the metastability
exponents, which describe the decay of these densities as the infection rate
goes to zero, in dependence on 1 and the power-law exponent 7. While
the fast evolution cases have been treated in a companion paper, Jacob,
Linker, Morters (2019), the present paper looks at the significantly more
difficult cases of slow network evolution. We describe various effects, like
degradation, regeneration and depletion, which lead to a rich picture fea-
turing numerous first-order phase transitions for the metastable exponents.
To capture these effects in our upper bounds we develop a new martingale
based proof technique combining a local and global analysis of the process.

MSc Classification: Primary 05C82; Secondary 82C22.

Keywords: Phase transition, metastable density, metastability, evolving network, temporal
network, stationary dynamics, vertex updating, inhomogeneous random graph, scale-free
network, preferential attachment network, network dynamics, SIS infection.

1. INTRODUCTION

The aim of the present paper and its companion [12] is to provide a paradigmatic study
of the combined effects of temporal and spatial variability of a graph on the spread of
diffusions on this graph, and to provide the mathematical techniques for such a study if
the graph process is stationary and autonomous. There has been considerable interest
in the probability literature on the behaviour of diffusions on a variety of evolving graph
models, some recent examples are [13, 19, 20, 8, 4]. Our particular interest in this work
is in the phase transitions that occur when we tune parameters controlling the speed and
inhomogeneity of the graph evolution. For this study our choice is to look at
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e finite graphs, which as their size N goes to infinity have a heavy tailed asymptotic degree
distribution. These are often called scale-free networks in the literature [2, 10, 11]. The
tail exponent 7 is the parameter controlling the spatial inhomogeneity of the graph.

e a stationary dynamics based on updating vertices at a rate possibly depending on the
power of the vertex, see e.g. [14, 21]. Upon updating a vertex resamples all its connections
independently with a probability that depends on its power and the power of the potential
connecting vertex. This updating mechanism loosely speaking mimics movement of the
individuals represented by the vertices. The rate at which a vertex of expected degree k
is updated is set to be proportional to k7, where 1 € R is the parameter controlling the
speed of the graph process.

e a diffusion modelled by the contact process, see e.g. [6, 7, 15, 17]. In this epidemic
process healthy vertices recover at rate one, and infected vertices infect their neighbours
at rate A\. Recovered vertices can be reinfected, so that the infection can use edges that
remain in the graph long enough several times for an infection. This creates interactions
between the contact process and the autonomous graph evolution, which are at the heart
of this paper.

We now heuristically describe the main effects behind the results of this paper.

In the case of a static scale-free network if an infected vertex of degree k > \~2 recovers,
it typically has of order Ak infected neighbours. The probability that none of these neigh-
bours reinfects the vertex before it recovers is roughly (1 — %H)Ak ~ ¢ "’ Hence the
vertex can hold the infection for a time which is exponential in the vertex degree before a
sustained recovery. In a static scale-free network there are sufficiently many well-connected
vertices of high degree for this local survival mechanism to keep an established infection

alive for a time exponential in the graph size, see [1, 5, 9].

If the graph is evolving in time, even when the degree of the powerful vertex remains high
throughout, its capacity to use the neighbourhood for local survival is significantly reduced
compared to the static case and we observe a substantial degradation in the ability of the
vertex to sustain an infection locally. Already for slow evolutions, if n < 0, the degradation
effect is significant. On recovery of a vertex of degree k& the number of infected neighbours
is still of order Ak but the probability that none of them reinfects the vertex before it
updates is now roughly

%]
N+ kn
Hence the time that a vertex can survive locally is of order A*k'~". Although this is just
polynomial in the vertex degree and hence much smaller than in the static case, this local

survival mechanism together with a spreading strategy can keep an established infection
alive for a time exponential in the graph size, we then speak of slow extinction.

A2 i ks AT T,

Updating of vertices has a second effect, which is beneficial to the survival of the infection,
namely that in the time up to a sustained recovery updates of a powerful vertex will
regenerate its neighbourhood and the overall connectivity of the graph is improved allowing
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it to spread the infection more efficiently. When a vertex consistently has degree k over
an infection period of length A\?k'~" we see updates at a rate k"7 and hence if A2k >> 1 we
have of order A2k updates before a sustained recovery. This effect of regeneration gives the
vertex an increased effective degree. More precisely, in a period of length k=" between two
updates the probability that one of the Ak neighbours of this vertex passes the infection to
a second vertex of degree k is of order /\2161*’7% where % is the order of the probability that
there is an edge between a given neighbour of the first and the second vertex. As there are
A2k updates before a sustained recovery the overall probability that an infected vertex with
degree k > A\~2 passes the infection to a vertex of the same degree via an intermediary
vertex is /\4163*’7% and if the proportion a(k) of vertices with degree at least k satisfies
a(k) > X\*k"3 the strategy of delayed indirect spreading, where the infection is passed
from one powerful vertex to another via an intermediary vertex, yields slow extinction.

A similar argument suggests that, as an infected vertex of degree k has of order A\?k up-
dates before a sustained recovery, if 2 ](\],C) denotes the probability that two vertices of degree k
are connected by an edge, then the probability that by the time of its sustained recovery an
infected vertex of degree k directly infects another vertex of degree k is )\3k1*77%. Hence
if the proportion a(k) of vertices with degree at least k satisfies

a(k) > A3k p(k) 7!

the strategy of delayed direct spreading, where the infection is passed from one powerful
vertex to another directly, should yield slow extinction of the infection. However, this is
only correct if the update rate k" of a vertex of degree k is at least of the order of the
infection rate A. If k7 < A, then the dynamics of the subnetwork of powerful vertices is
much slower than the spread of the infection. The infections passed from a powerful vertex
will then typically reach vertices that are already infected, an effect we call depletion. In
those cases the infection will spread at rate k"7 instead of A, so that overall delayed direct
spreading can only give slow extinction if a(k) > k~"A~2k""!p(k)~!. Note that whether
the delayed direct spreading mechanism is possible depends not only on the tail exponent 7
of the degree distribution but also on the finer network geometry through the quantity p(k).

When the graph is very densely connected both spreading mechanisms are equally ef-
fective and we speak of delayed concurrent spreading. In this case the infection retains a
density of infected vertices of the same order if either all edges between high degree vertices
were removed or all low degree neighbouring vertices of high degree vertices were leaves.

The degradation and regeneration effects are even stronger for fast evolutions, i.e. when

n > 0. On recovery of a vertex of degree k£ the number of infected neighbours is now of

order kﬁ ~ Ak~ and hence the probability that none of them reinfects the vertex
before it updates is roughly

k"

A2E1=n + kn

Now only if n < % the local survival mechanism persists and vertices with degree k sat-

isfying k'=27 > A\=2 can hold the infection for a time of order A\2k'~2". In this case we

~ AT 2R s R
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can also benefit from the effect of regeneration without depletion. As a result delayed
indirect spreading is possible on the set of vertices with expected degree at least k if
a(k) > A~*k?73 and delayed indirect spreading is possible if a(k) > k27~ A\=3p(k) L.

Heuristically speaking, the four strategies above, delayed indirect and delayed direct
spreading, together with the strategies of quick indirect and direct spreading, which spread
the infection without using a local survival mechanism, compete for domination. Each
strategy sustains the infection on a set of powerful vertices called the stars and the strategy
that operates with the smallest threshold degree k, or equivalently the largest proportion
a(k) of stars among the vertices, dominates. The infected neighbours of the stars form a
set comprising an approximate proportion Aka(k) of vertices which remain infected for a
time exponential in the graph size. During that time the proportion of infected vertices
remains essentially constant, this effect is called metastability. The constant proportion of
infected vertices is called the metastable density.

In this project we establish metastable exponents describing the decay of the metastable
densities as A | 0 for various network models. The exponents are a function of the power-
law exponent 7 and the updating exponent 7. They characterise the underlying survival
strategies of the infection and thereby rigorously underpin the heuristics. Proofs of the
upper and lower bounds require novel techniques, which are developed in this project:

e Lower bounds for metastable densities are based on the identification of the optimal
survival strategies for the infection. To show that these strategies are successful a tech-
nically demanding coarse graining technique has to be used. This is done in [12] for fast
network evolutions, but is getting much harder for slow evolutions as there is much less
independence in the system and additional effects like depletion have to be handled. We
develop the necessary novel techniques for slow evolutions in Section 3 of this paper.

o Upper bounds for metastable densities

— in the fast evolution case are based on model simplification in conjunction with
supermartingale arguments, a basic version of this argument is developed in [12].
The argument can be substantially refined using a further distinction of vertices and
leads to Theorem 3, which is proved in Section 5.

— upper bounds for very slow evolutions are based on local approximation and results
for the contact process on trees. This is done in [13] for the same stationary graph
model but running with a different stationary dynamics. Arguments from [13] can
be adapted to our case, see Section 4.

— As becomes apparent in Section 4 the techniques above do not suffice to give match-

ing upper bounds for the entire slow evolution domain. In order to close this gap

a completely new tool has to be developed combining global and local analysis into

a single argument. This is the main technical innovation of this paper. It will be
presented as Theorem 4, which is proved in Section 5.

In the next section we give full details of the network models we consider and state our main

result for the networks of primary interest based on the factor and preferential attachment
kernel. Further results for more general networks are deferred to Sections 3 to 5.
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2. MAIN RESULT

We now define a stationary evolving graph or network (gt(N) :t > 0)nyen. Take a function

k1 (0,1] = (0, 00),
and a kernel
p: (0,1] x (0,1] — (0, 00).

The vertex set of the graph 4™ is {1,..., N} for any ¢t > 0. The graph is evolving by
vertez updating: Each vertex ¢ has an independent Poisson clock with rate x; := k(i/N).
When it strikes, the vertex updates, which means:

e All adjacent edges are removed, and
e new edges i <+ j are formed with probability

1 i g
= —p(—, L)ALl
po = 5 0(50 %)
independently for every j € {1,...,N}\ {i}.
We denote by (4" : t > 0) the stationary graph process under this dynamics.
For the kernel p: (0, 1] x (0,1] — (0, 00) we make the following assumptions:

(1) p is symmetric, continuous and decreasing in both parameters,
(2) there is some v € (0,1) and constants 0 < ¢; < ¢ such that for all a € (0, 1),

1
ca” Y <pla,1) < / pla,s)ds < coa™ 7. (1)
0

These properties are satisfied by the
e factor kernel, defined by p(z,y) = Bz~ 7y~ 7, or the
e preferential attachment kernel, defined by p(z,y) = B(z Ay) 7 (z Vy) 1,

for 5 > 0. These kernels correspond to the connection probabilities of the Chung-Lu or
configuration models in the former, and preferential attachment models in the latter case,
when the vertices are ranked by decreasing power. While we state the main results below
for these principal kernels, our results are by no means limited to these examples.

For a sequence (iy) of vertices iy € 4™ such that iy ~ N for some x € (0,1] the
degree distribution of the vertex iy converges to a Poisson distribution with parameter
fol p(x,y)dy, so its typical degree is of order (iny/N)~7. Moreover, the empirical degree
distribution of the network converges in probability to a limiting degree distribution pu,
which is a mixed Poisson distribution obtained by taking x uniform in (0, 1), then a Poisson
distribution with parameter fol p(z,y)dy, see [11, Theorem 3.4]. This distribution satisfies

p(k) = k~to) as k — oo, with 7 =1+ %,

i.e., at any time ¢ the network (%t(m) Nen is scale-free with power-law exponent 7 > 2.
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For fixed parameters n € R and ko > 0 we look at
k(z) = kox~ M for x € (0,1].

With this choice the update rate of a vertex is approximately proportional to its expected
degree to the power 7. The parameter 1 determines the speed of the network evolution.
When 1 = 0 network evolution and contact process operate on the same time-scale. If
n > 0 the network evolution is faster, but note that now not all vertices update at the
same rate. We let powerful vertices update faster in order to ‘zoom into the window’ where
the qualitative behaviour of the contact process changes. If n < 0 the network evolution is
slower and also here it is particularly slow for the more powerful vertices.

The infection is now described by a process (X¢(i),7 € {1,...,N}: t > 0) with values
in {0,1}", such that X;(i) = 1 if i is infected at time ¢, and X,(i) = 0 if 4 is healthy at
time ¢t. The infection process associated to a starting set Ay of infected vertices, is the
cadlag process with X(i) = 14,(¢) evolving according to the following rules:

e to each vertex i we associate an independent Poisson process R with intensity one,
which represents recovery times, i.e. if ¢t € R?, then X;(i) = 0 whatever X;_(4).

e to every unordered pair {i, 5} of distinct vertices we associate an independent Pois-
son process Z; with intensity \. If t € Z and {i,j} is an edge in 4", then

cat. xin ={ () Bk 0%l =00

The process (%t(m, X;:t > 0) is a Markov process describing the simultaneous evolution of
the network and of the infection. We denote by (F;: ¢ > 0) its canonical filtration.

We start the process with the stationary distribution of the graph and all vertices in-
fected. Just like in the static case there is a finite, random extinction time Tyt and we say
that there is

e ultra-fast extinction, if there exists A, > 0 such that for all infection rates 0 < A < A¢
the expected extinction time is bounded by a subpolynomial function of NV;
e fast extinction, if there exists Ao > 0 such that for all infection rates 0 < A < A,
the expected extinction time is bounded by a polynomial function of N;
e slow extinction if, for all A > 0, there exists some £ > 0 such that Tyt > eV with
high probability.
Our first interest is in characterising phases of ultra-fast, fast or slow extinction. Slow
extinction is indicative of metastable behaviour of the process, and in this case our interest
focuses on the exponent of decay of the metastable density when A | 0. More precisely,
just like in [12], we let

R 1Y
In(t) = NE[ZXt(i)} =N ZPi(Text > t),
=1 =1

where P; refers to the process started with only vertex i infected and the last equality holds
by the self-duality of the process. We say the contact process features
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o metastability if there there exists € > 0 such that

— whenever ¢y is going to infinity slower than e®

N we have liminf Iy (txy) > 0.
N—o00

eN

— whenever (sy) and (ty) are two sequences going to infinity slower than e, we
have ]\}lm IN(SN) — IN(tN) =0.
—00

In that case, we can unambiguously define the lower metastable density p— (\) =
l}\lfn inf In(ty) > 0 and the upper metastable density p™(\) = limsup In(ty).
—00

N—oo

e a metastable exponent & if, for sufficiently small A > 0 there is metastability and

& =lim

M0

logp™(A) _ . log pr(N)

log A Mo log A

We are now ready to state our main result for the featured network kernels, the factor
and preferential attachment kernels defined after (1).

Theorem 1. Consider the Markov process (9™, X;: t > 0) describing the simultaneous
evolution of a network (gt(N): t > 0) with power law exponent T > 2 and update speed n € R
and of the contact process (X¢:t > 0) on it.

(a) Consider the factor kernel.

(i) If n > % and T > 3, there is ultra-fast extinction.
(i) If n <0 and T >4—n, orif 0 <n < % and T > 4—2n, there is fast extinction.
(i) If n < 0 and 7 < 4—m, or if 0 < n < % and T < 4 —2n, or if n > % and
T < 3, there is slow extinction and metastability. Moreover, the metastability

exponent satisfies

_1
3—7

27 —3
f = 27—2—n

271—2-2n

nSOandTS%,
or 0§n§%and7§%+n,
or nZ%andT<3,

ngg—Tandgng&
or n<2—71andT >3,

ng()and%—n§7<4+2n,
0§n§%and%+n§7<4—2n,
3V (4+2n) <7<4+mn,

2-n)VHEd+n <Tt<4-—n.

(b) Consider the preferential attachment kernel.
(i) If n > % and T > 3, there is ultra-fast extinction.
(ii) If n < %, or if n > % and T < 3, there is slow extinction and metastability,
and the metastability exponent satisfies
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<1
2r—3 if { or Tlggé,goandrg2—n7
?;17:7]4:;7 if —%<n§0 and 2—77§T§%+ﬂ7
¢ = T if 5 <n<0 and 7> 5+, 3)
T f 0<n<) oand 2+ <7<5+ %
371__52_”277 if ogngé and TZ%—F%W,
% if T<3andn>3F—1.

Remark 1. The restriction of this theorem to n > 0 is the content of Theorem 3 of [12],
although the distinction of fast and ultra-fast extinction has not been made explicit there.

Remark 2. Theorem 1 is illustrated in Figure 1 showing the phase boundaries where
the metastable exponents are not differentiable by bold lines. In both models they divide
the slow extinction region into siz different phases. The parametrisation with (1,71) leads
to phase boundaries which are line segments, which is not the case if (7y,n) is used as
a parametrisation as in [12, Figure 1]. Figure 1 also uses colours to show for which of
the survival strategies the upper bounds for the metastable exponent matches the lower
bounds. It is interesting to see that a crossover between strategies can occur without a
phase transition, and a phase transition without a crossover between strategies.

Remark 3. Theorem 1 shows that our model interpolates nontrivially between the static
case, when n — —oo and the mean-field case, when n — +00. Metastable exponents have
been found for the static case for a model with factor kernel in [16] and with preferential
attachment kernel in [3], and in the mean-field case implicitly in [18].

The rest of this paper is structured as follows. The most innovative results, which
provide bounds under general assumptions on the kernel p, are stated as Theorems 2,
3 and 4. In Section 3 we prove the lower, and in Section 4 the upper bounds. The full
proof of Theorem 4, which introduces a new ‘hybrid’ proof technique, is given in Section 5.
We state the major intermediate steps in the proofs and results which are similar to results
in the papers [12, 13] as propositions. In the latter case we keep the arguments brief.

Notation. This work involves many constants whose precise value is not too important
to us, but with nontrivial dependencies between each other. For them we often use the
following notational convention. The constant is written with a small ¢ (resp. a capital C)
if it is a “small positive constant” (resp. a “large constant”), typically introduced with a
condition requiring it to be small (resp. large). Then the index indicates the number of
the equation or theorem where the constant is introduced, so ¢4y is introduced in (4) and
(5 in Theorem 2.
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FIGURE 1. Phase diagram summarizing Theorem 1 for factor kernel (top)
and preferential attachment kernel (bottom). Bold lines indicate first order
phase transitions, i.e. parameters where the derivative of £ is discontinuous.
The colour code refers to the dominating strategy. Note that a crossover
between strategies can occur without a phase transition, and a phase tran-
sition without a crossover between strategies.

3. SURVIVAL AND LOWER BOUNDS FOR THE METASTABLE DENSITY

Our aim in this section is to provide sufficient conditions for the survival of the contact
process, while at the same time giving lower bounds on the metastable density. Asin [12, 13]
the proofs for survival and the lower metastable densities rely on a graphical construction
of the process which can be found in [12] but which we summarize here for the sake of



10 EMMANUEL JACOB, AMITAI LINKER AND PETER MORTERS

completeness. The evolving network (%“V): t > 0,N € N) is represented with the help of
the following independent random variables;
(1) For each vertex i € {1,..., N}, a Poisson point process U’ := (U.),>1 of intensity
Ki, describing the updating times of the vertex 1.

(2) For each {i,j} C {1,...,N}, i # j, a sequence C := (C),>0 of i.i.d. Bernoulli
random variables Wlth parameter p;;j, where Ci =1 if {i,j} is an edge of the
network between the n-th and (n + 1)-th events in U% = U UU7.

Given the network we represent the infection by means of the following set of independent
random variables,

(3) For each i € {1,...,N}, a Poisson point process R’ = (R%),>1 of intensity one
describing the recovery times of 7.

(4) For each {i,j} C {1,..., N} with i # j, a Poisson point process Z;’ with intensity A
describing the infection times along the edge {4, j}. Only the trace Z% of this process
on the set

U{U” UY.,): C¥ =1} C [0,00)

can actually cause mfectlons. If just before an event in Z% one of the involved
vertices is infected and the other is healthy, then the healthy one becomes infected.
Otherwise, nothing happens.

Throughout this section we slightly change both the network and the parameters of
the model as was done in Section 3.1 in [13] in order to both simplify computations and
formulate some of the results which will be used here.

Given a fixed a = a()\) € (0,1/2) we reduce the vertex set to.” U%° U %! U ¥ % where
= {ie{(ﬂ]—kl ..., [aNT}: iis even },
= {je{[F1+1,...,N}: j =4k for some k € N},
= {je{{I51+ ...,N}: j = 4k + 2 for some k € N},
yodd.— {ie{1,...,N}: iis odd }.

The vertices in . correspond to stars, which are the key ingredients in the survival strate-
gies. The vertices in 4 = ¢° U %" correspond to connectors (low power vertices), which
are partitioned into €° and ¢! depending on whether we use them to survive locally or
spread the infection, and vertices in #°% will be used to provide lower bounds for the
metastable density. Observe that by assigning specific roles to vertices as above we neglect
certain infection events and therefore obtain lower bounds for the probability of increasing
events with respect to the process (X;: ¢ > 0). As for the edges of the dynamical network
we replace the connection probabilities p;; by p;; where

0 ifi,je@.
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The idea behind simplifying the connection probabilities is to work on a model that uses
only vertex quantity and not identity. Even though it still remains that the updating rates k
are different for each edge, this idea becomes heuristically correct since k; = O(a™")
uniformly over all stars i, and x; = ©(1) uniformly over all connectors j. Observe that
we can construct both ¢; and ¥ so that % C ¥, and hence the original process dominates
the one running on the subgraph. In order to ease notation and computations we will
henceforth replace p;; by %p(a, 1) or %p(a, a) depending on the case.

Following the structure given in [13] we state the following lemma which provides a lower
bound for the lower metastable density whenever metastability holds. We do not provide
the proof since it is the same as in our previous work.

Lemma 1 ([13], Lemma 3.1). Define ("' )i>0 as the filtration given by all the R, Iéj,
and UV up to time t where i,7 ¢ 7%, as well as all the connections between such vertices
up to t. For anyr >0 andt > 0 there is c(4y >0 (independent of A\, a, N ) such that

B Y X)) 2 o ([ Ganta,) Anyaz), ()

jey/odd
on any event A € 3?’1 implying Hl €. Xy(i) = 1}| > raN.

The following result gives sufficient conditions for quick direct spreading and quick indi-
rect spreading to hold, leading to slow extinction. These survival strategies do not rely on
local survival of the infection on powerful vertices. They were already studied in [12, 13]
and the proof in [13] can be adapted from the model with edge updating to the current
setting the only relevant difference being that the definition of Tj-stable vertices should
now include the requirement that vertices do not update within 7.

Proposition 1 ([13], Theorem 3.2). There exist positive M;y and M (depending on o)
such that slow extinction and metastability hold for the contact process on the network
if, for all A € (0,1), there is a = a(\) € (0,1/2) satisfying at least one of the following
conditions:

(i) (Quick direct spreading) Aap(a,a) > M.
(i) (Quick indirect spreading) A\ap*(a,1) > My

Moreover, in each of these cases we have

1
PO = pa [ plas)ds (5)
0
where c5y > 0 is a constant independent of a and .

Remark 4. We have included in the statement that under the conditions of the theorem
metastability holds, which is not part of the original result but which follows from the
arguments in Section 3.5 of [13] and the observation that on the slow extinction event the
proportion of infected stars never goes below some p(\) > 0. Moreover, by condition (1)
we have fol p(a,s)ds > cia™" so the lower bound in (5) is always of the form cha'™".
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We now turn to delayed direct spreading and delayed indirect spreading, which spreads as
quick direct (resp. indirect) spreading while also relying on local survival of the infection
around powerful vertices. This mechanism was also studied in [12], but as discussed in
the introduction, local survival in the case n < 0 features a weaker degradation effect as
compared to the case n > 0, while the spread of the infection is subject to the additional
depletion effect. The main purpose of this section is to deal correctly with these new
features so as to obtain the following theorem.

Theorem 2. Fizn < 0, and define
Tioe = Tioela,N) = Np(a, 1)k(a)"". (6)
There are constants Co, M5y, M(iy) > 0 large and c2 > 0 small, depending on vy, n, Ko, ¢1
and cy alone, such that slow extinction and metastability hold for the contact process if, for
all A € (0,¢2), there is a = a(\) € (0,1) satisfying the following two technical conditions
(i) p(a,1) < e'/*

(ii) N*p(a,1) > —Cslog(aX)
as well as at least one of the following two conditions:

(iii) (Delayed direct spreading) (x(a) A A)ap(a,a)Tioe > M ).

(iv) (Delayed indirect spreading) \ap?(a,1)Tje. > M-
Moreover, in each of these cases we have

1
pi()\> > 6(7))‘a/ p<a78) ds,, (7)
0
where c(7y > 0 is a constant independent of a and A.

Remark 5. Again we do not address here the metastability, which follows from a simple
adaptation of the arguments given in Section 3.5 of [13], and again the lower bound in (7)
is always of the form cha'~7.

Remark 6. The condition

)\2ap2(aa 1>Tl0c > M(w)
required for delayed indirect spreading is similar to the one for quick indirect spreading,
except for the Tioe factor which allows for the infection to ‘wait’ around stars until spreading
1s possible. For delayed direct spreading, on the other hand, the condition reads

(AN K(a))ap(a, a)Tioe > M

so the same would be true if not for the factor X\ A k(a) replacing A. This is due to
the depletion effect described in the introduction. In [12] we have similar conditions for
delayed direct/indirect spreading in the case n > 0, but without the depletion effect, and
with a different expression for Tj,..

Remark 7. In order to address the right order of the local survival time we need to dif-
ferentiate between short and long updating times. The short updating times will be handled
with the use of Proposition 2 where we obtain lower bounds containing a logarithmic term,
while long updating times will be handled with the use of Proposition 3 which gives lower
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bounds without any such term. For n < 0 most updating times are long, and Proposition 3
then gives rise to the definition of Tjo. without logarithmic correction. We also discuss the
case n > 0 where we obtain a local survival time with a logarithmic correction (coming from
typical updating times being short), which can be shown to replace the logQ()\a) correction
appearing in the local survival time in [12], thus improving it.

Remark 8. In our proofs the spreading mechanisms are similar to the ones used in the
fast evolving networks, which may come as a surprise since on these proofs the high rate
of change in the graph played an important role in order to provide some degree of inde-
pendence between infection events, while in this case, the slow evolving networks are closer
in spirit to the static ones, for which there is a high level of dependency. The answer to
this apparent contradiction is that even though updating times become large when a | 0, the
local survival around stars become much larger, thus allowing for vertices to update many
times on each unit interval, giving enough independence for our methods to work.

The rest of this section is divided as follows: In Section 3.1 we give a technical defini-
tion of the local survival event and show that upon reaching a given star its probability
is bounded from below. In Sections 3.2 and 3.3 we show how the conditions given in
Theorem 2 give slow extinction of the process.

3.1. Local survival. For static networks, the local survival mechanism has been studied
many times, see for example [1, 5, 9], and is generally understood as the event in which
a highly connected vertex infects neighbours which in turn infect it back, thus creating a
persistent loop which eventually breaks down after some event of small probability. In this
subsection we look at the local survival mechanism for evolving networks, if no assumption
is specified results hold for arbitrary update parameters n € R.

Since the local survival mechanism will be used for different stars within the proof of
slow extinction, we want to avoid the undesirable dependencies amongst them which arise
from sharing common neighbours. To do so fix a sequence (Jj)r>1 of time intervals with
Jo=1[0,4), J1 =[0,5) and for k > 2, J; := [(k—2), (k+4)) and define for each k € N the
set of stable connectors

Grpi={j €€ (RIu)n J, =0}

which can be seen as the set of useful connectors for local survival across all stars. Notice
that, as mentioned before, we construct %, using only connectors in %° since the ones
in ¢! will be used to spread the infection. Now, for any given star i € .% and t > 0 define

Cri = {7 €€ 4,7} € %}
which by definition of ¢T;; are neighbours of i that do not update nor recover on [t,t + 4]

(this will be relevant throughout the following sections). Using these sets we now define
the processes X/ as in [13].

Definition 1. Fiz ¢ € .. For any realisation of the graphical construction, the process
(X{:t>0), is defined analogously to (X;: t > 0) with the only exception that
o X} =Xy on %, U{i} and X} =0 everywhere else.
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o An infection event s € I is only valid if
h =1 and j € €. ; for somer € [s —4,s+1].

Observe that for a given i € % the process (X}) defined above depends only on the
processes {29} cq0, RY, U, {R7}jeqo, and {U7} jc40, as well as the respective connections
{Ci }jewo. Since both the 1nfectlons and the connections are defined on the edges of the
graph, it follows that we can make local survival events independent across different stars
as soon as we work on a fixed realisation of the {R7};cq0 and {U7} ;40 processes. With
this in mind observe that for any fixed k, connectors in € belong to % independently
with probability e~ v+l which is lower bounded by a positive function of xy and 7.
It follows then from a large deviation argument that there is a constant ¢gy > 0 depending
on kg and 7 alone such that for any N large

P(|%%| > cyNfor all k € {0, ..., lecON 1) > 1 — e, (8)

where we call Ay the event on the left. Since the lower bound on the right is already of
the form required for slow extinction we will work on a fixed realisation of the {R/ }iewo
and {U’ }]G(go processes such that Ay holds. Now that we have addressed independence
we can start constructing the local survival event for a given star ¢ € .%, which consists of
‘surviving’ the updating events in U* for a long time. Fix s > 0 and let U(s) be the first
event in U’ N (s,00). Define the event

St = {U(s) — s <4 and Xj;, (i) = 1},

which can be thought as surviving an updating event that arrives quickly after time s. Our
aim is to show that if at time s the central node ¢ is infected and it has sufficiently many
stable neighbours, then such survival is very likely to occur. To do so define for each s > 0
and i € . the o-algebra §% given by the graphical construction throughout [0, s] restricted
to the subgraph generated by {i} U%°. Also denote by § the o-algebra generated by the
processes {R7, U7} jeqp0.

Proposition 2. Fizi € 7, s >0, and A < i. Then S;’hort s 3’%](5)—measumble, and for
any 0 <c<1,

. Coyk(a) Aep(a,1) _
short “ o 9) p _ 4 (a)
RS 549) 2 1 i Trton (14 ) - ¥

on the event Ay N {|€s;| > cp(a,1) and X1(i) = 1}, where Cgy = 20(1 + Ko + Ko ')

Proof. Abusing notation for the sake of clarity, we will assume that P stands for the law
of the process conditioned on S’ and §. The fact that SShO’”t is SZ —measurable follows
directly from the definition of SShort so we only prove the 1nequahty

Let (E,)n>1 be the ordered elements of (R*UU*)N(s, 00) so the sequence (Ept1— En)n>1
are i.i.d. exponential random variables with rate 1 + /-i( ), and each F, is independently
assigned to be a recovery event with probability 1/(14x(a)) or an updating event otherwise.
Note that the first updating event occurs at U(s) = Ej; where M is a geometric random
variable with parameter x(a)/(1+ #(a)) independent of (E,),>1. Our analysis of P(Sghort)
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will depend on M as follows: On the event { M = 1} there are no recovery events between s
and U(s) so that

P(Sshort n {M =1}) =P(U(s) — s <4 and M = 1). (10)

On the event {M > 2}, we write T} = Ey — s and T, = Ejr — Ep—1 to denote the length
of the intervals before the first recovery and after the last. Now, since |%5;| > cp(a,1)
we know that i has at least cp(a,1) neighbours in 4° which do not update or recover
throughout [s, s + 4] so on the event {U(s) — s < 4} it is enough for X[i](s (1) =1 to occur,
to find some such neighbour that gets infected in [s, F1] and infects i back in [Eas—1, Ep].
Conditionally on (Ej),>1 this occurs with probability

1— (1 —(1- ef)\Tl)(l . efATT))l(’gs,il >1—(1— )\27}TT/4)\%”S,¢\ >1-— 6*)\26p(a,1)TlTr/4

on the event {U(s) —s < 4 and M > 2}, since these events are independent for different
neighbours, and where we have used that both 7; and 7T, are bounded by 4 and A < %
to apply the inequality 1 —e™® > z/2. Taking expectations with respect to (Ej),>1 and
adding the result to (10) we obtain

shor —X2epla r
P(S5hrt) > P(U(s) — s < 4) — E[e™ (@ )TT /41{U(S)_s§4 and 152y (11)

If » > 0, then the event {U(s) — s < 4} is likely to occur and hence we do not lose much
by further bounding (11) as

P(S3") > P(U(s) — s < 4) = Ele M P@lTB/A1 ) 0]

but conditionally on {M > 2} the random variables T; and T, are just independent ex-
ponential random variables with parameter 1 4+ k,. Since for i.i.d. exponential random
variables Y, Y’ with rate 1 and ¢t > 0 we have

, 1 400 _—s 1/t p+oo ,—s 1 1
EleY'] = K[ ]:/ ‘ ‘ “Cas<BUED )
0

ds =
1+3t t l/t S

1+ tY -

we conclude that for n > 0 we have

Kla 2 2C a
P(S:"") 2 P(U(s) — s < 4) = P(M 2 2) 25240 log (14 7723, )

4 4(1+k(a)) Mep(a,l)
> 1 — i) _ Ao 1o (14 el )
where we used that }P’({W >2) = 1++W) Inequality (9) follows as n > 0 and a < 1 imply
4(1+ k(a)) < 4(1+ kg r(a) < Cgyk(a).
Suppose now that n < 0 so that {U(s) —s < 4} is no longer a likely event. In this
scenario we observe that
{M>2and U(s) —s <4} C{M =2} U{M >3 and Ep_1 — E; <4}

and that both events {M = 2} and {M > 3} N {Ey_1 — E1 < 4} are independent from
T;, T, conditionally on M > 2. To compute the probability of this event observe that
Ey1 — E7 corresponds to the sum of M — 2 exponential random variables with rate
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1+ k(a), and since conditionally on {M > 3}, the random variable M — 2 is geometric with
rate k(a)/(1 + k(a)), it follows that Ep;—1 — Ej is exponential with rate x(a) and hence

P(M =2o0r (M >3and By — By <4)) < ¢4 41— e < 5x(a).

Using the independence between the previous event and 77, T, we obtain from (11) and (12),

P(S5hot) > P(U(s) — s < 4) — E[G_AQCP(G’I)TZTTM1{M22}U{M23AEM,I—ElgzL}]

Krla 2 2C a
> P(U(s) — 5 < 4) — 5n(a) 5 log (14 77,

Coyr(a) Xep(a,l —4r(a
> 1= o o8 (1 + 4(1+p;§(a)))2> — e,

where in the last line we have used that if 7 < 0 then 20(14r(a))? < 20(1+k0)? < Cg). O
Recall that S was thought as surviving an updating event that arrives quickly after

time s. To address the case where updating events take a long time to occur we first define
the set of infected stable neighbours of i as

i = {y € G X/(y) =1},

which are the stable connectors of i that are infected at time ¢. Similarly to [13], for any
fixed i € . and t > 0 we introduce the ‘good’ event Wj(t) as
t+1

Wi(t) = {yﬁ” > %9 \p(a, 1) and Xi(i)ds > %}. (13)

t
In words, the event W;(t) implies that on [¢,t + 1] the central vertex is both infected a
large proportion of the time, and has many infected neighbours. Again, for any s > 0 call
U(s) the first event in U’ N (s, 00) and define the random variable n = |U(s) — s| so that
s+n<U(s) <s+n+ 1. We can now define Si as the event in which

(1) U(s) — s > 4,

(2) for each 2 < j < n— 2, the event W;(s + j) holds,

(3) Xy (i) =1.

The following proposition shows that the event St is very likely to occur.

Proposition 3. Fizi € ., s > 0, and n < 0, and let ' and T as defined before
Proposition 2. There are 0 < ¢y < 1/e small and C5 > 0 large depending on ¢@8)s Vs M Ko,
¢1 and o alone, such that if A € (0,¢y) and a € (0,1) are chosen satisfying

(i) p(a,1) < et/

(ii) A?p(a,1) > —Cslog(aX)
then SL9 s S@(S)—measumble and there is C14y > 0 depending on cy, c(s), and the param-
eters v, n, Ko, ¢1 and ca, such that, for all N sufficiently large,
Chy

long ] > —4k(a) _
P15 8) 2 e = S

(14)
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on the event
A = Ao {1, > pla,1) and XiGi) = 1}, (15)
for Ao as defined in (8).

Proof. As in the previous result we abuse notation for the sake of clarlty, and assume that
P stands for the conditional 1avv glven S’ and §. The fact that Ss long ig S’ -Ineasurable
follows from the definition of S so we only need to prove (14).

We first condition on U(s) and assume that {U(s) — s > 4}. Since X is defined on the
star graph formed by i and %°, and i does not update throughout [s, U(s)], we can think
of the updating clocks placed on each connector j as placed on the edge {i,j} instead,
and hence on this interval the model is equivalent to the one studied in [13] (with the
parameter t being equal to 1) so we can use some of the results therein. As in said work we
will assume that the realization of the dynamical network around i is typical throughout
[s,U(s)], meaning that the event

Az = {[Cornil > Lp(a,1) V1 < k <n}

holds. As the initial distribution is the stationary measure, at any given time ¢ each
connector j € 674 belongs to ¢} ; independently with probability %p(a, 1), and because on
Ao we have |€7,| > ¢(s)N, a Chernoff bound for binomial random variables gives

P(1%e] < “p(a, 1) | Ag) < 0P, (16)

It follows that

P(As | A1, U(s)) > 1 — (U(s) — s)e cop@/3, (17)
Fix now a realization of the updating events of the connectors on [s, U(s)], and also on the
connections between them and 4 such that both A; and Ay hold. On this event we have
to bound from below the probability of SL", so in particular we need to prove that the
star ¢ manages to infect several connectors. This is exactly the content of Proposition 3.11
in [13], which (adapted to this context) states that there is C(,5) depending on c(s) alone,
such that if A2p(a, 1) > C(1g) then

cgyAp(a,l) C18)(Alog(Ap(a,1))+1) 2C
( 542, z’ 2 % ‘ U(S)a Ah »AQ) > 1- o >\2i(‘fl) > 1- )\QP(((l:iy (18)

where the second inequality follows from the hypothesis p(a,1) < el/A and by taking

cx < 1. Observe that we can use this result by simply imposing that C3 > C(1g). Once
there are sufficiently many infected neighbours of i, local survival around this star follows
directly from Proposition 3.10 in [13], which (once again adapted to this context) states
that by choosing ¢y small depending on c(y), there is a universal C(;) > 0 such that

~ (e Mpla,1) _cwXplel)
]P’(ﬂwi(s+k)) U(s), Ay, Az, |C. +2l|>80’> > 1—(U(s) — s)Crigye 200 (19)
k=2
on the event {U(s) — s > 4}, where the term U(s) — s (not appearing in the original
statement) follows from a union bound over the probability of failing to satisfy at least one
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of the W;(s + k) events. Putting (17), (18) and (19) together we obtain that on the event
{U(s) — s > 4}, we have

n—2 2
) c(g)yp(a,1) 7C(S)>\ p(a,l)
IP’( (Y Wi(s + k) ‘ U(s),A1> > 1-— fgig;j;) —(U(s)—s)|e"" 5 +Cpuge 20
k=2

Assuming that ¢y < 1 is enough to guarantee that C(]9)6_0(8>/\2p(“’1)/200 > e—cPa1)/3 gng
hence we arrive at

n—2
P( ﬂ Wi(s + k) ‘ U(s), A1> >1-— )\225&81) —2(U(s) — 5)0(19)6—0(8)>\2p(a,1)/200’ (20)
k=2

which addresses condition (2) in the definition of Y. In order to address condition (3)
within that definition we now prove that

Observe that if W;(s + n — 2) holds then ‘ﬁo”;rnf%‘ > cg)Ap(a,1)/80 and since stable
connectors do not update nor recover in at least 4 units of time, these represent sources of
infection throughout the interval [s +n — 1,U(s)]. Now, let

z:=Jy u R,
J
where j ranges over all the connectors in €, ;, and which from our assumption on the

number of stable connectors, is a Poisson point process with intensity bounded from below
by (c)A?p(a,1)/80) + 1. It is sufficient for i to be infected at time U(s) that

e ZN[s+n—1,U(s)] # 0 (observe that [s +n — 1,U(s)] has length at least 1), and
e the last element of Z in this set does not belong to R’,

so computing the probability of these two events gives the lower bound

csyA?p(a,1) e A?p(al)

——— s —1 80 T — 90
(1 —¢ 80 )(1 B C(g)A2p(a,1)+80) > l—e 80 o cs)A2p(a,1)

> 1 100

= cs)A?p(a,1)’
where both inequalities follow from the hypothesis A2p(a, 1) > C3 with Cs sufficiently large
(depending on c(g)). Combining (21) with (20), and assuming that C(;5) > 50 gives

P (S0 U(s), A1) 2 1= sfhy = 2(U(s) = 5)Cope e /20

on the event {U(s) —s > 4}. Taking expectations with respect to U(s) — s (which is
exponentially distributed with rate x(a)) we obtain

4C<18)
A?p(a,1)
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so in order to conclude (14) it is enough to show that by properly choosing the constants
¢y and C3 we have

— _ 2 4C,
2&(0,) 10(19)6 0(8))‘ p(a,l)/200 S 7/\2175:2).

Recall from (1) that p(a, 1) < caa™", so using condition (ii) from the hypothesis the previous
inequality follows by showing that

€(8)°3 < 4C (1) koa? 1=

2C(19)(ar) 7200 < PErS

Since a, A < 1 it is enough to choose C<§6OC3 > (1 —n) and ¢, so small that ¢ <

The result follows by fixing C'(14) = 8C/13g)-

4C<18>H0
20(19)C2 .
U

Remark 9. Observe that the previous result holds even if (i) is not satisfied. In this case
the lower bound is slightly worse;

0(14) log(p(a, 1))
Ap(a,1)

Now define S, := 8L U Sshort and observe that under the conditions of Proposition 2
and Proposition 3 we have

P(Siong ‘ 3@75) > €—4n(a) -

P(Ss|3..8) > 1

CeXpa) P\ 51+ k@) ) T (e 1)
on the event A; if we choose A and a satisfying the conditions of Proposition 3. Observe
however that by definition of k(a) and (1) we have

C(S)AZp(a, 1)
5(1+ k(a))?

5C 9y (a) 1 (1_1_0(8))‘217(@71)) Caa

k(a)log (1 + ) < koa Mlog (1 + c(g)cga_v)
which is bounded since 1 < 0, and where the bound depends on the parameters appearing
in the inequality above. It follows that we can further bound

Cra

P(Ss’%'zsag) > 1_W (22)

where C(30) again only depends on c¢(z), 7, 1, ko, ¢1 and ca.

The event S; can be seen as surviving the next updating event after s, but in a specific
way if the event takes a long time to occur. The main result of this section is Proposition 4,
which states that once infected the process can survive in this manner until a given time
horizon. Let T' > 0 represent this time horizon and 0 < ¢ < T be the time at which i gets
infected (the reader might think of taking the value ¢ = 0 for all practical purposes). Also,
let u; < up < --- be the ordered elements of U* N [t, T] to which we also add uy = t. We
use these times and events to give a technical definition of local survival.
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Definition 2. Let 0 <t < T we say that i € . is [t, T]-infected if the following conditions
are satisfied:

(1) T5ta(§) < U N [T < 3(T — t)r(a).
(2) At every ug with k < [U' N [t,T]| both Sy, and {|Cy, | > C(Tg)p(a, 1)} hold.

() (i) = 1.
The next result states that given the conditions of Theorem 2, the probability of being
[t, T]-infected is bounded away from zero for certain choices of ¢ and T

Proposition 4 (Local survival). Recall the definition of Tj,. in (6) and the constants
cx, Cs from Proposition 3. Fix i € . and assume that n < 0. For any € > 0 there are
Cy>C3,0< ¢\ <ecyand 0 < ¢y < 1 independent of a, A and N, such that if X € (0,¢y)
and a € (0,1) are chosen satisfying

(i) pa,1) < et/

(ii) N*p(a,1) > —Cylog(aX)
then for any 0 <t < T < e“ON with COT% <T —1t<coTipe,

P(i is [t,T]-infected | FLE) > 1—¢,

on the event
{X;(@) =1}Nn A

where Fi and § are as defined before Proposition 2.

Remark 10. The condition p(a,1) < ex is assumed here to avoid a logarithmic factor
appearing as in Proposition 3.11 in [13], and it will be satisfied for all the cases treated
in this paper since a is always a power of X (maybe with some logarithmic correction).
However the result still holds redefining Tj,. as

Ap(a, 1)
r(a)log(p(a, 1))’

which follows from the proof of Proposition / and Remark 9. The condition N\*p(a,1) >
—Cylog(a)) on the other hand is slightly stronger than the usual condition \*k > 1 required
for local survival of a vertex of degree k in the literature. Even though we could derive local
survival under this weaker condition, we do not prove this and instead we ensure [t,T]-
infection which is a stronger event that will be sufficient for the spreading mechanisms
described in Sections 3.2 and 3.35.

,Tloc =

Proof. As in the previous results we abuse notation and assume that P stands for the
law of the process conditioned on Fi and §. Since |[U' N [t,T]| is Poisson distributed
with rate between (T — t)k(5) and (T — t)x(a), both of them bounded from below by
29 1egA2p(a, 1) > O, with C' = 277 1¢yCy. It follows from standard Chernoff bounds that

P(U N [t,T)| > 3(T — t)(a)) < e ©
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and

P(Wi N[t T)| < (T?)—t),i(%)) < 670.30’

so the probability of not satisfying condition (1) in Definition 2 is bounded by 2¢~%3¢. To
address condition (2) observe that, as in (16),

P(|6i| > “©p(a,1) | Ag) > 1 — e corp@l/3,

and since Cy > C5, ¢\ < cy, and we are assuming X;(i) = 1, then (22) gives that
P(Ss) > 1 — %. The event is Sil—measurable so we can use the strong Markov property
to restart the process at u;, where the event S now gives X/, (¢) = 1. Since on u; there is an
updating time we can again use (16) to deduce P(|%, ;| > @p(a, 1) | Ag) >1-— e eP@)/3
which in turn allows us to bound the probability of &,, from below as before. Proceeding
repeatedly we get,

P(i does not satisfy (2)) < P(i does not satisfy (3) and |U* N [t, T]| < 3(T — t)tk(a)) + e~ ¢

C
3¢0Tiock(a) <)\2p(22)1) + e_c(g)p(a’l)/‘g) + e ¢

IN

IN

(

C2 ) _

3coT}ock(a) <)\2p((a,)1) + >\3A204) + e ¢
B oy o

< 30(22)C() + 3cgea 32 Ca + e,

where in the third inequality we have used (i7) from our assumptions, and in the last line

we used the definition of Tj,. and (1). Finally, to address condition (3) we can repeat the

proofs of Propositions 2 and 3 but replacing the event X, (i) = 1 with X}.(7) = 1, thus

obtaining from (22)

Co Co
22 <4 (22)

 Ap(a,1) T Cy

P(i satisfies (3) | u, X’;l(i) =1)>1

Putting together all the bounds obtained thus far gives

c(8)

: e s . C
P(i is not [t, T]-infected ‘ FLF) < 4e703¢ 4 3C 22)¢0 + 3coea A C1 E—C )

Cy

Now fix the constants Cy, ¢y, and ¢y as follows; first choose ¢y small such that BC(gg)CO <
then fix Cy sufficiently large such that C(s9)/Cy < § and 4e703C = 40327 el <
Finally, fixing ¢, sufficiently small so that

INTOFSTO

we obtain the desired bound. O
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3.2. Delayed direct spreading. In this section we prove that under the main conditions
of Theorem 2 together with

(k(a) A Nap(a, a)Tioe > M),

for sufficiently large M(;;, there is slow extinction and we get the corresponding lower
bounds for the metastable density.

To begin the proof recall the definitions of T}y, Ji, €1, Cft’ﬂ-, Ap, the S events, and the
W;(t) events pertaining to a given star ¢ € .7, together with the definition of i being
[t, T]-infected. Also recall the constants ¢y, Cy and 0 < ¢y < 1 appearing in Proposition 4,
we will assume throughout this section that Cy > Cs and ¢ < ¢y. Fix a realization of the
R and U7 processes with j € €0 such that Ag holds, and define the sequences {.%, }men
and {7 }men as

T ={ie S Xig () =1}
= {z € St i is [c0T10cm, €0 T10c (T + 1)]—infected}

Since at time 0 all vertices are infected we have |%| = aN/2. Our goal is to show that
there are small constants 0(23),0'(23) > 0 with ¢(23) independent of a, A and N, and c'(

23)
independent of N such that

P(|Smi1] > c3)aN || Fm| > cogaN) > 1 - RS (23)

which together with a union bound gives slow extinction. Define F; as the o-algebra
generated by the graphical construction up to time ¢, our proof relies on the fact from
Proposition 4 that, for any i € . and ¢Tjoem < t < coTjoc(m + 1/2), taking e = %,

P(i is [t, coTioc(m + 1)]-infected | Fy) > 1/2 (24)

on the event {X} (i) = 1} as soon as A and a are sufficiently small (satisfying the conditions
of the proposition). Now, it follows from the definition of [t, ¢oTjoc(m+1)]-infection that any
star satisfying the event above must be infected at time ¢oTj,.(m + 1) so in the particular
case t = ¢oTjocm we conclude that .7, C 5’7m+1. On the other hand, from (24) we deduce
that each z € .7, belongs to .} independently with probability at least 1/6 so from a
large deviation bound we obtain

P<|jm+1| > %|jm| ‘]:coTzocm) > (1 - 6—0(23)(1N/10)1 (25)

{|Y7m|>c<23>aN}'

From this bound it follows that (23) is automatically satisfied in the case |§Zm\ > 4epzyaN

therefore we assume onwards that c(y3yaN < |<52m] < 4cpzyaN, and further that c(yz) <

1/16 so that 4c(pzyalN < %. Divide [coTjocm, c0Tj0c(m + %)] into |coTjeck(a)/2] intervals
K, = [coTioem + kr(a) ™, coTiem + (k4 1)r(a) ™!

of length x(a)~! (recall from our assumptions that Tj.k(a) = A2p(a, 1) is large) and divide
these intervals further into their first and second half, K,  and K ,j , respectively. Using
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the Kj we define a sequence of i.i.d. Bernoulli random variables U (i, k) with ¢ € ./, and
0 <k < |[coTipck(a)/2] — 1 such that

Uik)=1 <= U'NK, #0and U' N K;" =0, (26)

that is, U(i, k) indicates the event in which i updates on the first half of K} and on the
second half it does not update. Since the K have length x(a)~! it follows that P(U (i, k) =
1) > ¢ for some constant ¢ depending on ko and 1 alone. Using these random variables
we construct the set

LCOT‘locﬁ(a)/2J -1
= {ie%ﬁlz Ui k) > %cﬁ@}’
k=0

which contains the stars that satisfy the condition appearing in (26) for sufficiently many
intervals K. Noticing that the random variables {U (i, k)}ic o x>0 are independent and
that coTjoer(a) > ¢oCy can be taken to be large, we deduce from a large deviation argument
together with (24) that

. 1
P(i € S | FeoTipem) > 5
on the event {X zOTl ..m(i) =1}, and hence for N sufficiently large yet another large deviation

argument gives

n s cepalV _ o —c23N/30 i
P(17] > S5 [ Fram) = (1= e N0 1 oy

Let A, = {|.7)] > %} the event within the probability above, which we will assume
holds for a given m since the lower bound is already of the form 1 —e~ V. Let i € .7\ Frm
be a star not infected at time cg7j,.m; our main goal is to show that the probability that
at some point in [¢Tjoem, c0Tjoc(m + %)] i becomes infected by some i’ € ./ is bounded
from below by some constant independent of a, A and N. To do so fix i € ./} and observe:
e By definition U(¢', k) = 1 for at least pcoTjock(a)/4 many intervals Kj.
e For any fixed such k there are no updating events of i/ on K ,: which means that the time
difference between the last updating event u; in K~ to the next one is greater than 4.
e Since i’ is [com, ¢oTjoc(m + 1)]-infected we know that Sfﬁ"g holds and hence the event
Wir (u; + €) holds for every ¢ € N with w; + ¢ € K;". In particular, we have

XU (i ds > k(a)71/8
K
e Since there is at least one updating event of ' in K, the edge {4,'} is present throughout
K,j with probability M]\}a)‘

As a result of these observations the probability of i’ infecting 7 at some t € K}, is at least

(1- efxn(a)*l/g)l?(aa a) o (1A Ak(a)"M)p(a, a)
N - 20N
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and since i’ € .7, there are at least pcoTjock(a)/4 intervals Ky of length x(a) ! such that
U(i',k) = 1. When considering all the pairs (¢, K;) with i € ./ and K}, as before we
conclude that

P(Hi' € .7) that infects i in [coTjoem, c0Tjoc(m —|— ‘ REEZ4 S C(B)GN) (27)

is bounded from below by

¢(23)90Tjocr(a)aN

— - a9y Clo« Kla apl(a,a 2
1— (1 _ (IAAH(%I\;)P(CL@)) 32 > 1 —exp (_ (23)c09( (1)5/\0)(\)) p(a, )Tloc> > 37

where the last inequality follows from our assumptions on the parameters, given that
M(;s) is taken large enough. Assume now that the event above holds and let 7; be the
first time in [coTjpem, coTl0c (M + %)] that X’ii (1) = 1. The idea at this point is to ask
whether i is [y, coTjoc(m + 1)]-infected which in particular implies that 7 is infected at time
Tioc(m + 1) and hence i € jm+1. Now, these events rely on the 7%/, C* and U’ events
on [7,¢0Tj0c(m + 1)] and hence are independent of the event in (27). Also, since ¢ is
independent of a, A and N we can apply (24) with ¢ = 7; to conclude that

~ 1
]P’(z' € I+l ‘ 3i" € " that infects i in [coTjocm, coTjoc(m + %)]) > 17

Finally, observe that from our assumption c,3) < & we have |7\ Fm| > aN in the event

{e@syaN < S| < 4 (23yaN} and since the events {i € Fmi1} are mdependent we can
use a large deviation bound to conclude

for some 0(2 5) > 0 independent of N. By taking c(y3) < ﬁ we finally conclude (23).

To obtain the lower bound on the metastable density given by (7) fix ¢gTjo. < t < econN
(we can take ¢ > ¢gTj. w.l.o.g. since Tj,. does not depend on N) and observe that from
the last proof we have deduced in particular that

P(’jmfﬂ > C(gg)aN) >1-— e—c’(%)N

where m is such that t € [¢gTjocm, c0Tj0c(m + 1)]. We can use a slightly extended proof of
Lemma 4 including intervals of length up to 2¢g7j.. to conclude that for every ¢ € 7,1
we have

P(i is [coTioc(m — 1), t]- infected | |- S 1| > cepalN) > ¢
for some ¢ > 0 independent of a, A\ and N. Using a large deviation bound we conclude

that the total number of stars satisfying the event above is at least ac(23)c’ N/2 with high
probability. As these stars are infected at time ¢ the result follows from Lemma 1.
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3.3. Delayed indirect spreading. In this section we prove that under the main condi-
tions of Theorem 2 together with

Nap*(a,1)Tioe > M),

for sufficiently large M), there is slow extinction and we get the corresponding lower
bounds for the metastable density. We follow a similar structure to the one used in the
previous section but incorporating the ideas used for delayed indirect spreading in [12]. As
before, recall from Section 3.1 the definitions of Tj,e, Jk, 1., Cﬁt”i, Ao, the S events, and
the W;(t) events pertaining to a given star ¢ € ., together with the definition of [¢,T'-
infection. As before recall the constants ¢y, Cy and 0 < ¢y < 1 appearing in Proposition 4,
and assume that Cy > Cs and ¢y < ¢). Further, assume that Ag holds and defin e the
sequences {7, bmen and {7 }en as in Section 3.2. Once again, the main goal is to show
that there are small constants c(g), Clogy > 0 to be fixed later, with ¢(28) independent of a,
Aand N, and c’(28) independent of N such that

P(|5Zm+1’ > c(o)alN | -S| > cesyaN) > 1 - 6_0228)N, (28)

which together with a union bound gives slow extinction. Following the same reasoning as
in the previous section we obtain
P(‘ym“’ > 117l ‘F Cﬂlne’”) > (1= e ML 5 any

and (28) is automatically satisfied in the case | S| > 4cogyaN. Henceforth we may assume
that cog)aN < |Fn| < deagyaN (once again choosing c(og) < %6) It is at this point that
the proof differs from the previous one. Indeed, while in the case of direct spreading the
proof relied on showing that most stars update in a ‘normal’ fashion, in this case the main
idea is to show that the local survival of stars is sufficiently ‘synchronous’, meaning that
during a fraction of the time we will always observe sufficiently many infected stars that
can transmit their infections to connectors in '. We begin by introducing a set of indices

j = 5N ﬂ [Coﬂocm) cDJ‘IZOC(T’?/ + %):I

which are used to define time intervals of the form [k, k+5] with & € J. Using these indices
we now define a new sequence of i.i.d. Bernoulli random variables U (i, k) with i € ./}, and
k € J such that

U(i,k) =1 <= R'N[k,k+5 =0, (29)
and use these random variables to define the set of synchronous stars .75 as
= {ie S DUl k) > s .
keg

The definition of .77, given here is similar to the one introduced in Definition 5 in [12]. The
main idea is that intervals [k, k+ 5] with sufficiently many stars satisfying U (i, k) = 1 serve
as time windows in which connectors can become infected. These connectors, however,
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need to be able to hold the infection in order to further infect more vertices. We thus
define for every k € J the set

G o={jedWNk+3,k+4 40, WUR)Nk+4,k+5 =0}

of stable connectors, which neither update nor recover throughout [k+4, k+ 5] but updated
before. We claim that for any fixed k € J, a stable connector j € kal is infected throughout
[k + 4.5,k + 5] as soon as there is some i € ., for which:
(i) R'N [k, k+5] =0,

(ii) 7 is a neighbour of j at time k + 4, and

(iii) Z§ N[k + 4,k +4.5] # 0.
Indeed, suppose that () holds; because i € .7, , by definition it must be [coTjoem, coTjoc (M +
1)]-infected and hence it is either the case that there is an updating event u € [k, k + 4]
at which &, holds so ¢ is infected, or there are no updating events in this interval, in
which case at the last updating event u we had SX™ and hence W (u + [) holds for some
u+1 € [k, k + 3] which again means that ¢ is infected at some time in [k, k + 4]. Either
way, because R' N [k, k + 5] = () the infection of i is sustained throughout [k + 4, k + 5] and
hence it follows directly from (i7), (#i7) that there is a valid infection event between i and
j in [k + 4,k + 4.5]. By definition of 4}', j does not recover throughout [k + 4, k + 5], thus
proving the claim.

Observe that a given i € . belongs to .75 with probability at least 1 — e70:3¢0Tioc/20” >
%, where the bound follows by choosing C large (depending on ¢p). From this bound and
Proposition 4 (fixing ¢ = %) we thus obtain that

) 1
on the event {Xzoﬂocm(i) = 1} and hence a large deviation argument gives
€(28) —c(28)N/80 .
P75 > “2aN | Fonpom) > (1 _ e—cen N/ ) L7 enga) (30)

which is already a bound of the right form for slow extinction so we may as well assume that
|75 > 0(42—88)@]\7 as soon as || > cagyalN. Similarly, observe that since the connectors
have index at least N/2 we can safely say that each j € €' belongs to ‘Kkl independently
with some probability ¢ depending on kg alone. Hence it follows from a large deviation

argument that

P(|6;| = pN/3) = 1 — e 0N (31)
which is again of the right form for slow extinction so we again assume that |%}}| > ¢N/3
for all k € J. Write B for the event {|.7| > Cfs)a]\f} N{(€}| > ¢N/3), Vk € J} in

which there are many synchronous stars to spread the infection, and stable connectors to
receive it. Define now the index set

K= {ked: [{ie 06K =1} > Z4},

12e°
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which corresponds to the set of intervals at which we can find enough stars in ., that do
not recover. Using the previous claim and the definitions of B and K we deduce that there
is some constant ¢ independent of A, a and NN such that

P(|{j € G Xppas(j) = 1}| > DRIV F 0 Bk € K) > 1—e 0lecdar@DN (39

on the event {|.%,| > c2s)aN }. Indeed, for any j € %) and i € .75 satisfying R* N [k, k +
5] = () the probability of satisfying (i7) and (iii) is equal to

)1 —)/2 Ap(a,1

MR - e >

because by definition j updated during [k + 3,k + 4]. Since B holds there are many
synchronous stars, and hence using the definition of ' we conclude from a large deviation
argument and the previous claim that any given j € %kl is infected at time k + 4.5 with
probability at least

€(28

(28)
p(a,1) \ Go0es Y s Aap(a,1)
1-— <1 - %) 000 > 1—exp (7%) > cAap(a, 1),

where ¢ = 1/4800e®. Hence (32) follows from the bound on |%}!| and yet another large
deviation argument.

So far we have seen that for any given k € K with high probability there are of order
Aap(a,1)N infected connectors at time k + 4.5. However, in order to spread the infection
we need to consider all these sources of infections at different times k& € K simultaneously.
For that purpose we introduce the set &, of pairs (k,j) as follows

P = {(k,§): k€K, j €C, Xpyas(j) =1}
To lower bound the number of synchronous times in K we use a double count to deduce

I8 10 0c T Tioc S
aolioe < N N0 (i, k) < K] + (<= — KD 5,
€3 keI

where the left inequality follows from the definition of .7, and the right one from the fact
that there are at most ColT% intervals in [coTjoem, ¢oTj0c(m + %)], and the definition of .
We conclude that |KC| > ¢9Tjoc/240e°. Putting this together with (30), (31), and (32) gives

P(|Pm| > W | FeoTioom) > 1 - e~ce N (33)

for some c(33) > 0 independent of N, on the event {|-m| > cagyalN}. In order to conclude
(28) we need to show that stars in %\ %, have a sufficiently large chance of getting
infected by the sources of infections represented by the pairs time-connector in &,,. Fix
i€\ S and observe that in order for i to get infected in [c0T10em, €0 T10c (M + %)] it is
enough to find (k,j) € £, such that

(i) j is a neighbour of 4 at time k + 4, and
(ii) Zy? N[k + 4.5,k + 5] # 0.
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Indeed, by definition of ‘51 the connector j does not recover not update throughout [k +
4.5,k + 5] so any 1nfect10n towards ¢ in this interval is valid. Once again the probability
of satisfying these conditions for a given pair (k, j) is at least Ap (X, ) and since the state of
the edges {i,j} at times k4 4.5 are independent across the j and k (since by definition the
connector updated in the interval [k + 3,k + 4]), a large deviation argument yields
P<E|t € [coTlocm’ c(]Tloc(rn + %)} with Xt(z) =1 ) chTlocm’ |<@m| 2 W)
cpAap(a,1)coTiocN

5 2,2
> 1 (1 - L}X;”) 720 >1— exp (%)

on the event {|.%,| > cisyalN and i € 7\ Fm}. From the hypothesis of the Theorem we
know that A2ap?(a,1)Tjee > M;,), and the constants ¢p, ¢ and ¢ do not depend on a, A
or N, so taking M, large enough we finally obtain

2

3

on the event {|.%,| > c(gg)aN and i € .\ .%,,}. From this point onwards the proof is the
same as the one in the previous section; defining 7; as the first time in [coT}ocm, coTloc(m+ )]
that X;Z() 1 we flip a coin to ask whether i is [1;, coTjoc(m + 1)]-infected which in
particular implies that 4 is infected at time coTjoc(m + 1) and hence i € .%, 1. Using (24)
with ¢ = 7; we conclude that

, Aap(a,1)coTioe N
P(Ht € [c0Tiocm, coTioc(m + 3)], X4(i) =1 ’ FeoTroems | Pm| > %) >

. " cpAap(a,1)coTioc N 1, > 7
P(Z € S i1 ‘]:toTzocma | Pl > 720€5 ) Z 36 1{0(28)aN<|f90m| and i€\ S}

Finally, on the event {c(y5)alN < S| < 4dczg)aN '} we have |7\ Fm| > % and it follows
from a large deviation bound together with (33) that

—¢'N
]P)(| m+1‘ > 320 ‘fcoTlocm) 2 (1 —€ ¢ )1{C<28)G,N<‘<§Zm|§4C(28)QN}

for some ¢ > 0 independent of N. The result then follows by taking c(sg) < ﬁ. The
corresponding lower bound for the metastable density follows the exact same proof as in
the previous section so we omit it.

3.4. Slow extinction and optimal strategies. In this section we prove Theorem 1 in
the case n < 0, that is, we show how to use the results from the previous sections to
deduce slow extinction and find an upper bound for the metastability exponent for both
the factor and preferential attachment kernels. More precisely, for each kernel and survival
strategy we describe the parameters 7, 7 for which the strategy is available, with the union
of these parameter sets constituting the region of slow extinction. As for any strategy the
metastable density is bounded from lower by Aap(a, 1), which is increasing in a, we only
need to obtain the maximal value of a for which the strategy succeeds; this gives the best
possible lower bound for the strategy and comparing all strategies we find the optimal
strategy and the corresponding upper bound on the metastability exponent. In all cases,
the maximal a is a power of A and hence the condition a < e!'/* appearing in Theorem 2
is automatically satisfied so we disregard it throughout this section.
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3.4.1. The factor kernel. Recall that for the factor kernel p(a,a) = a2 and p(a,1) = a™"?
which we use to analyse the survival mechanisms separately:

e Quick direct spreading: The condition ensuring the mechanism works is that Aa' =27 >

. . . . 1 . _ %—i—o(l)
M(;), which is possible if v > 5 with a of order agqs = A?—1 .

e Quick indirect spreading: The condition ensuring the mechanism works is that

ANal=2 > M ;3y, which is possible if v > % with a of order agis = )\%—Fo(l).

e Delayed direct spreading: For this mechanism two conditions need to be met,
Na™7 > Colog(L) and  (1AX")a' "IN > M. (34)

The mechanism is available as soon as vy > % The metastability exponent analysis needs
to be handled by dividing it into different subcases.

— Suppose the first condition in (34) is the most restrictive one. Maximizing a subject to
this condition gives a of order q;s = A2/71°(1). Here the actual spreading mechanism
does not affect the exponent. To check that the former succeeds we still require the
second condition in (34) to hold. Replacing a;s in this condition gives

(1 A )\14-277—0(1)))\%_4_0(1) — )\(OV(1+277))+%_4_0(1) > M(nz)

We get the restrictions v > % and v > ﬁ

— Suppose now that the second condition in (34) is the most restrictive one while at the
same time Aa”"” < 1 holds. The maximal « is of order

3
+o(1
Adds = ABr=1=71 o)

Since we now require that both Ma™" > Cy and \a" < 1 hold, substituting the
expression for aq4s gives the restrictions v < ﬁ and vy > ﬁ

— Suppose that the second condition in (34) is the most restrictive one while A\a?” > 1
holds, which is the case when depletion occurs. The maximal a in the condition

Aal =3 > M ;i) 1s of order

2
= 4o(1
a s = )\37,1 ( )

We now require A2a~™Y > C5 and \a"" > 1. Substituting the expression for agqqs gives

. . 1 1
the restrictions v < 5 and vy < 31

e Delayed indirect spreading: As in the previous mechanism there are two conditions
to be met, which after performing the same simplification as before are of the form

MoV >Cy  and  Ma!TIM > M ). (35)

In this case the condition under which slow extinction holds is ﬁ <~ and for the
metastability exponent we again treat separate scenarios:



30 EMMANUEL JACOB, AMITAI LINKER AND PETER MORTERS

— Suppose that the first condition in (35) is the most restrictive one, so that the maximal
a is of order a;;. Substituting this in the second condition of (35) gives the restriction
v > 1%77 Recall that delayed concurrent spreading is possible if both the direct and
indirect spreading mechanisms succeed, which is the case if v > % and v >

ﬁ.
— Suppose now that the second condition in (35) is the most restrictive one, so that the

maximal a is of order
Qs = A1 TOW)

Substituting ag;s in the first condition of (35) gives the restriction v < ﬁ

For each one of the densities above we compute the corresponding lower bound for the
metastable density Aap(a,1) = Aa'~" and express both the result and the restrictions on
the parameters in terms of n and 7 = % + 1. The information is summarized in Table 1.
The only thing left to do in order to conclude the first part of Theorem 1 is to compute
which is the largest bound for the metastable density (or equivalent, which is the smallest
exponent) in the region of slow extinction. This is an elementary exercise.

TABLE 1. Density and restrictions per mechanism for the factor kernel

Mechanism Density Region
Quick direct spreading Ag=7 o) Ry :={r <3}
Quick indirect spreading Ai=r tol) Ry ={r <3}
Local survival A2r=3+o) | Ry = {r < (3 -m)A3tu{r<2-1n}
Delayed direct spreading iz o) Ry:={5—-n<r<4+2n}
Delayed depleted direct spreading | A77 o0 Ry:={(4+2n)Vv3<1<4}
Delayed indirect spreading )\34T:T4:’7n+0(1) Ry :={2-n<r1t<4-n}

3.4.2. The preferential attachment kernel. Recall that for the preferential attachment ker-
nel p(a,a) = a~! and p(a,1) = a~7. Again we analyse the survival mechanisms separately.

¢ Quick direct spreading: In this case the condition ensuring the mechanism is A > M),
which fails for A small for any choice of the parameters.

e Quick indirect spreading: In this case the condition ensuring the mechanism is
Aal=2 > M ;;y which was already analysed for the factor kernel. It follows that the
mechanism holds as soon as v > % and the maximal a is of order a4, as before.

e Delayed direct spreading: For this mechanism the simplified conditions are

MNa™7>Cy and (1A XN > M i3z (36)
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Surprisingly, for this kernel the mechanism is available for all values v and 5, and we
analyse the metastability exponent by considering two cases.

— Suppose that the first condition in (36) is the most restrictive one, which shows that
the maximal a is of order a;5. Substituting a;s into the second condition in (36) gives
the restriction n < —%.

— Suppose now that the second condition in (36) is the most restrictive one and further
assume that Aa?7 < 1 since otherwise we fall into the previous case. Maximizing a in
the condition \3a=YT7" > M ;3s) gives the order

3
1
Adds = )\’Y*WW+O( )

Observe that the condition A\2a~7 > O} is trivially satisfied, while replacing ag;s into

the assumption gives the restriction n > —%.

e Delayed indirect spreading: Since the kernel appears in the conditions only through
p(a,1) = a™7 the analysis of this mechanism is the same as for the factor kernel and

hence we have that the mechanism holds as soon as ﬁ <.

(1),

2
—If~v > ﬁ then the maximal a is of order aj; = A7 ° Hence delayed concurrent

spreading is possible if < —% and vy > ﬁ

1 . . ;+0(1)
—Ify < — then the maximal a is of order ag;s = A3v—1-m .

As in the previous section we compute the corresponding lower bound for the metastable
density Aap(a,1) = Aa'~7 for each mechanism and express both the result and the restric-
tions on the parameters in terms of n and 7 = % + 1, which are summarized in Table 2.

TABLE 2. Densities and restrictions per mechanism

Mechanism Density Region
Quick indirect spreading A5 o) Ry :={r <3}
Local survival AZT=3toll) I Ry i={r<2-nlu{n< -1}
Delayed direct spreading )\%M(l) Rs:={n> —%
Delayed indirect spreading )\%M(l) Ry={2-n<7<4-—n}

We observe that among the delayed mechanisms the density associated to local survival
is the largest and hence dominates in the domain Ry where it is feasible. It is easy to
calculate that delayed indirect spreading dominates delayed direct spreading if 7 < % + 3
and quick indirect spreading only prevails if no other strategy is available. This completes
the proof of Theorem 1 in the case n < 0.
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3.5. Fast extinction phase. Recall the distinction between fast extinction, where the
expected extinction time grows as a power of IV, and ultra-fast extinction, where it grows
subpolynomially. Both for the factor kernel and the preferential attachment kernel ultra-
fast extinction occurs if > 4 and 7 > 3, which follows directly from Theorem 2 in [12],
which also gives a polynomial upper bound for the extinction time expectation in the fast
extinction regimes for > 0. For n < 0 an appropriate upper bound will follow from
Theorem 3 in the next section. In order to conclude that no ultra-fast extinction occurs
unless > % and 7 > 3, we need a lower bound for the expected extinction time, which we
provide here in the case n < 0. The case > 0 follows from analogous ideas together with
the results found in Sections 4.3 and 4.4 in [12].

Lemma 2. Let p be any kernel satisfying (1) and n < 0. Then for any € > 0 there are
constants ¢y and co such that for any A < ¢y and all N large,

P(Texe > 200" | Xg=1) =1 - o(1)

Remark 11. Observe that the exponent given does mot necessarily match the one from
Theorem 3 below. Finding the exact exponent is an interesting question which could shed
light onto the behaviour in the fast extinction regime. We do not pursue this here.

Proof. Fix i = % which is the most powerful vertex in the network, and observe that it is
initially infected since Xy = 1. For this choice of a we have from (1) that p(a,1) > c;a™ =
i N7 and k(a) = ko N it then follows from Proposition 4 together with Remark 10 that
for any € > 0 there is a choice of ¢y and ¢p such that

P(7 is [0, ¢Toc]-infected ‘ Xo=1,5) > 1—¢,
on the event Ay. Now, in this particular case

T - Ap(a, 1) B cAN7(1=n)

0" k(@) log(p(a, 1))~ log(N)
for some constant c. Taking ¢; = ccg and observing that from (8) we already have that
P(Ag) > 1 — e “®¥ the result then follows from the observation that by time co7j,. the
vertex 7 is infected and hence To ¢ > ¢gTjpc. ]

4. UPPER BOUNDS

4.1. Upper bound by local approximation. Proposition 8 of [13] can be easily adapted
to our situation and yields the following result.

Proposition 5. Suppose n < 0. There is a constant C(37) > 0 such that, for all X > 0, the
upper metastable density p+(\) satisfies

0(37)/\3& in the case of the factor kernel with T < %,
p(N) <

(37)

the preferential attachment kernel,

. 2r-3 ,
ClanA in the case of ezther{ the factor kernel with T > %
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This gives the right upper bound appearing in Theorem 1 only in the regions Ry intro-
duced in Section 3.4 for both kernels. The remaining regions are covered in next section.

4.2. Upper bound by the supermartingale technique. We complete the proof of
Theorem 1 by showing the following two propositions.

Proposition 6. Suppose n < 0. There is a constant Cs > 0 such that the following holds:

(a) For the factor kernel,
(i) if T >4 —n, there is fast extinction;
(ii) if 3 —n <1 <4+ 2n, the upper metastable density satisfies

prN) < CoA T
(iii) If 3N (44 2n) < 7 < 4+, the upper metastable density satisfies
pT(\) < CoAT
(iv) If (2—=n) A (44 2n) <1 <4 —n, the upper metastable density satisfies

31—2—n

pt(\) < CoA T

b) For the preferential attachment kernel and —% < 1 < 0 the upper metastable density
2
satisfies:
C )\w 9 <8 n
4—n—1 — = -
p+()\)§ 6 37_7’5_7] if nNsT<3+t3; !
CoN -0 ifr>8 41

Proposition 7. Supposen > 1/2 and T > 3. Then for the factor or preferential attachment
kernel, there is ultra-fast extinction.

As in [12, Theorem 2] or [13, Theorem 5] the basic approach for the proof of Propo-
sitions 6 and 7 is to use a function s: (0,1] — [1,00) associated with the model and a
functional inequality satisfied by s to define a supermartingale, which in first approxima-
tion associates the score s(i/N) to each infected vertex i. The optional stopping theorem
gives an upper bound on the time when the total score hits zero. The main difficulties in
this approach are:

e Choosing an appropriate functional inequality. There is no ready-made recipe, although
the inequalities we get, namely (41), (42), and (48)—(50), are directly inspired by under-
standing of the local survival and spreading mechanisms studied in Section 3.

e Defining the supermartingale. This is hard as the underlying Markov process of network
evolution and infection has a large and complex state space with a sophisticated tran-
sition structure depending on the network geometry. To deal with this we introduce an
exploration process which only partially reveals the network structure depending on the
infection paths. Again, we are guided by our understanding of the survival mechanisms.
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Theorem 3 below allows us to prove Proposition 7 and to treat the case of the factor
kernel in Proposition 6 (a),(i) and (ii), and of the preferential attachment kernel in Proposi-
tion 6 (b). Theorem 4 is considerably more difficult to prove as it introduces a new ‘hybrid’
approach where we treat low-degree vertices locally as in a static network and include this
treatment in our global supermartingale approach. The combination of local and global
ideas is the main technical innovation of this paper. Theorem 4 allows us to treat the case
of the factor kernel in Proposition 6 (a)-(iii) and (iv).

Definition 3. Define 7: (0,1) — (0, 00) and the time-scale function T'¢: (0,1) — [1,00) as

[t pla,y)
m(x) = /0“( dy, (38)

) + K(y)
loc — max 8 QM
T (z) = {8, S 1O K(x)}. (39)

For given j € {1,..., N}, the time T}-OC := T'°°(j/N) should be interpreted as an upper
bound for the time during which the infection can survive locally around j using only
infections of its neighbours and direct reinfection of j from these neighbours, but the precise
definition of T%°° comes from the statements and proofs of Theorems 3 and 4 below. The
definition of T'°¢ is of course to be compared with the definition of Tj,. by (6). In many
cases we have 7(x) < p(x,1) < 77 all of the same order, so for strong vertices we will
typically have T}OC = MN2(j/N)7k(j/N)~! < Tioc(j/N, M) all of the same order, which is an
indication that in these cases T'°¢ is an accurate upper bound.

In Theorem 3 below, we will say a vertex j is quick if it updates at rate xk(j/N) > X and

slow if it updates at rate x(j/N) < A. When 7 > 0, we assume for simplicity A < kg so all
vertices are quick. When 7 < 0, a vertex is slow if j/N < agow, where agoy is defined as

o = (A) | (40)

Ko
Theorem 3. Let n € R and suppose there exists some a = a(\) > 0 and some non-

increasing function s : |a,1] — [1,00), or s : (0,1] — [1,00) if a = 0, such that for all
T > a, we have

1
() /0 Aol y)s(y v a) dy < (z) (41)

if >0 or x > agow, OT

Aslow 1
7 T(x) </0 (k(z) V K(y))p(r,y)s(y V a) dy +/ Ap(z,y)s(y) dy) <s(z) (42)

Aslow

ifn <0 and x < aglow-

(1) If a = 0, then the expected extinction time is at most linear in N and in particular
there is fast extinction. More precisely, writing (H)s for the hypothesis that T'°s~0
s a bounded function, we have
(a) (H)1 is a consequence of (41) and (42).
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(b) If (H)s is satisfied for some 6 € (0, 1], then there is w = w(A,d) such that for
al N,

E[Text] < wN°. (43)
Combining with (a) we have that E[Tey] is always at most linear in N.

(c) (H)o is satisfied exactly when n > 1/2, and in that case there is ultra-fast
extinction. More precisely, there is w = w(\, ) such that for all N,

E[Text] < wlogN.

(2) If a > 0 then there exists w = w(a, ) > 0 such that, for all large N and all t > 0,

1
In(t) < “+65L)/ s(y)dy—k%—l—%. (44)

In particular, if there is metastability, then the upper metastable density satisfies

1
PN < alh) b / s(y) dy. (45)

Note that Theorem 2 in [12] is similar to Theorem 3 here, but it holds only for > 0, and
always requires a condition similar to (41) (with only a different multiplicative constant in
the left-hand side of the inequality), irrespectively of whether the vertex is quick or slow.
Inequality (41) would actually be the natural inequality to look at if we were considering
a model of infection without any underlying graph, where an infected vertex ¢ could infect
any other vertex j with the ‘temporal mean rate’ Ap;; < Ap(i/N,j/N)/N, and could
recover at rate 1/(777°) instead of one. It is remarkable that our model can in this sense
be upper bounded by a model without any underlying graph, or more precisely where the
only manifestation of the underlying geometry lies in the introduction of this ‘local survival
time’ T;°¢ at each vertex. The fact that Theorem 2 in [12] only requires a condition like (41)
is also an indication that this theorem takes into account adequately the degradation and
regeneration effects discussed in the introduction. In a sense, our Theorem 3 generalizes
Theorem 2 of [12] with the following additional ingredients:

(i) The local time TZ-10C is appropriately extended to negative values of 17 and thus takes
into account the weaker degradation effect for slow evolutions.

(ii) The depletion effect is now taken into account by requiring only Inequality (42) to
be satisfied for slow vertices, instead of Inequality (41).

Theorem 3 is quite strong but still has a weakness. For weak vertices with typical degree
smaller than A\~2, we might still have 7'°°¢ large, which does not reflect well the fact that
reinfections should be rare and the local survival effect should be nonexistent.

Theorem 4 below provides a special treatment for these weak vertices. It requires to first
distinguish weak and strong vertices, and then distinguish strong quick and strong slow
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vertices. More precisely, we define

1
Qstr 1= SUP {w € (0,1], : / p(x,y)dy > 10%}, (46)
0
Gstsl = Astr A Aslow, (47)

and say a vertex j is strong slow if j/N < aggl, strong quick if agg) < j/N < asty and weak
if asty < j/N. Note there is no strong quick vertex if asts) = sty

Theorem 4. There exists a large constant ¢ such that the following holds: Let n < 0 and
suppose there exists some a = a(\) > 0 and some non-increasing function s : [a, 1] — [1,00)
such that the following master inequality is satisfied: for all x > a,

1
¢ / p(z,y)s(y V a) dy < s(z) (48)
0
if x > asty, or
1
A /0 A p(a,y)s(y v a) dy < s(x) (49)

Zf Astsl < T < Agtr, OT

Asts] 1
¢ T°°(x) (/0 (k(z) V K(y))p(x,y)s(y V a)dy +/ Ap(z,y)s(y) dy> <s(z) (50)

Astsl

if T < agtgl. Suppose also the following technical assumptions are satisfied:

(H1) s(astr)/ p(z,y)dy < s(x)  for all x > ag,y and

(H2) there exists so#feazr> 0 and c(51) > 0 not depending on A, such that
s(astr) < 0(51)/\73%[; (51)
s(asr) < e A~ T inf {Tfo(f()w) P T < Agtr ) (52)

Suppose finally the functions a=' and s(a) have polynomial growth at 0, in the sense that
they are bounded by A= when X\ — 0 for some ¢ > 0. Then, there exists w = w(A) >0
and W' = w'(X) > 0 such that, for all N and all t > 0, we have, for small A,

/

1
In(t) < 2a+3;éa)/ s(y)dy + % + 5 (53)

If there is metastability, we get that the upper metastable density satisfies, for small A > 0,

4 1
+ a — S .
P =200+ s [ s (51)



THE CONTACT PROCESS ON EVOLVING SCALE-FREE NETWORKS 37

We postpone the proof of these theorems to Section 5, and check here how they can
be used to deduce Propositions 6 and 7. In order to use Theorems 3 and 4, we have to
determine a level a and a function s satisfying the hypotheses of the theorems and providing
the required upper bounds. The way we do this is led by two complementary principles.
First, a purely analytic approach, when the conditions required by Theorems 3 and 4
lead to optimal or natural choices. Second, the comparison of the approach with the lower
bounds. In the lower bounds, we were seeking for the largest possible threshold a such that
the stars . := {1,..., |alN |} are typically infected in the metastable state. By contrast, in
this upper bound section we seek for the smallest possible threshold a such that the contact
process shows a subcritical behaviour while infecting only vertices in {|aN| +1,...,N}.
We thus expect that the a we use in this section to be larger than the a used in the lower
bounds section, and our aim is to make them of the same order.

To avoid cluttered notation, we henceforth assume 5 = 1 in the definition of the kernels.
Recall that 7 € (2,00) and «y € (0,1) are linked by 7 =1+ 1/v. To shorten computations,
we write f < g if the positive functions f and g of A satisfy that f/g is bounded when
A — 0, and similarly f 2 g or f =< g. We will use repeatedly that f y"~'dy =< a” + b" when
the parameter r is different from 0. Of course, when the sign of r is known, only one of
the two terms a” or b" has to be kept. For simplicity we disregard in our computations the
cases involving a parameter » = (0. These cases would induce a logarithmic factor coming
from the integration of the harmonic function, but this logarithmic factor never concerns
the leading term of the quantities we are estimating and can therefore be omitted.

Application of Theorem 3 to the preferential attachment kernel. When applying
Theorem 3, we actually check (41) for all x irrespectively of whether x > aslow or & < Gglow,
so as to ease computations’. Recall that Pr0p051t10n 6 assumes 1 € (— ,0), and under

this hypothesis, we have for c3 = = T W and y € (0,1],
1
p(y, 2) -
m(y) = —— L dz < c3y .
W /0 M

Introducing f(z) = s(z)/T"°¢(z) Inequality (41) is equivalent to A,(f)(z) < f(x) for all
x > a, where we have defined the functional A, by

1
Au(f)(x) = 8 /0 P, 1) f(y v )T (y v a) dy.

The assumption 1 < 0 yields T'°%(y) =< ¢ + A2y~ 7™, In our pursuit to match the
dominant strategies in Section 3.4.2 we now suppose a(A) < A2 & ay (where a5 was
introduced in Section 3.4.1). With this assumption, when y = a the last estimate simplifies

1Checking instead the less demanding Condition (42) for slow vertices would actually provide slightly
better upper bounds, but only in regimes where our optimal upper bound requires Theorem 4 anyway.
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to a) < ANa~ . In case of the preferential attachment kernel we get, for > a,
T'oc A2a=r 1 f th f ial h k 1 f
Bulf)(a) = X7t [0 (@) XaTT Iy
0
+ Az ! / y W)y + APy dy

1
+ Az / YT (y) (Y 4 Ny dy.

Searching for a monomial f(x) = z® with o < 0, and assuming for simplicity that none of
the four exponents 1 —v+a+vn, 1 —2y+a+yn, v+ a+n, or a+n, equals 0, we get

Aa(f) (@) ~ Az 4 N300 4 \3g =L@t =27y N

For A,(f)(z) < f(x) to hold for all z > a, we need
) A<a™, (i) A <00 (i) A3 < g2 1mamm,
(iv) A < a®t, (v) M < aPriom,

Here (v) is just a consequence of (iii) and (iv). (i), (ii) and (v) do not depend on «, and
prevent us from choosing a too small. We now consider the different cases.

(1) The case —3 <n<0and 7> 5+ 1.

This is the delayed direct spreading phase, where (i) and (v) are less restrictive than (ii),
leading naturally to the choice (with r some constant to be defined later)

3

a(X) = ravd-n),

(iii) requires o > v — 1, while (iv) requires a > 3(n — 2) which is less restrictive under
our assumptions, so we choose o = v — 1, as (45) will then give the best possible upper
bound for the upper metastable density. It is now a simple verification that choosing r
large enough indeed ensures (41) is satisfied for small A > 0. Then (45) yields

1 1 3=2v—9n 3r—5-n

+ < < < - = =
pT(A) < s(@V) ~ @ 1x2g <A A 17

(2) The case —%<n§0and 2—77§7-§%+g.
This is the delayed indirect spreading phase, where (i) and (ii) are less restrictive than (v),
leading naturally to the choice (with r some constant to be defined later)

4
a()\) = 'r)\'Y(3*77)*1’

(iii) and (iv) is more restrictive than (iii), thus leading to the choice a = —%’7“. Choosing

7 large we see that (41) is satisfied for small A > 0. Furthermore a < A*7 holds as v < ﬁ
Finally, (45) yields

3r—4—n

pHN) S AT = AT
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Application of Theorem 3 to the factor kernel. As discussed previously, for the
factor kernel we use Theorem 3 to prove the upper bounds in Proposition 6 only in the
cases (a),(i) and (ii), so we we either assume 3 —n <7 < 4+2nor4—n < 7. As in the
previous analysis we check for Condition (41). Replacing p(x,y) = 277y~ 7, the left side of

this inequality factorizes as D,T%°¢(z)2~7, where D, does not depend on z and is given by

1
D, := 8)\/ y Vs(aVy)dy.
0

It is thus natural to choose the scoring function s(x) = T'°¢(z)z ™7, so that (41) becomes
equivalent to D, < 1. From our assumptions we have 2 —n < 7, so that 7(x) = O(x™7)
and we get

Dy S A+ X! 721 4 N33, (55)

~

assuming for simplicity that the exponents 1 — 2y + vn and 1 — 3 + 7 are nonzero. To
discuss which values of a can make D, smaller than 1, we consider different cases.

(1) The case 7 >4 — 1.

In this case the two exponents on the right-hand side of (55) are positive so we have
Dy < e with finite ¢, and in particular (41) is satisfied for & = 0 and A < 1/¢, yielding
fast extinction. Moreover, the reader might check that the hypothesis (H)s is satisﬁeﬂd for
6> ;:—Z It follows that, for A < 1/¢, the expected extinction time is at most wN 2=7, for
some w = w(A) < 0.

(2) The case T =4 —1.

We get Dy ~ A+ Mlog(1/a) and so D, < 1 for a(\) = e=™°, for well-chosen r and A
small. Thus we get an exponentially small upper bound for the upper metastable density.

(3) The case 3 —n <7 <4+2n.

In this region, the largest term of (55) is A3al=37%7 50 we get D, < 1 for small \ by taking
a(\) = rA3—1=m, for a well-chosen r. (45) then gives us the upper bound for the upper
metastable density as

27—2—n

+ a # 1 S 1 SWQ—TI—WW = AN4-7—n
P S )+ S /M () gy AT = AT

Notice that this bound is available in the full region % —n <7 < 4—n, yet it does not
match the lower bounds obtained in Section 3.4.1 when 4 4+ 2n < 7 < 4 —n. In the next
section we use Theorem 4 to obtain the matching upper bounds we are missing here.

Application of Theorem 4 to the factor kernel. We consider the vertex updating
model for the factor kernel p(z,y) = 77y~ 7 in the region delimited by the inequalities
T>3,7>442n 7>2—nand 7 <4 —n. The inequality 7 > 2 — n implies w(z) < x~7.
We also have ag, =< A2/7. For n > —1/2, we have agg < A/~ < g, while for n<-—1/2,
we have agq = asr < A2/7. We now search for some a < agg and function s satisfying
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Conditions (48), (49) and (50) as well as the Hypotheses (H1) and (H2). Let us introduce
Aq, As and As the following integrals over the function s:

Asts] Astsl 1
A= [T sy ady, A= [ s v iy, Aa= [ 7).
0 0 Asts]
Recalling the form of the factor kernel p(x,y) = x77y~" and bounding the max x(z) A x(y)
by the sum, we see that the inequalities (48), (49) and (50) are guaranteed by

c(A1 + Az)z™7 < s(x), for = > agtr,
(A + Ag)q:_'YTloc(az) < s(x), for asq < < agtr,

¢ (I@A1 + As + A3> 2T () < s(x), for z < asgq.

A natural choice for the scoring function s is then given by

x~7 for x > agy
s(w) = $_7T10C(l’) for agte < < asyr,
@x*VTloc(x) + pr YT () for x < agq,

leading naturally to the requests

C(Al + Ag) < 1,
c(As + A3) < p,

which in turn are implied by the three requests

1 1A
Algia A2§£7 A3§ p
2c 2c 2c
Before computing these terms, we check that the hypotheses (H1) and (H2) are satisfied
with this choice of scoring function. The hypothesis (H1) is equivalent to

Qstr
astrv/ xi’yyi’ydy <z 7, for x > astr,
0
which is in turn equivalent to al,>7/(1 — ) < 1, and is satisfied for small X as we lie in

the phase 7 > 3 or equivalently v < 1/2. Furthermore, we have
s(asey) = agl < A2,

so the first part of the hypothesis (H2) is satisfied, with o = 1. We will check the second
part of the hypothesis (H2) later on, while we now bound the terms A; to As, up to
multiplicative constants depending only on ~ and n. First, observe that since agtq < astr
we have that Tloc(x) = A2z for x < ags, and hence by our choice of s and the
definition of agg,

Astsl Astsl
Ay = Xa'7s(a) + p/ Ny =37y 4 / N2y~ dy
a a
o )3, 1-3v+ 2 1-3 2 1-3
= pXoa T L X% T 4+ Nag
using that 1—3y+~n = (1—4+n)y < 0 for 7 < 4—n, and assuming for simplicity 1—3v # 0.
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T—4-2

When 7 > —1/2, we have agg < A=Y/ and therefore we get that )\2(1;;137 =\ - n,
and this term tends to 0 as A tends to 0 as 7 > 4 + 2n. When n < —1/2, we have
Asts] = A2/7 and thus the term /\Qaslt_sl3 7 = X276 also goes to 0 as 7 > 3. Thus, to guarantee

the inequality A; < 1/2c for small A, it suffices to satisfy the following requests:

Nal™H < (56)

Na! TR <, (57)

with an abuse of notation, as for these requests to make sense, the involved multiplicative
constants should be specified. In other words, the request < 1 should be understood as

< ¢(v,n), where c(y,n) > 0 is some constant which may change from one inequality to the
other, and which could be made explicit if necessary.

Similarly, we obtain

Az = p(Wa' ™ 4 Wi ) + (a7 4 Aag ),

leading to the requests (56) and (57) again, as well as the additional requests

Al T3 4Nl T < . (58)
To bound As, we first treat the case n < —1/2 for which Az = )\fal‘t 1 y~2dy < X as we
have 7 > 3 or equivalently v < 1/2. In the case n > —1/2, we obtain

A <A+ (1 + p))\?)a;t;l?erW

1-3y—
= A+ (14 p)Aagy 7

using the value of agig in that case. Assuming further p < 1, the original request for As
now reads

1-3v—m
A+ Aag g <p

L2777 already follows from (58) and thus we only require

A< . (59)

where the bound on A\a

Thus far we have several requests, namely, (56), (57), (58), and (59). In order to make
these inequalities independent of p we combine (59) with inequality (57), obtaining

Mal=3m <1, (60)
and also combine inequalities (57) and (58), which gives
)\4(12767 < 1,
)\4a1—3v+wnaslt;i’>%vn <1.
These last two inequalities are redundant with (56) and (60); the first of these requests

amounts to (56), while the second is less restrictive than either (56) or (60) depending on
the sign of 1 — 3y — yn (using the fact that a < agg).



42 EMMANUEL JACOB, AMITAI LINKER AND PETER MORTERS

We are thus left with the two main requests (56) and (60). The other requests only yield
restictions on the choice of p, which we should check are compatible with p < 1. Which
of (56) or (60) is the most demanding depends on whether 7 is larger or smaller than 4+,
and we now treat these two cases.

e 7 < 4+n. In that case the most restrictive request is (56), leading to the choice
2
a =< \3-1,

Moreover, p should satisfy

42 4qn—
A< p < A3 < N = A\
~J ~J

44—
4—

In particular, the choice p =< A2 allows to satisfy the second part of (H2) with
o= 2422”7 € (0,2). Pushing further the computations we get

1 1 1 T
smxlswmy“smu»“A“

We thus obtain an upper bound for the metastable density as
prN) S AT
e 7 >4+ 1. In that case the most restrictive request is (60), leading to the choice
4
a= AT

In that case we have p < A, which does not allow to satisfy the hypothesis (H2) for
a > 0. The first term in the definition of s(z) gives another bound, but this also does
not always allows to satisfy (H2). However, we can modify slightly the definition of s(z)
so that (H2) is satisfied, by adding the term A\'~%a_)7T'°¢(z) when x < ag, for some
a > 0, which makes (H2) automatically satisfied. This new term changes the values of
the integrals by adding new terms A}, A5 and A% to the previous ones, however the new

inequalities that we request remain almost unchanged

{ C((Al + All) + (Ag + Ag)) <1
c((Ag + Ab) + (As + AY)) < A,

since it is enough to satisfy the inequalities for the previous score function (because the
new one is bigger). We thus obtain the additional requests A} < 1 and A5, A5 < A
Computing the integrals yields

- Vd—a,— 1-2 1-2y+

All = A aast’ry (CL o + astsl ! 777)

- \2— 1—2v+ 1—-2v+4+vn

<y (g1 gl
22'%2:2?) — «, leading to the condition
For the second term, we split the analysis between the case n > —1/2,

By the value of a, the first term is A to the power
a < 2(T7—24n)
4—1-m °
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with agg = A7, leading to a < T%H, and the case n < —1/2, with ag, =< N2/
leading to the request o < 2(7 — 2 + 7). Similarly, we compute

I \3—a,—v, 12y _ y1-o 1-2v
2 A gty Aol — A Ogts]

Splitting again the analysis in the two cases n > —1/2 and n < —1/2, we see that the
request A, < )\ is guaranteed by asking a < %7? in the first case, and o < 2(7 — 3) in
the second case.

Finally, the term Aj is present only in the case n > —1/2, where agyy > agtgl < A=,
and we then have

—\2—a 1=-2v+vyn _ y1—a 1-2vy _
i/3 = A aastsl T <A Oéa’stslfy - AIQ’

thus not leading to any further request. There is now no difficulty choosing o > 0 small
satisfying all the requests, and pushing further the computations we then get

1 1
i 0= gy <A

We thus obtain an upper bound for the metastable density as p™(\) < A 477 .

5. PROOF OF THEOREMS 3 AND 4

5.1. Proof of Theorem 3. We now provide the proof of Theorem 3, using settings and
notations that will be reusable in the proof of Theorem 4. In particular, we rewrite (41) as

1
cﬂ%u»A Mo, y)s(y v a) dy < s(z)

with of course ¢ = 7, and similarly for (42). We suppose a(\) and s(z) are given satisfying
the hypotheses of Theorem 3. When a > 0, we extend s to (0, 1] by s(x) = s(z V a). The
theorem also involves other functions defined on (0, 1], namely x, 7 and T'¢. We use the
subscript notation when considering the corresponding functions defined on {1,..., N},
so kj = k(j/N), m; = n(j/N), T;OC = T'¢(j/N), and s; = s(j/N). Recall the notation
pij = §p(i/N,j/N) A1,
The fact that (H); follows from (41) and (42) (when a = 0) is immediate as then, using
the monotonicity of p,
s@) o 1()\/\ (y))p(1 Va)dy >0
Wt/o £()p(L,y)s(y V a) dy > 0.

Moreover, (H)g is satisfied when n > 1/2 since

1 1
M0 < 5 [ plenay < Lo,
0 0

k(z) — K(z)?
where the second inequality follows from (1). Using again (1) we deduce that for n < 1/2
it cannot hold since
m(x) Y
2k(x) (H(LU) + min(x(y),y € [1/2, 1])) '

v
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If a > 0 we call the vertices j < aN stars. The proof attaches a score to a configuration
that behaves as a supermartingale as long as no star gets infected. We stop the process
when infecting a star, thus before any edge between stars can be used to transmit the
infection. It is convenient and clearer to consider in the following that there are simply no
edges between stars, for example by redefining p;; = 0 when ¢ and j are stars.

Recall the definition of slow vertices just before Theorem 3, and in particular the defi-
nition of agjeyw in (40). In Theorem 3, the request (42) seems to indicate that the infection
propagates between slow vertices at rate k(z) V k(y) instead of A, which amounts to take
into account the depletion effect, and is a significant difficulty in this theorem. We say an
edge {i,j} (not necessarily in G) is slow if ¢ and j are both slow vertices, otherwise we
refer to the edge as quick. So a slow edge updates at a rate bounded by 2X, and a quick
edge at rate at least A. In the following, we suppose a < agow. When this does not hold,
the proof still works and is actually easier as there are no slow edges.

The proof relies on the following ideas, introducing a modification of the entire process
(which alters the underlying network, its dynamics and the evolution of the infection) which
constitutes a stochastic upper bound:

e For the new underlying network keep the original set of vertices {1,..., N}, maintaining
their previous classification as either slow or quick, as well as the definition of stars. We
also maintain all quick edges, consisting of edges with at least one quick vertex as an
endpoint.

e As for the remaining edges (between slow vertices), we replace them with their directed
versions so for each pair 4, j of slow vertices we consider (i, j) and (j,) as possible edges
of the network (even at the same time) instead of {i,j}.

e Each vertex i still updates at rate k;, however updatings affect the edges differently
according to their type. At this point it is enough to keep in mind that updatings
maintain the role of losing the local neighbourhood of vertices.

e The new process is still a contact process at its core, where each vertex is classified
as either healthy or infected, and can be infected, recover, and be reinfected. Vertices
recover at rate 1 independently from one another as in the original process, however the
rate at which the infection is transmitted along each edge is more intricate.

e A new addition to the process is that we also subclassify infected vertices as saturated and
unsaturated. The reader might think of a vertex as saturated whenever it is surrounded
by many neighbours (or maybe just powerful ones), likely to reinfect it after its recovery.
For this reason for saturated vertices we just negate recoveries altogether, and hence
these become beacons of infection that cannot recover. In order for saturated vertices
to disappear they have to first update and observe a more favourable environment to
become unsaturated, and thus be available for recovery. The different conditions that
result in saturation will be given gradually as we explain below the evolution of the
process.
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e We begin by describing first the rules affecting slow vertices and slow (directed) edges,
see Figure 2 for an example. By definition, for the original process the subnetwork of
slow vertices evolves at a slower pace than the contact process and hence is seen as
almost static by the infection, which explores it as it spreads. We adopt the point of
view of the infection and thus classify slow edges as either unrevealed, present or, absent
(all mutually exclusive). A fourth label, saturated, will be helpful when dealing with
saturated vertices, but we leave the intuition behind this label for later. Slow edges can
change their labels through updates or infections of slow vertices:

— Every slow vertex ¢ updates at rate k;, and upon updating a two-step mechanism
occurs:
« First, all slow edges (i,7) and (j,7) become unrevealed regardless of their previous
status.

« Next, if 7 is infected at the time of the update, we resample each edge (i, j), declaring
it present or absent by tossing a coin with probability p; ;, independently from all
other edges. We do the same for each edge (j,4) for which j is infected at the time
of the update.

— If a slow vertex i becomes infected, we resample each unrevealed edge (i,j) leaving
7 in the same manner as before. Observe that this procedure does not affect already
revealed edges .

FIGURE 2. Left: Four slow vertices, of which the top and right ones are
infected. Unrevealed edges are represented as dotted, present as solid, and
absent are not drawn. In the picture the edges leaving the infected vertices,
marked as shaded, have been revealed. Centre: The vertex on the right has
recovered but no updatings have occurred so the information about edges
is kept. Right: The vertex on the right has updated making all the edges
leaving it unrevealed. Observe that the edge going from the top vertex to the
right one also updates since the top vertex is infected, but it is immediately
revealed again, flipping a coin to decide its status which in this case turns
to be absent.

e Slow vertices recover at rate 1 (unless saturated) and transmit the infection through
present edges at rate A (regardless of the state of the receiving vertex). If an infection is
sent through the present edge (i, j), then
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— both vertices ¢ and j become instantly saturated;
— the edges (i,7) and (j,7) become saturated, regardless of their previous state.

See Figure 3 for an example. The reason why this infection leads to saturation is that
for a slow vertex i we have T%°(i/N) > 8/3k; > 8/3), which fits the intuition that both
i and j are likely to have enough time to infect each other if the edge (7, ) is present.
Contrary to the intuition given for vertices, the saturation of an edge means that it
becomes useless for the infection, since we know that both vertices are saturated and
hence constantly infected. It will be important later that when referring to present edges
we are not including saturated ones for this same reason.

. saturation .

1 ? J
If ¢ becomes infected and j is not, If j gets infected by a third An infection occured along (j,1).
we reveal the edge (i,7), which in  vertex, we reveal the edge (j,7), Both vertices and both edges are
this case is absent. We keep the which in this case is present. now saturated. Only an update of
edge (j,7) unrevealed. 1 or j will change this situation.

FIGURE 3. Dynamics of the slow edges (7, 7) and (j,1).

e For any given slow vertex ¢ define N'(¢) as the number of present edges leaving i at
time ¢. If at any given time it satisfies

31, T,
Nlpr(t) Z /{7‘8)\2 Y

then we declare vertex ¢ to be saturated. Observe that when a vertex is healthy, the
number of present edges leaving it can only decrease so at any time in which the condition
is met, ¢ must be necessarily infected. We remind the reader that a saturated vertex can
only stop being saturated by updating, so dropping N (¢) below 3”&’ by the updating
of its neighbours is irrelevant. Intuitively, this condition entails that ¢ is anyway very
likely to quickly transmit an infection to another slow vertex, thus leading to saturation

by the previous rule.

e When a slow vertex ¢ updates while infected, we sample freshly the slow edges leaving it
and thus observe a totally new value for N (¢). Irrespectively of whether i was saturated
or unsaturated before the update, the vertex ¢ will be saturated after the update only
if the new value of Nip "(t) is too large, however this happens with probability bounded,
using the Markov inequality, by

8)\ 1 Aslow ) 1
m Z ng S GAT(Z/O p(Z/N, Z) dZ S g, (61)

J<asiowN
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where the first inequality comes from the definition of TiloC and the second from that of
i, together with the fact that the updating rate of a slow edge is bounded by 2.

We now describe the rules affecting quick edges, for which we use the wait-and-see cou-
pling introduced in [12, Section 5.1] where each such edge is treated as a possible channel
for the infection, irrespectively of whether the edge belongs to the original network or
not. Instead of thinking of quick edges as absent or present we classify them as clogged
or clear. A clogged edge {i,j} transmits the infection at the reduced rate Ap; ; (as long
as either i or j is infected), and if this happens the edge is cleared. A clear edge then
transmits the infection at the regular rate A\. Note that if the vertices 7 and j are infected
and the edge is clogged, we still count an infection along the edge at rate Ap; j, with the
only effect of clearing the edge. The reduced rate associated to clogged edges reflects
the fact that the edge is likely to be absent from the original network. We refer to [12,
Section 5.1] to justify that we get an upper bound for the original process. Observe that
only quick edges can be clogged or clear whereas only slow edges can be unrevealed,
present, absent or saturated.

Type of edge Quick Slow
State of edge || clogged | clear | unrevealed | absent | present | saturated
Infection rate | Ap;; A ~ 0 A ~

TABLE 3. Infection rate along an edge, depending on its state.

Recall that quick edges can be adjacent to both slow and quick vertices ¢, the latter also
updating at rate x;. When a vertex i updates, all quick edges {i,j} become clogged
irrespectively of their previous status.

For every quick edge {7, j} define R;; = \/(k; + K;) and for any vertex ¢ (quick or slow)

define
Ri(t):= > Ry
{i,j} clear

which is an upper bound for the probability that one of the clear edges incident to
transmits an infection to 7 before being updated. If at any given time, vertex 7 satisfies
Ri(t) > 1/4, then we declare it to be saturated. Observe that quick edges can only
become clear through the spread of an infection, thus at the time in which R;(t) > 1/4
vertex ¢ is necessarily infected. Commonly, the number of infected neighbours of i is a
fraction of R; and hence a vertex, which is saturated due to this condition, would be
very likely reinfected after a recovery.

At time ¢t = 0 the initial configuration of the process is constructed as follows:

— First, declare the set of vertices that are infected. Also, set each quick edge as clogged
and each slow edge as unrevealed.

— Next, update each slow vertex through the two-step mechanism described above. This
reveals all slow edges leaving slow infected vertices, while maintaining all other slow
edges unrevealed.
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The fact that this new process is a stochastic upper bound of the original contact process
can be proved similarly to what was done in [12, Section 5.1], together with Lemma 3 below,
and observing that saturated vertices cannot recover, and whenever a slow edge (i, j) is used
to spread the infection, both (i, j) and (4, ) become saturated, and thus can be thought as
belonging to the network.

Lemma 3. Suppose p € [0,1], G = (V, E) is a finite graph, and e € P2(V)\E an edge not
present in the graph. Let G9P and G P be two random graphs such that:
e G°P is obtained from G by adding edge e with probability p.

° 86,}7 is obtained from G by adding independently’ the directed edge @ as well as
its reverse edge ‘€ with probability p.

Writing G¢ = (V, E U {e}), we thus have P(G*P = G¢) = p. The contact process on GP
s then stochastically dominated by the contact process on 8”’ where, the first time an
infection is transmitted along edge @ or e, the graph is instantly replaced by G€.

Proof. Consider the contact process on G°, but at the first time the edge e is used to
transmit the infection, with probability 1 — p the infection and the edge e are deleted. We
get the contact process on G“P (with the presence of e in the graph not being revealed at
once). If the infection (in G¢) was transmitted in the direction of & %esp. ‘€), we couple
the choice of keeping e in GP with that of keeping e (resp. %) in G%P. Then, the first
infection using e in G*P (if G*P = G°) is an infection in G'“P. The lemma follows. O

We are now ready to define the score associated to a given configuration of the new
process: Let s be the function given in the hypothesis of the theorem and define

s(z)
t - 7 @
(@) re(x)T(x)’
as well as t; = t(j/N), with the constant r being defined® by r = 3/2. Since T}°¢ < 8 and

Tiloc < 3%1_ we obtain the following bounds which will be used extensively throughout this
section:

(62)

kit s

j T
Define
5j +t; if j is infected saturated,
m;(t) == ¢ s; +4R;(t)t;  if j is infected unsaturated,

2R;(t)(s; +tj) if j is healthy.
The score associated to the configuration is then

My = ma(t) + , (64)

2The lemma stays true without this independence property, and this assumption is not used in the proof.
3The proof of Theorem 4 will use again the same notation but with a different value for r, which is why
we do not use that » = 3/2 up until the end of the proof.
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where u; = t;/3. We refer to the first term on the right-hand side of (64) as the vertex
score, whereas we refer to the second term as the edge score. We now discuss the idea
behind this score and some computations involved:

Each vertex j is associated to a score m;(t) that depends on its current state (healthy,
infected unsaturated, infected saturated), on the quick edges {7, k} and on the slow edges
(J, k) leaving j. Each present slow edge (i, j) entering j is also associated to a score, that
reflects the fact that ¢ is likely to later infect j. No score is associated to other slow or
quick edges and in particular no score is associated to saturated edges.

The score m;(t) associated to an infected vertex j consists of a base score s; (reflecting
the infective potential of the vertex) plus a term 4R;(t)t; which scales linearly with R;
and thus with the number of clear edges connected to it. We cap this score at saturation.
The score m;(t) associated to a healthy vertex j also scales with R;, and thus on the
estimated probability that j could be later (re)infected by one of these edges.

When revealing the neighbourhood of a slow vertex (whether it is a result of an infection
or an update), the average increase of the edge score is bounded by

; 4
LA %Uz < u;, (65)

41 4

. Y piglsy ) < 3n Y (RiVR)pis; < 3 e Tioc

J<asiowN J<asiowN v
where we have used that s; +t; +u; < s; + %tj < %sj, the assumptions on the function
s, the definition of ¢, and our choice ¢ > 4r = 6.
Note that when the present directed slow edge (i, j) transmits an infection to j, the score
sj +t; + u; associated to it, is itself an upper bound for the new score m;(t) = s; +t;
assigned to j (that is now infected and saturated) plus the average increase in score due
to revealing the directed slow edges leaving j (since it is bounded by u; from the previous
argument). Simultaneously, the edge (i, j) becomes saturated, with no score associated
to it anymore. Hence, this infection does not increase the total score in average, except
possibly for the score associated to 7, which will then also be saturated. It is especially
for this feature that we have introduced u; and associated the score s; +t; + u; to the
present edge (7,7). In a sense, associating the score s; + t; + u; to a present slow edge
(i,7) also amounts to considering that revealing the edge (i, 7) is “as bad” as using it to
transmit the infection.
We now summarize the previously described conditions entailing saturation:

(i) ¢ is a slow vertex, and since its last update it has infected another slow vertex or
has been infected by another slow vertex.

(il) Ri(t) > 1/4,
.loc
(iii) ¢ is a slow vertex and N (t) > 3”1& ‘

Recall also that a vertex can only stop being saturated by updating, so saturation is
maintained even if R;(t) or N drop below their respective values due to the updating
of other vertices.

Let Tiy be the first infection time of a star in [1,...,[aN]]. Our aim is to show that

M, is a supermartingale. To do so we fix ¢ > 0, and bound the expected infinitesimal
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change of the score

%E[Mprdt - Mt’gt] (66)
uniformly over all configurations in §; where stars have not yet been infected. Loosely
speaking, if dt is sufficiently small, then aside from some term tending to zero with d¢, the
difference My, 4¢— M, comes from a single configuration-changing event. The possible events
are infections, recoveries and updates, whose effect on the configuration vary depending
on the type of vertex/edge and its state. Since the score is a sum of individual scores, the
expression (66) becomes a large sum of terms associated to different vertices/edges affected
by these events. In order to facilitate the analysis of this sum, we group these terms into
contributions which we control below. The reader can easily check that these contributions
indeed exhaust the changes of M; under all possible events without double counting.

(i) Negative Contributions.

e Recoveries of infected unsaturated vertices. The recovery of an infected unsaturated
vertex i (whether fast or slow) holds at rate one and induces a change of score

Si

mi(t + dt) — mz(t) = ZRZ(t)(Sl + ti) — (Si + 4R7,(t)tz) S (2Rl(t) — 1)Si S —5
since the fact that 7 is unsaturated implies that R; < %. The total contribution to the
expected infinitesimal change is thus upper bounded by

_ % (67)

+ infected
unsaturated

o Unrevealing of present slow edges. In this contribution we group the terms which
appear due to the effect of unrevealing previously present edges as a result of the updating
of slow vertices. For any given present directed slow edge (i, j), the update of one of its
endvertices occurs at rate k; + £, and has probability at least 2/3 (actually tending to 1
with V) to stay unrevealed after the update. This yields a contribution

(68)

e Updates of infected saturated vertices. In this contribution we group the change in score
of infected saturated vertices as a result of their own updating, together with the increase
in score that occurs as a result of revealing their new neighbourhood. Each saturated
vertex i updates at rate x;, and after its update we have R;(t+dt) = 0 so if 7 is quick, then

mi(t+dt) —m;(t) = s; — (6 + 85) = —t;.
If 4 is slow, on the other hand, we also need to take into account the effect of the update
on the slow edges:

— During the first step of the two-step mechanism all slow edges leaving i become unre-
vealed, thus dropping N (¢ + dt) to zero.
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— During the second step it could happen that i reveals a large value of N (¢ + dt), thus
becoming saturated again, so m;(t+dt) —m;(t) = 0. However, from (61) the probability
of this event is bounded by 1/3.

— Also during the second step, a new neighbourhood of ¢ is revealed, which induces a
change in the edge score that is in average upper bounded by u; = t;/3 due to (65).

Adding both effects we obtain that for a slow vertex ¢ the average change in score is upper

bounded by %(—ti) + %Z = —%, and since this bound also works for quick vertices, we

deduce that the total contribution to (66) is at most

— Z éﬁﬁ,i. (69)

¢ infected
saturated

e Updates of clear edges adjacent to at least one healthy verter. In this contribution
we count the change in score m;(t + dt) — m;(t) for every healthy vertex i due to the
decrease of R; after either its own update or the update of one of its neighbours. Observe
that the previous contribution addressed the change in score for saturated vertices, which
are infected, and hence we are not double counting. For each healthy vertex i, its vertex
score is

mz(t) = 2Ri(t)<8i + ti) =2 Z

Jrvi
{i,7} clear edge
This score can decrease by 2R;(t)(s; + t;) after its own update (which occurs at rate &;),
or can decrease by Zﬁ(si + t;) after the update of its neighbour j (which occurs at rate
;). This yields a contribution

3 {—2Ri<t>m<si+ti>—z M (sﬁm]:— S 2N () (si + £), (70)

R; K
i healthy i T

jevi

P 1 healthy
i,j} clear

where Nfl(t) is the number of clear edges incident to i.

e Remaining negative contributions. There are a few negative contributions we are
neglecting in our count, such as the the decrease of R; after an infected unsaturated vertex 4
updates, or after one of its neighbours does. The reason behind neglecting such terms is
that these are smaller in magnitude than the ones already considered, and are not necessary
to counteract the positive contributions we count below.

We now come to all the positive contributions, coming from the infections and from the
updating of the infected vertices (which may reveal a less favourable environment). We
will systematically express these positive terms so as to have them easily compared with
and compensated by the negative ones.

(ii) Positive contributions.

e Revealing the neighbourhood of infected unsaturated vertices. In this contribution we
group the terms coming from revealing the neighbourhood of infected unsaturated (slow)
vertices after their own update. Observe that this leaves out the effect of revealing new
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neighbours as a result of the updating of said neighbours; this will be addressed in another
contribution. Similarly as for saturated vertices, we count both the increase of the edge
scores of the newly revealed present edges, and the one coming from the possibility of
having N too large after the update. This gives a positive contribution bounded by

> gmtig 3 §g7 (71)

i infected i infected
unsaturated unsaturated

e Infections along clear edges. The infection of a healthy vertex ¢ through clear edges
holds at rate AN{(t) and implies an increase of its vertex score of at most

mi(t + dt) — ml(t) = (Si + 4Rz(t)tz) — QRl(t)(Sl + ti) =8; + 2Rz(t)(tl - Si) <s;

Observe that if ¢ is slow, the infection of ¢ has the added effect of revealing its neighbour-
hood, thus increasing the edge score. Again, due to (65) this increase is bounded in average
by u; < t;, so grouping together this term and the previous one we obtain a contribution
bounded by
> AN () (si + ). (72)
i healthy
e Infections along present edges. Each present slow edge (i, j) with i infected transmits
the infection at rate A. This infection has the effect of making i, j and (i, ) saturated,
while also possibly revealing the neighbours of j. The saturation of j implies a maximal
increase in edge score of s; + t; while the new edges revealed imply an average increase
in score of u;. Both contributions cancel out with the saturation of (i,7) which imply a
decrease in score of s; 4 t; + u;. It follows that we only have to consider the increase in
score given by the saturation of ¢, which is null if ¢ was saturated, and is bounded by ¢;
otherwise (since i was already infected). It follows that this contribution is bounded by

SOt < Y ZT@'IOC/‘Citi: > 3% (73)

i infected i infected % infected
unsaturated unsaturated unsaturated

loc ..
where in the first inequality we have used the bound NP* < 3Ti8/\ % which holds for unsat-

urated vertices.

e Infections along clogged edges and revealing of slow edges (i,7) by the update of j. In
this contribution we cluster the terms coming from two different effects, since the bounds
obtained from each effect can be naturally merged into one. Consider first any infected
vertex i. For any clogged edge {i,7}, we have transmission of an infection from i to j with
intensity Ap; ;. This increases:

(I.1) The vertex score of j, which is bounded by s; + ;.

(1.2) The edge score associated to the possible revealing of the neighbourhood of j (if j
slow). By (65) the average increase of this score is bounded by u;.

(I1.3) The vertex score of i by the increase of R;(¢). This increase in score is equal to

AN 4 e
P t; if 4 is unsaturated.
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Suppose now that 4 is an infected slow vertex (so its neighbourhood has been revealed)
and fix any absent slow edge (i,7). This edge becomes present by the update of j with
intensity ;p;; (it can also become present by the update of ¢, but it was already taken
into account). This has the effect of:

(I1.1) Increasing the edge score by s; +t; + u; due to the new present edge.
(II1.2) Possibly making i saturated if NP (¢) becomes too large by this additional present
edge. Since i was already infected, the score increase is at most ;.
In order to deal with all these contributions suppose first that 7 is infected and quick.
Grouping (/.1) and (/.2) together gives a contribution bounded by

4 4 s
;Api,j(sj + 15 +uy) < 3%)1%,;'%‘ = gcTW

where in the last inequality we have used (41). Suppose now that i is infected and slow.
In that case the contributions (/.1) and (I.2) only arise for neighbours j that are quick,
while for slow neighbours we can count the contribution coming from (/17.1):

D (st tug) + Y mgpig(si b+ ug) = Y (AARPi(s)+ b+ uy)
J quick 7 slow J
i

4 4
< 3;()‘/\’%)]91'4‘53' < §W7

where this time we have used (42). We conclude then that from (I.1), (I.2) and (I1.1) we

obtain the bound
> 3o
3 cT%loc

4 infected
It will be convenient to split this sum, counting separately over saturated and unsaturated
vertices. Using the bounds TZ-lOC > 8 and Ti10C > ?% we obtain

4 S; 4 S;
= < B 74
Z 3 cTiloc - Z 3¢ 8 ( )

% infected i infected

unsaturated unsaturated
and
4 s 4r
E 3 Trloe = E - Riti (75)
. 3cTiec — 3¢
i infected ? 4 infected

saturated saturated
Regarding (I.3) we first assume that i is quick and unsaturated so the total contribution
coming from clogged edges incident to ¢ is at most

loc

4\ T;
Zj: Api,jr ey ti = 4Nt < 714 Kit; =

Si

4r

where in the inequality we have used that Tiloc > 16%. Suppose now that ¢ is slow. In
this case we can use the fact that for any slow vertex j we have x; < A to bound the
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contribution coming from (17.2) by

Z H]pljt < Z Apl]t < Z )‘pz,] 2

7 slow 7 slow 7 slow Kj

Since vertices connected to ¢ through clogged edges are necessarily quick we can thus add
the terms coming from (I.S) and (/1.2) (associated to 7) together to obtain

Z /\pz,] tz + Z Kjpijti < Z ey + zpz,] < %

7 quick 7 slow

which is the same bound obtained for quick vertices, and hence we conclude the upper
bound for the total contribution of terms coming from (7.3) and (I1.2)

> o (76)

i infected
unsaturated

We can now group all the different contributions to the expected infinitesimal change.
We begin by grouping (67), (71), (73), (74) and (76) together, so we arrive at

17 4r S; 1 S; Kit;

-2 (47“33 T X wE ST X
i infected ¢ 4 i infected r + infected
unsaturated unsaturated unsaturated

where in the equality we have injected the values r = 3/2 and ¢ = 7, and in the inequality
we have used (63). Grouping together (69) and (75) yields the upper bound

1 4r Kits
p> (33c>”iti_ > o

i infected 7 infected
saturated saturated

Next, we group together (70) and (72), which gives
— Y ANt (si + ).
i healthy

Using the basic observation R;(t) < Nf\(t), we finally obtain that the average infinitesimal
increase th[MHdt M;y|3] is upper bounded by

- . /{2?_ > %mi(t)— > g(’fﬁ'fj)(sfftfr“ﬂ')’ (77)

1 infected 7 healthy (4,7) present

and since this quantity is negative we conclude that M, is a supermartingale.
To finish the proof of the theorem, we first consider the case a > 0, and go back to the
original contact process X, for which we can use self-duality to get
N
[aN] 1 X
I < S5 Y R < T, (79)
i=[aN]+1
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where IP; stands for the law of the infection process with initially only vertex ¢ infected, and
TX, stands for its extinction time. Since X is stochastically bounded from above by the
new process up until the hitting time T, we know that on the event Tyt < Thjt, where
Text 18 the extinction time of the new process, we have Text < Text- Letting T' = T A Text,
we thus have

Pi(t < TX

ext

) < Pi(Thit < Text) + Pz<t < T) (79)
To control the term P;(Thit < Text) we use that (M) is a supermartingale to obtain

E; [MU] > E; [MT] =E; [MThit 1Thit<Tcxt] +E; [MTcxt 1Thit>Tcxt] = E; [MThit 1Thit<Tcxt]’

since Mr, , > 0. Now, at Tj,;; we know that there is at least one star infected, so M, >
s(a). On the other hand, under the assumption that at time ¢ = 0 only 4 is infected, the
total score of the configuration comes from its vertex score, and the initially revealed slow
edges (i, 7) (if ¢ slow). From (61) and (65) we can thus bound

E;[Moy) < Si+t§i+ui < Z S .

s(a) — s(a) ~ 65s(a)
To control the term P;(t < T') we observe that on ¢ < T there is at least one vertex j > aN
infected and hence from (77) we deduce that éE[MHdt — My|§:] < —r for some r > 0
independent of ¢, ¢t and N (but which might depend on a and \). Hence Mir +r(t A T)
is a supermartingale, and in particular rE;[T] < E[MT +rT] < E;[My]. We infer that

73Z

- 6 t
Finally, replacing the bounds found in (79) and using said bounds in (78) together with a
simple sum-integral comparison yields

1 7 7
In(t) < a+ — 4 —— L

Pi(Thit < Text) <

and hence we conclude (44).

In the case a = 0 with (H); satisfied for some § € [0, 1], there is C = C(a, ) independent
of N such that T°¢s79 < C. We can use this to further improve (77) by observing that

1-5 )
lmtiﬂlo%{é BN (si +ti + i)' ’
C Cr c’

for some C’. Tt follows from (77) that
1 Kit; A 2
qp EMear — Ml8e] < — > 512 - > 5 milt) = > it

Kit; 2

1 infected i healthy (4,7) present
(si +t:)"° A 1-6 2 -5
D D UL D YRS
. 21C ‘ 2 o 3C
i infected 1 healthy (4,7) present
L s
S _ﬁMt ’

where in the last inequality we used the concavity of the function f(z) = 279,



56 EMMANUEL JACOB, AMITAI LINKER AND PETER MORTERS

In particular, if § > 0 we conclude that My,  + 27 (t A Text) is a supermartingale and so
" " " ol 7 d 0
Ei[Text) = B |Text + %M(SText < 75E[Mg] < 75E[M0]5 < (6 f;(y) y) NS
r T

We get that (43) holds. When § = 0 we use that log(1l + Miar.,.) + 7(t A Text) /2 is a
supermartingale to deduce the upper bound E[Ts] = O(log N), so (44) holds. For more
details, we refer here to the similar computations made in the appendix of [13].

5.2. Proof of Theorem 4. The general strategy of the proof is the same as in the proof
of Theorem 3: We introduce a stochastic upper bound for the infection process and then
associate a score with each configuration. We then prove that the scoring function, record-
ing the evolution in time of the score, defines a supermartingale. We maintain the name
M (t) for this scoring function, to emphasise the fact that several computations from the
previous proof will be reused here. However, our upper bound is much closer to the actual
process and the analysis of the supermartingale therefore more complex. In particular, the
scores depend on a finer classification of vertices allowing us to separate local and global
features of the infection process in the analysis.

As before, the threshold a provided in the statement of the theorem defines stars i < alN
and non-star vertices i > alN. We also recall the thresholds

_1
Qslow = ()\/K'O) v and Qsts] = Astr /\ Aglow s
where ag;, was defined by (46) and which, by (1), is of order A%/7. Using these thresholds
we introduce the new classification of the vertices, dividing them into strong slow, strong
quick, and weak, as shown in Table 4 below. Without loss of generality we suppose a < asgl,

as this is the case featuring the largest variety in the classification for nonstar vertices. This
also implies that star vertices are strong slow vertices.

] Vertex ¢ H 1 < agigl IV \ asts) N < 1 < ager N \ astyN <1 < N \
Type of vertex | Strong slow \ Strong quick Weak
Average degree > 1/(100?) < 1/(10)\?)
Updating rate <A \ >\

Tloc max <8, Bii’ 16)\22—2) not applicable

TABLE 4. The three types of vertices and their main features.

To compare the current classification of vertices to the one used in the proof of Theorem 3
we consider separately the cases n < —1/2 and n > —1/2. In the first case we have
astsl < astr, and hence the strong slow vertices coincide with slow vertices, while the quick
vertices are subdivided into strong quick and weak. On the other hand, if n > —1/2, we
have agts1 = astr, SO strong quick vertices do not exist. In that case, strong slow wvertices
are still slow, but now weak vertices can be slow, too. Although weak vertices may exhibit
qualitatively distinct behaviours, our methods allow us to work with these vertices without
the need to differentiate between the quick and the slow ones.
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Theorem 3 Slow Quick
Theorem 4, case n < —1/2 | Strong slow Strong quick \ Weak
Theorem 4, case n > —1/2 | Strong slow \ Weak

TABLE 5. Comparison of the classification of vertices in both theorems

Compared to Theorem 3, the new classification introduced here allows for a finer control
of the behaviour of the infection, combining a local and global element of the analysis. This
can be observed when comparing the inequalities within the statements of both theorems:
while inequalities (41) and (42) have analogous counterparts (49) and (50), in Theorem 4
we also find inequality (48) for weak vertices. Most noticeably, there is no term 77°¢ in (48),
which is in line with the idea that local survival does not apply to weak vertices, and hence
imposing this inequality follows closer the expected behaviour of the infection on weak
vertices. With the new classification comes a small trade-off: a slight decrease in precision
concerning the constants within the statement. Unlike in Theorem 3, where the constant ¢
was explicit, here we need it to be sufficiently large for the proof to work.

The stochastic upper bound introduced here has several differences with the one intro-
duced in the proof of Theorem 3 (although many similarities as well), and to motivate its
definition we point out the following observations:

e Providing an upper bound for Iy(t) translates by (78) into bounding from above the
extinction probability of the contact process starting from a single infected non-star
vertex. The infection should not be able to spread and survive for too long, unless it
infects a star on its way. Hence we should not observe vertices with unusually large
degree, short cycles, or other structures that are rare in the local limit of the (static)
network. If we do, we stop the process. Part of the proof consists in showing that by
that time the infection has already either died out or infected a star.

e The stochastic upper bound for (%“V),Xt) is an infection process (akin to the contact
process) running on top of an environment modelled as a growing oriented network
(Gt)e>0 representing the environment seen by the infection. The growth of the network
is following the oriented infection paths using updating rules similar to those in gt(N),
with one significant deviation from the previous model: connections are never destroyed
but merely blocked for the infection. Hence the growing network serves not only to carry
the infection process, but also to keep track of all the vertices and connections that have
been revealed in the past. This information can be used for the global analysis in a
similar way as in the previous section.

e The growing network is set up to have a tree structure, which we exploit in order to
control the behaviour of the infection on weak vertices. For these vertices, the scoring
function M (t) is defined for the local analysis similarly as in [16], where the authors
study the contact process on static trees with degrees bounded by 1/(8\?). Note that
weak vertices have expected degree less than 1/(10A?), and thus are quite likely to have
degree bounded by 1/(8A2). At the early stage of the infection, we will typically never
visit a weak vertex with a degree higher than this threshold.
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e For our methods to work we need to control the degree of weak vertices, which, as
seen in Table 5 can be slow. In particular, it is not viable to use the clogged/clear
scheme introduced in the proof of Theorem 3, where vertices steadily increase their
degree until the next updating event. Instead, we are forced to reveal more of the
network structure, which implies several complications. But this network structure will
also imply simplifications in our computations as compared to the previous section.

The stochastic upper bound. We now define more precisely the upper bound consisting
of an infection process running on top of a growing oriented network (Gy)¢>0. Despite the
complexity of the process it will always be clear from the construction that up to the time
when the process is stopped it represents a stochastic upper bound on the infection.

Let £ the set of all oriented edges of the vertex set {1,2,..., N} excluding loops. The
growing network is initialized at time ¢ = 0 as some Gy = (Vy, Ep) to be described later,
with vertex set Vo C {1,..., N} and Ey C £. The network then evolves by connecting to
new vertices from this set through edges in £. Together with the evolution of the network
(Gt)e>0 we also keep track of an accompanying process (2;);>0 of available edges, where
A; C £\ E; at each time ¢ consists of all the oriented edges that can be used for the growth
of the network. Each edge can only be used once and in only one of the two possible
orientations in the construction of G, so the set of available edges decreases over time and
the set inequality 2; C £ \ E} is, in general, strict because as the network grows, several
unused edges will be discarded.

We maintain the classification of vertices in {1,..., N} distinguishing between strong
slow, strong quick, and weak. Vertices can be either healthy or infected, and strong vertices
(both quick and slow) can also be saturated, which is a state analogous to the one defined
in the proof of Theorem 3. We also classify each oriented edge (i, j) as either

e weak, if j is weak,
e strong slow if both ¢ and j are strong slow,
e or strong quick if j is strong (either quick or slow) but (4, 7) is not strong slow,

see Table 6. Observe that in general it is the head of the oriented edge (i, j) which deter-
mines its classification, except for strong slow edges. Also note that in the case n > —1/2,
strong quick edges only occur if the head is strong slow and the tail is weak. In that case
the term “strong” is a bit awkward, but, as will become clear below, it points towards the
idea that the infection uses such an edge to discover a new strong vertex.

Besides their classification, edges also have a state which depends on their type and
whether they belong to the network at a given time:

e Edges that belong to G; are either present or absent, regardless of their classification.
The reader might think of this in the same way as in the original dynamic network,
where present edges are used for the spread of the infection, while absent edges are not.

e Strong slow edges that belong to G; (and only these edges) can also become saturated,
which is a state analogous to the one defined for slow edges in the proof of Theorem 3.
Again, the intuition is that saturated edges connect saturated vertices, and hence become
useless (we provide the exact conditions for saturation later).
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e Available edges that are strong quick are clogged, which, as in Theorem 3, can be thought
of as constantly available channels for the infection, traversed at a much smaller rate.

e Available edges that are either weak or strong slow are unseen, which is a state that
reflects the fact that “these connections have not occurred so far”.

Type of i Type of j Strong slow Strong quick Weak
Strong slow unseen/absent /
present/saturated unseen/absent /present
Strong quick
Weak clogged /absent /present

TABLE 6. The possible states of an edge (i,7). Edges are classified strong
slow in the green, strong quick in the blue and weak in the yellow field.

The network G} represents the graph structure that has been observed by the infection
by time ¢. In this sense, the reader may find it useful to think of G as a window in
which we (somewhat closely) track the structure belonging to %", and hence it makes
intuitive sense for this window to grow over time, representing the growth of the region
“explored” by the infection. This intuition may contrast with the intuition about the actual
structure in "), where connections are destroyed over time. We reconcile both intuitions
by pointing out that while G; grows, most of its edges are labeled absent over time. From
this point onwards, all comments about the growth of the network refer to G;.

We now define the following operations:

(1) Let (i,7) in 2; be an available edge at time ¢. We say that we incorporate the edge
into the network, by:
e Adding the vertex j to G;. If j was already in Gy, we ignore this step.
e Adding the edge (7,7) to Gy, changing its state to present.
e Removing both (7, j) and (j,4) from ;.
At times we abuse notation and say that we incorporate a vertex j. This amounts to
saying that we incorporate the edge (i, 7) if 7 is clear from context.

(2) Let i be a vertex in G;. We say that we reveal new neighbours of i by:
e Tossing an independent coin with probability p; ; for each unseen edge (i, 7).
e Incorporating to the network each edge whose toss turned up heads
We frequently specify some subset of the neighbours of ¢ to reveal. This means that
we only toss coins for the edges (7, j) with j belonging to the specified subset.

(3) Let i € {1,2,...,N}. We say that we reveal i by:
e Tossing an independent coin with probability p;; for each unseen edge (j,1i), j € Gy.
e Incorporating to the network each edge whose toss turned up heads.
As in the previous operation, we might specify that ¢ is revealed to a particular subset
of vertices, which implies that we only toss coins for the edges (j,47) with j belonging
to the specified subset.
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FIGURE 4. a) An example where the vertex set of Gy is {1, 2,3}, while 4, 5, and 6
have not been added to the network yet. Vertex 3 reveals new neighbours so we
require to sample all unseen available edges leaving 3. In this case, this includes
the edge (3,2), even though 2 already belongs to G;. We also exclude the edge
(3,4) which is clogged, represented through a squiggly arrow. b) After sampling
all edges, only edge (3,5) is incorporated to the network, so in particular the new
vertex set of Gy is {1,2,3,5}.

FIGURE 5. ¢) In the picture we see the network from Figure 4 where now it is
vertex 4 that is being revealed. This requires to sample all unseen available edges
entering 4 from vertices in G;. Again, this excludes edge (3,4) which is clogged.
d) After sampling all edges, both (1,4) and (2,4) are incorporated to the network.
The creation of a cycle then stops the process.

The following observations are key about the newly defined operations:

(a) Incorporating an edge means that the network grows by adding the edge (with the
corresponding endpoint) to its structure, and since edges can only be incorporated
once it must become unavailable afterwards along with its inverse.

(b) When revealing new neighbours of a vertex i, we only reveal unseen edges, thus leaving
out strong quick edges. The reason behind this is that in the new process, strong slow
and weak edges behave similarly to the edges in the original dynamic network %™,
while strong quick edges behave similarly to the quick edges in the previous proof, see
Figure 4 for an example.



THE CONTACT PROCESS ON EVOLVING SCALE-FREE NETWORKS 61

(c) Typically, when we reveal new neighbours of i € Gy, these will not be in G; and when
we reveal a vertex i to a vertex j € Gy, we have i ¢ G;. It is still possible that
neighbours i, j € G are revealed (and the tree structure is broken), see for example
Figure 5, but this is an unlikely and undesirable scenario upon which we stop the
process, as we will explain later.

(d) The classification of edges is such that strong quick vertices can never be revealed,
and strong slow ones can only be revealed to strong slow vertices in Gt.

We say a vertex i € {1,2,..., N} has been visited by time ¢, if it has become infected
or saturated at least once by that time. Since Gy represents the part of the environment
observed by the infection by time ¢, visited vertices always belong to the network. The
reader might think of non-visited vertices in G; as places yet to be explored by the infection.

Using the new definitions, we can now begin to describe the evolution of the process and
the scoring associated with the configurations it can reach.

Evolution of the process within Gy. Setting aside the growth of the network, the rules
followed by the process are analogous to the original contact process on %(N):

Rule (1): Each vertex i € {1,2,..., N} updates at rate ;. If i belongs to G;-, then
(among other effects we describe later) all edges (7, j) and (j,7) in G;—, whether
previously present, absent, or saturated, are resampled as in gt(m; for each such
edge, we flip a coin with probability p; ; and label present all the ones for which
the coin turned up heads. We label absent all the rest.

Rule (2): Within (G¢)s>0 the infection evolves as a regular contact process with infection
rate A (except for saturated vertices which we cover later). The edges used to
spread the infection must always be present (not absent or saturated) and can
be used regardless of their orientation.

Note that within G; all edges and vertices are treated the same, regardless of their type,
and oriented edges are treated as if they were unoriented. The classification of vertices has
more impact on the network growth than on the changes and infections occurring within it.

Evolution of the process by inherited rules. Several of the evolution rules and scoring func-
tions are adaptations of what was defined in the previous section. Before giving these rules
we provide a brief (and incomplete) summary of the process described in Section 5:

e Vertices were divided into slow and quick, where each vertex i updated at rate x;.

e When a slow vertex i updated, it lost its set of slow neighbours (which became unre-
vealed). However, if at that time ¢ was infected, we sampled a new set of slow neighbours.
Also, while ¢ was infected (or saturated), every time another slow vertex j updated, its
connection to ¢ was resampled.

e When a slow vertex ¢ transitioned from healthy to infected or saturated, we added new
slow neighbours among the ones that were unrevealed at that time.

e Edges {i,j} with at least one quick vertex were classified as either clogged or clear.
Clogged edges transmitted the infection at rate Ap;;, and at the infection event, the
edge was cleared. Clear edges transmitted the infection at rate A, and upon updating,
become clogged again.
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We refer the reader to Section 5.1 for the intuition behind this construction. We adapt
these rules to the current scenario, with strong slow and strong quick vertices playing the
role of slow and quick vertices, respectively:

Rule (3): A strong slow vertex i € Gy reveals new strong slow neighbours if either,
e it updates while infected or saturated (i must be visited at time ¢~), or
e it transitions from healthy to infected or saturated.

Rule (4): When a strong slow vertex j € {1,2,..., N} updates at a time ¢, it is revealed
to the strong slow vertices in G; that are infected.

Rule (5): An infected vertex i transmits the infection through the clogged edges of the
form (i,7) at rate Ap; ;. When an infection of this sort takes place, j becomes
infected, (i,7) is incorporated to the network and j becomes instantly infected
(and thus visited), see for example Figure 6.

b)

FIGURE 6. a) In the picture G; consists of the four vertices joined through solid
arrows, with a single vertex infected, depicted as grey. Each vertex is classified as
either weak (W), strong slow (Ss), or strong quick (Sq), and solid arrows marked
by an X are absent. The infected vertex can infect its strong slow neighbour (but
not the weak one) or transmit the infection through one of the clogged edges,
depicted as squiggly arrows, at rate Ap; ;. b) The infection is transmitted through
the present edge. The newly infected strong slow vertex reveals new strong slow
neighbours, which results in the incorporation of a new edge to the network.

A small difference between the rules given here, and the description of the process in
Section 5 is that strong quick edges belonging to G; do not become clogged again upon
updating, and instead evolve as any other edge. In that sense, the current process is closer
to the original dynamic network %t(m, because it has “better memory”.

Evolution of the process at weak vertices and edges. As pointed out after the presentation
of Theorem 3 at the beginning of Section 4.2, the main improvement of Theorem 4 over
Theorem 3 is related to the treatment of weak vertices. In this treatment, we need to
control the degrees of these vertices at all times, which forces us to endow weak vertices

and edges with a set of rules that closely resembles those in the original network %(N):
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Rule (6): When a visited vertex i € Gy updates, it reveals new weak neighbours. This also
occurs when i first becomes visited.

Rule (7): When a weak vertex i € {1,2,..., N} updates, we reveal it to all visited vertices
in Gt-

Note that Rule (7) introduces a steady growth of the network, while Rule (6) introduces

jumps to this growth. Also new weak edges are only appended to visited vertices, since

the structure around non-visited vertices has not yet been observed by the infection.

All the rules described so far act either simultaneously, or following a sequential intuitive
ordering. For example, see Figure 7, when a visited weak vertex within G; updates, it
resamples the state of the connections within G; (following Rule (1)), reveals new weak
neighbours (Rule (6)), and reveals itself to non-neighbouring vertices in G; (Rule (7)), all
at the same time.

FIGURE 7. a) The visited weak vertex (identified with a wide border) updates,
so we require to resample its connection to the strong vertex at the top left, and
both reveal new weak neighbours, and be revealed to the vertices in the network.
b) After resampling its connection to the strong vertex, the edge becomes absent.
Also, two new edges are incorporated to the network.

As a further example, when a vertex i € G infects some j ¢ G; through a clogged edge,
j is added to the network and becomes visited. Consequently, according to Rule (6), it
reveals new weak neighbours. If j is a strong slow vertex, then according to Rule (3), it also
reveals new strong slow neighbours. Observe that we have not provided the mechanisms
involved in the saturation of vertices and edges. As some of the conditions for saturation
require us to describe certain elements of the scoring function we will postpone it.

Starting and stopping the process. As pointed out before, the goal of the theorem is to

upper bound the extinction probability P, (¢ < Text) of the contact process starting from

a single infected non-star vertex. We fix such a vertex 7o and initialize G as follows:

e Initially, we consider all possible oriented edges (i,7) in £ as available.

e We start by adding i¢ to the network and infecting it, thus declaring it wvisited.

e Following Rules (3) and (6), we reveal new weak and (possibly) strong slow neigh-
bours of ig, thereby defining Go as well as 2.
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As mentioned at the beginning of this section, for our methods to work, we require the
network to satisfy a few conditions that are likely to hold for some time. If one or more of
these conditions are not met, we stop the process. Let s be the function in the statement
of Theorem 4, and introduce the stopping times:

Text the extinction time of the infection process,
Thit the smallest time ¢ such that M (t) > s(a),

Tiree the smallest time ¢ such that either G; contains an (undirected) cycle, or an edge
(1,7) € G4- is resampled as present (following Rule (1)),

TS ~; the smallest time ¢ such that a weak vertex i is connected to at least 1/ (8\%) weak
vertices in Gy through present edges.

We also advance that there is an additional stopping time Ty 4", which is far more
technical and will be defined in the next section, see (104), since it requires several elements
which will be introduced when defining the scoring function. The process stops at time T,
which is defined as

. d
T = Tiad A Thit A Toxt, with Thad = Thmet A Trod A Trot™,

The intuition behind the stopping time 7" is that we run the process until either the network
stops behaving nicely (T}q), the infection goes extinct (Text), or the score becomes too
large (Thit). As will be seen later, the latter condition includes the critical event in which
the infection reaches a star, or a star vertex is incorporated to G¢. In particular G contains
only nonstar vertices at times t < Ty;. Moreover, at time ¢t < Tﬁ;‘ée, the network GGy consists
of a tree in which all edges point outwards from the root, which is the starting infected
vertex i9. Once again, we stress that the orientation of the edges is used only in the
construction of Gy and the scoring, not for the propagation of the epidemics inside Gs.

At this point it is worth mentioning that once a vertex i becomes visited, we begin
tracking its weak neighbourhood (following Rules (6) and (7)). After an update of i, with
large probability all edges incident to ¢ in Gy become absent. Thus, if ¢ was healthy at the
time of the update, it becomes inaccessible for the infection, never to be reached again.
One might question whether tracking the weak neighbours of ¢ could prematurely halt
the process by reintroducing an absent edge or creating a loop in G;. However, as we
demonstrate in the last section, even in such cases, the infection is more likely to reach a
star or extinction before such events occur.

Score attached to weak vertices. We begin describing the score given to configurations as
long as the network behaves nicely, that is, for all ¢ < T},q. The general score M(t) is
divided as

M(t) = Mstrong(t) + Mweak(t)a
with Mgrong(t) and Myeak(t) the scores attached to strong and weak vertices. In order to
define Myeak(t) we use that locally around a weak vertex the graph has a tree structure

and methods from [16] developed for the contact process on static trees can be adapted to
our situation. We begin by recalling [1(], where the contact process was studied on a tree t
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with degrees bounded by 1/(8\?). In this work the authors associate a scoring W;tmc(t)
to each vertex j, defined as

sttatlc(t) _ Z (2)\)dt(’i7j)’
it
i infected
where d; is the graph distance within t. In order to prove that this scoring is a super-
martingale, it is shown that each W]-Sta“c(t) has average infinitesimal increase bounded by

—W]-Static(t)/ 4. Tt follows that for any choice of nonnegative weights w; on t, the process

Z ’LUjW;tatic(t) = Z (2/\)dt(i7j)wj 1; infected at time ¢ (80)
jet i,j€t

is a non-negative supermartingale. Observe that the process in (80), being a double sum,

can be written as

Z ijjstatic (t) _ Z Mistatic (t)

jet ict

4 infected
where, for each 7 € t,
Me(r) = 30(20) A (51)
jet

serves as a dual scoring function. Maybe surprisingly, we can use the same functions in
the context of evolving graphs with only minor modifications.

Let t > 0 and i € G; a weak vertex. We define t(t) C G} as the subgraph induced by the
weak vertices, where we only keep the present edges (which for all purposes will be taken
unoriented). The resulting network corresponds to a collection of trees with maximum
degree at most 1/(8\?), since we assume that t < TS;E, where we define the usual graph
distance di(i, j), with the convention d(i,j) = oo if i and j are not connected.

Observe that vertices in t that are not labelled visited, have been revealed as neighbours
of visited vertices, but have not revealed their own neighbourhoods yet. These vertices,
which we call pending leaves, prevent us from choosing w; = s(j/N) in (80), since upon
being infected they would reveal new neighbours (following Rule (6)) and thus increase the
score in average. To prevent this, we replace w; with a slightly different scoring whose role
is to overestimate the possible scoring obtained after revealing a new part of the structure.
Let ¢ > 4, which will be further specified later, and assume that s satisfies the assumptions
of Theorem 4 for this value of c.

We define the function
. 85 if ¢ is visited,
5 =
' —5s; if i is a pending leaf,

where s; = s(i/N). From the constraint ¢ > 4, we thus have s; < §; < 2s;. We now define
for each j the individual scoring M; similarly to (81) as

Mi(t) = ) (20195 (82)

JEt
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under the assumption that A < 1/2. Observe that from this assumption and the choice
d(i,7) = oo for non-connected vertices, the sum can be restricted to the connected compo-

nent of 7. We thus define
Mweak(t) = Z Mz(t)
ict
1 infected

Evolution of the process by saturation of vertices and edges. As in the process introduced
in the previous section, vertex saturation is a state akin to being infected, but in which
vertices cannot recover. When a vertex becomes saturated, it remains in this state, acting
as a source of infection, until it updates. Even though the intuition is the same as in the
proof of Theorem 3, the conditions for saturation differ, and not all vertices can become
saturated. We also maintain the intuition for edge saturation, which occurs when an edge
connects two saturated vertices, allowing the use of the edge for infection transmission to
be ignored. Before defining the exact conditions for saturation we introduce more notation.

Recall the definition of t as introduced in the previous subsection and let t be an arbitrary

subset of t. We write
M(t):= Y Mg(t) (83)
ket
k infected
to refer to the total scoring of f. Define also t; as the connected component of j in t (for
J € Gy weak). With this notation, for any strong vertex i € Gy, define R;;(t), for j € Gy, as:

0 if j is strong slow,
Rij(t) := Hiiﬁj if j is strong quick,
16AM. (1) .. ..
T‘J if j is weak.

Using these functions define

Ri(t) := RJ™™(0) + RY™8(t) .= Y Ri()+ Y Ri(t) (84)

j strong ~i j weak ~i

where j ~ i means, as usual, that ¢ and j are neighbours in G; (regardless of orientation).
Finally, for a strong slow vertex ¢ € Gy, let N® be the number of neighbours of ¢ in
the network that are strong slow. We can now introduce the evolution rules concerning
saturated vertices and edges.

Rule (8): A strong vertex i € Gy is instantly declared infected and saturated as soon as any
one of the following two conditions is met:
(1) Ri(t) > 1/4.

(74) 4 is incident to a weak vertex j (through a present edge), and some vertex
k € t; infects another strong vertex ¢'.

If ¢ is strong slow, we also declare it infected and saturated if

(7i1) since its last update it has infected another strong slow vertex or has been
infected by another strong slow vertex,

. /L.T‘IOC . . o« .
(tv) N®(t) > 358)\1 , where T}°° is as in Definition 3.
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Rule (9): Saturated vertices do not recover, and can only desaturate when updating. When
a saturated vertex i updates, if none of the conditions introduced in Rule (8) hold,
then the vertex is no longer saturated and becomes just infected.

Rule (10): When a strong slow vertex ¢ infects another strong slow vertex j, the edge between
them becomes saturated.

The reader might wonder why, as opposed to the proof of Theorem 3 we do not need to
“split” the slow strong edges within G;. To answer this question recall that the splitting
of edges was used to handle the possibility of reinfection between slow vertices, which for
this process is impossible. We argue as follows: suppose that the strong slow edge (i,7) is
incorporated to the network at some time ¢, at which time j must have been revealed as a
(healthy) neighbour of 7. Since the network is a tree, for j to become infected for the first
time, it must receive the infection from 7. At that point, both i and j become saturated
(following Condition (#ii) in Rule (8)). For j to reinfect ¢ later on, ¢ must be healthy, and
hence must have updated at some point. However, in that case, the edge (i, j) would have
become absent, thereby disconnecting 7 and j.

Observe that the definition of saturation in Theorem 3 involves conditions analogous
to (i), (i), and (iv) in Rule (8). Condition (i7), however, is new and might be quite
astonishing with its long distance interaction, which does not even require ¢ to be infected
in the first place, see for example Figure 8. It is however extremely useful, as it ensures
that for a strong unsaturated vertex i, the weak trees t; attached to it are not connected
to any other strong vertex from which it could receive infections.

FIGURE 8. In the picture, i is connected to the weak vertex j, and the vertices in
t; are depicted with a wide border. There is one infected vertex in t; attempting
to infect the strong vertex i’ through a clogged edge. If it were to succeed, then i
would immediately become infected and saturated. Observe that the vertex at the
right also could infect i’, but in that case nothing would happen to i, because of
the absent edge (with an X) on its path to i.

A first application of Condition (%) is the justification of the new choice for the function
R;(t) in this proof. Observe that it is similar to the one introduced in the proof of The-
orem 3, the main difference being the introduction of the term R;;(t) = 16AMy,(t)/s; for
weak vertices. Recall that the role of R;; is to provide an upper bound for the probability
that the vertex j will later infect ¢ before the connection is refreshed. With this in mind,
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e suppose that i is unsaturated and connected to j, and in what follows conditions (i) — (iv)
are never met (since upon becoming saturated, infections from j to i are pointless).
Because the event in condition (i7) does not occur, the tree t; cannot be directly connected
to any other strong vertex ¢/, and hence in our interpretation of R;; we assume that the
infection is “trapped within t;”.

e In the next section we show that, when neglecting infections between strong and weak
vertices, Myeak 1S a supermartingale, and in fact,

1 1
aE[Mtj (t+dt) (E+dt) — M) (1)|51] < —th]- (1),

where t;(t) and t;(¢ + dt) are the connected components of j in t at times ¢ and ¢ + dt,
respectively. Using almost identical computations it can be proved that if we allow for

infections between ¢ and j, a similar upper bound is obtained if we replace M, 1) (t) by

M(t) = Mtj(t) (t) + 1, infected at time ¢ Z(QA)d(l’j)ilgl-
let
If we were to start the infection process at time ¢ from a given configuration in which
1 is healthy, then, using the stopping time 7" > t in which either the infection dies out
within t;, or ¢ becomes infected, we arrive at
S5 .. . ~ ~
i[?’(] infects i | Fy) <E(M(T)|F) < M(t) = M, ) (1),
thus showing that R;; fits the intended role.
e When i first infects j, the value of R;;(t) will be of order A, and the same will be

typically true when the infection propagates throughout t;. This is an improvement over
the expression A\/(k; + K;) used for strong quick vertices or in the proof of Theorem 3.

Score attached to strong vertices and edges. We now address the remaining expression
Mitrong (t) from the decomposition M (t) = Myeak(t) + Mstrong (t), which is analogous to the
scoring introduced in the proof of Theorem 3, so in particular we use the same notation:
We recall the functions 7 and T'°¢ introduced in Definition 3,

1
p(z,y)
m(x) = / dy,
o k(@) +K(y)
loc 8 271'((13)
T(z) = max{8,—— 16A2 2
3k(x) K(x)
and take a(\) and s(x) satisfying the hypotheses of Theorem 4, that is, (48), (49), and
(50), as well as assumptions (H1) and (H2). As in the previous proof we use the subscript
notation when considering the corresponding functions defined on {1,...,N}. We now
define the scoring Mgirong as

Mstrong(t) = Z m; (t) + ) (85)

i1€Gy strong
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with
S; +t; if 4 is infected saturated,
m;(t) := < s; +4R;(t)t;  if i is infected unsaturated,
2R;(t)(s; +t;) if 7 is healthy,
and again, for some r > 3/2 to be fixed later,
S b
Regarding the scoring we point out the following useful facts:

e Since T}OC > 8 and T}OC > 8, it easily follows from the definition of ¢; that inequalities

— 3K,
S; S
ti < Zl and Kiti < 8—; (86)
hold as in the previous section. Similarly, as in (61), for any strong slow vertex ¢,
8A 1
BT Z Pij < 3 (87)

J <asts1 IV

by exploiting the fact that asis < aglow- As a last adaptation of previous computations,
we can require that ¢ > 4r (by fixing ¢ after fixing r), which gives

Z pij(sj +t; +uj) < uy, (88)
J<astsi N

analogously to (65).

e Asin the previous proof, the score related to the connection between strong slow vertices
is attached to the strong slow edges rather than the vertices (because R;; = 0 if both
vertices are strong slow). Note that this is one of the few instances where the orientation
of an edge (i,j) € Gy does matter, since the score value depends on the endpoint j alone.
Again, this scoring reflects the idea that j is very likely to get infected by 1.

e A star vertex j can be incorporated to GGy without being infected only through revealing
a present strong slow edge (i, j), with associated score sj+t;+u; > s(a). If this happens
we instantly reach Ty;.

e The scoring of strong vertices only depend on the weak vertices through R"°** while
the scoring of weak vertices do not depend on the strong vertices.

e Non visited vertices have null score. This follows since the only non visited vertices that
can be found in G; are either healthy weak vertices (for which the scoring is null), or
strong slow vertices with a single neighbour j € Gy, which is also strong slow (so the
score is null since R;; = 0 if j is strong slow). A similar analysis shows that when a
strong vertex i reveals new neighbours, it does not increase its score.

Supermartingale property of M(¢). In this section we compute the average infinitesi-
mal change of M (t) due to the evolution of the process and show that it is a nonnegative
supermartingale. Before the computations we point out two important facts:
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(1) The scoring M(t) has only been defined at times t satisfying ¢ < Thaq, so for the
scoring to be useful, we need to define what the scoring should be when reaching a
configuration giving ¢t = Tp,q. Fortunately, since M (t) is nonnegative, it is enough to
set M (Tpaq) = 0 without any risk of losing the supermartingale property.

(2) We have not yet defined the stopping time 704", The definition will be given at the
end of this section, but we advance that it comprises the scenarios in which strong
vertices are connected to too many weak trees where the infection has proliferated.

As in the proof of Theorem 3, we show that M (t) is a supermartingale by fixing ¢ > 0,
and writing the expected infinitesimal change of the score
1
dt
as a large sum of terms associated with the effects that a single transition event of the
process have on the scoring of the vertices and edges. In what follows we assume that:

E[M(t + dt) — M(1)[3] (89)

e At time t we have not yet stopped the process. Even though considering times ¢t > T is
harmless for the supermartingale property (because in that case M (¢ +dt) — M(t) = 0),
it is important for our computations to obtain strictly negative upper bounds for (89).

e The transition events considered preserve the tree event (that is ¢t + dt < Thaq). Again,
this is a harmless assumption since by definition M (T}aq) = 0.

Analogously to the proof of Theorem 3, we group these terms into contributions, many of
them identical to the ones presented in the previous section. We divide these contributions
according to the types of vertices involved in the events taking place. In order to avoid
cluttered notation, we will drop the dependence on time for all functions for the rest of
this section, provided there is no risk of confusion.

(i) Contributions from events that only involve weak vertices.
For any fixed t > 0 let t be a connected component of t at time ¢. Our main goal will be
to show that the expressions appearing in

%E[Mweak(t +dt) — Myear(t)|3¢] (90)

as a result of events that involve vertices in ¢, and their interactions with other weak vertices,
can be upper bounded by —éM;(t), where M; was defined in (83). We first observe that
because we are assuming t + dt < Tiaq, we exclude the possibility of connecting vertices
in { to other vertices in G \ t and hence the score of the latter vertices is unaffected. On
the other hand, weak vertices that are added to t are healthy, so their score is not counted
when computing Myeax(t + dt). Hence, for these events it is enough to upper bound

1

dt
where it is important to bear in mind that M;(t + dt) stands for the collective score
at time ¢ + dt of the vertices that belonged to the connected component at time t (the
connected component might have changed at time ¢ + d¢). As with (89), the expression
above corresponds to a large sum of terms, which we group depending on the type of event
they originate from:

E[M;(t + dt) — My()[3:];
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e Infections and recoveries within t. In this contribution we bound the average infin-
itesimal changes in score due to the recoveries of vertices in f, as well as the infections
between these vertices. Notice that this must take into account the possible reveal of new
neighbours as a result of infecting a previously non visited vertex (following Rule (6)). Fix
j € t with j infected, and consider the following events:

- j recovers. This event occurs at rate 1, and it results in the exclusion of M; from M (all
other terms remain unchanged). It follows that this event yields a total contribution

Y s, (91)

i€t

- j infects an already visited neighbour j’ € . This event results in the inclusion of M
into Mg, while all other terms remain unchanged. Since for each j' ~ j, this occurs at
rate A, the event results in the total contribution

A D sy, (92)
J'~j o iet
7’ visited
- j infects a pending leaf j' € t. This is the most delicate event, since it has the added
effect of changing the value of 5;/ and connecting new vertices to t. We break down the
changes in score as follows:
« For every k € {, the change in value of 55 implies a decrease of M}, by c_%sj/(Q)\)d(k’j/).
* For every k € {, the connection of a vertex [ to j/ implies an increase of M}, by

SN = =g (20) )

where we have used that d(k,l) = d(k,j") +1 and the fact that [ is not visited (for the
definition of §;).

* Since every weak vertex | ¢ G; becomes a neighbour of j° with probability pj , it
follows that the average change of Mk is upper bounded by

2

28j/(2)\) d(k.") —|— (2)\ k.g') Z Aepjrgs; <0
| weak
where we have used (48) to deduce that ) Aepjrjs; < 5.
Since the effect of revealing new vertices decreases all the M}, in average, it follows that
the change of M; by infecting a pending leaf can be upper bounded by the one given
by the infection of an already visited vertex. We conclude that the total contribution is

bounded by
A Z > si2n) (93)

i€t
J’ non v151ted

e Network dynamics. In this contribution we upper bound the average changes of M;
that follow from the updates of weak vertices (not necessarily in t). Observe that on these
events the infection does not spread so M; does not increase by adding new terms M;, but
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rather by modifying the values M; of all currently infected vertices in f. Fix then any such
infected 7 and observe that as long as ¢ +dt < T}.q, the updating of another i’ € t can only
decrease M; (because the connected component of i in t is reduced) and hence the only
transitions of the network that may increase M;(t) are:

* the update of 7, or
* the update of an unseen vertex k that then connects to some visited vertex j € t,
becoming a pending leaf.

In the first case, the resulting tree t;(¢f 4+ dt) containing ¢ will just consist of i and some
pending leaves j. The average value of Mi(t + dt) will then be

M;(t+dt) <s; + Z pms] <s;+ C—%Si = c—728i (94)
i Weak
where in the second inequality we have used (48). In the second case, the unseen vertex k
that connects to j € t will add to M; the quantity (2X)%C ’J)H 5 5). Since the update of 4
occurs at rate k; < kg, and each k attaches to a visited vertex J with rate kppjr < Kopjk
we deduce that the average change of M; due to these events is upper bounded by

¢ ;g ¢
Ko <c — t)) +> ) Fvopj,k(%)d(z’])ﬂc_j%

jet k weak
2 » 4
<Ko <M M) + Z o 2)\)d(z’])8j = . f02Mi’

jet

where we have used that s; < M; (since i is infected), as well as (48), and in the equality we
have used the definition of M;. Adding all these average changes, and taking ¢ sufficiently
large we obtain that the total contribution given by network dynamics events is

4/10 1
Z M < My (95)
i€t
i infected

By adding the terms in (91), (92), and (93), for all infected vertices j € t, as well as the
contribution obtained in (95), we obtain that the expressions appearing in éE[Mz(t—i—dt) —
M;(t)|5+] can be upper bounded by

> Y ZA ()65 — (20)69) | 4 g

jet ict
j infected

1 o - 1
< Y Ds < (@N)1ED T 4 5 (22) 10— (2A)d<w>> + g M

J jct ict
7 infected
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where in the inequality we have used that for any pair of vertices i,j € t, there is at
most one vertex j' ~ j satisfying d(i,j') = d(i,7) — 1, while the rest of the (at most) 8%
neighbours of j satisfy d(i, ') = d(i,j) + 1.

Now that we have shown that the events involving vertices in t and their interactions
with other weak vertices induce an average change of at most —%M{ in Myeak, We can
consider all events involving only weak vertices (such that ¢ + dt < Ty.q) by adding all
these contributions to obtain that their contribution to (90) is upper bounded by

1

- éMweak(t)-

Similarly, it can be shown that the contribution of said events to

1

EE[Mtj(tdet) (t +dt) — My, ) ()[S]

is upper bounded by —%Mtj (t) (t). Indeed, we can repeat the exact same computations
as for Mj, with the only exception of the case in which a vertex j' # j in t; updates,
which then becomes detached from j. We exploit this upper bound, together with the fact
that for each strong vertex i, its scoring depends on the weak vertices only through the
terms R;;, which depend linearly on the corresponding My, to finally conclude that the
contribution of events involving only weak vertices to the average change in the total score
M (t) is upper bounded by

LY M+ Y Reeut Y IR0, (00

i weak i strong infected i strong
infected unsaturated healthy

(ii) Contributions from events that only involve strong vertices.

Observe that events only involving strong vertices do not affect Myeak. Indeed, the
scoring of each M; depends on t; which is unaffected by these events, while the possible
revealing of new weak vertices (as neighbours of strong ones) also leave Meai unaffected,
since these new vertices are healthy. It follows that the events involving exclusively strong
vertices only impact Mgtrong-

Noting the inherited rules concerning strong vertices, the almost identical score function
to the one in the proof of Theorem 3, as well as the bonds (86), (87), and (88), it follows
that the computations arising from these events are analogous to the ones in the previous
proof, so we refrain from repeating them, although we point out that:

e When vertices update, the already revealed edges turn absent instead of unrevealed.
This does not affect our computations since we always use worst-case scenario bounds.
This actually improves some of the negative terms.
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e The contributions obtained in (70) and (72), which depended on clear edges, now depend
on present edges (i,j) where both i and j are strong, but where at least one of them is
strong quick. The term Nid(t) appearing in both terms is now replaced by the number
of all such edges incident to i.

e The contribution computed in (71) still relates to the event in which an infected unsatu-
rated strong slow vertex updates, thus revealing new neighbours. In that case only new
strong slow neighbours affect the scoring.

e The contribution computed in (73) now relates to the transmission of the infection
through a strong slow edge.

Following the same computations leading to (77) we obtain a total contribution of

- > W-F-)E- > (o) s

i infected < infected
unsaturated saturated

— Z /\N:q(t)(Sithg)* )

i healthy
strong

(97)

where N;? is the number of non strong slow present edges connecting i to strong vertices.
(iii) Contributions from events that involve both strong and weak vertices.

The remaining transitions to consider are events that follow from infections of weak
vertices by strong ones, and vice-versa. Moreover, we emphasize that the infection of a
strong vertex by a weak one along a clogged edge can also lead to infection and saturation
of other strong vertices by the “long distance saturation” rule.

e Infection of weak vertices by strong neighbours. The infection of a weak vertex j by a
neighbouring strong infected vertex ¢ happens at rate A. Following similar computations to
the ones in (94), we deduce that j increases its score in average by M;(t) (even if infecting
j resulted in revealing new neighbours). It follows that if 7 is unsaturated, then it increases
its score by at most 64AM;(t)t;/s;. This yields the contribution

Soean? Y Ajf(t)t,;—i— S ). (98)

S5
i strong infected J weak~1 J 1 strong J weak~i
unsaturated j hcalthy infected j hoalthy

e Infection of a strong healthy vertex by a connected weak verter. The infection of a
strong vertex i by a weak infected vertex j through a present edge holds at rate A, leading

to the contribution
Z Z )\(Sl + ti).

i strong  j weak infected ~i
healthy

Observing that j is infected, we have M, > s; and thus R;;(t) > 16\, we can further
bound this contribution by

weak
> B, (99)

2 strong
healthy
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e Infection of a strong healthy vertex by a weak one along a clogged edge. The infection
of a strong vertex j by a weak infected vertex ¢ holds at rate Ap;; when the edge is clogged.
Apart from a possible long distance effect, which is taken into account separately below,
this transmission creates an average score associated to j and to the strong slow vertices
pending to j (when j is slow) at most of

(Sj + tj) + u; < %S]’.

Summing over i and j and using the inequality (48) available for the weak vertex i, we
obtain a contribution bounded by

S oass Y M) (100

1 weak 7 weak
infected infected

e Long distance saturation. For each strong unsaturated ¢ and each weak neighbour j
of i, a vertex k € t; may infect another strong vertex (through a clogged edge), leading
to infection and saturation of i, and thus a score increase of at most t¢; if 7 infected, or
(si +t;) + u; if @ healthy (taking into account the possible revealing of strong slow vertices
pending to 7 in that case). For each such i and j, this holds at rate

A AMy, Ry
SO e YA phatar < DI et 3
sla S5
ket; i strong ket @' <astr str ket; J
infected infected infected

where the third inequality follows from (H1) and the last inequality from the definition
of My, and s; < s(astr). Summing over the choices of 7 and j, we obtain a contribution
bounded by

1 ) 1 _ .
> TGR;"edk(t)ti—k > gR}‘C“‘k(t)si. (101)

i strong infected i strong
unsaturated healthy

(iv) Total contribution.

Grouping the contributions obtained in (96), (97), (98), (99), (100), and (101), we can
upper bound the infinitesimal increase of M as

1
I+ dt) = M(2) |54

<> LW+ D DR R DI O R S A0}

i weak i strong infected i strong i strong infected
infected unsaturated healthy saturated
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where the expressions of the terms inside the sums are given by
1t = — (5 — &) M)
= —%ni(si +t; + uz)
) = — (4r =T =2y s N0 M) + 6402 Y M0 T pweak(gyy,

s
J
7 weak~i j weak~i

0=~ (0 ) )
1 == (- Bt X 0

§ weaknvi
Taking r and ¢ large with still ¢ > 47‘ we have that the terms g — %, % — ?,f and 4r — 1—37 — g—:
are all positive, as well as 4r — 6 — 3£. Define the expressions,
_ M;(t)
j W%;M AM;(t),  Ki(t) = j W%‘M .
and note that as soon as there is some £ > 0 such that the inequalities
Ji(t) < (3 — & —¢) kit (102)
Ki(t)< (4r —6— % —¢) X, (103)
hold, then (102) ensures that I3*(t) < —er;t; as well as
Ji(t) < =g 333“ < 38
while (103) ensures that 64A%¢;K;(t) < (4r — 6 — 3= — )& and further I (t) < —es;/8r,

so in particular all the contributions become negatlve With this in mind we define at last
the missing stopping time Ti7>5" a;

eomn _ 'nf{ t >0, (102) or (103) fails to hold for at least }

. .. . 104
bad one vertex ¢ amongst the visited strong vertices (104)

for some values of r, ¢ and £ > 0 that are still not fixed, but satisfy all previously mentioned
constraints. We then have:

1
g BMerar — Mel§i] < —cos)lecr, (105)

for some c(105) > 0 independent of ig, ¢, and N. We therefore conclude that both (M (t A
T))i>0 and (M(t AT) + c05)(t AT))i>0 are supermartingales.

Exploiting the supermartingale. As in the previous proof, our aim is to exploit the
supermartingale property to prove Theorem 4. First, we bound P;(t < Ttxt) as follows:
Pi(t < Text) S Pi(t < T) +Pi(T = Thit) + Pi(t < Tewt, T < t,T # Thit)
< Pi(t < T) + Pi(T = Thit) + Pi(Tbad < Thit A t).
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As in the previous proof, M (0) is not deterministic under IP; but satisfies s; < E;[M(0)] < Zs;,

so the optional stopping theorem applied to M (- A T') implies P;(T = Thy) < GZ%. More-
over, with the optional stopping theorem applied to M (- AT) + c(105)(- A T), we get
1 7S;
Pi(t < T) < “E;[T] < B [Mo] < ——%—.
t C(105)t 6c(105)
Using (78), we now obtain
1 1 N
In(t) <a+y + %(ﬁ + m) /a s(y)dy + N Z P;(Thaa < Thit At).  (106)
i=[aNT+1

This expression resembles (53), except for the last term. In Subsection 5.3, we will prove
that we can bound this term at time t = ¢ := 7s(a)/c(105) as

N
1 W'
N E Pi(Tbad < Tt A t(]) <a+ N, (107)
i=[aN]+1

for some choice of w’ = w’(\), and small \. Taking this for granted, we continue as follows:
e For t < ty3, we bound Pi(Tbad < Thit A t) by Pi<Tbad < Thit A to) to obtain

1+
N )

In(t) < 2a+ — /1()d +24
a+ —— s —
N = 6s(a) J, T
. . o 7 1
with w = w(X) = S ., s(y)dy.
e For t > ty, we use that Iy is nonincreasing to bound In(t) by In(tg), which, using
again (107) and the equality %(ﬁ 4L y= 4 vields

¢(105)to 3s(a)’

1 !
In(t) < 2+ 3;&)/ s(y)dy + HNW(A)

Thus (53) is satisfied for all ¢ > 0, showing Theorem 4. It only remains to prove (107).

5.3. Bound on the probability of stopping the exploration early. We will provide
a bound of the form ‘o)
w
Pi(Thaa < Thit Ato) < o(a(A)) + == (108)
valid for all small A\ and large N, and uniformly over i € {[aN]| + 1,...,N}, from
which (107) naturally follows. Recall the definition of ¢y = to(A) = 7s(a)/c(i05) and
Thad = TEEE A T§:§ A TER™, and introduce further the following stopping times:

e Ty, for £ > 1, the time of the ¢-th infection, where an infection means a vertex transition-
ing from the state healthy to infected (and possibly saturated). Note that two infections
can occur simultaneously (by the saturation rules (8)(i) or (8)(i)), in which case we
count the two infections, so we might have Ty = Ty, for example. A single vertex can
also be infected multiple times. In any case, we can roughly bound the number of visited
vertices at times ¢t < Ty by £.
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° Tdeg, the smallest time when a visited strong vertex is connected to more than 2coa™"
weak vertices in G;. Note that when incorporated to the network, a strong vertex j
was possibly connected to a weak vertex ¢ that has infected it (so that (i,j) has been
incorporated to G¢). However, its connections to the other weak vertices follow the same
dynamics as in the original stationary dynamic network (by rules (6) and (7)). It follows
that at any given time ¢, we can use (1) to bound the average number of present weak
edges (j,k) by coa™. Being connected to more than 2coa™ is thus an unlikely event,
which will help us to control the more involved quantities J;(¢) and Kj;(t) appearing
in (102) and (103).

We have

P; (Tbad < Thit A to) <P (Tg N ngée VAN Tg:(% AN Tdeg VAN T]ggém < Thit A to)
< Pinfected + Ptree + Pdeg _’_Pconn7

where the second line is obtained by looking at which of the stopping times is smallest,
and the terms are defined as

pinfected . — p.(T) < Tyoa A Thie A to),
P = P (TS < Ty A This A to),
P = Py(T% A Taeg < Ty ATt A Thig Ato),
PO = Py(Tiod™ < To AT A Tk A Taeg A Thit A o).

We now prove that

t (A
Preegszf)7

Pinfected + Pdeg + peonn _ o(a()\)),
when £ is chosen as
0 =0(\) = A"Cam) (109)
with C(199) > 0 defined below.

Bounding the total number of infections. We prove
2 + 4s(a)?
7 .

From now on, we fix a sufficiently large value of C;g) to ensure this is o(a). This is possible
as a~! and s(a()\)) are growing polynomially in A~1.

Pinfected < (1 10)

Proof. The idea is to associate each infection with a positive increase of value at least 1/2
for the supermartingale M (¢ A T'), and then use standard martingale theory to obtain the
desired upper bound. Indeed, the infection of a weak vertex ¢ implies a score increase of
at least s; > 1, while the infection of a strong vertex 7 implies an increase of its associated
score m; of at least s;/2 > 1/2. This simple idea however has to take into consideration
several subtleties.
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The infection of a strong pending vertex possibly implies a decay of the total score.

This is due to the fact that while the vertex becomes infected (and saturated), the edge

simultaneously also becomes saturated, which implies a decay of its associated score. For

this reason, in this proof, we will consider a strong pending vertex as already infected
when counting the number of “infections”.

By the previous consideration, when a strong vertex i reveals a strong pending leaf 7,

we count this as an infection, which we also want to associate to an increase of score.

However, it might be the case that ¢ was itself a strong pending leaf, that was just

infected by another strong slow edge (k,7). In that case, the following events occur

simultaneously:

— 1 gets infected and saturated, with associated score s; + t;.

— k also gets saturated (if it were not before), but for simplicity we neglect this effect
from this discussion.

— The edge (k, i) becomes saturated, implying a score decrease of s; +t; +u;. These first
events together thus imply possibly a score decrease of wu;.

— The vertex i has revealed the pending strong slow vertex j (and possibly other strong
slow and weak vertices as well). The increase in score associated to this newly revealed
strong slow vertex is s; + t; + u;.

The problem is that the increase s; 4+ t; + u; might be compensated by the decrease u;,

so it is not clear whether we can associate a score increase to the revelation of j.

In order to overcome this difficulty, we define a discrete-time supermartingale (Mgi“)nzo,

that evolves as the jump process associated to the supermartingale M;, except for the
particular case in which a strong slow vertex ¢ is infected by another strong slow vertex k.
In that case, the discrete-time process M9 decomposes the jump AM; into several jumps
as follows:

As a first jump of M%s¢ it increases due to the change in score given by the saturation
of i, k, and (k,1), the revelation of new weak neighbours of i, and an additional term
j strong slow pij(s; +t; + u) representing the average increase of M; resulting from the
revelation of new strong slow neighbours. Equivalently, this term can be seen as the
result of assigning a temporary score p; j(s; + t; + u;) to each strong slow edge (i,7),
before attempting to reveal it as in Rule (3).
For the remaining steps associated to this event, we successively attempt to reveal each
strong slow edge (i,j) (starting from the smallest j or in other arbitrary order), and
replace the score p; ;(s; +t; +uj) by either (s; +t; +u;) or 0, according to whether the
edge was revealed or not.

Once the vertex ¢ has gone through all the strong slow vertices, the two processes coin-
cide again (via a time-change that we do not write down explicitly). This provides the
construction of (M35¢),~o. Note that:

When we successfully reveal a strong slow neighbour j, this implies a positive jump
AMEC = (1 — p; ;)(s; + t; +u;) > 1/2, using that p; ; < p(a,a)/N < 1/2 for large N.
Actually it is now true that any “infection” that we count in this proof is associated to
an increase AMSiSC > 1/2. We might also have two simultaneous infections, or reveal
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several strong pending vertices when a strong slow vertex updates, but in each case the
total number of simultaneous “infections” is bounded by 2AMdisc,

e The first jump of M%s¢ is on average equal to AM;, while the rest of the jumps have
mean 0. Doing this, we maintain the supermartingale property of the process, so M/dis
is indeed a supermartingale.

e The process M4¢ takes nonnegative values, and it can reach a value larger than s(a)
only at a moment corresponding to the time T} when M; also reaches such a value.

Writing Ny := inf{n > 0, M3 > s(a)} and Z,, := (s(a) — MSj\Sthit)Jr, we have that Z,
is a submartingale with values in [0, s(a)]. The total number of infections occurring before
time 7' can now be bounded (using also T' < Ty;t), by

. . 2
Z QAMglsclAMgichI/z § 4 Z (AM;}ISC> .
n<Nnit n<INpit

Noting that we have AZ, = —AMSiSC for n < Npj, we can further bound the expected
number of infections occurring before time 71" by

4E[ 3 (AZn)Q} < 4E[Z2% — 72] < 43(a).

n<Npit

We also have at most two additional infections occurring at time 7. Then (110) follows by

the Markov inequality. O

Bounding the probability of breaking the tree structure. We now prove

2 /
A
P < 802(2k0to + Mo + £+ 1)2p(a’ o) _ (N

N N
Proof. Introduce, in this proof only, the notation T := T A Thit A to, and the quantities
Ftree _ {(z’,j) € {1,2,,...,N}% such that (7,7) becomes present at}
ep least twice before time T'

ptree _ j € {1,2,,...,N}, there are 4,7 € {1,2,... N} such that
cycle both (,7) and (¢, j) become present before time T

It follows that T}t < T if and only if |E%°| 4 [V | > 1 so from the Markov inequality,

rep cycle
we can bound

Ptree S EHEtree ] 4 EHVtree ”

rep cycle
The quantities in both expectations involve counting edges that become present, so we
stress that in order for an edge (i, ) to become present at time ¢t < 7"

e The edge ¢ must be visited at time ¢.
e [t must be the case that at time ¢ either:
— (4,7) is a strong quick edge and 7 is infecting j (which was previously not in the
network), or
— ¢ or j updates, or
— 4 is a strong slow neighbour which becomes saturated due to Rule (8.7i1).
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Denote by 7; the time at which vertex i becomes visited, and Nyisiteq the number of

visited vertices by time 7. We now bound |Eree’| and ]V;t;gﬁe\ separately:

e Repeated edges: Start from the observation

E[|Eiee|] = Z P(; < T and (4, j) becomes present at least twice before time T')

rep
edges (i)

and observe that, conditionally on 7;:

— The number of updates of (7,j) in (Ti,T] that result in the edge being present is
bounded by an independent Poisson random variable with rate (;+#;)(T—7;)pi; <
2I<c()t0pi’j.

— Since T < Ty, there are at most ¢ infections within [r;, 7] which could reveal (i, j)
due to Rule (8.7i7), and at each such infection an independent coin with probability
Di,j is tossed to decide whether the edge becomes present.

— The number of possible events in which (7, j) is infecting j through a clogged edge
is bounded by a Poisson random variable with rate Atop; ;.

We thus deduce that, conditionally on 7;, the probability of (i,j) becoming present at
least twice is bounded by

pla,a)?
NZ

2(2koto + Ao + £+ 1)°p7 ; < 2(2koto + Mo + £ + 1)°

and as there are at most ¢ infections before time T, it must be that Nyigiteq < £, SO

2p(a,a)®

E|ESCN < > P < T)2(2k0to + Mo + £ + 1) ~2

edges (i.7)

2p(a,a)®

N
= P(r < T)2(2k0to + Ao + £ + 1) i

i=1
2p(a,a)’

< 20(2koto + Ao+ £+ 1) N

e (Cycles: This case is similar to the previous one, where we can write

E[|[VEE ) = Z]P’(Ti, 7; < T, and both (i,1) and (j,1) become present before time T').

cycle
i7j7l

Following the same line of thought as in the previous case, we deduce that, conditionally
on 7; and 7;, the probability of both (i,1) and (j,{) becoming present is bounded by

QP(CL, (1)2

4(2k0to + Mo + £+ 1)2piupjg < 4(2koto + Mo + £+ 1) E
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and hence we obtain

2
- a,a
E[[VEel] < S Pln, 7 < T)4(2r0to + Ao + £ + 1)219<N2>
i?.j?l
2
- ZP(% 7; < T)4(2r0to + Ao + £ + 1)2%
ihj
2 ,p(a,a)?
< 40 (2roto + Ao + €+ 1)* =
The conclusion follows by adding both bounds. 0

Bounding the degrees. We prove below the upper bounds
Pes < grpemcainA T (111)

with ¢(111) > 0 a constant independent of A or N. As ¢ and ¢y are polynomial in A, this
term is exponentially small in A, and in particular negligible compared to a as A — 0.

Proof. At times ¢t < T{, each vertex j in Gy (except ig) is the head of one edge (i, j) € Gy,
with possibly i weak. Once j is infected, every other weak edge (7, k) is revealed and evolves
as in the true stationary dynamic network. Therefore, conditionally given j is in Gy, the
number N;"(¢) of present weak edges (j, k) in Gy, follows a Poisson binomial distribution,
with expectation bounded by 1/10\? if j is itself a weak vertex. Therefore, for given ¢, the
probability of having N;'(t) > 1/ 9A? is uniformly bounded by e=*"* for some constant
¢ > 0. Moreover, the updating rates of the vertices are upper bounded, therefore one can
define a time step 7 such that for any given s,

[y

P (min{NJW(u): s<u<s+T)>1/9\2 ’ Ny (s) > 1/8)\2> > 5
It follows that we have
2t -
P (max{N;V(s): s <) >1/8)\? ( je Gt) < Lo,
T

Now, we inspect the successively infected weak vertices one by one up until time Ty AT A
Thit Atg. We find at most £ such vertices, for which we can use the previous bound with t =
to. Thus the probability of finding a weak vertex with at least 1+ |1/8\?] weak neighbours
is bounded by %%efc’\%. Similarly, for a strong vertex j > a/N and conditionally given
j € Gy, the number of present weak edges (7, k) in Gy follows a Poisson binomial distribution
with expectation bounded by caa™7, and we deduce that the probability of finding a strong
vertex connected to more than 2cpa™" weak vertices is also bounded by 2{[_&6_0)‘72 (with
a possibly different value of ¢ > 0). We deduce (111) by decreasing the value of ¢ > 0 if
necessary. [l
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Bounding the connectivities of visited strong vertices. It finally remains to bound
the probability P®"" to visit a strong vertex i that fails to satisfy (102) or (103) by having
a too large value for J;(t) or K;(t). This last bound is more technical than the previous
ones, and before tackling it, we first provide an upper bound for quantities that can be
thought of at upper bounds for J;(¢) and K;(t) in a fixed idealized environment.

A large deviation upper bound in an idealized environment. Fix a strong vertex i, and
introduce a family (C}, . j,. )Jn>1,j1,....jn weak Of independent random variables, indexed by the
sequences of distinct weak vertices, such that Cj}, is Bernoulli distributed with parameter
pij, and, for n > 2, Cj, ;. is Bernoulli distributed with parameter p;,_, ;.. Define

n

Ji= Y oo, R=Y Y,

J weak 7 weak

where M; is defined by
n
RS VD Y | | CXCTAY I
n>1j1,...,jn weak \k=1

Proposition 8. For ¢ sufficiently large, there exists a finite constant Cg such that the
following results hold:

(1) for any j weak and any 6 > 0 satisfying 0 < 1/(2As(asy)) and 6 < s}l, we have:
E[eeMj] < 1+ CgQSj.
(2) for any j weak and any 6 > 0 satisfying 0 < 1/(2As(asy)), we have
E[e?Mi] < 305

(3) for any i strong and any 0 > 0 satisfying 0 < 1/(As(astr)), we have
Cgb s,

E[eGL] < 60890'1‘ S e ¢ TZ.IOC

= I

where o; = )\zjweakpijsj.
(4) for any i strong and any 6 > 0 satisfying @ <1 and 6 < 1/(2As(astr)), we have

0K; < 05; CgO;
E[e l] < €2H0 P & 8 17
wh Gi ijeak pzj

Proof of Proposition 8. We focus on the first point of the proposition. For j weak and
n > 0, we introduce

" k
7;") =255+ 2 Z Z <H 2>‘Cj,j17--~711) Sik>

k=1 j1,...,jk weak \l=1
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so that M J(O) = 2s; and Mj = lim M ](n). We prove recursively on n the existence of a
constant Cg > 0 independent of n such that, for any j weak and any 6 > 0 satisfying
0 < 1/(2As(agty)) and 6 < sj_l, we have

r(n)
E[e’™ ] < 1+ Cxbs;.

For n = 0, using the convexity of the exponential function and fs; <1, we have

7 (0)
e@Mj :eZQSj S 1+(€2_1>98j7
whence the result holds if Cy > €2 — 1. For the induction step, write

MM =25+ Y 2aC;;, M)

2,91’
j1 weak

where the random variables

Y g, 123 Y (H zxcj,ﬁ,...,ﬁ) .

k=2j2,....jn

are independent, independent from the variables Cj ;,, and have the same laws as M (n—-1),

Further,

—r(n) —r(n—1)
™ = [] E P M) = 29 11 <1 +Piji <E[62A9Mjl I- 1)) '
J1 weak j1 weak
From the hypothesis § < 1/(2As(astr)), it follows 200 < 1/s(astr) < 1/s;, for all j; weak, as
well as 200 < 0 < 1/(2As(astr)), since A < 1/2. We can thus apply the induction hypothesis
to obtain

or(n)
E[eeM]. ]Sewsj H (1+2)\908pjj15j1)

71 weak

<exp | 20s; 4 2Cg0 Z APjjisj | < exp <298j(1 + Cf)) ’

j1 weak

where we used (48). Using now the convexity of the exponential function and 260s;(1 +
Cs/c) < 2(1+ Cg/c), we obtain

E[eaM;‘n)] <1+ <62(1+CS/°) - l) Os;.
To perform the recurrence step, we need e2(1+Cs/9) — 1 < (4, which we can ensure by

choosing Cg > €2 — 1 and ¢ sufficiently large. This concludes the proof of the first part of
the proposition.

7(n)
For the second part, we proceed exactly as above to bound E[eHMJ' | by the expression
exp (20(1 + Cg/c)sj). This is the required upper bound, by increasing the value of Cyg if
necessary. Note also that we cannot further bound this without the hypothesis s; < 1.
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For the third and fourth parts, the computations are similar. For § < 1/As(ag,), which
ensures A0 < min(1/2As(asr),1/s;), we obtain

Ele] < T (1+py (B0] 1)) < 00,

J weak
For 6 < min(1,1/(2As(astr))), which ensures 6/s; < min(1/2Xs(astr),1/s;), we obtain

E[eﬂk"] S ng@Zj wealk Dij S 82086%07”- 0

Corollary 5. Under the same conditions, choosing a value Cg > 2 for which Proposi-
tion 8(2) holds, we also have, for any j weak,

P(M; > 2Css(agy)) < e . (112)
Proof. For 0 = 1/(2As(astr)), Markov inequality and Proposition 8(2) yield

P (M] > 2083(astr)) < 6720893((15“)1[3[69]\%] < efZCgas(astr)ngGSj
< e—Cg@s(astr) _ C_CS/QA,

using also that the score s; associated to the weak vertex j is smaller than s(agty). O

Corollary 6. Assume that the additional technical condition (H2) holds, yielding some
a € (0,1], and ¢51) > 0, not depending on A, such that

s(astr) < 0(51)A73+a7

s(astr) < 0(51)>\_1+O‘ inf {Tiff()x) tr < astr}.

For any c(114y > 0 and large v > 0, taking ¢ sufficiently large, there exists a constant cg
such that for small X\, for any strong verter i and weak vertex j, we have

P(M; > mq,,85) < e A", (113)
P(J; > cq1a) i) < e (114)
P(K; > &m) < e M. (115)

Proof. To obtain (113), proceed as in the proof of (112) to get

Tagty —Cg

P (M] Z Wastrsj) S 67 2Xs(agtr) s

and conclude by observing that A27,_,. and A%~ 3/s(ag,) are both lower bounded by positive
constants. To obtain (114), take 8 = 1/(\s(agsty)) to get

_ — 4 C, i 7C(114>+c/c —a
]E[ee‘]i] S 6( C(]]l)+ S/C) )‘S(astr)TilOC S e €(51) A

Si
_c(]l/‘)oTloc
3
)

P (jz > C(114)%) <e
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using (H2), provided the constant —c 14y + Cs/c is negative, which we can ensure by
choosing ¢ large. Finally, to obtain (115), take § = A27%/2 < min(1,1/2)\s(as,)) and /10
larger than Cs given by Proposition 8(/). Then,

— "" r , o
P <Kz > Em) < e (f5=C8)im < e~ N Mg

for some small constant c. We conclude again by observing that A\*m,_,, is lower bounded
by a positive constant. O

Ezploring and bounding the connectivities of the visited strong vertices. We now turn to the
true environment encountered by the infection. From now on, we assume that condition
(H2) holds, so in particular we can apply Corollary 6. For a strong vertex i € Gy, recall
the definition of J;(t) and decompose it as JU(t) + Ji%(t) with

TN = ) AM(E), TP = > AM().

J weak Jj weak
(4,7) present (4,%) present

Recalling that there is (at most) one edge (j, ) in G¢ pointing to 4, the sum in the definition
of J™ contains only one or zero term. Similarly, we write K;(t) = K" (¢) + K™ (¢) with
M) M;(t)
out . J n N J
KU (t) = 'Z — KPR = 'Z —
j weak J j weak J
(4,7) present (4,%) present

For a weak vertex i, we also decompose M;(t) = MU (t) + M™(t) with

MMMt =5+ Y > NG,

7 weak ket
(4,5) present d(i,k)=d(j,k)+1

MP(@) = ) > 2R,

7 weak ket
(4,3) present d(i,k)=d(j,k)+1

By the following lemma, the idealized environment provides an upper bound for the quan-

tities MU, JOU and K.

Lemma 4.

e If j is a weak vertex and t > 0, then, conditionally on j being visited, the random variable
M;Ut(t)lkngcdc is stochastically bounded by M;.

e If i is a strong vertex and t > 0, then, conditionally on i being visited, the random
variables Jf“t(t)lKTgr%e and KiOUt(t)lt<Tgrede are stochastically bounded by J; and K; re-

; spectively.

Proof. For a visited weak vertex, we can write M$" (t) on the event {t < T{1} as

gj + 2(2)‘)n Z 1{the edges (4,51),-..,(Jn—1,Jn) are in Gt}gjn-

n>1 J1yeeesjn distinct
weak vertices
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Recalling the bound 35 < 2s;, it remains to couple the graph and the random variables
C' in such a way that for any directed path (j,j1,...,jn) in G¢, we have C;__; = 1. We
proceed by induction on n. If j,_ is first visited at time s < ¢, then for every weak vertex
Jn which is not in G4_, the edge (jn—1,jn) is present in G; with the stationary probability
Djn_1,jn- We then couple the connection at time ¢ with C} ;.. Note that we consider
times smaller than Tg;‘ée so the connection of an edge (j,—1,Jn) is coupled to at most one
variable Cj ;. , thus maintaining the independence between the C' variables. The second
part of the lemma with strong vertices is similar. ([l

In the rest of this proof specifically, we write T for Ty AT, g;‘ée A ngdg AT deg N Thit A to-

Corollary 7. Considering the same settings as in Corollary 6, say a weak vertex j is bad
at time t if it is visited and satisfies

M]OUt(t) Z 2CBS(aStr) /\ ﬂ-astrsj’

Similarly, say a strong vertex i is bad at time t if it is visited and satisfies any of the
following inequalities:

r
KU (t) > o7

Finally, say a vertez is bad if it is bad at some time t < T. Then the probability of finding

any bad vertex is bounded by C703a=2Vtge A" ", for some finite constant Cy.

We stress that the definition of bad vertices in this corollary actually depends on the
parameters ¢(;14) and r (that we have still not fixed), and also requires a constraint of
large ¢ to apply Corollary 6. We discuss later how all these parameters are chosen.

Proof. Note that at times ¢ < T, the number of visited vertices is bounded by ¢, while the
number of nonvisited weak vertices in Gy is bounded by (2c2a™ V 1/8A2){. Further, let
0 =0+ (2c3a™ V 1/8)X?)¢, and choose a vertex ¢ conditioned to be in G7. Suppose that
the vertex turns bad at some time ¢ < T. Then, with probability at least 1/e, the vertex i
and the weak vertices in Gy do not update until time ¢ + 7, with 7 = 1/ko¢’?. Therefore,
with probability at least e~!, we have ¢t + 7 < T;"%" and the value of M; (if i is weak) or of
Ji and K; (if 7 is strong) do not decrease on this time interval. In particular, there exists
a time s € 7NN [0, 7 + 7) which is less than 7% and at which we observe a large value
for M;(s) (or J;(s) or K;(s)). By Lemma 4 and Corollaries 5 and 6, the probability that
such a time s exists, is bounded by (to/7 + 1)e~%* “. We deduce successively a bound
of e(tg/T +1)e~*"" for the probability that a visited vertex turns bad, and a bound of
le(to/T +1)e~ ™" for the probability of finding any bad vertex. O

We now suppose that we do not encounter any bad vertex. We will then prove recursively
that all the visited weak vertices j satisfy

M;(t) < 3Css(astr) A 2may, 55, (116)
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at all times t < T'. For the first visited weak vertex, we have M;(t) = M?"(t), so the bound
follows from the fact that this vertex is good. Now, for a newly visited weak vertex i, we
can bound M?" by 2Css(asty) A Tay, Si, S0 it suffices to bound ]\4-”1 by Css(astr) A Tay,, Si-
But the sum on j in the definition of M,}n contains at most one term, which corresponds
to a previously visited weak vertex j and can be bounded by 2AM;. By the recurrence
hypothesis, we can further bound this term by 6ACss(agty ), which is smaller than Cgs(ast,) if
A < 1/6. For small A, we also obtain the bound 2AM; < 7, < 7, S; by observing that we
have ma,,, > 1/20k0A~2 and recalling that by condition (H2) we have s(asy) < cA~3T.
Having proved that all visited weak vertices satisfy (116), we deduce the following bound
for any visited strong vertex .

. S
J;n < BACgs(aStr) < 3)\0‘080(51)?;,

i
where we used condition (H2) to obtain the second inequality. Taking A small, we can
further bound this by c(;14ysi/ T}OC. For the term K" we obtain similarly a simple bound,
namely 27, < 2m;. Combining this with the fact that all visited strong vertices are good,
we obtain that they all satisfy, at all times t < T,

< 20(1 14)54
ﬂloc

K;(t) < (2 n L) . (118)

= 26(114)7“I£iti, (117)

We thus finally obtained bounds that resemble (102) and (103), and it only remains to
explain in detail how we fix the values of r, ¢, €, ¢(114).

First, recall we have to fix the values ¢, r and €, so that if the scoring function s is assumed
to satisfy Inequalities (48), (49) and (50) with this value of ¢, and if we use this value of r in
the definition the vertex scores t; (and thus of the configuration score M(t)), then we can
ensure that Inequalities (102) and (103) are likely to be satisfied up until time 7". In order to
do so, we first request ¢ > 8r and fix a small value of € so as to have 4r/3c+¢ < 1/6. Then,
choosing r large, we can ensure that we have (47 — 6 — % —¢€)/32 > 2+ /10, so that (102)
is implied by (117). Now, choosing c(;14) = 1/12r, we also have (% — % —g) > % = 2c1a7,
so that (103) is implied by (118).

At this point, we are still free to increase the value of r if we keep the request ¢ > 8r
and c(j14y = 1/12r. We choose the (large) value of r and c(;14) = 1/12r, so as to apply
Corollary 6. Eventually, we fix the large value of ¢ necessary to apply Corollaries 5 and 6,
fixing at the same time the value Cs. We then have a proper definition of bad vertices and
can apply Corollary 7 to deduce that each visited strong vertex satisfies (117) and (118)
and thus (102) and (103), with failure probability bounded by C7£3a=27tge=%*"". This
bound on P°"" is stretched exponentially small in A, and hence negligible compared to a
as A — 0.
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