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Susceptible-infected epidemics on evolving graphs*

Rick Durrett’ Dong Yao*

Abstract

The evoSIR model is a modification of the usual SIR process on a graph G in which
S — I connections are broken at rate p and the S connects to a randomly chosen vertex.
The evoSI model is the same as evoSIR but recovery is impossible. In [14] the critical
value for evoSIR was computed and simulations showed that when G is an Erdés-Rényi
graph with mean degree 5, the system has a discontinuous phase transition, i.e., as
the infection rate \ decreases to \., the fraction of individuals infected during the
epidemic does not converge to 0. In this paper we study evoSI dynamics on graphs
generated by the configuration model. We show that there is a quantity A determined
by the first three moments of the degree distribution, so that the phase transition is
discontinuous if A > 0 and continuous if A < 0.
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1 Introduction

In the SIR model, individuals are in one of three states: S = susceptible, I = infected,
R = removed (cannot be infected). Often this epidemic takes place in a homogeneously
mixing population. However, here, we have a graph G that gives the social structure
of the population; vertices represent individuals and edges connections between them.
S — I edges become I — I at rate ), i.e., after a time with an exponential(\) distribution.
An individual remains infected for an amount of time 7" which can be either deterministic
or random with a pre-specified distribution. Once individuals leave the infected state,
they enter the removed state. In addition, we will allow the graph to evolve: S — I edges
are broken at rate p and the susceptible individual connects to an individual chosen
uniformly at random from the graph. This process is called evoSIR where ‘evo’ stands
for ‘evolving’. We will also consider the simpler ST epidemic in which infecteds never
recover, and its evolving version evoSI, as well as some other variations on this theme.
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SI epidemics on evolving graphs

We will use the term final epidemic size or final size of the epidemic to refer to the
number of vertices that are eventually removed in SIR epidemics or eventually infected
in SI epidemics. We say a large epidemic (or large outbreak) occurs if the epidemic
infects more than en individuals (n is the size of the total population) for some ¢ > 0
independent of n. The critical value is the smallest infection rate such that a large
outbreak occurs with probability bounded away from 0 as n — oo.

As the main contribution of this paper, we show that, if the underlying graph G is
sampled from the configuration model CM(n, D) (defined in Model 2 in Section 1.2),
then there is an explicit quantity A given in (1.4.1) (determined by the first threentm

moments of D) such that the following holds for the evoSI model on G:

o If A > 0, then the fraction of infected vertices (conditionally on a large outbreak)
doesn’t converge to 0 as A\ approaches the critical value \.. In other words, there
is a discontinuous phase transition.

« If A <0, then the phase transition is continuous for A\ near A..

See Theorem 1.7 for a precise statement.

The introduction is organized into seven subsections. Sections 1.1-1.3 are devoted to
a review of previous work. The main results of the paper (Theorem 1.6 and Theorem 1.7)
are presented in Section 1.4. Sections 1.5-1.7 sketch the proof of Theorem 1.7.

1.1 DOMath [14]

evoSIR was stiudied by three Duke undergraduates in the summer and fall of 2018
(Yufeng Jiang, Remy Kassem, and Grayson York) under the direction of Matthew Junge
and Rick Durrett. They considered two possibilities for the infection time: the Markovian
case in which infections last for an exponential time with mean 1, and the case in which
each infection lasts for exactly time 1. Here we restrict out attention to their results
for the second case, which is simpler due to its connection with independent bond
percolation. In any SIR model each edge will be S — I (or I — S) only once. When
that happens, in the fixed infection time case without rewiring, the infection will be
transferred to the other end with probability

=PI <1)=1-e?, (1.1.1)

and the transfers for different edges are independent. Here the ‘f’ in the superscript is
for “fixed time.” Due to the last observation, we can delete edges with probability e~ *
and the connected components of the resulting graph will give the epidemic sizes when
one member of the cluster is infected.

In [14] G was an Erdés-Rényi(n, u/n) random graph in which there are n vertices
and each pair is independently connected with probability u/n. The following result is
well-known.

Theorem 1.1. Consider the SIR process on Erdés-Rényi(n, j1/n) with fixed infection time.
The reduced graph after deletion of edges as described above is Erdés-Rényi(n, ut¥ /n).
So, if we start with one infected and the rest of the population susceptible, a large
outbreak occurs with positive probability if and only if urf > 1. If z is the fixed point
smaller than 1 of the generating function

Go(z) = exp(—pr! (1 - 2)), (1.1.2)

then 1 — 2y gives both the limiting probability that an infected individual will start a
large epidemic, and the fraction of individuals who will become infected when a large
epidemic occurs.
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Things become more complicated when we introduce rewiring of S — I edges at rate
p. To be able to use the ideas in the proof of Theorem 1.1, [14] introduced the delSIR
model in which edges are deleted instead of rewired. In the evo (or del) version of the
model, in order for the infection to be transmitted along an edge, infection must come
before any rewiring (or deletion) and before time 1. To compute this probability, note
that (i) the probability that infection occurs before rewiring is A\/(A + p) and (ii) the
minimum of two independent exponentials with rates A and p is an exponential with rate
A+ p, so the transmission probability is

A
f_ 1 — o= o)y 1.1.
Tr )\+p( c ) (1.1.3)

Here the ‘v’ subscript is for “rewire.” By a standard coupling argument one can show
that evoSI dominates delSI.

Lemma 1.2. For fixed parameters, there exists a coupling of evoSI and delSI so that
there are no fewer infections in the delSI model than in evoSI. Same is true if we replace
SI by SIR.

The next result, Theorem 1 in [14], shows that evoSIR has the same critical value as
delSIR, and in the subcritical case the expected cluster sizes are the same.

Theorem 1.3. The critical value ). for a large epidemic in fixed infection time delSIR
or evoSIR epidemic with rewiring is given by the solution of u7f(\) = 1. Moreover, if
A < )\, then the ratio of the expected epidemic size in delSIR to the size in evoSIR
converges to 1 as the number of vertices goes to .

The formula for the critical value is easily seen to be correct for the delSIR since, by
the reasoning above, there is a large epidemic if and only if the reduced graph in which
edges are retained with probability 7/ has a giant component. From Lemma 1.2 one can
see that the delSIR model has a larger (>) critical value than evoSIR. Thus, one only has
to prove the reverse inequality. Intuitively, the equality of the two critical values holds
because a subcritical delSIR epidemic dies out quickly, so it is unlikely that rewirings
will influence the outcome.

When n is large, the degree distribution, which is Binomial(n — 1, u/n), is approx-
imately Poisson with mean p. Due to Poisson thinning, the number of new infections
directly caused by one [ in delSIR in an otherwise susceptible population is asymp-
totically Poisson with mean p7f, and hence has limiting generating function of the
distribution Poisson(u7/)

G1(z) = exp(—pr! (1 - 2)). (1.1.4)

The following result, Theorem 2 in [14], identifies the probability of a large outbreak.

Theorem 1.4. If z; < 1 is the fixed point of G1(z), then 1 — 2, gives the probability of a
large delSIR or evoSIR outbreak.

In the case of the delSIR model, 1 — z; is the fraction of individuals infected in a
large epidemic. It is easy to see that this proportion goes to 0 at the critical value
pe = 1/7f = 1. The next simulation suggests that this is not true in the case of evoSIR.

1.2 Britton et al. [3, 16]

As the authors of [14] were finishing up the writing of their paper, they learned of
two papers by Britton and collaborators that study epidemics on evolving graphs with
exponential infection times. [3] studies a one parameter family of models (SIR-w) that
interpolates between delSIR and evoSIR. To facilitate later referencing we attach labels
to the next two descriptions.
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Model 1. SIR-w epidemic. In this model, an infected individual infects each neighbor
at rate A, and recovers at rate . A susceptible individual drops its connection to an
infected individual at rate w. The edge is rewired with probability a and dropped with
probability 1 — «. Since evoSIR (o = 1) and delSIR (a = 0) have the same critical values
and survival probability it follows that this holds for all 0 < a < 1 since by a coupling
argument the final epidemic size of the case 0 < o < 1 can be sandwiched between
delSIR and evoSIR.

These epidemics take place on graphs generated by

Model 2. Configuration model. Given a nonnegative integer n and a positive integer
valued random variable D, take n i.i.d. copies D1,..., D, of D. If the sum Z?:l D; is
odd, then we replace D,, by D, + 1. We then construct a graph G on n vertices as
follows. We attach Dy, ..., D, half-edges to vertices 1,2...,n, respectively and then pair
these half-edges uniformly at random to form a graph. We call this random graph the
configuration model on n vertices with degree distribution D and denote it by CIM(n, D).
We assume D has finite second moment so that the resulting graph will be a simple
graph with nonvanishing probability as n — oco. See Theorem 3.1.2 in [7]. We refer
readers to [22, Chapter 7], [24, Chapters 4 and 7] and [23, Chapter 2] for more details
on the configuration model.

Remark 1.5. Throughout the paper, unless otherwise specified, we always consider
the annealed probability measure with respect to the configuration model. In other
words the randomness is taken over both the degrees D, ..., D,, and the construction
of CM(n, D) based on the degrees.

Britton, Juher, and Saldana [3] studied the initial phase of the epidemic starting with
one infected at vertex x (chosen uniformly at random from all vertices) using a branching
process approximation. Let Z be the number of vertices at distance m from x in the
graph CM(n, D). For any fixed k € IN, {Z,,0 < m < k} converges to the following
two-phase branching process {Z,,,0 < m < k}. The number of children in the first
generation has the distribution D while subsequent generations have the distribution

D* — 1 where D* is the size-biased degree distribution

my
Here p; = P(D = j) and m; = E(D) is the mean of D. Later we will also use m; := E(D")
to denote the i-th moment of D for ¢ > 1. This follows from the construction of the
configuration model: z connects to other vertices with probability proportional to their
degrees so individuals in generations m > 1 have the D* — 1 children instead of D. The
‘-1’ is because one edge is used in making the connection from x. Before moving on to
epidemics on the configuration model, we note that if

G(z) =Y pr¥, (1.2.1)
k=0
then the generating function of D* — 1 is
e :m&jflzG/(z) 1.2.2
G(2) ; 1z ) (1.2.2)

In the SIR-w model, the probability that an infection will cross an S — I edge is

A
T=—
Ad+y+w
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Thus we get another two-phase branching process Z,,, defined as follows. Zy =1, Z; =
Binomial(D, 7) and future generations have offspring distrbution Binomial(D* — 1, 7).
One can see from this description that the limiting branching process Z,, will have
positive survival probability if

1<TE(D*_1):T<m2_1) _ (mz —mi)r
mq mq
Correspondingly, there will be a large epidemic in the SIR-w model if
A _
Ry Ty, (1.2.3)

:)\+7+w mi

This follows from results on percolation in random graphs (see [9] and [12]). Thus for
fixed values of v and w

m
Ae= (74 w)——. (1.2.4)
mo — 2m1
When v = 0 and w = p which is the SI-w model in our notation,
A, = P (1.2.5)
mo — 2m1

The critical values of delSI and evoSI only depends on the ratio p/), so it is natural to
define a parameter (this « is different from the o used in the definition of SIR-w model)

a=pmi/A (1.2.6)

that has a. = my — 2m;. We will only consider the del and evo endpoints of the one
parameter family of models SIR-w, so after the discussion of previous work is completed,
there should be no confusion between our a and theirs.

Work of Leung, Ball, Sirl, and Britton [16] demonstrated the paradoxical fact that
individual preventative measures may lead to a larger final size of the epidemic. They
proved this rigorously for SI epidemics on the configuration model with two degrees and
conducted simulation studies for many social networks. Note that in Figure 2 (taken from
Figure 1 of [16]) the final size increases with the rewirng rate when the rewiring rate is
small. This simulation does not suggest that the phase transition was discontinuous.

On the other hand, Figure 3 from [14] gives a similar simulation that clearly shows
the discontinuity.

1.3 Ball and Britton [2]

Ball and Britton [2] analyzed the evoSIR and evoSI epidemics on Erdds-Rényi graphs.
Their construction uses properties that are special to that case. See [2, Section 2.3] for
details and also [4, 21] for earlier examples of the use of this construction. They solved
the case of the SI-w model on Erdés-Rényi graphs completely, but for the SIR-w model
there is a gap between the necessary and sufficient condition for a discontinuous phase
transition. See (1.3.3) and the comment after it.

To prove results about the epidemics on an Erdds-Rényi random graph with mean
degree p they first consider a tree in which each vertex has a Poisson(u) number of
descendants and develop a branching process approximation for the SIR-w epidemic in
which infections (births) cross an edge with probability A/(A + v + w). Let I(¢) be the
total number of infected individuals, Iz (t) be the number of infectious edges, and T'(t) be
the total progeny in the branching process on the tree. Let I"™(t), I (t) and T™(t) be the
corresponding quantities for an Erdés-Rényi(n, 11/n) random graph on n vertices where
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Figure 1: Simulation of the fixed time evoSIR on an Erd6s-Rényi graph with =5, p =4
and X varying. A, ~ 1.0084 in agreement with Theorem 1.3. The bottom curve is the final
size of the delSIR epidemic with the same parameters. The dashed line above it is an
approximation derived in [14] that turned out to be inaccurate. The top curve comes
from simulating evoSIR.
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Figure 2: Social distancing can lead to an increase in the final epidemic size in the
configuration model. The z-axis indicates the rewiring rate. The horizontal line is the
final size when w = 0.

initially a randomly chosen vertex is infected. They show in their Theorem 2.1 that if
t, = inf{t : T(t) > logn} then the two systems can be defined on the same space so that

sup (1™ (t), Ip(4), T™(t)) — (I(£), Ip(t), T(1))| > 0

0<t<tn

as n — oo.
Let S™(t) be the number of susceptibles at time ¢ and W"(¢) be the number of

susceptible-susceptible edges created by rewiring by time ¢ and let

X" (t) = (5™(0), I" (1), I (8), W™ ()
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Figure 3: Simulation of a continuous time Erdds-Rényi graph with y =5,y =1, A =1
and p varying. Note that p. ~ 3, the value predicted by (1.2.4). The lowest line is the
final size of delSIR which is continuous. The dotted and dashed lines are approximations
derived in [14] that turned out to be inaccurate. The top curve comes from simulating
evoSIR.

Let z(t) = (s(t),i(t),ip(t), w(t)) be the solution of the ODE

ds
dt
di
dt
i —Xig + A\igs — )\? +2Nip— —wig(l — a+ a(l —1)),
S
d
d—lf = waigs — 2/\iE%.
Here « is the probability that an edge is rewired as in the definition of SIR-w model.
Theorem 2.2 in [2], which is proved using results of Darling and Norris [5], shows that

for any tg > 0

= _>\’LE7

= i+ g, (1.3.1)

sup |X"()/n—x(t)] =0
0<t<to

as n — oo, provided that I"(¢)/n — i(0) > 0. It is interesting to note, see their Section 3,
that the ODE in (1.3.1) is closely related to the “pair approximation” for SIR-w model.

To explain the phrase in quotes, we note that “mean-field equations” come from
pretending that the states of site are independent; the pair approximation from assuming
it is a Markov chain. In practice, this approach means that probabilities involving three
sites are reduced to probabilities involving 1 and 2 sites using a conditional independence
property. For the details of the computation see Chapter 7 in [1].

Letting 7" = n— S™(c0) (which is the final size of the epidemic) they make Conjecture
2.1 that one can interchange two limits n — oo and ¢ — oo to conclude

T"/n — 1 — s(c0).
To formulate a result that is independent of the validity of the conjecture they let

2f(t) = (s°(1), (1), im(t), w* (1))

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 7/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

be the solution to the ODE when

A

xe(O) = (1 - EyegL_le,O) where L = m

Letting 7g7r = 1 — lim. o s°(c0), their Theorem 2.3 states that

lim TSIR (132)

{: 0 ify>w2a—1)oru<2wa/w2a—1)—1],
Ao

>0 ify<w(2a—1)and p > 2wa/[w2a—1)—7].
When a =1, w = p and v = 1 then we have a discontinuous phase transition if

p>1 and pu> 27,)
p—1

For the case of the delSIR model (¢« = 0, w = p and v = 1) studied in [14], the
transition is always continuous. This follows from Theorem 2.3 since 1 > —p. From the
last calculation we see that the phase transition is always continuous if o < 1/2.

In the case of the SI-w model they show (see Theorem 2.6 of [2]) thatif 4 > 1 and w
and « are held fixed then the phase transition is discontinuous if and only if o > 1/3 and
> 3a/(3a —1). When o = 1 this is p > 3/2 which is the condition in Example 1.10 in
Section 1.4.

Theorem 2.4 in [2] gives results for the epidemic starting from a single infected
individual. If we let Té ;g be the limiting fraction of final epidemic size conditionally on a
large outbreak then

lim 74,5 (1.3.3)

{: 0 ify>wBa—1)oru<3wa/wBa—1)—1],
Ao

>0 ify<w(2a-—1)and p > 2wa/[w2a—1) —7].

See their paper for a precise statement. Remark 2.4 in [2] states the conjecture that the
3’s in the first condition should be 2’s.
For SI-w model they compute the fraction of final epidemic size 7,

i L= .
/\11/{167'51 To(p, @)

To give the value of 7y(u, «), we need some notations. For u > 1 and « € [0, 1] let

_ 2a(p—1) B x
= m and fo(.T) = log(l - l‘) + m,

0(p, @)
then 79(u, @) is the largest solution in [0,1) of fo(z) = 0.

Ball and Britton also made connections of their paper with our paper (as well as an
earlier version of this paper) in [2, Section 4]. In particular, they showed in their Figure
5 that in the case p = 2 their predicted final size 7((2, 1) agrees with simulation results
well.

1.4 Statement of our main results

From now on the reader can forget about the meaning of notations used by Ball
and Britton. We fix p, the rewiring rate, and vary A\. We let @ = pmy/A. In view of the
definition of A in (1.4.1), the natural assumption is ]E(D3) < o0. Some of our results
can be proved under this assumption, while some need something a little stronger.
Specifically, we need finite fifth moment to prove (1.4.2). To simplify things we assume
E(D®) < oo throughout.
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Theorem 1.6. Assume E(D®) < oco. Consider the delSI model and evoSI model on
CM(n, D). (i) the critical values of delSI and evoSI are the same, i.e.,

a. = meo — 2my; equivalently, A\, = &.
mo — 2m1

(ii) When « < «., which is the supercritical case, the probability of a large epidemic is the
same in the two models, which is equal to the survival probability q(\) of the two-stage
branching process Z,, defined in Section 1.2 (with the T there equal to \/(\ + p) in our
notation).

The proof of Theorem 1.6 that we give in Section 2 is very similar to one for Theo-
rem 1.3 given in [14] for Erd6és-Rényi random graphs. Here the fact that we have only
E(D?) < oo rather than exponential upper bounds on P(D > k) changes some of the
estimates.

Here and in what follows, formulas are sometimes easier to evaluate if we use the
“factorial moments” pr = E[D(D —1)--- (D — k 4 1)), since these can be computed from
the k-th derivative of the generating function. To translate between the two notations:

pH1 = maq, Ho = mg — myq, p3 = mgz — 3ma + 2m;.

In particular a. = mo — 2mq = o — py.

Our next result gives an almost sufficient and necessary condition for the discontin-
uous phase transition of evoSI. We use the word ‘almost’ since the case A = 0 is not
treated here.

Theorem 1.7. Assume E(D?) < co. Consider the evoSI epidemic on the configuration
model CM(n, D) with one uniformly randomly chosen vertex initially infected. Let

A:—%+3(M2—u1). (1.4.1)
1

Let I, be the final epidemic size. If A > 0, then there is a discontinuous phase transition.
For some ¢; > 0 and some 6y > 0,

lirr(l)limianPl(Ioo/n > ¢o|lw/n>n)=1 foralla.—dy < a < ae. (1.4.2)
n— —00

If A < 0, then there a continuous phase transition. For any ¢ > 0, there exists some
6 >0, so that
lim Py(Ioo/n>¢€)=0 fora.—0d<a< ae. (1.4.3)

n—oo
To see what this result says we consider some examples.

Example 1.8. Random r-regular graph, » > 3. Here nr must be even. If we choose
the degree distribution P(D = r) = 1, and condition the graph to be simple, i.e., no
self-loops or parallel edges then the result is a random regular graph. The case r = 2
is excluded because in that case the graph consists of a number of circles. The critical
value is a, = mg —2my =12 —2r > 0whenr > 2. For k < r,

pr=r(r—1---(r—k+1),
SO

A=—-(r-1)0r—-2)+3(r(r-1)-r)
=—(r-1Dr-2)+3r(r—-2)=(r—-2)2r+1) >0,

and the phase transition is discontinuous for all » > 3.
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Example 1.9. Geometric(p). The factorial moments are pu; = 1/p, uz = 2(1 — p)/p?,
and pz = 6(1 — p)?/p3. ae = p2 — pu1 = (2 — 3p)/p?, so we need to take p < 2/3 to have
a. > 0.

so the phase transition is discontinuous if p < 1/2.

Our last example concerns the configuration model generated from Poisson distribu-
tion:

Example 1.10. Poisson(u). The factorial moments u; = ,u’“, so the critical value

Qe = jiy — 11 = p? — p, which is positive if 4 > 1. This condition is natural since if u < 1
then there is no giant component in the graph and a large epidemic is impossible.

A= —p?+3(p” — p) = 2p° = 3447,

so the phase transition for evoSI is discontinuous if ;1 > 3/2, which is the result given in
[2].

Remark 1.11. We believe that the result of Example 1.10 holds for Erdés-Rényi(n, u/n).
To prove this rigorously, one first has to prove a quenched version of Theorem 1.7 (i.e.,
showing that (1.4.2) and (1.4.3) hold with high probability over any degree sequence
Dy,..., D, (that are not necessarily i.i.d.) such that the k-th factorial moment of the
empirical distribution converges to ;* for any k£ > 0). We believe that this can be shown
using the same ideas in the proof of Theorem 1.7. Then one can transfer results for the
configuration model to Erdés-Rényi(n, p/n) using [22, Theorems 7.18 and 7.19], which
says that conditionally on having the same degrees, the random graphs generated from
these two models have the same distribution.

As a notational note, in this paper we will use C, C, Cs, - - - to denote various constants
whose specific values might change from line to line. Occasionally when we have an
important constant we will number it by the formula it first appeared in, e.g., Cs32
below.

1.5 Sketch of Proof of Theorem 1.7

The proof of Theorem 1.7 is done by constructing auxiliary models that are up-
per/lower bounds for evoSI. We introduce a process which we call avoSI (avo is short for
avoiding infection) in Section 3.1 and prove that the final set of infected sites in avoSI
stochastically dominates evoSI. We also construct a lower bounding process which we
call AB-avoSI in Section 4.1, where we prove that the final set of infected sites in evoSI
stochastically dominates AB-avoSI. The AB in the name comes from the two counters
associated with half-edges that prevent transmission of infections along S — I edges
created by I — I rewirings.

The starting point to analyze evoSI via avoSI and AB-avoSl is the following Lemma 1.12.
Let q()\) be the survival probability for the two-phase branching process {Z,,,m > 0}
introduced in Section 1.2. Recall that the individual in the first generation has offspring
distribution Binormial(D, A\/(A + p)) while later generations have offspring distribution
Binormial(D* — 1, A\/(A + p)) where D* is the size-biased version of D,

_jP(D =)

,j > 0.
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Lemma 1.12. AvoSI, evoSI, AB-avoSI and delSI have the same critical value \. and in
the supercritical regime A\ > ). the probability of a large outbreak is equal to q()\) in all
four models.

Proof. Results in Section 3.1 and 4.1 imply that
avoSI > evoSI > AB-avoSI > delSI

where epidemicl > epidemic2 means that the two epidemics can be constructed on the
same space so that the final epidemic size in epidemicl is greater than or equal to that of
epidemic?2. In fact, we will prove this chain of comparisons in Lemmas 3.2, 4.1 and 4.2,
respectively. It remains to show that avoSI and delSI has the same critical value and
probability of a large outbreak. This is proved in Lemma 3.3. O

Below we will use A\, and a. = pA./m; to denote the critical value. Recall the
definition of the generating function G in (1.2.1). Consider a function f defined by

miw

f(w) =log (G'(w)+a(1—w)G(w)) +§(w—1)2. (1.5.1)

Theorem 1.13. Assume E(D®) < co. Consider the avoSI epidemic on the configuration
model CM(n, D) with one uniformly randomly chosen vertex initially infected. Suppose
a < «a So that we are in the supercritical regime. Let I, be the final epidemic size. Set

Qe

o=sup{w:0<w<1,f(w)=0} withsup(d) =0, (1.5.2)
v=1—exp (—%(a— 1)2) G(o). (1.5.3)

If we suppose
(x) eitherc =0 or0 < o < 1 and thereisa d > 0 so that f <0 on (o —d,0),
then for any e > 0,
lim P(Io/n < v+e€) = lim liminf P(Io/n > v — €|l /n > 1) = 1.
n—o00 n—0 n—oo

Though v does not give the correct final size of the evoSI epidemic, the formula for
f(w) is accurate enough for w near 1 to identify when the phase transition is continuous.

Theorem 1.14. Consider the avoSI epidemic on the configuration model CM(n, D) and
let I, be the final epidemic size. Set

A:—£+3(u2—y1). (1.5.4)

If A < 0, then there a continuous phase transition. For any ¢ > 0, there exists some
6 >0, so that N
lim P(Io/n>€)=0 fora.—0<a<a. (1.5.5)

n—oo
We can show that A > 0 implies that there is a discontinuous phase transition in
avoSI, but that result does not help us prove Theorem 1.7. To get Theorem 1.14 from
Theorem 1.13 we compute, see Section 3.6, that

-2
f)=- <m2ml - p) which is < 0 for a < a.,
mq A

f(1)y=0, f’'(1)=A whena=a,.

(1.5.6)

When A > 0, as w decreases from 1 the curve of f turns up, and ¢ stays bounded
away from 0. When A < 0, the curve of f turns down, and ¢ converges to 1 as a — «..
See Figure 4.
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Figure 4: The behavior of f(w) near 1 with respect to different «'s for the Erdés-Rényi
graph. In the top graph p = 1.4, which has A < 0. a. = u? — u = .56. Notice that
as « increases to 0.56 the intersection with the z axis tends to 1, so the transition is
continuous. In the bottom graph i = 3, which has A > 0. a, = u? — 1 = 6. Notice that
when a < a, f(w) > 0for w € [0.9,1), so ¢ is bounded away from 1.

Theorem 1.15. Consider the AB-evoSI epidemic on the configuration model CM(n, D).
Let I, be the final epidemic size. Let A be the quantity defined in (1.5.4). If A > 0 then
there is a discontinuous phase transition. For some ¢y > 0 and some §y > 0,

lim liminf Py (Ioo /n > €o|Ioo/n >n) =1 forall a. — &y < a < a.. (1.5.7)

n—0 n—oo

Theorem 1.7 follows from Theorem 1.14 and Theorem 1.15.
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Proof of Theorem 1.7. Lemma 1.12 implies that

7lllir%)hnrr_1>1£fIP(IOO/n>77) :%I_I)I%)llTlIgl()%fP(Im/n>n)- (1.5.8)
Equations (1.5.8), (1.5.7) and the fact evoSI > AB-avoSI (proved in Lemma 4.1) imply
that

. . . > . . . ¥ > —
7&13%lllrfglgf]P(Ioo/n > eolloc/n > 1) > %%I;r{ggfIP(Im/n > eolloc/n >n) =1,
for a. — §p < a < .. This is exactly (1.4.2). Equation (1.4.3) follows from (1.5.5) and the
fact that avoSI = evoSI. O

1.6 Sketch of Proof of Theorem 1.13

To begin to explain the ideas behind the analysis of epidemics on evolving graphs we
need to recall some history. Volz [27] was the first to derive a limiting ODE system for
an SIR epidemic on a (static) graph generated by the configuration model. Miller [18]
later simplified the derivation to produce a single ODE. The results of Volz and Miller
were based on heuristic computations, but later their conclusion was made rigorous by
Decreusfond et al [6] assuming E(D?%) < oco.

Janson, Lukzak, and Windridge [13] proved the result under more natural assump-
tions. They studied the epidemic on the graph by revealing its edges dynamically while
the epidemic spreads. Recall that the configuration is constructed using half-edges. The
authors in [13] call a half-edge free if it has not yet been paired with another half-edge.
They call a half-edge susceptible, infected or removed according to the state of its vertex.
To modify their construction to include rewiring we add the third bullet below. Hereafter
we use“randomly chosen” and “at random” to mean that the distribution of the choice is
uniform over the set of possibilities.

* Each free infected half-edge chooses a free half-edge at rate A. Together the pair
forms an edge and is removed from the collection of half-edges. If the pairing
is with a susceptible half-edge then its vertex becomes infected and all its edges
become infected half-edges.

» Infected vertices recover and enter the removed state at rate 1.

» Each infected half-edge gets removed from the vertex that it is attached to at rate
p and immediately becomes re-attached to a randomly chosen vertex.

To analyze the avoSI model we follow the approach in Janson, Luczak, and Windridge
[13] and construct the graph as we run the infection process. The construction of this
process and its coupling to evoSI are described in Section 3.1. Initially the graph consists
of half-edges connected to vertices, as in the configuration model construction before
the half-edges are paired. Let )N(t be the total number of half-edges at time ¢ and let X It
be the number of half-edges that are attached to infected vertices and let gt,k be the
number of susceptible vertices with k half-edges at time ¢. The evolution of §t}k in avoSI
is given by, see (3.2.1),

- - kS, - Sk - S ~
P (AX“X t”l) dt + <1{k21}pr,t t’T’z 1) dt — <pX,,t ’“) dt 4+ dM, .,

t
= n

where ]\’/_\ft,k is a martingale and we have returned to using A as the infection rate and p
as the rewiring rate.

Following [13] we time-change the process by multiplying the original transition rates
by (X, — 1)/()\)?”). Let X, be the number of half-edges at time ¢ in the time changed
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process, and let Xg; be the number of half-edges that are attached to susceptible
vertices. Using Fm for the time-changed process the new dynamics are, see (3.2.3),

d <St’k> = — <kst’k) dt + <1(k>1)pXt —1 St7k_1) dt
n n =X n n

B (pxt—lst,k>dt+d<1\/-’t,k>. (1.6.1)
n n

A on

Note that, thanks to the time change, the number of infected half-edges X, no longer
appears in the equation. Let +,, be the first time there are no infected half-edges. Let
w(t) = exp(—t) and m; = E(D). The key to the proof of Theorem 1.13 is to show

X

sup L mlw(t)z‘ E> 0,
0<t<yn | T

> g
sup [ £ pue)| Bo, 1.62)
0<t<vyn n

> kS
qup | Zr=okOus g (t»\ﬂo,
0<t<vyn n

where

Fi(w) = exp(—(a/2)(w — 1)?)w(G' (w) + (1 — w)G(w)). (1.6.3)

From the results above, we see that

y miw
o ep(a/Bw = 1) - (@) T all = w)o@)’ o
The logarithm of the right-hand side is f(w). Under assumption (%),
o=sup{w:0<w<1,f(w) =0}
gives the time z = —log(c) at which the infection dies out in the time-changed process

and v defined in (1.5.3) gives the fraction of sites which have been infected.
There are four steps in the proof of (1.6.2):

« In Section 3.2 we show that for each fixed k € N, {S;/n,t > 0},>1 is a tight
sequence of processes.

¢ In Section 3.3 we show that any subsequential limit satisfies a system of differential
equations (3.3.4) that has a unique solution 5; i, s0 S; /7 — 5 k.

* Section 3.4 we deal with the technicality of showing that the limit of "2 kS; x/n
is the sum of the limits > -, k5¢ 1.

e In Section 3.5 we complete the proof by establishing the formulas for ¢ and v.

1.7 Sketch of Proof of Theorem 1.15
In the AB-avoSI model, each half-edge 7 has two indices A(i,t) and B(i,t).

 The infection index A(7,t) = 0 if 4 has not been infected by time ¢. If  first become
an infected half-edge at time s, then we set A(i,t) = s for all ¢ > s.

* The rewiring index B(i,¢) = 0 if ¢ has not been rewired by time ¢. If i gets rewired at
time s, then we update the value of B(i, s) to be s, regardless of whether ¢ has been
rewired before or not. B(i,-) remains constant between consecutive rewirings.
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Suppose an infected half-edge ¢ pairs with a susceptible half-edge j at tine ¢, then (in
the AB-avoSI model) ¢ will transmit an infection to j if and only if A(i,t) > B(j,t). See
Section 4.1 for more details about the AB-avoSI model and its relationship to evoSI. Let
S”L r be the number of susceptible vertices with k half-edges at time ¢ and set

Gi,j = {I(ivt) = laA(i7t) < B(]v t)}

Here I(i,t) is an indicator function such that I(i,¢t) = 1 if half-edge ¢ is an infected
half-edge at time t (see the first paragraph of Section 4.2 for the definitions of the
notations 1(i,t),S(i,t),S(i, k,t), D(j,t) appearing below). As in the avoSI model we make
a time-change by multiplying the original transition rates by (X; — 1)/(AX; ;). Using a
hat to denote the quantities after the time-change in the AB-avoSI model, we have that,
forall k >0,

. . S ko1, o
S, = kS, dt + 1{k21}§ FLX, - 1) dt — § B(X,—1)dt
1 X _
+ = Z 1 1{s(Gk+1,0)=1} | dt +dMyy,
X1t ij=1

where ]\//.725 r is a martingale. See equation (4.2.2). This system of equations is not solvable
but ‘we can expand in powers of ¢ to study the time-changed system for small ¢. If we
let Xt, X I,ts St be the number of half-edges, the number of infected half-edges and the
number of susceptible vertices, respectively, then we have

t ) q
- - - . S, - -
Rii= Xio+ / (—2(Xu 1) DR e, 1)) du+ M,
0 k=0

_ a (1.7.1)
1 [
- = Z 1Gi,j (D(]v t) - 1)1{S(j,t):1} dt,
Xrt i,5=1
where ]\//ft is a martingale. See equation (4.3.12). Define
1
E(t)= = Z le,, D3, t)1{s¢.=1} | - (1.7.2)

XI;t 2,j=1

By expanding §t’k around t = 0 up to the second order, we get, for any € > 0, X close to
A and tg close to 0,

pm miA o B
nh_{l;O]P(X[t (2)\6 A=)t + 4 t e)n
t (1.7.3)
—/ E(u)du,¥0 <t <, /\t0> =1.
0

See (4.3.3) of Lemma 4.4. Here the A is the same as the one in (1.4.1), i.e.,
A= 130 — m).
M1
Remark 1.16. In the case of avoSI, we have that, for n large,

X

Xt

X=Xt —Xgt=Xgt ( —1> ~ Xg¢(f(exp(—t)) — 1)
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with f defined in (1.5.1). By expanding f up to the second order and using (1.5.6) along
with the fact that exp(—t) = 1 — ¢ + t2/2 + o(t?), we get

Xip ~nma(—f (1)t = £2/2) + f"(1)t2/2 + o(t?))
> nmy (p(A — Ao)t/(2A2) + (A%) /4)

for small ¢ and A close to \.. In the case of AB-avoSlI, see (4.5.12), we have,

pmi(A — A¢) miA ,
n( 4)\3 t+ 3 t° — € — €4

(1.7.4)

as a lower bound when ¢ > ¢ (the ¢; and ¢4 here are some small numbers depending on €).
The two expansions do not match but both linear terms vanish at A\. and the quadratic
terms have the same sign so this is good enough.

The proof of Theorem 1.15 is organized into five steps:

* In Section 4.1 we define the AB-avoSI process and prove that evoSI stochastically
dominates AB-avoSI.

e In Section 4.2 we derive basic moment estimates for various quantities that will
prepare us for later proofs. See Lemma 4.3.

e In Section 4.3 we give rough upper and lower bounds for IAt and X 1.+ involving
the integral of E(t). See Lemma 4.4. We also give an easy upper bound for E(t)
in (4.3.25).

* In Section 4.4 we decompose E(t) into two parts (see (4.4.1)) and give refined
bounds for each part. See Lemmas 4.5 and 4.6.

e In Section 4.5 we combine our estimates to complete the proof.

2 Proof of Theorem 1.6
2.1 Coupling of evoSI and delSI

We first prove Lemma 1.2 before proving Theorem 1.6. We define three sequences of
random variables, which will serve as the joint randomness to couple evoSI and delSI:

* Let T. 4, £ > 1 be independent exponential random variables with mean 1/\.

* Let R. ¢, ¢ > 1 be independent exponential random variables with mean 1/p.

* Let U.y, £ > 1 be independent random variables chosen uniformly at random from
all vertices.

Construction of evoSI. We define three sets of edges in evoSI at time ¢:

» Active edges, denoted by £, are the edges at time ¢ that connect an infected vertex
and a susceptible vertex.

* Uninfected edges, denoted by £, connect two susceptible vertices.

» Inactive edges, denoted by £/, have both ends infected. Once an edge becomes
inactive it remains inactive forever.

The three sets form a partition of all edges.

The three set-valued processes just defined are right-continuous pure jump processes.
At time 0 we randomly choose a vertex u, to be infected. £§ consists of the edges with
one endpoint at ug. &) is the collection of all edges in the graph minus the set £§. £ = 0.
We will consider the corresponding sets for delSI, but they will be denoted by D; to avoid
confusion.

For each undirected edge e, let T:’Z be the /-th time the edge becomes active (the
superscript ‘e’ is short for evo). To make it easier to describe the dynamics, suppose that
at time 77, we have e = {Ze.t, Ye,e} With ., infected and y. ¢ susceptible.
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* LetT,,, £ > 1 be the time between 7. ; and the infection of y. ¢ by z. .

* Let R. ¢, £ > 1 be the time between 7, ; and the time when y, ¢ breaks its connection
to z., and rewires.

* Let U, be the vertex that y. , connects to at time T:’ ¢+ Re o (if rewiring occurs).

Initial step. To simplify writing formulas, let
Se/ :min{Te7g,R€7g}. (211)

At time 0, a randomly chosen vertex u is infected. For a vertex z, let N0(z,t), N%(z,t)
and N(z,t) be the collection of uninfected, active and inactive edges that are connected
to z at time ¢, respectively. At time O the edges N°(up,0) = {eg1,...,e0} are added
to the list of active edges, where k is the degree of ug. We have £§ = {ep,1,...,€0k}-
Suppose e ; connects ug and y;. At time

e .
Ji = min Seo

the first event occurs. (J is for jump and e stands for evo.) Let ¢ be the index that

achieves the minimum.

() If Re, ;1 < Tty ;,1, then at time JT vertex y; breaks its connection with uy and rewires
to U, ;1. If Ue, ;1 is susceptible at time J}, we move the edge ¢ ; to 5916. On the initial
step this will hold unless U, ;1 = uo in which case nothing has changed.

(i) If 7¢, 1 < Re,,1 then at time J} vertex y; becomes infected by uo. We move eg,; to £j..
We add edges in N%(y;, J{—) to £5.

Induction step. For any active edges e present at time ¢, let L¢(e, t) = sup{¢: 75, <t}
and let

Ve(est) =7 peeny + Se.Le(en)

be the time of the next event (infection or rewiring) to affect edge e. Again, the
superscripts ‘e’ in L¢(e,t) and V¢(e, t) imply that these quantities are for the evoSI model.
Suppose we have constructed the process up to time J:, for some m € IN. If there are no
active edges present at time J¢,, the construction is done. Otherwise, let

Je

m

41 = min Ve, J5,).

Let e,, be the edge that achieves the minimum of V¢(e, J5,), let z(e,,) be the infected
endpoint of e, and y(e,,) be the susceptible endpoint of e,,. To simplify notation let

Lm = Le(emv Jﬁm)

@) IfRe, 1, <Te,, L, then at time J;, | vertex y(e,,) breaks its connection with z(e,,)
and rewires to U,,, r,,.. If U.,, 1, is susceptible at time J; ,,, then e,, is moved to SPEH
Otherwise it remains active.

() IfT., 1, < Re,, 1, then at time J;, ,, the vertex y(e,) is infected by z(e,,) and e,, is
moved to £} . Further,

T

« all edges ¢’ in N(y(en,), JS, 1 —) are moved to £5. ., Since y(em) has just become
infected, the other end of ¢ must be susceptible at time J, ;.
* all edges ¢’ in N*(y(e,), JE

¢ . ,—) are moved to £%. ,,- Since y(em) has just become

infected, (a) the other end of ¢” must be infected at time JJ, , ;, and (b) ¢” cannot
have been inactive earlier.
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x(em) y(em)

Figure 5: Change of the status of different edges after y(e,,) becomes infected by z(e,,).
Black dots mark infected sites.

Construction of delSI. There is no rewiring in delSI, each edge will become active

at most once. Thus for each undirected edge e we only need two exponential random
variables T, ; and R, ;, defined in the beginning of Section 2.1. This allows us to couple
evoSI and delSI. Also, we use DY, D¢ and D: to represent the set of uninfected, active
and inactive edges in delSI, respectively.

Initial step. At time 0, a randomly chosen vertex v is infected. The edges N (ug,0) =
{€e0,1,...,€e0,x} are added to the list of active edges. We have D§ = {ep1,...,€0k}
Suppose e; connects ug and y;. At time

the first event occurs. The superscript ‘d’ stands for delSI and S.; = min{Te,l, Re71}, as
defined in (2.1.1). Let ¢ be the index that achieves the minimum.

() If Re, ;1 < T, 1, then at time J7 the edge e ; is removed from the graph (and hence
also from the set D‘}d).
“1

(i) T¢, ;.1 < Re, ;1 then at time Ji' vertex y; is infected by z;. We move ¢ ; to Dijd. We
i) J
add N(x;, J{—) to 27

Induction step. For any active edge e at time ¢, let Tg 1 be the first time that e becomes
active in the delSI process. We also let

Ve, t) = ;{1 + Se 1,

be the time of the next event (infection or rewiring) to affect edge e. Suppose we have
constructed the process up to time J. If there are no active edges present at time J¢,
the construction is done. Otherwise, we let

4.1 = min V(e J%).

Let e, be the edge that achieves the minimum of V%(e, J4), let z(e,,) be the infected
endpoint of e, and y(e,,) be the susceptible endpoint of e.

W If R, 1 <T,, 1, then at time Jnd1+1 the edge e,, is deleted from the graph (and hence

also from the set D?d ).
m+41

(i) If 7., 1 < Re, 1, then at time J¢ _; the vertex y(e,,) is infected by z(e,,). We move e,,

) m
to D*
J'SH» 1

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 18/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

+ We move all edges ¢ in A/ B to D%, . Since y(e,,) has just become
y(em) Iy 41— T

infected, the other end of ¢/ must be susceptible at time J¢, 11

+ We move all edges ¢’ in N¢ g
y(e'm)7‘]m+1

infected, (i) the other end of ¢’ must be infected at time ngrl, and (ii) ¢” cannot
have been inactive earlier.

_to D), . Since y(ey) has just become
m+1

We now prove by induction that avoSI dominates evoSI.

Lemma 2.1. All vertices infected in delSI are also infected in evoSI and are infected
earlier in avoSI than evoSlI.

Proof. The induction hypothesis holds for the first vertex since ug is infected at time 0
in both evoSI and delSI. Suppose the induction holds up to the k-st infected vertex in
delSI. Assume at time ¢, y becomes the (k+ 1)-st infected vertex in delSI and y is infected
by vertex x through edge e. We see from the construction of delSI that this implies
T.1 < Re,1. Suppose z was infected at time s < t in delSI. The induction hypothesis
implies that x has also been infected in evoSI at a time s’ < s. There are two possible
cases for y in evoSI:

* y has already become infected by time s’ + T ;.

* y was still susceptible right before s’ + T, ;. In this case, y will be infected at time
s+ Te71 <s+ Te71 =1.

In either case = has been infected by time ¢ in evoSI. This completes the induction step
and thus proves Lemma 1.2. O

2.2 The infected sites in delSI

In the introduction we have noted that delSI is equivalent to independent bond
percolation. That is, we keep each edge independently with probability /(A + p) and
find the component containing the initially infected vertex (say, vertex 1). To compute
the size of the delSI epidemic starting from vertex 1, we apply a standard algorithm, see
e.g., [17], for computing the size of the component containing 1 in the reduced graph in
which edges have independently been deleted with probability p/(\ + p). We call this
the exploration process of delSI. At step O the active set Ay = {1}, the unexplored set
Uy = {2,...n}, and the removed set Ry = (. Here removed means these sites are no
longer needed in the computation. In the SI model sites never enter the removed state,
Let n; ; = n;,; = 1 if there is an edge connecting 7 and j in the reduced graph. If n; ; = 1
an infection at 7 is transmitted to j. At step ¢ if A; # () we pick an ¢; € A; and update the
sets as follows.

Rit1 = Re U {ir},
A1 = (A —{i}) U{y €Uy 1 i,y = 1},
U =U —{y €Uy : Nigy = 1}

When A; = () we have found the cluster containing 1 in the reduced graph, which will be
the final set of infected sites in the SI model. The exploration process of the configuration
model can be similarly defined (just without deletion of edges) and we let J; be the set
of active sites at step ¢ in this exploration. We set Ry = [R;y1| =t + 1, A; = | Ai41] and
Ji = |Je+1|- We make a time shift so that A; and J; can be coupled with two random
walks with i.i.d. increments (see Lemma 2.2 below).

We now study the exploration process of the configuration model itself as well as the
delSI process on such graph. Let ¢y have generating function G defined in (1.2.1) and ¢y
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have a Binomial(D, A/(\ + p)) distribution whose generating function is denoted by G*.
The two generating functions are related by

A P
P = _— _—
G*(z) G<A+pz+)\+p>’

Recall the definition of the generating function G in (1.2.2). We can similarly define
Gr. Let {x;,7 > 1} and {&,7 > 1} be independent random variables with generating
functions G and G”, respectively. Define two random walks (for integer-valued t):

t t
Wo=to Wi=Wo+> (=15 So=0C Si=S+> (&-1). (2.2.1)
r=1 r=1

Let 7" = inf{t > 0: W; = 0} and set W; = W,,,w. We define S; in a similar way.
Lemma 2.2. We can couple {J;,0 <t < n'/3logn} and {W;,0 <t < n'/3logn} so that

. nl/g ogn T n1/3 ogn
Jim P ((Jt)t:() BT — (W), ) =1 (2.2.2)
Similarly, there exists a coupling of {A;,0 <t < n'/3logn} and {S;,0 <t < n'/3logn} so
that s s

lim PP ((At);;o logn _ g,y log") —1. (2.2.3)

n—oQ

Note that W, and S; can be viewed as the exploration processes of two-phase branch-
ing process Z,, and Z,, (both are defined in Section 1.2), respectively. The proof of
Lemma 2.2 is deferred to the end of this section. For the rest of this section we will
always work on the event

{4, =5,0<t<nPlogn}n{J; = W,;,0<t<n'"3logn}
and hence assume that A; and J; have independent increments until they hit 0.

2.3 Proof of Theorem 1.6(i)

The formula for the critical value of delSI follows from standard results on percolation
in random graphs. Note that in delSI each edge is kept with probability A/(A + p). Using
[12, Theorem 3.9] we see that

pma
Ac(delSI) = ———.
c(delSI) p——
Equivalently, we have
Oéc(dGISD = ﬂ =mo — 2m1.
Ac(delSI)

Recall that Lemma 1.2 shows that the final set of infected individuals in delSI is contained
in the analogous set for evoSI with the same parameters so

Ac(evoSI) < A\ (delSI).

To prove that the two are equal we will show that if A < A\;(delSI) then evoSI dies out,
i.e., infects only a vanishing portion of the total population as n — oc.

To compare the two evolutions, we will first run the delSI epidemic to completion.
Once this is done we will randomly rewire the edges deleted in delSI. If the rewiring
creates a new infection in evoSI, then we have to continue to run the process. If not,
then the infected sites in the two processes are the same. Let R be the set of sites that
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are eventually infected in delSI, and let R’ be the set of eventually infected sites in evoSI.
Let R = |R'| and R = |R|.

To get started we use a result of Janson [11] about graphs with specified degree
distributions. He works in the set-up introduced by Molloy-Reed [19, 20] where the
degree sequence d’, 1 < i < n is specified and one assumes only that limiting moments
exist as well some other technical assumptions that are satisfied in our case (for a more
recent example see [13]):

1 n 1 n
- n — nidr — 1 . 2.3.1
n;dz—w, n;dl(dz )= 0 (2.3.1)

The next result is Theorem 1.1 in [11]. The p and 6 in this theorem have the same
meaning as (2.3.1). The “whp” below is short for with high probability, and means that
the probability the inequality holds tends to 1 as n — oco. Let D" = dj; where ug is
randomly chosen from {1,2,...,n}.

Theorem 2.3. Suppose i > 0,6 > 1, and P(D" > k) < Ck'~ for some~ > 3 and C < 0.
Then there is a constant C5 3.0 which depends on C' so that the largest component C; has

C1| < Cy39n/0~Y  whp. (2.3.2)

Theorem 2.3 can also be applied to the setting where the degrees are random
rather than deterministic. We have assumed that in the original graph ED® < oo, so
P(D > k) < k—3E(D?) and we have

n

P(D" > k) = 5 Y P(Di > ) = P(D1 > K) < kE(DY) < Ok
n
i=1
It follows that
ICq] < Cy.39n'/® whp. (2.3.3)

Let Ny be the number of deleted edges in the exploration process of delSI. One
vertex is removed from the construction on each step, so whp the number of steps
is < rg := Cy39n'/3. Note that ro < n'/3logn so we can assume J;, has independent
increments by Lemma 2.2. It follows that

o
Ny <ro+ W, §7"0+1/J0+ZXT-

r=1

where we recall that the x; are independent with the distribution D* — 1. The inequality
comes from the fact that we are counting all the edges even if they are not deleted.
Since E(D?) < oo, we have

E(D?)
E(D)

Var (x:) < E(x}) = E[(D" — 1)*] < E[(D")’] = <00

and Var (v) < E¢3 = ED? < co. Let 1/3 < a < 1/2. Using Chebyshev’s inequality
P(Ng > roEx: + Evpo + 70 + 1) < (roEx? + Eyd)/n?* < Cnt/3722, (2.3.4)
A similar argument shows that
P(Ay, + Ry > 1oB& + By + 10 + n®) < (roB&f + BEG)/n** < Cn!/*72%. (2.3.5)
Since a > 1/3, when n is large we can upper bound roEy; + Evg + ¢ + n* and roE&; +
E¢y + o + n® by 2n°.
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At step 79 we use random variables independent of delSI to randomly rewire the
deleted edges. Let Y be the number of edges deleted up to time r that rewire to the set
Apo+1 UR,,+1. By construction

Y = Binomial(Ng, (Ar, + Rr,)/n).

Using (2.3.4), (2.3.5) and ry < C5.39n'/? we see that on a set with probability > 1 —
Cn—(2a—1/3)

Y < Binomial(2n®,2n*" ') =Y,
where = indicates that the last equality defines Y. From this we get

P(Y >1) <P(Y > 1) <E(Y) = An’

-0, (2.3.6)

since a < 1/2. Since {Y = 0} C {R = R’'}, this shows P(R = R’) - 1 asn — oo and
completes the proof of (i). To prepare for the proof of (ii) note that the conclusion (the
set of infected sites coincide in delSI and evoSI) holds as long as the number of steps is
smaller than Cn!/? even if the epidemic is supercritical.

2.4 Proof of Theorem 1.6(ii)
We need the following ingredient in the proof.
Lemma 2.4. There is a vy > 0 so that

C
P(0 < Ajogn < vlogn|dg >0) < .
logn

Proof of Lemma 2.4. On the event {Aj,s, > 0} we have Ajgs, = Siogn, Which is, by

definition,
logn

CO + Z Er-
r=1

Hence if we take v = £(¢;)/2 then we have

log E(& ) logn
P(0 < Ajogn < ylogn|Ag > 0) <P Z & < —
logn

r=1
<P ( Z 57“ - E(él)logn
r=1

4Var (&) logn < C
= (E(&1))?log®n ~ logn’
Let B; and B. be the events that there is a large epidemic in delSI and evoSI

respectively. We now use Lemma 2.4 to show the difference between the probabilities of
these two events vanishes asymptotically.

Lemma 2.5. Suppose A > A.(delSI). Asn — oo, P(B.) — P(Bg) — 0.

>
- 2

E(&) logn>

O

Proof of Lemma 2.5. Clearly P(By) < P(B,). Let S; be the random walk defined in (2.2.1).
To prove Lemma 2.5 we need the following lemma. Now we return to the proof of
Lemma 2.5. Let Fy = {Ajogn = 0}, F1 = {0 < Ajogn, < ylogn} and Fy = {Ajpgn > ylogn}.
Decomposing B, into three parts and using Lemma 2.4:

2

P(Ba) =) P(Ba| F;)P(F).
=0

We note that
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» P(B4|Fo) = 0 by the definition of Fy.

» IP(F}) converges to 0 by Lemma 2.4.

» P(Bg4|Fz) converges to 1 by the same argument as the proof of Theorem 2.9(c) in
[13] (see page 750-752 in [13]).

Therefore we have P(B,;) — P(Fz) — 0. As for P(B,), we note that by the remark at the
end of the proof of (i) one has P(Aiogn = Aj,,,,) — 1 where Aj ,, is the number of active
sites in evoSI at step log n. Using the decomposition P(B,) = Z?:o P(B. N F]) where the
event F/ is defined in a similar way to F; with Ao, replaced by A] we see

logn’
« P(B.NF)) < P(F)) < P(F) +o(1) = o(1).
* P(B. N F}) = o(1) by definition of B..
* P(B.NFy) =P(F;) +o(1) = P(F3) + o(1).

It follows that P(B.) — P(Fz) — 0. This implies that P(B.) — P(B4) — 0. It remains to
compute the limit of P(F%). Since P(F};) = o(1), we have

P(Fy) =P(Fo UF)+0(1) =P(Aiogn > 0) +0o(1). (2.4.1)
This completes the proof of Lemma 2.5. O

To compute the limit of P(Aj,s, > 0), note that due to Lemma 2.2, A; can be
coupled with the exploration process of the two-phase branching process Z,,, defined in
Section 1.2. Therefore we have (recall that ¢()\) is the survival probability of Z,,)

P(Ajogn > 0) = P(Z,, > 0,Ym) + o(1) = g(\) + o(1).

By (2.4.1) we see that P(F;) — ¢()\) as well. This implies that both P(B,) and P(B;)
converge to ¢(A) as n — oo and completes the proof of Theorem 1.6(ii). Note that
using the fact that delSI is equivalent to independent bond percolation, the statement
P(B;) — q()) also follows from standard results on percolation in random graphs.
See, e.g., [12, Theorem 3.9]. It remains to prove Lemma 2.2 to complete the proof of
Theorem 1.6.

Proof of Lemma 2.2. We only prove equation (2.2.2) since the other one follows from
(2.2.2) and the fact that delSI is equivalent to percolation with edge retaining probability
A/(A+ p). The proof consists of two steps. First, we define an empirical version of W;.
Let D4,...,D, be ii.d. random variables sampled from the distribution of D. Given a
sample of Dy,...,D,, let 9§ be sampled from the (random) distribution

Pn(wg:k):%|{1§i§n:Di:k}\,Vk20,

which is the sample empirical distribution. Let x;',r > 1 have the distribution

1
P.ixyp=k)==————Fk+1){1<i<n:D;,=k+1}| VE > 0.
(0= = 5 kDI }
Define
t
Wi =95+ (¢ —1), t e N.
r=1
In other words, W/ is a random walk in the random environment given by Dy,...,D,.

We define W} to be W}, where 7’ is the first time W;" hits zero. Note that the condition
E(D®) < oo implies that max;<;<,, D; = o(n'/*logn) whp for any ¢ > 0. Indeed we have

P < max D; > n'/* log n) <nP(D; > nl/4 logn) <n-n~! log_4 nIE(D4) < C’log_4 n.

1<i<n
(2.4.2)
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Consequently, for n large enough, whp

n 3/8

>n logn.
maXxi<i<n Dl / &

Using Lemma 2.12 in [23], we see that (recall that J; is the exploration process of the

configuration model starting from a uniformly randomly chosen vertex)

+ J; can be coupled with W;* with high probability up to time n*/8/logn.
« Whp the subgraph obtained by exploring the neighborhoods of n?/% /log n vertices
is a tree.

Using n'/3logn < n%/%/logn,

lim P (Jt —Wr,0<t<nl/3 logn) — 1. (2.4.3)
n— oo

To prove (2.2.2) it remains to show that one can couple W, and W; up to step n'/3logn.
To this end, we use the characterization of total variation distance in terms of optimal
coupling. It is well known that for any two random variables X and Y,

dTV (X7 Y) - all couplilrrllgfs of XY IP(X 7& Y)'
See [26, Theorem 1.14] for instance. Using D,, to denote the degree sequence D1, ..., D,,
it suffices to show that
25 (0, {21 < v < n'Plognl), (o, {xr,1 < 7 < n'/3logn})) 0. (2.4.4)

Here the superscript D, indicates that we are considering the quenched law of 9§ and
& Since conditionally on Dy, 9§ and x;',r > 1 are all independent,

AR (g, {1 < v <n'Plogn}), (o, {xr, 1 <7 <n'/*logn}))
nl/Slogn

<dRe (g o)+ D> AR X (2.4.5)

r=1
<dr (1, o) + (logn)n' PRy (4 xa).
We need the following lemma to control D,,. Recall that we let p, = P(D = k) and
my = E(D). Also recall that we assume (D) < cc.
Lemma 2.6. For any e > 0,

“

Let Ny, be the cardinality of the set {i : D; = k}. We have

zn:DZ- —nmq

i=1

> n1/2+€> < Cn~2%. (2.4.6)

P <|Nk — npg| > nﬁ(npk)1/2> <n72%, (2.4.7)

n

ZDi —nmy

i=1

Proof of Lemma 2.6. Both (2.4.6) and (2.4.7) follow from Markov’s inequality. For (2.4.6)
< nVar(Dy)

we note that
1/2+€ —2€
IP( >n )—n1+2e < COn™ =

For the second inequality, we note that E(1{p,—x} — pr)? = pr(1 — pr) < pr. It follows
that

2
n
E(Ny —npi)® =E <Z (L(p,=ry —pk)> =nE(1{p, =k} — pr)> < npi.

=1
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Therefore )
E(Ng —
P (1N, = npi| > 0 (npy)/2) < B ~npe)” 2 (2.4.8)
n2¢(npy) 0
Let e; = 1/100,e2 = 1/8 + 1/100. Consider the event
Q, = {1@?2(” D; < n'*logn, ZDi —nmy| < n1/2+51}
== i=1 (2.4.9)

N {|N;C — npi| < n(npp)t/? for1 <k < n1/410gn}.

Lemma 2.6 and equation (2.4.2) imply that P(f2,,) — 1 by the union bound. We now
control d25(x}, x1) on Q,. For k > n'/*logn, we have P,(x} = k) = 0 on (,, almost
surely. We also have }_, . P(x; = k) <n 'E(D*) < Cn~!. Hence we have

1/4logn

> Pu( =k) —P(x=k) <Cnh (2.4.10)

k>nl/4logn
For0 <k < nl/4 log n, using the definition of €2,, we get, for n large,
(k+1)Ney1r  (B+ 1)pesa

B} = ) — P(x1 = b) =]

Z?:l D; mi
< (k+1DNy1  n(k + Dpri n(k+Dprt1 (b + Dpr
XD >ie1 Di >ie1 D my (2.4.11)

(k + 1)n (npy)'/? o Kt Dpis fram — 2z Dil
min/2 nmy 307 Di

<Cnn 2 (k+ 1)1+ Ok + Dppgan /21,

IN

where we have used the fact that p, < Ck~* since E(D*) < oo in the last step. Summing
the last line of (2.4.11) over k from 0 to n'/*logn and using the facts

> kT ~logn, Y (k+1)prya = E(D) < oo,
= k=0
we get, on €,
nl/4 logn
Z P, (x} = k) —P(x1 = k)| < Cn2n~?logn + Cn~Y/2F<, (2.4.12)
k=0
Inserting the values of ¢; = 1/100, e, = 1/8 4+ 1/100,
nt/4 logn
> IPu(x = k) = P(xa = k)| < Cn'/MClogn(n!/571/2 40712, (2.4.13)
k=0
Combining (2.4.10) and (2.4.13),
dRe(x7, x1) Z [P ( —P(x1 = k)| < Cn~"3/20ogn. (2.4.14)

k>0

One can similarly show that Cn="3/2% log n also serves as an upper bound for dps (g, o).
Thus on (,

A% (V5 o) + (logn)n'/3d2p (x}, x1) < On~T3/200F1/3 1002

which converges to 0 as n — oo. This together with (2.4.5) implies (2.4.4) and thus
completes the proof of Lemma 2.2.
O
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3 Upper bound on evoSI
3.1 avoSlI

As mentioned in the introduction, in this we will construct a model that serves as an
upper bound for evoSI. We first introduce a model C-evoSI where ‘C’ stands for ‘coupled’
which means we couple the structure of the graph with the epidemic. The ‘avo’ stands
for avoiding infection.

The C-avoSI process is constructed as follows. First recall that in the construction
of the configuration model each vertex is assigned a random number of half-edges
initially. In the beginning all half-edges attached to the n vertices are unpaired. The
half-edges attached to infected nodes are called infected half-edges and those attached
to susceptible nodes are susceptible half-edges. Recall that“randomly chosen” and “at
random” mean that the distribution of the choice is uniform over the set of possibilities.

* At rate \ each infected half-edge pairs with a randomly chosen half-edge in the
pool of all half-edges excluding itself. If the vertex y associated with that half-edge
is susceptible then it becomes infected. Note that if vertex y changes from state S
to I then all half-edges attached to y become infected half-edges.

* Each infected half-edge gets removed from the vertex that it is attached to at rate
p and immediately becomes re-attached to a randomly chosen vertex in the pool of
all vertices.

For the purpose of comparisons it is convenient to give a reformulation of C-avoSI
where the graph has been constructed before the epidemic. We call this process avoSI.
To describe this process we define the notion of ‘stable edge’. We say that an edge
between two vertices x and y is stable if one of the following conditions hold:

* Both = and y are in state S.
« Either x or y has sent an infection to the other one through this edge.

We say that an edge is unstable if both conditions fail. Note that an S — I pair is
necessarily unstable since the vertex in state I has not sent an infection to the vertex in
state S. We define the avoSI process as follows:

* Each infected vertex sends infections to its neighbors at rate A. If the neighbor has
already been infected then nothing changes. Once a vertex receives an infection, it
stays infected forever.

* A vertex in state S will break its connection with a vertex in state I at rate p
and rewire to another randomly chosen vertex. The events for different S — I
connections are independent.

» For every unstable I — I edge, each of the two I’s will rewire at rate p to another
uniformly chosen vertex. (This also explains why we call such edges “unstable’,
since they may evolve.)

Lemma 3.1. The C-avoSI process and avoSI process running on a configuration model
have the same law in terms of the evolution of the set of infected vertices.

Proof of Lemma 3.1. It suffices to construct a graph G that has the law of the configura-
tion model such that the set of infected vertices in C-avoSI evolves in the same way as
that of the avoSI with initial underlying graph being G. Given an outcome of C-avoSI,
the graph G can be constructed as follows. Let H be the collection of vertices and
half-edges.

* We assign a unique label to each half-edge in C-avoSI and correspondingly label

the half-edges in H.
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* Whenever two half-edges combine into one edge in C-evoSI process we pair the
two half-edges with the same labels in H. It is clear that the pairings of half-edges
are done at random. We pair the remaining half-edges at random after there is no
infected half-edge in the system. This forms the graph G. Since the pairings of all
half-edges are at random, we deduce that G itself has the law of CIM(n, D).

* Whenever a pairing occurs in C-avoSI, an infected vertex has sent an infection to
one of its neighbors(s) in avoSI.

* Whenever an infected half-edge h attached to x rewires to another vertex y in the
C-avoSlI, the corresponding edge e in avoSI, which contains h as one of its two
half-edges, breaks from x and reconnects to vertex y.

The process we construct on G has the same law as avoSI. Indeed, an infected
half-edge can be rewired in C-avoSI if and only if it has not been paired. This exactly
corresponds to the notion of ‘unstable’ that we used in the construction of avoSI process.
Hence Lemma 3.1 follows. O

From now on we will not distinguish between the C-avoSI and the avoSI since they
are equivalent. The avoSI process stochastically dominates the evoSI process, as shown
in the lemma below.

Lemma 3.2. The final size of infected vertices in avoSI stochastically dominates that in
evoSIL.

We couple the evoSI and avoSI as follows. The evoSI is constructed in the same
manner as we did in the comparison of evoSI and delSI. See Section 2.1. We will use the
variables T, ¢, Rc ¢, Ue ¢, £ > 1 (defined at the beginning of Section 2.1) in the construction
of avoSI to couple evoSI and avoSI.

Construction of avoSI. For avoSI we need four sets to partition the set of all edges.
We use A to avoid confusion with the sets used in the construction of evoSI (not to be
confused with the A; used in Section 2).

» Active edges with one end infected at time t, denoted by A?’l, are the edges at
time ¢ that connect an infected vertex and a susceptible vertex.

» Active edges with both ends infected, denoted by A?’2, are the unstable edges at
time ¢ that connect two infected vertices.

* Uninfected edges, denoted by AY, connect two susceptible vertices.

« Inactive edges, denoted by A%, consist of stable infected edges. Once an edge
becomes inactive it remains inactive forever.

We set A, = Af’l U A?’Q. The four sets form a partition of all edges. They are
right-continuous pure jump processes. At time 0 we randomly choose a vertex ug to be
infected. A% consists of the edges with one endpoint at u. A9 is the collection of all
edges in the graph minus the set A3, A = A%* = 0.

For each undirected edge e, we let random variables T, ¢, Rc ¢, U ¢ be the same as
those used in the construction of evoSI. We set S, = min{T, ¢, R. ,}. We also let ch,e
be independent uniform random variables that take values in the two endpoints of e.
To make it easier to describe the dynamics, suppose that at time 7, (the (-th time e
becomes active in avoSI) we have e = {z¢ ¢, e ¢} With z.  infected and y. , susceptible.

The difference between evoSI and avoSI in terms of these clocks is as follows. For
any edge e connecting = and y, once one endpoint x. , becomes infected, the clocks T ,
and ., start running. If the other endpoint y. ¢ also becomes infected through other
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edges at (relative) time w. ¢ < Sc (here ‘relative’ means we only count the time after
the infection of z), then we replace the clocks T, ; and R, ¢ by

/ Te,é — We

Reg— wey
— / _ €, €,
b= and RM = —

2
since the rates are now twice as fast.

To see that this construction give the correct dynamics of avoSI. We note that
conditionally on T, ¢, Re s > Wey, (Tep — Weye)/2 and (Re s — wee)/2 are independent
exponential random variables with parameters 2) and 2p, respectively. This corresponds
to an unstable I — I pair where each of the two I’s attempt to send infection to the other
I at rate A and rewire from the other I at rate p. The variable V, corresponds to the
vertex with small rewiring time. ’

If T, > Rey then T] , > R;, , and vice versa. Using this and the fact that the uniform
variable U, , is the same in evoSI and avoSI we get the following proposition:

Proposition 1. If edge ¢ is rewired in evoSI, then e must be rewired to the same vertex
in avoSI (as long as either endpoint of e becomes infected in avoSI). Also, the time it
take to e to be rewired in evoSI is not smaller than the time in avoSI.

We now formally construct the avoSI process by induction.

Initial step. At time 0, a randomly chosen vertex ug is infected. Let

NO(x, t), NoY(z,t), N2 (z,t), N (x,t)

be the sets of edges connected to x that belong to the sets A, ?’17 ?’1 and A!, respec-
tively. At time O all edges in {eg1,..., €0} are added to the list of active edges so that

A% ={eg1,...,e0}. Suppose e; connects ug and y;. At time

a
Ji = min, Se1

the first event occurs. (The superscript ‘a’ indicates the avoSI model.) Let i be the index

that achieves the minimum.

(1) If Re, ;1 < T, ;,1, then at time Ji vertex y; breaks its connection with ug and rewires
to Ug, ;1. If Ue, ;1 is susceptible at time J{, we move the edge eg; to A‘){l. On the initial
step this will hold unless U, , 1 = uo in which case nothing has changed.

(i) If Te, ;1 < Re, ;1 then at time J}' vertex y; becomes infected by ug. We move eg; to

o We move edges in N°(y;, J{—) to AJ,.

Induction step. For any active edge e at time ¢, let L%(e,t) = sup{¢ : Tep < t} and set

o g
T ra(e,ty T (@4 )+Se La(e,t) . a,2
5 ifee A",

e, L%(e +Se (e if eAaJ:

where I(z*,y*) is the first time that both 2* = z(e, L(e, t)) and y* = y(e, L*(e, t)) become
active vertices and the second line comes from the computation
Sera(ey — (I(z*,y") — T:La(e t))
T&L(e,t) + (I(x Y ) - Te,L“(e,t)) + ) : :
T Laes) T I(z*,y*) + Se La(ert)
= 5 .
Then V°(e, t) is the time of the next event (infection or rewiring) to affect edge e. Suppose

we have constructed the process up to time J,,,. If there are no active edges present at
time J,,,, the construction is done. Otherwise, we let

J(l

m

= mn Ve ),

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 28/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

Let e,, be the edge that achieves the minimum of V%(e, J2). If e, only has one endpoint
infected at time J¢ then we let z(e,,) be the infected endpoint of e,,, and y(e,,) be the
susceptible endpoint of e,,. To simplify notation let L,, = L(ep,, J%).

() If Re,, 1,, <Te, 1, and e, € A% Ja » then at time J7, ., vertex y(ep,) breaks its connec-
tion with z(e,,) and rewires to Ue,”, Lo+ If Ue,, 1, is susceptible at time J? _ |, then e,, is

moved to A%, . Otherwise it remains in A% .
m—+41 m—+1

(i) If Re, 1, < T

- e L, and e, € A%? Jas then at time J;, ., vertex V/ , = breaks its
connection with the other end of €m and rewires to Ue,..0..- TUe,, L, is susceptible at
time J7? . ,, then e,, is moved to .A . Otherwise e, stays in the set Af}’a

(i) If 7T, , 1, < R
z(en,) and e, is moved to A%

m+1

L, and e, € AJa , then at time J, | the vertex y(e,,) is infected by

€m,

+ All edges ¢ 1nN(e yge
m m+1

infected, the other end of ¢ must be susceptible at time J,

« All edges ¢’ in N%! _
y(em), Jm+l

infected, (i) the other end of ¢’ must be 1nfected at time Jy, ., and (ii) ¢ cannot
have been inactive earlier.

are moved to A(}’a,lﬂ. Since y(e,) has just become

are moved to A“’z . Since y(e,,) has just become

(iv) IfTe,, 1., < Re,,.1,, and e, € A,a , then at time J; ,,, e,, is moved to AZ « . There
are no changes for other edges.
The avoSI process stops when there are no active edges.

Proof of Lemma 3.2. We now prove by induction that all vertices infected in evoSI are
also infected in avoSI and actually they are infected earlier in avoSI than evoSI.

The induction hypothesis holds for the first vertex since initially uq is infected in both
evoSI and avoSI. Suppose the induction holds up to the k-th infected vertex in evoSI.
Assume at time ¢, y becomes the (k + 1)-th infected vertex in evoSI. We assume that y is
infected by vertex x through edge e. Note that e has possibly gone through a series of
rewirings before connecting vertex y. We assume that e connects vertices x, and y, after
the (¢ — 1)-th rewiring. We also assume when z infects y through e, e has been rewired r
times. This implies that

Te)g > Reﬁg for1 </ <rand Te,r+1 < Re,r—i—l- (3.1.1)

We let m(z) = inf{i : © € {xy,yx} forall i <k <r+ 1}. We now divide the analysis into
twocasessm=1land1l<m<r+1.

Case 1. m = 1sothaty =y, forall 1 < k <r + 1. If we assume that y has not been
infected by time ¢, then x4, ... 2, must have been infected at the time that the rewiring
occurred and z,; = x infected y at time ¢ in evoSI. By the induction hypothesis we see
that z;,...,z,4+; are also infected in avoSI. By Proposition 1 and (3.1.1), e breaks its
connection with z; and reconnects to x,, then to x3 and after r rewirings to z,4;. If y is
already infected before z,,; sends an infection to it than we are done. Otherwise since
Te 41 < Re 41 we see that x,4; will send an infection to y in avoSI as well. In any case
we have proved that z will also be infected in avoSI and is infected earlier. For a picture
see Figure 6.

Case 2. If m > 1, then again by Proposition 1, the induction hypothesis and (3.1.1)
we see that in the avoSI picture, e will be rewired at least r times and y becomes an
endpoint of e exactly after m — 1 rewirings. After this point we can repeat the analysis in
the case of m = 1 to deduce that z is also infected no later than ¢ in avoSI. For a picture
see Figure 7. O
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€2

Ty T

T = Tr41

Figure 6: Illustration of the case m = 1. If y is infected before time ¢ in avoSI then the
induction step holds true. If not, then since z1, ..., 2,41 are the rewirings in evoSI, they
are also infected in avoSI and the rewiring occurs as does the infection of = by =4 .

! !/ /
l'r y2 [L’l = $2 = x3
: i avoSI
_ /
TE O Yy =y} vl
Ty Tr3 = Ty X1
evoSI
/
T = Tr41

Figure 7: Illustration of the case m > 1. We assume that at the time of the rewiring
x1, y1 and x5 are infected. Since one flips coins to determine the end that rewires, the
sequence of of edges (z},,y;,) in avoSI is different from the edges in evoSI. However,
thanks to the use of U., to determine the new endpoint, the second rewiring brings
the edge to y, and there is a correspondence between the vertices in the two processes
indicated by the drawing.

We now show that avoSI and delSI actually have the same critical value (and thus
also have the same critical value as evoSI by Theorem 1.6).

Lemma 3.3. Theorem 1.6 still holds if we replace evoSI by avoSI.

Proof. As we will see, Lemma 3.3 follows by repeating the proof of Theorem 1.6. Since
avoSI stochastically dominates evoSI (in terms of final epidemic size) and evoSI domi-
nates delSI, avoSI must also dominate delSI. We claim that if we run avoSI on a tree and
no edge is rewired to vertices that are infected up to time ¢, then there are no unstable
I — I pairs up to time ¢t. This immediately implies that the evolution of the avoSI process
is equal to that of the evoSI process starting from the same initially infected vertex up
to time t. To prove the claim, suppose there is an unstable I — [ pair connecting vertex
z and y, then there must be two infection paths that lead to the infections of x and y.
Here an infection path for x is just a sequence of vertices ug — u; — --- — x where the
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former vertex in the chain infects the latter. Since the edge between x and y is unstable,
we see that if we consider the union of the two infection paths together with the edge
(x,y) then we get a cycle of infected vertices. This contradicts with the assumption that
the original graph is a tree and no edges are rewired to vertices infected by ¢ (so that
rewirings will not help create any cycle of infected vertices).

As we mentioned in the proof of Lemma 2.2, by Lemma 2.12 in [23], whp the subgraph
obtained by exploring the neighborhoods of n3/8 /log n vertices of any fixed vertex is a
tree. The proof of Theorem 1.6(i) implies that with high probability no edge is rewired
to infected vertices up to step O(nl/ 3) (i..e, up to the exploration of the neighborhoods
of O(n'/3) vertices). Hence the condition of the above claim is satisfied. Using the
conclusion of the claim we see that whp we can couple the avoSI process and evoSI
process such that they coincide up to step O(n1/3). Therefore the proof of Theorem 1.6
also applies to the comparison of avoSI and delSI and hence Lemma 3.3 follows. O

3.2 Tightness of {S;;/n,t > 0},>1

We first consider §t, &, the number of susceptible vertices with k£ half-edges at time
t in the original avoSI process (i.e., without the time change). We have the following
equation

Ztk
. — n

~ < kS, = Sk < S —
S, ), = — (AX“ - ““1> dt+ (1{@1};))(“ t’z 1) dt — (pXLt k) dt+dM, ;. (3.2.1)

To explain the terms

1. At rate A\ X 1.+ infections occur. The infected half-edge attaches to a susceptible
vertex with k half-edges, which we call an S*, with probability kgk,t /(X; —1). The
—1 in the denominator is because the half-edge will not connect to itself.

2. At rate p)? 1+ rewirings occur. If k > 1, the half-edge gets attached to an Sk=1 with
probability (k — l)gk_l,t/()?t — 1), promoting it to an S*.

3. If the rewired half-edge gets attached to an S*, which occurs with probability
kSk+/(X, — 1), it is promoted to an S**! and an S* is lost.

4. If Z; is a Markov chain with generator L then Dynkin’s formula implies

t
f(Zy) —/ Lf(Zs)ds is amartingale.
0

See Chapter 4, Proposition 1.7 in [8]. Fortunately, we do not neeg an gxplicit
formula for the martingale. All that is important is that when f(Z;) = S; x, M. j has
jumps equal to +1.

The equation for ?tyk can be then obtained by multiplying the first three terms in the
right hand side of (3.2.1) by the time change, leading to

— — yt—l kstk> ( ~ Xt_lstkl>
dSip=— | A X[ i—— = dt+ (1 X —— ——— | dt
bk ( "NXre Xy -1 e LY SR
— X:—15; k) —
— [ pX —— —— | dt + dM; . 3.2.2
(P It )\Xl,t n t.k ( )

Here M, is a time-changed version of the previous martingale so it is also a margingale
with jumps +1.
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Canceling common factors and dividing both sides of (3.2.2) by n we get

d <St’k> = — </€St’k) dt + <1(k>1)pXt —1 St’k_l) dt
n n =N n n

X,—-18 M
— (” ¢ S““) dt+d< ““) . (3.2.3)
A n n n
We now show that for all fixed k > 0and T > 0,
sup  [Myy| /n 550, (3.2.4)
0<t<T A,

To do this we note that the expected value of quadratic variation of M, Avn i €Valuated at

time 7', which is also equal to E(M; Avn k). is bounded above by the expectation of total
number of jumps in the whole avoSI process, which is equal to

Xo
E | Xo/2+ ) N
j=1

Here we have a factor of 2 in the denominator because each pairing event takes two half-
edges and N; is the number of times that half-edge j gets transferred to another vertex.
Note that an infected half-edge gets rewired before being paired with probability at most
p/ (A + p) and susceptible half-edge cannot get rewired unless the vertex it is attached
to becomes infected. Thus, N; is stochastically dominated by a Geometric(p/(A + p))
distributed random variable, so that for all j, E(N. j) < C for some constant C. Therefore
by L? maximal inequality applied to the submartingale |Mt Avn,k |, We obtain that

E ( sup Mik> <AE(M7p,., ) < Cn, (3.2.5)
0<t<TAvn
where C' is a constant whose value is unimportant.
Since Sox/n < 1, we know {Sq 1 /n},>1 is a tight sequence of random variables. To
establish tightness of {S; /n,t > 0},>1 we need to show for any fixed ¢, > 0, there is a
# > 0 and integer ng so that for n > ng

[t1—t2|<0,t1,t2<T

P < sup 1St Ak = Stanynike] /1> 5) <e. (3.2.6)

Assuming (3.2.6) for the moment, we see that {Si-, x/n,t > 0}, as an element of D,
the space of right continuous paths with left limits, satisfies condition (ii) of Proposition
3.26 in [10]. Consequently, {Sir-, k/n,t > 0},>1 is a tight sequence. It remains to
prove (3.2.6). We note that there exists a constant C so that

P(Xo/n>C) < ¢/3, (3.2.7)

since E(Xo) = E(3_, D;) = nm;y. Hence using S;x—1 + Six < n and X; < X
with (3.2.3)

[t1—t2]|<0,t1,t2<T

5 pXo, 6 — 5
<P ) gop (L22% > %) v P2 i > 2.
- (k9>4)+ <m9—4)+ <ogt2“%%’ ““/”’—4)

P ( sup |§t1/\%7k — g@/\ymk’ /n > 5)

Using (3.2.7) and (3.2.5), we see that if we pick # small and n large then the last line
is < e. This proves (3.2.6) and thus completes the proof of tightness of the sequence
{Stnynk/m,t = 0n>1.
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3.3 Convergence of {S;/n,t > 0},>1

Note that the evolution for X, has the same transition rates as the time-changed SIR
dynamics defined in [13] so their equation (3.4) also holds true in avoSI, which gives for
any fixed 7,

X
2Ly exp(—2t)| 5 0. (3.3.1)

n

sup
0<t<TAvn

In order to upgrade supy<;<rn,, tO supg<;<,,, we note that for any ¢ > 0, we can pick
a sufficiently large 7" so that m; exp(—27T") < e. Then by the monotonically decreasing
property of Xy,

X -

— —myexp(—2t)| > 3e | <P(y, >T,X1/n > 2€) (3.3.2)

IP('yn>T, sup
n

T<t<vyn

<P < sup
n

0<t<TAvyp

X
=t eXp(—Qt)‘ > e) <,

for n large enough. Thus we deduce

n

P ( sup Xe _ my exp(—2t)‘ > e) < 2

0<t<vn
for n sufficiently large, which proves the first equation of (1.6.2).

By the tightness of {gt/wmk/”a t > 0},>1, we see for any subsequence of §t7k/n we
can extract a further subsequence that converges in distribution to a process 3; ;, with
continuous sample path. By the Skorokhod representation theorem we can assume the
convergence is actually in the almost sure sense and we can also assume that X;/n
converges a.s. to mjexp(—2t). Having established tightness, a standard argument
implies that we can show the convergence of ?t,k /n by establishing that the limit s, ;, is
independent of the subsequence. First consider the case k£ = 0. The first two terms on
the right-hand side of (3.2.3) are 0, so using (3.2.4) and first equation of (1.6.2) we see
that any subsequential limit 5; ¢ has to satisfy the equation

¢
S10= —gml/ exp(—22)3,,0 dz. (3.3.3)
0

Since z — exp(—2z) is Lipschitz continuous this equation has a unique solution.
Repeating this process for k£ > 1 we see that any subsequential limit s, , of §t,k/n
satisfies the differential equation

5 p = k51 — aexp(—=2t)5y, + Lyp>1yaexp(—2t)5, ,-1, (3.3.4)

where « = pmy /\. This system of equations can be solved explicitly. First we rewrite the
equations as
5 p + [k + aexp(=2t)[5 = 1(p>1)exp(—2t)5; k1.

Define
ge.k = exp (kt + (a/2)(1 — exp(—2t))) S, (3.3.5)
then
gio = aexp(—2t)gs 0 + exp((a/2)(1 — exp(—2t))5}
= avexp(—2t) exp((a/2)(1 — exp(—21)))5t,0
+ exp(a/2)(1 — exp(—2t))[—aexp(—2t)]|51,0 = 0.
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Let Ay = exp(kt + (a/2)(1 — exp(—2t))). An almost identical calculation for k& > 1 gives

9ip = [k + cexp(=2t)|ge k + Ar,i5;
= [k + aexp(—2t)] As x5tk
+ A r{[—F — aexp(=2t)[5ek + cvexp(—2t)5 k11,
so we have
g;k = A paexp(—2t)3; x—1 = aexp(—t)gt k—1.

Making the change of variable s = a(1 — exp(—t)) and letting hs x = g; 1, we see that
hs,o is constant in s and
W= hop1,k > 1,

from which we see & ;. is a polynomial of degree k in s and for all ¢ < k the /-th derivative
of hs  at s = 0 equals hg ;.. From this we obtain that for all k,

k

ho k—
T SE=

£=0

The initial conditions are go = hox = So.x = pr = P(D = k). It follows that

k
hew =Y P (3.3.6)

and hence using definitions of s, g, and h

k
gk =hep =3 =L (a1 — w))F, (3.3.7)

!
£=0

k
Sk = exp (—%(1 —w2)) w3 L (o1 - w))’, (3.3.8)
where w = w(t) = exp(—t).

3.4 Summing the s, ;

We pause to record the following fact which we will use later. From the explicit
expression for 5 in (3.3.8), dropping the factor exp(—a(l — w?)/2) < 1 and writing
k=((k-20)+¢,

k
k—0)py—
SL>1103 Z kSi, < sup Z Z (Eil)pkg(oz(l —w)) w*,
t .

0<w<1

2V k>K k>K =0
E gp
+ sup Z Z Z_e ((1 —w))*w*. (3.4.1)
0<w<1 E>K (=1 .

The ¢ = 0 term in the first sum is bounded by

Z k‘pk.

E>K

The remainder of the two sums is bounded by

0 ¢
o (k-7 k—/¢ atl k—0
supw(1—w) | 3 ( ( i JPh—t | Z . (3.4.2)
w k>0,0>1 ) :
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Interchanging the order of summation in the double sum and letting m = k — /, the
double sum in (3.4.2) is bounded by

oo Y oo
ZE ’ % (Z (mpm erm)> < Ca,D-

Combining our calculations leads to

lim sup sup Z kSt < Climsup Z kpr + supw El-w)|=0. (3.4.3)
K—oco t>0 k> K K—oo k> K

We can use this bound to show that ZE‘;O St.1/n converges to Z;O:o 5:.r as well as
o kS, 1 /n converges to > o kSt k. Since the proofs are similar, we only prove the
second result. We fix a large number K and observe that >, ., kS: satisfies the
equation -

_ X, —1KS
S kSik | == | D K*Sux | dt+pX 1, 1
E>K E>K AX; It n
— 184
+> ,oXI t —dt + dM, . (3.4.4)
k>K n
Here ]\/L k 1s a martingale that satisfies

S (Mg - M i) <3> Q3 (3.4.5)
t>0 =1

where @, is the number of half-edges that vertex ¢ has before it becomes infected. This
follows from the observation that there are two sources for the jump of °, - ;- kS x:

* A susceptible vertex ¢ with at least K half-edges gets infected. Then ), . kS
drops by the number of half-edges of vertex ¢, which is ),. Each vertex can
contribute to this type of jumps at most once.

* A half-edge of an infected vertex gets transferred to a susceptible vertex of degree
atleast K — 1. Then >, ., k§t7 r increases by either < K (if the vertex gaining a
half-edge had K — 1 half-edges before) or 1 (if the vertex gainning a half-edge had
at least K half-edges before). Vertex ¢ can contribute at most @), times to jumps of
size 1 and at most once to jumps of size K.

Initially vertex ¢ has D, half-edges. As time grows the half-edges of other vertices
might be transferred to vertex ¢, the number of which is dominated by

V = Binomial(W,1/n) where W = Y D,,. (3.4.6)
m=1
Thus we have
E[Q?] < E[(D, + V)?] < 2ED? 4 2EV>. (3.4.7)

Conditioning on the value of W we have

EV? = (1/n)(1 - 1/n)EW + E(W/n)* < C. (3.4.8)
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It follows from (3.4.5) and (3.4.8) that

—~ |2 -~
E < sup ‘MM‘ ) <AB(MZ,,, ;) < Cn. (3.4.9)
0<t<T Ayn a

Writing (3.4.4) as an integral equation and dropping the negative term
~(XC ik kSt k) we see

X,
> kSipyk <Y kSon+ K / PG oy K1

E>K k>K
14 YuA% < 7
+ by o T Z Su/\'vmk’ + My, k-
k>K
Take supy<,<, on both sides we have
sup Z kSZ B < Z kSO k+ K/ sup —Su K-1dz
0<z<tAvn E>K E>K 0<u<zAYn (3.4.10)
) _ 4.
X _ —
+B/ sup - Z Surdz+ sup M.
AJo osu<zny, M 5SS 0<2<tAYn

Dividing both sides of (3.4.10) by n, taking the square and using (a + b + ¢ + d)?
4(a* + b* + ¢ + d*) we have

2
2

— 2
> kS S, 2t X,
sup M <4 Z RS0 +4(£K) t/ ( sup X—S 1) dz
n Sk A 0 n

0<2z<tAvn 0<u<zAvn

2
2 t X _ — 2
+4 <B) t/ sup —= E Sur | dz+4 ( sup MNC) ,
A 0 0<u<zny, M ESK 0<z<tAvn

(3.4.11)

where we have also used the Cauchy-Schwarz inequality to conclude that for any function

9=9(u),
t 2 t
</ { sup g(u)} dz) < t/ [ sup g2(u)} dz.
0 L0SuszAvn 0 L0Su<gzAYn

If we use I to denote the conditional expectation with respect to the o-algebra
generated by X, then for any ¢ > 0, using equation (3.4.9) we can find a constant
(depending on €) C3.4.12 > 0 so that

P (fE( sup J\?ﬂ) > 03_4_12n,) <e (3.4.12)

0<z<tAvn

We then take another constant C5 4 13 such that
P(Yo/n > C3_4v13) <e. (3.4.13)

Taking the conditional expectation of (3.4.11) with respect to X, we see on the event

Qo = {Xo/n < Cs.413} N {E( sup ]/\Zsz) = 034‘12”}

0<2<t Ay,
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which has probability > 1 — 2¢, there exists a constant C3 4.14 such that

_ 2 — 2

R kS, t kS k

E( sup Zkkf<k> §03_4‘14t/]E < sup Zl@K’f) "
0

0<2<tAYn n 0<u<zAYn n

2
Sz,Kfl
sup
0<z<tAy, M

, (3.4.14)
1 -~ ]{JEO’K
+-+E PP
E>K

+ C3.4.14 KztE

If we let

0<z<tAvn n

_ 2
o(t) =E ( sup LizrkS-k kSM) ;

and B equals the second line in (3.4.14), then for 0 <t < T we have

¢
P(t) < C'3.4.14T/ #(s)ds + B.
0

Gronwall’s inequality gives

i 6(t) < alt) + /0 B(s)(s) ds, then 6(t) < a(t) exp < /0 B(s) ds> , (3.4.15)

provided that 3(¢) > 0 and «(t) is nondecreasing. So applying (3.4.15) we have
¢(t) < Bexp(Cs.4.14T7)

on (), that is,

. ( Sk kSt,k)Q

E sup
0<t<T Avyn, n

. IS S N kS
< C3.4.14exp(C3.414T%) | K*tE ( sup tK_l) +—+4+E Z 220k
0<t<TAy, T n S

(3.4.16)

To control the first term on the right we use the convergence of gt’K,l/n to 5, x—1 In
probability as well as the bounded convergence theorem (since Sy x—1/n < 1) to obtain

that
2

g 3 2
limsupIE< sup tKl) < ( sup st,K_1> . (3.4.17)

n—00 0<t<TAvy, T 0<t<T

Using (3.4.17) and (3.4.3), if we first pick a large K, then for all n sufficiently large all
three terms on right hand side of (3.4.16) smaller than €2 /3 with probability at least 1 —¢,
which in turn implies that there is a set 2; with P(€2;) > 1 — 3¢, so that on €

E sup
0<t<TAvn n

2
B ap Do) s

It follows that

. ES; 1 \° kS 1\
E<191E( sup kam)):E(lQl sup ZDK”) _e

0<t<T Avn n 0<t<T Avn n
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Using P(©;) > 1 — 3¢ and the Chebyshev’s inequality, we see that with probability
> 1 — 4e,

ZkZK kSt k
sup —— <e.
0<t<TAY,, n

Fixing ¢ and ¢ and using the triangle inequality, we get

kS K
sup m _ Z kgt,k < sup Zk 0 kSt k Z Sk
0<t<TAvn n >0 0<t<TA~n o ’
= (3.4.18)
kS:
+ sup Zkg[{it, + sup Z k/’gt,k-
0<t<TAvn n 0<t<T

k>K

By first choosing K large enough and then n large enough we can make both the first
and second terms on the right hand side of (3.4.18) smaller than ¢ with probability at
least 1 — 4¢. The third term can also be made smaller than ¢ using (3.4.3).

Since ¢ is arbitrary we see that

k
sup Zk k=070 Stk Zk‘stk

0<t<T Ayn,

To find .7, 5:x and Y -, kS, recall that we set w = w(t) = exp(—t) and G(w) =
E(w?). The limit of the fraction of susceptible nodes 3; satisfies

5k = exp(—(a — w? I —w)) w™*
e p(—(a/2)(1 »g;o e —w) (3.4.19)

= exp(—(a/2)(1 - w)*)G(w).

NE

St =

>
Il

The limit of (scaled) number of susceptible half-edges satisfies

Tsi= > kS = exp(—%(l —w?) Y 0 (a1 —w) .

k=0 >0
The double sum equals

L 1_ -1
erpr " Z —l—awl— Zpr Z([i))’

r>0 £>0 r>0 >1

so we have
Tsy = exp (—(a/2)(1 — w)?) w(G'(w) + a(1 — w)G(w)). (3.4.20)

Extension to time v,,. We have proved the second and third statements of (1.6.2) with
0 <t <~,replaced by 0 <t <T A, for any fixed T'. To upgrade this to 0 <t < ~,, note
that > 7, kS;, < X;. Picking a large T satisfying (m; + a)exp(—7) < € and re-using
equation (3.3.2) we obtain that

> kS
P <7n > T, sup Lo RStk exp (—g(w - 1)2) w(G (w) + a(l — w)G(w))‘ > 36)
T<t<+yn n 2
<P |y, >T, sup ZkStk/n>2e <P(y, >T,X7/n>2€) < e (3.4.21)
T<t<~vn k=0
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This proves the third equation of (1.6.2). The proof of the second equation in (1.6.2)
is slightly more complicated. Again we fix a large T such that (m; + «)exp(—T) < € and

exp(—a/2)G(0) — exp <fa/2 (exp(~T) — 1)2) G(exp(fT))’ <e (3.4.22)

Equation (3.4.22) and the fact that exp (—a/? (exp(—t) — 1)2) G(exp(—t)) is decreasing
in ¢t imply that

tst}1>pT’exp (—a/2 (exp(—t) — 1)2) G(exp(—t)) (3.4.23)

—exp (—a/2 (exp(—t') — 1)2) G(exp(—t'))‘ <e

We first estimate the term §T70 for large T. Using the weaker version (i.e., with
SUPg<¢<Tn~,) Of the second equation of (1.6.2) we see that for n large enough,

P (% ST, ’§T,0/n — exp (—a/Q (exp(=T) — 1)2) G(eXp(—T))‘ > e) <e  (3.4.24)

On the event {y, > T}, supy<,<., |St.0 — S1,0| can be bounded by X, since in order
to lose a susceptible vertex of degree 0 there must be a half-edge transferred to it. It
follows that

P (’yn >T, sup ‘?t,o —§T70‘ /n > 26) <P (Wn >T,X7/n> 26) <e. (3.4.25)
T<t<yn

Combining equations (3.4.24), (3.4.25) and (3.4.23) we see that

P (% >T, sup |[Sio/n—exp (—a/2 (exp(—t) — 1)2) G(exp(—t))‘ > 46) < 3e.

T<t<yn
(3.4.26)
Using >~ Stk < O peo kSi and equation (3.4.21) we see that
Py, >T, sup » Six/n>2¢| <e (3.4.27)
T<t<m £33

It follows from (3.4.27) and (3.4.26) that

P (fyn >T, Tsup th,k/” —agexp (—a/2(w(t) — 1)) G(w(t))| > 66) < de,
<t<vn b—0

which proves the second equation of (1.6.2) and concludes the proof of (1.6.2).

3.5 Proof of Theorem 1.13

Recall for all ¢t < ,, we have X; > X g and at ~,, we have X; = X g since v, is the
time that we run out of infected half-edges and the dynamics stop. Note that by the
definition of f in (1.5.1) we have

We can rewrite f as

f(w) = log(my) + log(w) — log(G'(w) + a(1 — w)G(w)) + %(w —1)2

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 39/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

Taking the derivative we have

) = L = €W~ aGlw) +a(l ~w)C(w)
w G'(w) + a(l — w)G(w)

+a(w—1). (3.5.1)

To evaluate f/(1), recall that G(1) =1, G'(1) = my and G”(1) = E[D(D — 1)] = ma — m;.
The terms with 1 — w vanish at w = 1. Using « = pm; /) from (1.2.6), it follows that

Fy=1-M2mmmem/A (mz — 2 _ P) |
my mi A
Theorem 1.6 tells us that in the supercritical case, we have A > (pmy)/(ma—2m;), and
hence f’(1) < 0, which implies that f is positive on (1 — 4, 1) for some § > 0. Theorem 1.6
also shows that when 7 > 0 is small,

ILm P(Io/n >n) =q(A) >0, (3.5.2)
where ¢()\) is the survival probability of the two-phase branching process 7, (defined in
Section 1.2). Let ¢,, < § be some small number depending on 7 such that

1 — exp (—%(exp(—tn) - 1)2) G(exp(—t,)) < n/4. (3.5.3)

Conditionally on Too /n > n for some small 7, the second equation of (1.6.2) implies
that with high probability v, is also bounded from below by ¢, (depending on 7), since
otherwise we would have

limsup P(y,, < ty, 1, /n > n)

n— oo

: = o -
<limsup P (% <ty,S,,/n>exp (—E(exp(—%) - 1)2) G(exp(—7n)) —n/4, 15, /n > 77)

n— oo

<limsupP (S, /n > exp (=5 (exp(~t;) = 1)°) Glexp(~t,) = n/4, T, /n > ) =0,

n— oo

where the last equality is due to (3.5.3) and the fact that S,, + I,, = n. We have also
used the definition of ~,, so that I, = 7% since no more vertices can be infected after
Tn -
Recalling the definition of the o in statement of Theorem 1.13 we see that for any
€> 0, _
inf >

ty<t<—log(o+e) TS ¢ ’

which implies that for some ¢ > 0 and all ¢, <t < —log(o +¢),
Ty — TS,t > 6/. (354)
The first and third equations of (1.6.2) and (3.5.4) imply that

limsup P (¢, < v, < —log(o +¢))

n—oo

<limsup P (t; < v, < —log(o +¢€), (X4, — Xs,4,)/n>€/2) =0,

n—oo

where we have used the fact that X.,, = Xg,, . Since we have already shown condition-
ally on I /n > n whp v,, > t,, we see that

lim P(y, > —log(c + €)[Is/n >1n) = 1.

n—roo
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Using the monotonically decreasing property of S; = Z,;“;O Et,k and the second
equation of (1.6.2), we see that conditionally on I, /n > 7, for any ¢ > 0 whp

S, /n < exp (—%(U +e— 1)2) G(o+e¢€) +e

Hence for any € > 0,
lim P(Ic/n > v —€lloo/n>n) =1,
n—oo

where v = 1 — exp(—a/2(c — 1)?)G(0).

For the other direction, (x) implies that we can pick ¢’ > 0 so that f(w) < 0 on
(0 —¢',0). (1.6.2) thus implies with high probability 7,, cannot be larger than — log(c — §)
since otherwise we would have X _ log(o—5") < Ysy_ log(o—3'), Which is impossible. Since
0’ can be taken arbitrarily small we conclude that for any e > 0

lim P(Io/n<v+e) =1

n—00

3.6 Proof of Theorem 1.14

From (3.5.1) we see that as A — \. we have f’(1) — 0. The second derivative of f is
given by

I G"+o(l —w)G" —2a6 (G”—aG+a(1—w)G’>2+a

fi(w) = S w? G'+a(l —w)G G'+a(l —w)G

Recall py denotes the factorial moment E[D(D —1)--- (D — k + 1)]. We have assumed
that E(D®) < oo so
G"' (1) =E[D(D —1)(D — 2)] = u3 < oo.

Since the terms with 1 — w vanish at w = 1, inserting the values of G(1), G'(1), G (1)
and G"(1) we get

” B G"' (1) — 2aG'(1) G"(1) — aG(1) 2
FO=-1-——gm — * ( o) ) to
— -k o M2 7T a i o.
=—1 - + 2o + < - > +

Theorem 1.6 tells us that oo, = ma — 2m; so
Mo —my — a2
14 (21> _o.
my
From this, we see that at «,

_ TH3 + 3mims — 6m%

@)

mi

Using p1 = my, e = mo — my this can be written as
£(1) = —%Jrs(m ) = A (3.6.1)
1

By Theorem 1.13 it suffices to prove that in the case A < 0, ¢ converges to 1 as
A — A.. Equation (3.6.1) and the assumption A < 0 imply that for A close to A, in
a (non-shrinking) neighborhood of 1, f”(w) has to be bounded from above by some
negative constant. Since f’(1) converges to 0 as A — A. we conclude that for any fixed
w < 1 and all A sufficiently close to A\, one can find w € (w, 1) so that f(w) < 0. Using
the definition of o we see o > w > w. Letting w — 1, we see that ¢ has to converge to 0
as A — \. and thus v converges to 0. Hence we have a continuous phase transition.
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4 Lower bound on evoSI
4.1 AB-avoSI

Roughly speaking, the avoSI process serves as an upper bound because certain I — I
pairs can rewire, which may leads to additional infections. To get a lower bound, we need
to find a way to ensure rewired I — I edges will not transmit infections. This motivates
the AB-avoSI process defined as follows. For each half-edge h we give it two indices:

* The infection index A(h,t) = 0 if h has not been infected by time ¢. If i first becomes
an infected half-edge at time s, then we set A(h,t) = s forall ¢ > s.

* The rewiring index B(h,t) = 0 if the half-edge h has not rewired by time ¢. If h gets
rewired at time s, then we update the value of B(h, s) to be s, no matter whether i
has been rewired before or not. In other words, if we let 7,,(h) be the time when h
is rewired for the m-th time (possibly co) with 79(h) = 0, then B(h,t) = 7,,(h) for
Tm(h) <t < Tmy1(h).

We define the C-AB-avoSI process as follows. As in Section 3.1, C is for coupled.

e At rate )\ each infected half-edge h; pairs with a randomly chosen half-edge.
Suppose h; gets paired with half-edge ho at time ¢. If hy is susceptible and
B(ha,t) < A(hq,t) then the vertex associated with half-edge hy, becomes infected.
Otherwise h; will not pass infection to the vertex associated with hy. The reader
will see the reason for this condition in the proof of Lemma 4.1. Note that if vertex
y associated with hy changes from state S to [ then all half-edges attached to y
become infected.

* Each infected half-edge gets removed from the vertex that it is attached to at rate
p and immediately becomes re-attached to a randomly chosen vertex.

Similarly to the relation between C-avoSI and avoSI, one can also define the AB-avoSI
such that the C-AB-avoSI has the same law as the AB-avoSI on the configuration model.
The construction of the graph G for AB-avoSI follows the same route of avoSI (see the
proof of Lemma 3.1). Given the graph G, we view each (full) edge as being composed
of two half-edges and assign the two indices A(-,t) and B(-, t) as defined above to every
half-edge. The evolution of AB-avoSI is then similar to avoSI, except that each time when
infected vertex z tries to infect ssuceptible vertex y through edge e, we will compare
A(h1,t) and B(hs,t), where hy is the half-edge of e with one end at « and hs is the other
half-edge of e with one end at y. If A(hy,t) > B(hs,t) then the infection will pass through.
Otherwise the infection will not pass through, which means x has made an attempt but y
remains uninfected. No matter whether the infection passes through or not, we let this
S — I edge be deemed stable and it will not get rewired later on. Also from this point
on, = will never pass infection to y through e. As a comparison, S — I edges in avoSI are
always unstable and are subject to potential rewiring.
One can show that evoSI stochastically dominates AB-avoSI.

Lemma 4.1. There exists a coupling of avoSI and evoSI such that if a vertex is infected
in AB-avoSI then it is also infected in evoSI.

Proof of Lemma 4.1. Following the proof of Lemma 3.2, we see it suffices to show I — I
rewirings will not create additional infections in AB-avoSI. Assume at some time t; an
edge e between two infected vertices x and y is broken from y and reconnects to z. For
a picture see Figure 8.

We would like to show that after time ¢; no infections can pass through e to create
additional infected vertices. Denote the half-edge attached to z by h; and the other
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Figure 8: In the transition from the first drawing to the second, x rewires its connection
from y to z. Note that h; and hs are the two half-edges comprising the edge e, which is
not drawn in the figure. Vertex x cannot pass an infection to z throught h; and hs since
B(hg, t) > A(hl, t).

half-edge by hs. Since x and y must be infected before time ¢;, we see that, according to
the definition of the infection index, for all ¢t > ¢4,

A(hl,t) <t1,A(h2,t) < t;. 4.1.1)

We next consider the rewiring index. Since the half-edge h, is rewired at time ¢;, using
the definition of rewiring index we see that for all ¢t > ¢4,

B(ha,t) > t;. (4.1.2)
Combining (4.1.1) and (4.1.2) we see that
B(hg,t) > A(hlt)

This implies that infections cannot pass from the vertex associated to h; to the vertex
associated to hy. Now we consider the other direction, i.e., from A5 to h;. Note that x
has already been infected. There are two possible cases:

e If hy stays with = forever then the vertex associated with h; is always infected after
time t; (and hence there is no additional infected vertex).

» If hy is rewired to some other vertex z’ at time ¢ > ¢; then for all ¢ > o,
B(hht) >ty >t > A(hg,t),

which implies that after time t; infections cannot go from the vertex associated
with A9 to the vertex associated with h;.

In both cases there will be no additional infected vertices stemming from the rewiring of
e. Thus we have completed the proof of Lemma 4.1. O

We end this section by showing AB-avoSI dominates delSI. This is used in the proof
Lemma 1.12.

Lemma 4.2. There exists a coupling of AB-evoSI and delSI such that if a vertex is
infected in AB-evoSlI then it is also infected in delSI.

Proof. This can be proved in a similar way to the proof of Lemma 1.2. We construct
AB-avoSI using the variables {T, ¢, R ¢, Ve’,z, ¢ > 1} as we did in the proof of Lemma 3.2
except that for AB-avoSI certain infections may not pass through depending on the
relative size of infection index and rewiring index. We also construct delSI using 7. ; and
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R. 1 as we did in the proof of Lemma 1.2. We can then prove Lemma 4.2 by repeating
the induction argument used in the proof of Lemma 1.2. Note that if edge e is initially
present between = and y and T, ; < R, then either end of e can be infected by the
other end because the rewiring indices for both half-edges of ¢ are equal to 0 at the time
of infection. Therefore we don’t need to worry about infections not being transmitted
successfully in AB-evoSI. O

4.2 Moment bounds

Let X; and X 1+ be the number of total half-edges and infected half-edges in the
AB-avoSI process. As in the analysis of avoSI, we multiply the original transition rates
by (X; — 1)/(AX; ;). We will use a hat to denote the quantities after the time change.
The evolution equation for )A(t has the same form as avoSI and hence the first equation
of (1.6.2) also holds for AB-avoSI. Now we consider the evolution of the number of
susceptible half-edges X s,t- We need a bit more notation to describe this. For half-edge
i, we let I(i,t) = 1 if 7 is an infected half-edge at time ¢ (which also means it hasn’t been
paired) and I(i,t) = 0 otherwise. We can define S(i,t) similarly. We also let S(i, k,t) = 1
if i is attached to a susceptible vertex with k half-edges at time ¢. Finally, we let v(j,¢) be
the vertex that half-edge j is attached to at time ¢ and D(j,t) be the number of half-edges
attached to v(j,t) at time t.

We first write down the equation for @k To reduce the size of formulas we let

Gij ={I(i,t) =1,A(i,t) < B(j,t)}. (4.2.1)

Reasoning as in the derivation of (3.2.3) gives

~ ~

~ ~ P Stk—1, 5 P Stk o
dS; = —kSpdt +1 - X —1dt — ——=(X; — 1)dt
t.k tk At + (k213 Y (Xe ) N n (X¢ )
1 Xo . (4.2.2)
+ o Z L, 1{s@Gr+1,0=1} | dt +dMyp,
It

ij=1

where M\tk is a martingale. Summing (4.2.2) over k from 0 to co and noting that the
second and third term cancel, we get

Xo
~ - 1
dS; = —Xg 4 dt + = > e, sga=1y | dt +dMy . (4.2.3)
Lt \qj=1

Multiplying both sides of (4.2.2) by k£ and summing over k, we get

~

dXse=— > k*Sppdt + g%()?t —1)dt

k=0

. % (4.2.4)
+ = Z 1G7:,_7 (D(]v t) - 1)1{S(j,t):1} dt + dMQ,t

Lt \ij=1

for some martingale term M> ;.
Analogously, if we multiply both sides of (4.2.2) by k2, k? and k%, respectively, then
we get

~ ~

o] . o] . X . S~
26, | =-S5 k3 9P 2St(x, — 1)+ 224X, -1
d(,;’“ St,k> D KSipdt + 25 =2 (X 1) + TH(X — 1)

n
k=0
%, (4.2.5)
1 _ )
+ = Z la, ;(D(j,t) = 1)"1(s¢.=1} | dt +dM3,,
X i,j=1
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— 3G 4 ka okak P)A(
d(,;)k St7k>— Zk St dt + 3~ T(Xt—l) 3/\ (Xt—l)

k=0 A
~ (4.2.6)
5, 1
+ gg(xt . Z la, (DG t) — 11 sy | dt +dMay,
I,t i,j=1
and

A )
k=0 k=0
F4P2SUR, 1)+ —ﬁ(xt —1)
An
1 &
+ < Z lg, ;(D(j,t) — 1)41{S(j,t):1} dt + dMs ;.
It \ij=1

(4.2.7)

The main result of this section is the following lemma.

Lemma 4.3. There exists two constants C4.2.9,C4.2.10 > 0, such that for every e > 0 whp

we have _
Z( sup Mj,t|) <o/, (4.2.8)
o1 \0<i<y,nl
sup Y (k+1)*Sex < Cuaon, (4.2.9)
0<t<yn AL 12
ZD 3.6 1s(.0)=1,8(.0)>0) < (Caoaot +€), forall0 <t <y, Al (4.2.10)

Proof of Lemma 4.3. We first prove equation (4.2.8). The proof is based on analyzing the
quadratic variation of M 4, ..., Ms . Since the proofs for the five quantities are similar
we only give the details for M5, the martingale associated with ZZ‘;O k4§t, k. Let Q. be
the number of half-edges that vertex z originally has plus the half-edges that has been
rewired to vertex x before x becomes infected. Let D, (t) be the number of half-edges
that = has at time ¢. We necessarily have D, (t) < Q.. as long as « is susceptible at time ¢.
Note that the jumps of 3 ;° kS, ;. have the following three sources.

* An infected half-edge pairs with a susceptible half-edge attached to a vertex x
with D, (t) half-edges and passes the infection to x. This decreases Y -, k*S; ; by
D, (t)*. Such type of jumps can occur at most once for each susceptible vertex.

* An infected half-edge pairs with a susceptible half-edge attached to a vertex x with
D, (t) half-edges but does not pass the infection. This decreases > .-, k*S; i, by

Dy (t)* = (Da(t) — 1)* < 15Q3.

Such type of jumps can occur at most @), times for vertex x.

* An infected half-edge is rewired to a susceptible vertex x with D,(t) half-edges.
This gives an increase of

(D, (t) + D) = D (t)* <15Q3

to Z;OIO k4§t,k. Such type of jumps can happen at most @, times for vertex z.
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It follows from the above analysis that the quadratic variation of M5 ; is bounded by

n

D (@) + Y 15(Q2)°Qu + Y 15(Q2)°Qx < Cazm ) Q5 (4.2.11)
rx=1 r=1 rx=1

r=1

Using the Burkholder-Davis-Gundy inequality (see, e.g., [15, Theorem 7.34] with
p=>5/4),

0<t<yn Al

n 5/8
E{ sup |M5,t|5/4:|§04.2.12E (ZQE) : (4.2.12)
r=1

To bound the right-hand side we need the following well-known fact: for any p > 1 and
positive numbers a1, ..., an,,

i=1

m 1/p m
(Z af> <> a (4.2.13)
=1

In words the LP norm under the counting measure decreases as p increases. This is
easily seen to be true by noting that

i a; U a? Ve m a?
D T (zm‘ ) 22 s b

= (s ) i=14; =14
= (Zj:laj) i=1

since

a?
m—s € [0,1] and 1/p < 1.

Zj:l aj
Applying (4.2.13) with p = 8/5 and a; = Q% gives that

n 5/8 n
(Z Qi) <> Q. (4.2.14)
=1 r=1

As we argued in the proof of (3.4.7), if V = Binomial(X,, 1/n), then Q, is dominated
by D, + V. To bound the fifth moment of the sum we note that if Y and Z are nonnegative
random variables,

E(Y + 2)° < E(2max{Y, Z})° < 32[EY® + EZ°]. (4.2.15)
We claim that the 5-th moment of Binomial(m, p) is bounded by
mp + -+ + (mp)°.
To see this, let Y7,...,Y,, be i.i.d. Bernoulli variable with mean p.
E <Z )/z> _ Z E(}/Z . qu) _ Z p# of distinct elements among i1,..., is (4.2.16)
i=1 i15eeis 15enis

Note that the number of ordered tuples (i1, ...,75) such that there are ¢ distinct elements
among them is bounded by m!. We conclude that

m 5 5
E (ZY) <Y m'p, (4.2.17)
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which verifies the claim. Using this claim we have that

5 ~
E(X¢
E(V®) < Z ( 40) < Cy4aas, (4.2.18)
— "
so that by (4.2.15),
Z (@) < 322 E(D}) + E(V®)) < Cyz.19n. (4.2.19)

r=

Equations (4.2.12), (4.2.14) and (4.2.19) imply that

5 5 /615 Cn
P < sup |Ms:| > n‘)/6> =P ( sup |M57t\5/4 > (n"/6)°/4> < s 0.
0<t<ynAL 0<t<yanl n
(4.2.20)

Using the reasoning that led to (4.2.11), we can deduce the same bounds (with different
constants) for M, ¢, Mo, M3, My, and hence equation (4.2.8) follows by using Markov’s
inequality.

To prove equation (4.2.9), define the event €,, to be

%

The assumption that E(D®) < co and equation (4.2.8) imply that P($,,) — 1 as n — oc.
By the definition of G, ; in (4.2.1),

.pk

<n, sup |M; <n, fori= 1,2,3,4} . (4.2.21)

0<t<ynAl

Xo

1 .
o Z lg, (D — 1)*1gs¢,0=13 S)A(i Z Lirn=1y(D(, 1) = 1)*1gs(n=13 | »
Lt \4 =1 It \ij=1

which is bounded by

Xo n Xo

Z D(j’ t)Zl{S(j»t):l} = Z Z 1{v(j,t):r} 1{7" is susceptible at t}-D'r(t)2

- B (4.2.22)

- Z 1{r is susceptible at t}D Z k St k-
r=1

Here D, (t) is the number of half-edges that vertex r has at time ¢. Using (4.2.5)
and (4.2.22) we obtain that

[e’e} . [e’e} - t )’5 PN §u .
ZkQSM—ZkQSo,kg/ <2§ 5, (Xu—1)+§?(Xu—1) dt + Ms,. (4.2.23)
— k=0 0

n

On the event (2, we have that >~ k:2§0,;€ < (mg + 1)n, Xs)u < )?0 < (my1 + 1)n and
M3, < n. Therefore, using (4.2.23) we see that, there exsits a constant Cjy 5 24 such that

tr2
Z k28, x < (ma+ 1)n +/ <Ap(m1 +1)%n + g(m1 + 1)n> du+n<Cioon (4.2.24)
0

for all 0 <t <~, A 1. Analogously to the proof of (4.2.22), we can show

Xo
1
S Z la,, (D3, t) = 1*1isg=1y | < Zk Sik. (4.2.25)
X \ijo1 k=0
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Using (4.2.25) and (4.2.6),

X, aa X aa t © k28, o
> K8 Y Ko< | (3@0” wk (%, — 1)
k=0 k=0 0

B%(X*u - 1)) du+ M.

Xs.u
N Lt
n

PSR, - 1)+

On the event (2, using (4.2.24), we see that, forall0 <t <~, A1,

Zk3Stk (my 4+ L)n+n+

t 3 3
/ (504_2'24(7711 + ].)n + Tp(ml + ]-)2n + g(ml + 1)”) du g 04‘2'26/”7
0
(4.2.26)

for some constant C4 526 > 0. Proceeding in a similar fashion and using (4.2.7) we can
show that on (2,, there exists a constant C 597 > 0, such that whp forall 0 <t <, A1,

Z k4§t,k < Cy.2.07n. (4.2.27)
k=0

Equation (4.2.9) follows from (4.2.27) and the fact that P(2,,) — 1 since

i k+1) Stk<162 (k*+1) Stk<162k45tk+1625tk<162k45tk+16n
k=0

k=0 k=0 k=0 k=0

We now turn to the proof of equation (4.2.10). Set

Ko
H(t) = Z(D(L t) = 1)*1(s(,0=1,B(.)>0}-
=1

Note that H(0) = 0. Using Dynkin’s formula,

H(t) = /o h(s)ds + Me ,

where Mg ; is a martingale associated with H(¢) and h(t) is the rate of change of H(t). We
now control i(t) and Mg, by analyzing the jumps of H(¢) (H(¢) is a pure jump process).
Note that there are three types of jumps:

¢ An infected half-edge pairs with a half-edge attached to susceptible vertex x and
makes z infected. This does not increase H(t) and thus makes a non-positive
contribution to h(t). The absolute value of the jump size of H(t) is bounded by
D, (t)® where D,(t) is the number of half-edges that = has at time ¢. For each vertex
z such jumps can happen at most once.

* An infected half-edge pairs with a half-edge attached to susceptible vertex x but
x stays susceptible after the pairing. This does not increase H(t) and thus makes
a non-positive contribution to A(t). The absolute value of the jump size of H(t) is
bounded above by

Dy(t)* + |(Da(t) = 1)* = (Da(2) — 2)°| Du(t) < 3(Da(t) +1)%
To see this, note that the loss of a half-edge j attached to x makes a twofold

contribution to H(t). First, j is no longer a half-edge so H(¢) has to decrease
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by (D(j,t) — 1)? = (D,(t) — 1)2. Second, the for each of the remaining D, (t) — 1
half-edges attached to z, its contribution to H(t) changes from (D,(t) — 1) to
(D:L’ (t) - 2)2~

For each vertex = such type of jumps can occur at most @, times.

» An infected half-edge is rewired to a susceptible vertex z. This increases H (¢) by
at most

D2(t) + (Do (1) — (Da(t) = 1)%)] Da(t) < 3(Da(t) + 1) < 3(Q + 1)*.
The rate that x receives a rewired half-edge is equal to

Xo = 1 pX 1
Ao pXri— = PXo < (m1 +1)p
)‘Xf,t n An A

on the event (2, (defined in (4.2.21)). Here the factor of 1/n comes from Poisson
thinning since each half-edge is a rewired to a uniformly chosen vertex indepen-
dently. For each vertex x such type of jumps can occur at most (), times.

Therefore on (2,, we have

(m1+1)p

: > 3k +1)* S

mi+1)p —
h(t) < % Z 3(Dt(t) + 1)21{z is susceptible at ¢} <
=1 k=0

Equation (4.2.9) shows that with high probability >~ ,(k + 1)4§t,k < Cy4.9.9n. Since Q,,
also holds with high probability, we deduce that

t
lim P (/ h(S)dS S 04,2,28nt,V0 S t S ’}/n) =1. (4228)
0

n—o0

The above analysis of the jumps of H(t) also implies that the quadratic variation of Mg,
is bounded by

(@2)% + (3(Qs + 1)3)?Qu + (3(Qs + 1)1)%Q. < 20(Q. + 1)°.

We now bound the 2/3-th moment of the quadratic variation. Applying (4.2.13) with
p=3/2and a; = (Q; + 1)° gives that

n 2/3 n
(Z(Ql + 1)6> < Z(Qi +1)%

i=1

Using this and the Burkholder-Davis-Gundy inequality ([15, Theorem 7.34] with p = 4/3),

n 2/3 n
E { sup |M6,t|4/3} <CE (Z(Qi + 1)6> <CE (Z(Qz + 1)4> < Cn.

0st<ynAl i=1 i=1

This implies that

IP( sup | Mg 4| > n4/5> IP< sup | Mg, [*? > n4/5*4/3) < o (4.2.29)

0<t<y, Al 0<t<yn Al — pl6/15
Equation (4.2.10) follows from equations (4.2.28) and (4.2.29). O
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4.3 Rough upper and lower bounds for X 7+ and ft

Define
1 %
EB(t) = =— Z la, ; D(j, 1) 1s(=1} (4.3.1)
Xt ij=1

where G; ; = {I(i,t) = 1, A(i,t) < B(j,t)} was defined in (4.2.1).

Lemma 4.4. There exists two constants A, to € (0,1), such that forall A < A.+ Xo, t < tg
and € > 0, the following four inequalities hold whp for 0 <t < v, Atgp:

N 2
X4 < < ’;Z“ A= At + i A + e> n, (4.3.2)
=~ pmy miA ¢
Xri > | =AM =2t + 2 — ¢ n—/ E(u) du, (4.3.3)
: 2\2 4 0
I, < (2myt + e)n, (4.3.4)
~ mlt ¢
I, > 5 €ln— E(u) du. (4.3.5)
0

Proof of Lemma 4.4. We first prove equation (4.3.2). Using Lemma 4.3 we see that there
exist a constant C' such that whp the absolute value of the right hand sides of (4.2.4)-
(4.2.6) are all upper bounded by Cn for ¢ < 7, A 1. Denote this event by G1(n). We have
P(G1(n)) — 1 as n — oo. Denote the event

{ Z k‘i§07k — nz ]fipk

k=0 k=0
by G2(n). We have P(G2(n)) — 1 as n — oo since E(D?) < co. Therefore we get

<en, fori= 1,2,3}

lim P(G1(n) NGa(n)) =1,

n—oo

which implies that whp forall 0 <t¢ <+, A 1, we have

SESik—nd Kpr|+ | Xes—n > kp| < 4n(Ct +e). (4.3.6)
k=0 k=0 k=0
The definition of E(¢) in (4.3.1) implies that
Xo
E(t) < Z D(j, )1 (s(j,t)=1,B(j.t)>0}-
j=1
Therefore by (4.2.10) we see that whp forallt <~, A1,
E(t) <n(Ct+e). (4.3.7)

Now it follows from the integral form of (4.2.3), (4.3.6) and (4.3.7) that whp

S, —n(l— mlt)‘ < n(C +e). (4.3.8)

Similarly to the proof of (4.3.8), whp forall0 <t <+, Al

RS —n Y Kd+ (=Y o +28m2+ Ly |t
S5 (o (3 s 2+ o

<n(Ct?>+¢€). (4.3.9)
k=0

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 50/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

The evolution equation for )?t in AB-avoSI has the same form as avoS], i.e.,
A~ A~ t A~
X —Xo= —/ 2(Xy — 1)du+ My,. (4.3.10)
0

Hence, as in the case of avoSI, equation (3.4) in [13] holds for AB-avoSI, which implies

X
2ty exp(—2t)| 2 0. (4.3.11)

n

sup
0<t<ynAL

Combining (4.2.4) and (4.3.10) and using )A(Lt = )?t — )A(s,t, we get
n

t 00 I
- ~ - . S, -
Xrt=Xro —|—/ <—2(Xu —1)+ E k;QSmk — g—(Xu — 1)> du + (M07t — M27t)
0 k=0

1
Xiy

t YO
/ > e, , (DG ) = Dlgsgu=1} | du.
0

i,j=1

(4.3.12)

Dropping the term in the second line of (4.3.12) and bounding

sup
0<t<y, Al

)A(Lo + Moy, — M27t‘

by en (which holds with high probability by (4.2.8)),

t ) a
~ ~ . S,
X <en +/ —2(Xy 1)+ > k*Sup — PRux, —1) | du (4.3.13)
' 0 — An
Using (4.3.11), (4.3.8) and (4.3.9) to approximate )?t, §t and E;O:o k2§t7k up to the first
order, respectively, we obtain that whp,

t e o] e}
Xe — Xsy Sn/o (—2m1 exp(—2u) + ;kQPk + (— ];JkBpk + 2§m% + §m1> U

—g(l — myu)my exp(—2u) + CuQ) du + 2ne.

(4.3.14)

We would like to expand the integrand of (4.3.14) in powers of w. Since p/A. = (my —
2mq)/m;, the constant term is

— 2my + ma — §m1 =m <A” - i) = %()\ —X) +O((N = Ao)2). (4.3.15)

for A > \.. Therefore for X\ sufficiently close to \. we have

2
—omy 4+ ma— Pmy < 2P ). (4.3.16)
A A2
Note that e 2% =1 — 2u + 2u? + .. ., so the coefficient in front of u is
dmy + (—m3 n gsz n gml) n gmf n §2m1 = dmy —m3 + §(3m§ +3my). (4.3.17)

At A = )\, this coefficient is equal to

4my —ms3 + (34 3mq)(mg — 2my) = —ms + 3my — 2my + 3mamy — 6m2. (4.3.18)
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We claim that the quantity in (4.3.18) is exactly equal to m;A. Indeed, from the definition
of A we see that

ms3 — 3meo + 2my

A=—£+3(M2—/~L1): + 3(m2 — 2my)

mi

so that
miA = —ms + 3mo — 2mq + 3maomq — 6m%.

Using (4.3.17) with the equations that follow, we see that for A close to A. we have

4mq — ms + 2£m% + Bml + Bml(ml +2) <
A A A
Using (4.3.16) and (4.3.19) in (4.3.14), we see that for some constant C’ > 0 and all

t S mlA/(2C’),

3m1A

2 (4.3.19)

t
Xt <n (/ (ig()\ Ae) + 3m21Au+C’u2) du+26>
0 c

143
< <2p(/\ — At + 3m1At2 + ¢t + 26) n (4.3.20)

4 3
2
< </\§(/\ — At +my At + 26) n.

This proves (4.3.2) since ¢ is arbitrary.
The proof of (4.3.3) is parallel to the proof of (4.3.2), except that we now replace
the second line of (4.3.12) by E(u) (defined in (4.3.1)). We can do this because

1 .
= Z lGi‘j (D(]at) - l)l{S(j,t)ZI} < E(t)a

which is true by the definition of E(¢) in (4.3.1).
Since I; = n — S;, equation (4.2.3) implies

Xo
~ ~ 1
dl; = X5, dt — — g 1G1;,j1{3(j,t):1} dt — dMl,t. (4.3.21)
It \ij=1

Using fo = 1 and the inequality

Xo
1
=< E lGi,jl{S(j,t):H» < E(t)’
XI,t i,j=1

which follows from the fact that D(j,¢) > 1, we see that

t t
I — <1 +/ Xsyudu>‘ < / E(u)du + | My 4.
0 0

The rest of proofs for (4.3.4) and (4.3.5) are parallel to (4.3.2) and (4.3.3). We

omit further details. O
Let
Xo
L(t) = D, t)1{s(.t)=1,B(j.)>0} - (4.3.22)
j=1
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Since Zfi’l Lirgp=1y = )A(I’t we have

E(t) = =— Z Lir,n=13D 0, ) lsGn=131{aG.0<BG,H}
ij=1

(4.3.23)

Z Lirn=13P0U, ) isgn=13 1G>0y | = L(1)-

it \ij=1

The definition of L(t) and the fact D(j,t) < D(j,t)? imply that

X
L(t) < Z D(j, t)*1{s(j,t)y=1,B(.t)>0} -
j=1

Using the fact D(j,t) < D(j,t)? again, (4.2.10) implies that

lim P(L(t) < 77,(04,2,1015 + 6),V0 <t < A 1) =1. (4.3.24)

n—oo

Combining (4.3.23) and (4.3.24) we see that for some constant Cj 305 > 0,

t
lim P (/ E(u)du < (C 4.3.05t% +€)n, Y0 < t < 7, A to) =1. (4.3.25)
0

n—o0

The bound provided in (4.3.25) is not enough for our purpose (though we will also use it
in the proof of Theorem 1.15). We will prove refined bounded in the next section.

4.4 More refined bounds

Equation (4.3.3) implies that we can get a lower bound for X 1,+ if we can upper bound
the term fot E(u)du. To this end, we let b be some number in (0,1) to be determined. We
can decompose E(t) into two parts:

X
1 .
Ey(t) = Fan Z Lirin=13 D0, 1) 1sn=1y L{au.<bey | »
It \ij=1
! (4.4.1)
1 [ &
Es(t) = ' > Lun=13 P D isG.0=1} 1{BG.>bt)
Lt \ij=1

Since G, ; = {I(i,t) =1, A(3,t) < B(j,t)}, we have that E(t) < Ey(t) + E2(t). Now we set

Xo
X(I,b,t) := Z Liag,ey<ve,16,0=1y < X1t

i=1

_ (4.4.2)
Xo
L(b,t) :=Y_ D(j, )1 {s(.0-1,8G.>bty < L(t).
j=1
Recalling the definition of L(¢) in (4.3.22), we see that
X(I,b,t
Ei(t) = ML@), Es(t) = L(b,t). (4.4.3)
X1t
In the next two lemmas we give bounds on L(b,¢) and X (I,b,t).
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Lemma 4.5. There exists a constant Cy 44 so that for any fixed b € (0,1) and any € > 0,
whp forall 0 <t <y, A1,

L(b,t) < n(Cuya(l—0)%t +¢). (4.4.4)

Proof. Using the Cauchy-Schwartz inequality,

Xo
L(b,t) ZZ D(j,t)1{s(j,t)=1,B(j,t)>bt}
j=1
(4.4.5)
% 1/2 P 1/2
< DD Ls.n=1,8G.050) > l<nuo<n
j=1 j=1

The first term in the second line of (4.4.5) has already been controlled by equation (4.2.10),
i.e.,

Xo
Jim P ZD(J} £)*1(s(j,0=1,8G.0>0r < n(Craiot +€),YO<t <7y, Al| =1. (4.4.6)
j=1

Let N(t) be the number of rewiring events that occur by time ¢. Then we have

Xo
> <<y < N(E) = N(bt). (4.4.7)

j=1

Now we write down the evolution equation for N(¢)

Nuwi[qwmu+Mm,

where ~ ~
> Xt—]. pX()
(t) =pX1s AX1 b\

(4.4.8)

and My, is some martingale. The assumption E(D?) < oo implies that the event Q0
{Xo < 2myn} has probability tending to 1 as n — co. On 7, using (4.4.8) we have

q(t) < 2mypn/A.

It follows that
lim P(q(t) < 2mipn/A, vVt >0) = 1. (4.4.9)

n— oo

Note that N(¢) is a pure jump process with jump size equal to 1. It follows that the
expected value of quadratic variation of M7 ; up to time 1 is upper bounded by

E (supq(t) ) < PE(Xy) < 2.
>0 A A

This implies that for any ¢ > 0,

lim P ( sup | M7,| < en) =1. (4.4.10)

oo 0<t<ynAl

From the definition of N(¢), we see that for ¢ <1,

IN(t) — N(bt)| = < +2 sup |Mryl.

0<t<ynAl

/b: q(u)du
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Thus by (4.4.9) and (4.4.10),

lim P(IN(t) — N(bt)] < Cn((1 - b)t +¢),Y0 < t < ) = 1. (4.4.11)

n— 00

Combining (4.4.7) and (4.4.11),

Xo
lim P D lnnin<y <Cn((1-b)t+e) | =1. (4.4.12)
=1
Equation (4.4.4) now follows from (4.4.5), (4.4.6) and (4.4.12). O

Let tp and \g be the two constants given in the statement of Lemma 4.4. Based on
the calculations that led to (4.4.54) we let

U(t) =Cy.a.54 {GXP (W) A=)t + (1 =)t

Cansi(1—0)\ 4 . (4.4.13)
+ exp <_A—A+t> 4+ (A= A)t? + ] + Cya50Ve.
Lemma 4.6. For any A\ < A\, + Ao, whp for all 0 <t <ty Ay, we have
X(1,b,t) <U(t)n. (4.4.14)

Proof. We define the events Hy(i,t),1 < k < 4forl <i < )A(O (¢ is any half-edge) as
follows.

{I(i,bt) = 1,i didn’t get rewired or paired in [bt, ¢]},
( i, ) = {I(i,bt) = 1,4 got rewired to an infected vertex at its first rewiring in [bt,¢]},
{1

Hy(i, 1)

(1,bt) = 1,4 got rewired to a susceptible vertex at its first rewiring in [bt, ¢]
and that vertx later became infected in [bt, t]},
Hy(i,t) = {0 < A(i,t) < bt, S(i,bt) = 1,v(i, bt) got infected in [bt, t]}.

We claim that
{A(Z7t) < bt7I(l7t) = 1} - Ui:lHk(ivt)'

Indeed, either I(i,bt) = 1 or S(i,bt) = 1 must hold. The case of S(i,bt) = 1 corresponds
to Hy(i,t). On the other hand, if I(i,bt) = 1 and I(4,t) = 1, then there are three possible
cases: ¢ didn’t get rewired in [bt, t], ¢ was rewired to an infected vertex or i was rewired
to a susceptible vertex which later became infected. The first case case corresponds to
H,(i,t) while the second and third case are covered in H»(i,t) and Hs(i,t), respectively.

Let Hy(t) be the number of half-edges 7 for which Hy(i,t) occurs. It follows from the
claim and the definition of X (I, b,t) that

4

X(I,b,1) Z (4.4.15)

We first estimate [;(¢). The rate for a half-edge to be paired at time u is (X, —
1)/(AX1 ). Hence conditionally on X7 ,, bt < s <t, Hi(t) is stochastically dominated by

a
. . s X,
Binomial | X7 4, exp [ — —du .
bt AXI,u
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random variable. Here we have a binomial distribution because the Poisson clocks on
different infected half-edges are independent of each other. Let Cy 416 = max{2pm; /)2,
m1A,1}. Then the event
Li(n) Z{)A(I,t < Craaen((A = At +12 +¢),
X, > nmyexp(—2t)/2,Y0 < t < v, Ato} (4.4.16)

has probability tending to 1 as n — oo by (4.3.2) of Lemma 4.4 and (4.3.11). On the
event L;(n), we have that

PPN . 9
1-—
/{(u du > mq exp( 2u)/22 u > Cyqg17e Y 2 b)t. (4.4.17)
vt X1 vt Caa16((A— A)u~+ u? +¢) T A=At + 2+ e 4.4

Thus on Ly (n), Hy(t) is stochastically dominated by

. . C4_4.17672t(1 — b)t
i _ 2
Wo(t) := Binomial (04_4,1671(()\ Ac)t + 1%+ €),exp < D-\)itre)) (4.4.18)

For /e <t < ty, we have

(bt  _ (1-b 1-b

A=At +12+e = 2(A=A)t+12) 2N = A+ 1)

Hence Wy(t) is stochastically dominated by

. . Cyarre (1 -0
Wi (t) := Binomial (04_4,1671(()\ — At + 1% 4 €),exp (— 424()1\7i )\C(+ ) ))) (4.4.19)

for /e <t < ty. Define

(4.4.20)

2ty _
Uo(t) = Cra16((A = Ao)t + 1% + €) exp < Cygare” % (1 b)>

2N — Ao + 1)

For t > /¢, there exists a constant Cy4 421 = Cy.4.01(No, o, €) depending on Ay, ¢y and €
such that
Up(t) > Caa.01. (4.4.21)

We need a large deviations bound for sums of Bernoulli random variables.

Lemma 4.7. Considern i.i.d. Bernoulli random variables Y1, ...,Y,. Let p = >, _, E(Y;).
Then we have

P (Z Yy > 3,;) < exp(—pu). (4.4.22)
k=1
Proof of Lemma 4.7. By [25, Theorem 2.3.1], we have
n e 3
P (> Yi>3u| <exp(—p) (“) < exp(—p). O
k=1 3u

Using Lemma 4.7, we have, for ¢t > /e,
P (Wi(t) > 3Up(t)n) < exp(—Up(t)n) < exp(—Cly.a.211). (4.4.23)

Using the definition of L; (n) in (4.4.16) and the fact that for /e < ¢t < ¢y, W1 (t) dominates
Wy (t) which in turn dominates H(t) (see (4.4.18)), we get

P ({H1 (t) > 3U0(t)n} N Ll(n)) < GXp(—C4.4,21(>\0, to, 6)77/) (4.4.24)

EJP 27 (2022), paper 110. https://www.imstat.org/ejp
Page 56/66


https://doi.org/10.1214/22-EJP828
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

SI epidemics on evolving graphs

For 0 < ¢ < /e, on the event L;(n),

)A(I,t < Cuaaen((X = At + 12+ €) < Cugaen((N — Ae)Ve+e+e€) < Cuaosnye. (4.4.25)

~

for sufficiently small e. Since H;(t) < X (by the definition of H;(t)),
Hi(t) < Cyaasny/e fort < /e.

Thus if we define
Ur(t) = Uo(t) + Caa25Ve, (4.4.26)

then we have
P ({Hl (t) > 3U; (t)n} N Ll(n)) < exp(—C4A4,21n) (4.4.27)

for all 0 < t < to. Setting t§ = tof/n?/?,0 < £ < n®/?, we get
P (Vg HLHL(t) > 301 (th)n}) N La(n)) < 02 exp(~Ciazin). (4.4.28)

Denote the oscillation of H;(t) in [t§, t5™] by w(H, (t),t5,t5t!). Here, the oscillation of
any function (deterministic or random) ¢(¢) in an interval [a, b] is defined to be

sup [g(t1) — g(t2)|.
a<t;<t2<b
Consider the event that there is at most six pairings (i.e., a half-edge pairs with another
half-edge) and rewirings (i.e., a half-edge is rewired to another vertex) occurring in
[bt§, bt T U [t6, t5T1] and denote it by Q¢. On Qf we have
w(H, (1), t6,t51) < 6 max Q;, (4.4.29)
where (Q; is the number of half-edges that vertex i has before it becomes infected.
By (4.4.29), Markov’s inequality and (4.2.19) (together with Q? > Q%) we have

6'E(C, QY _ C
etn?t ~ etnd’
(4.4.30)
Now we control the probability of (Q2)¢. Note that the rate for a rewiring or pairing to
occur is equal to (p)/(\},t + A)?I,t)()?t - 1)/()\)?”) which is bounded by (A + p))?O/A. On
the event 2 := {)?0 < 2myn} (which holds with high probability) this quantity is upper
bounded by 2(p + A\)min/\. Using this we get

P({w(H, (t),t5,t5T) > en} N QY <P (6 max Q; > en> <

P((Q)°)NQ) < C(n-n~32)8 < Con~3, (4.4.31)

Combining (4.4.30) and (4.4.31) we get

c
P({w(H, (1), t5,t5™) > en} N Q) < e (4.4.32)
By the union bound for probabilities,
n3/2-1 0 L0+1 * ¢
P ((UZ:O {w(H, (t), £, 571 > en}) N Q) < 5o (4.4.33)

Combining (4.4.28), (4.4.33) and the facts P(Ly(n)) — 1,P(Q2}) — 1, we get

. nd/2_ n3/2_
Tin P (O w(H (@), 6, 167) < en}) 0 (ME2 T (1) < 30 (E)n}) ) = 1.
(4.4.34)
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On the event
n3/2_ 3/2 4
(M2 (L (1), 16, 657 < en ) 0 (PE2 (L 26) < 3UL )}
we necessarily have H; (t) < 3U;(t)n + en < 4U;(t)n for all 0 < ¢ < tg A v,. Hence we get

lim P(Hy(t) < 4Uy(Hn,V0 < t < to Avy) = L. (4.4.35)

n—oo

Now we turn to the control of H,(t). We set the event
Lo(n) == {I, < (2mat + €)n,¥0 < t <y, Ato}.

By equation (4.3.4) we have
lim P(Ly(n)) = 1. (4.4.36)

n—roo

On Ly(n), Ha(t) is stochastically dominated by
Wa(t) := Binomial(Cy 4 37n((A — At + 12 +€), Ch 4 57(t +€)). (4.4.37)
for some constants Cy 4 37 and C} , 3;. Now we define
Us(t) = Cuasr((N = A)t + 12 +€)C'y 4 57(t + €) + Cuao5v/e. (4.4.38)

Following the proof of (4.4.35), one can derive analogous inequalities to (4.4.27) and
(4.4.33) for H5(t). Combining these two inequalities we obtain that
lim P(Hy(t) < 4Us(t),¥0 <t <tgA7y,) = 1. (4.4.39)

n—o0
We omit further details.

It remains to control H;(¢) and H,(¢). For any vertex x, let R(z) be the indicator
function of the event that vertex z has received at least one rewired edge when z
first becomes infected and let ), be the number of half-edges that x has just before it
becomes infected. Let R(x,t) be the indicator of the event that x has received at least
one rewired half-edge by time ¢. Then we have, by the definitions of H3(t) and Hy(t),

H + H4 Z Z, t Qzl{x was infected in [bt,t]} (4.4.40)

Denote the right hand side of (4.4.40) by N(bt,t), then we can decompose N (bt,t) into a
drift part and a martingale part for any fixed ¢:

t
N(bt,t) = [ hy(u)du+ Ms,. (4.4.41)

bt
Let D, (u) be the number of half-edges of vertex x at time v and D(j,«) the number of
half-edges that v(j, ) has at time u (recall that v(j,u) is the vertex that half-edge j is
attached to at time u). The process N (bt,u), bt < u < t has a positive jump whenever
a susceptible vertex with at least one rewired half-edge gets infected. The probability
that z is infected (given an infection event occurs) is equal to D, (u)/ ()?u — 1) and the

contribution to N (bt, ) is equal to R(z,u)D,(u). Thus h:(u) satisfies

)? -1 ZZ 1 R(l‘, U)Dg (u)l{x is susceptible at time u}

ho(u) < AXp, —— - =2= =
Y AX X, -1
2 (4.4.42)
< ZD(jvu)21{S(j,t):1,B(j,t)>0}7
j=1
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where the second inequality follows from changing the order of summation:

Z D ]-{;c is susceptible at time u}R(:C u)

v=1
Xo
< Z D2 1{x is susceptible at time u} Z 1{1)(] u)=z,B(j,u)>0}
7j=1
. (4.4.43)
= Z Z Loy =2} DUy u)*1{s(j,u)=1,B(ju)>0}
j=lz=1
Xo
= D0, ) 1sGuw=1.B(j.u)>0} -
j=1

In the first step of (4.4.43) we used the definition of R(x,u) so that

R(z,u) < L{oGuy=e,B(j.w)>0}-
j=1

We denote the event
Z D(4,£)*11s(j,0)=1,BG.t)>0p < n(Ca2.10t +€),Y0 <t < v, Al
Then by (4.2.10) we have P(L3(n)) — 1 as n — co. On L3(n), using (4.4.42) and setting
Cy.4.44 = Cy.9.10, we see that for all 0 < ¢ < ¢,

he(u) < n(Cyygaat +€), Vbt < u < t. (4.4.44)

The definition of N(bt,t) as the right hand side of (4.4.40) implies that we can upper
bound the quadratic variation of Mg, by > ., Q? where Q; is the number of half-edges
that vertex ¢ has before it becomes infected. Using this and the Burkholder-Davis-Gundy
inequality we have

=1

E(Mg,) <CE (ZQ ) <CE <n§an?> < C'n?. (4.4.45)

The second inequality in (4.4.45) is due to the Cauchy-Schwartz inequality

(Se) (£+) > (£e)

and the third inequality follows from (4.2.19). Using (4.4.45) we have

E(Mg,) _ C
]P(|M8,t| Z en) S W S 64/]7/2. (4:446)
Now using (4.4.40), (4.4.41), (4.4.44) and (4.4.46), we get, forany 0 <t < tg,
C
P(Lg(n) N {Hg(t) + H4(t) Z (1 — b)t(04_4.44t + e)n + en}) S €4n2 (4447)
Define
Ug(t) = (1 - b)t(C4.4,44t + 6) + €. (4.4.48)
EJP 27 (2022), paper 110. https://www.imstat.org/ejp
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Now we can repeat the proof of (4.4.35) (i.e., divide [0, ¢o] into n3/2 intervals and use a
union bound) to get

lim P(Hs(t) + Hy(t) < 2U3(t)n, Y0 < t < tg Avp) = 1. (4.4.49)

n— oo

Combining (4.4.35), (4.4.39) and (4.4.49), we have that with high probability
Using (4.4.20), (4.4.26), (4.4.38), and (4.4.48), the right-hand side is

Cyaa7e” 2 (1 —b)
20— Ao 1 1)

+ (ChasrN = At + 12 +€)C’y 4 37(t +€) +2Cy 4.05/€ (4.4.50)

5[Cua16((X — Ae)t + 12 + €) exp <—

+ (1 — b)t(C4_4.44t + 6) -+ E:| n.

To make the computation easier to write we note that when ¢t < ¢y <1,

Cyar7e (1 —b) C4451(1—0)
— < —_ 2 | = F. 4.4.51
eXp( 20— +t) )P Ut (4.4.51)

Expanding the terms in 4.4.50 and putting the terms with ¢ or /¢ together, we bound
(4.4.50) by

5 [0444.16(()\ = At + ) F + (Chyzr(A = Ae)t +12)Ch 4 g7t
(4.4.52)
+ Cra4a(1 — b)t} n+ Cyas2v/en.

We also used the fact that € < /e in (4.4.52). Sorting the terms by powers of ¢t we get
5 {C4_4,16F()\ = A)t+C 4.4.44(1 = b)t (4.4.53)

+ Cua16Ft* + Cua.37C) 4 37[(N — Ae)t? + td]} n+ Cyas2ven.

Simplifying constants we have

Caa5(1-0)

X(I,b,t) <Cy.4.54 {GXP <_ A— A+t

) (A= Aot (4.4.54)

1-9 :
—+ exp <C';l\4_5;\(_~_t)) t2 —+ ()\ — )\C)t2 + (1 — b)t2 + t3:| n + 04_4_52\/ETL,

which completes the proof of Lemma 4.6. O

4.5 Completing the proof of Theorem 1.15

Proof of Theorem 1.15. We set v,, = inf{t > 0: )A(Lt = 0}. We now condition on a large
outbreak so that I, > nn for some fixed n > 0. By (4.3.4), we see that, conditionally on
I, > nn, with high probability v,, > € for some € > 0. That is,

lim P(y, > €lloo/n > 1) = 1. (4.5.1)
n—oo

Let tg and Ao be given by the statement of Lemma 4.4. We let \; < Ao, t1 < tp be two
constants (independent of €) and €1, €2, €3, €4, €5, € be some small numbers (depending on
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€) to be determined. Recall the definition of U(t) in (4.4.13). We set Cy 4521/ in (4.4.13)
to be ¢4. In other words,

C 1-0b
U(t) = Cya54 (GXP (;\'f)l}\(_’_t)) (A= A)t+

(exp (—W) +(A=A)+(1— b)) 2+ t3> + €4,

(4.5.2)

Previous results imply that the following inequalities hold whp on 0 <t < ~,, Atg. The
numbers on the left give the formula numbers for these statements.

o t
4.3.3) Xr.> <pm1(A Aoy Ml 62) n —/ E(u)du.
0

2)2 4

c

ot
435 I,> <m;t e5> nf/ E(u) du.
0

t
(4.3.25) / E(u)du < (Cy3.95t* + €1)n.
0

(4.3.24) L(f) < TL(C4,2_10LL + 61).
(4.4.4) L(b, t) < n(C4,4,4(1 — b)l/Qﬁ + 63).
(4.4.14) X(I,b, t) < U(t)n

Let €, be the event that all of the last six formulas together with the event {v,, > €}
hold. Combining (4.5.1) and the fact that lim inf,, o P(Ioc/n > 1) > 0 (since A > \.),

lim P(Q,|Toe/n > 1) = 1. (4.5.3)

n— 00
Now we define

pmi(A=X.) .  miA ,
4.5.4
e t+ 3 t“+e|ny, (4.5.4)

¢
r:inf{egtgto/\%:/ E(u)du>(
0

where inf () here is set to be g A 7,. We want to select the parameters \; and ¢; so that
whenever A — \. < A1 and the outcome is in {2,,, we have

f <7 <, (4.5.5)
~ mqt b mqt
I, > ( L —65> n—/ E(u)du > L. (4.5.6)
This implies
Ioo m1t1
= > ,
n 8

which proves (1.5.7), as desired. We now divide the proof of (4.5.5) and (4.5.6) into five
steps:

e In Step 1, we choose appropriate ¢, €5 and ¢4 to ensure v, > 7 > €.

e In Step 2, we show that, under conditions (4.5.19) and (4.5.20) below, there exists
a constant ¢; such that 7 > ¢;.

* In Step 3, we show that (4.5.19) and (4.5.20) can be satisfies by choosing appropri-
ate values of the parameters involved. The first three steps combined give (4.5.5).

e In Step 4, we prove (4.5.6).

¢ Finally, we summarize the choices of the parameters.
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Step 1. We first show that 7 > €. Using (4.3.25),

/ E(u)du < (Cy3.25€* + €1)n, (4.5.7)
0
We set
€1 = 04.3.25627 (4.5.8)
and
_ A=A
€9 = €g = 16)\% (459)

We now require
e pmi(A— ;)

Cu3.056 + €1 =20y 3956 < 5 = 327/\26’ (4.5.10)
which holds true if 2Cy 3.05¢% < pmi (X — A\.)€/32)2 or equivalently,
pmy <)\ - Ac)
_—, 4.5.11
64C}.3.25)2 ( :

We now prove 7 > ¢. Indeed, using (4.5.7)-(4.5.10),

pml(/\ Ae) pmi (A — Ae) mlAz_
/E < 3900 ————en < 2\ t+ 1 t € | n.

This proves T > € by the definition of 7.
Now we show that ~,, > 7. If v,, > t¢ then this is trivial. So we assume that v, < .
Equation (4.3.3) and the definition of 7 in (4.5.4) imply that, fore <t < 7,

~ PR A k
X > (pm1(2/\2 )t + mi t? — €2> n —/ E(u)du
c 0

pmi(A =), miA , pmi( A=), miA ,
> - — 4.5.12
( 2 t+—t —e)n e t+—g—t e )n ( )

pmi(A—Xe) miA ,
Z< 4)% t+ 3 t — €2 — € | N

Note that when ¢ > ¢,

— A A — A A
prnA=Ac), t2—62—€6>pmli>;\2>\)€+mé

2
2 3 € —e —€g >0,

due to (4.5.9). This proves ~,, > T.

Step 2. We turn now to the second requirement that 7 > ¢; for some appropriately
chosen constant ¢;. We will show this by contradiction. Assume 7 < t; which is also
smaller than ¢y. Since we have already proved v, > 7 > ¢ in Step 1, it follows that

pmi (A — Ae) miA
E(u . 4.5.1
/ ( 2z T+ g T“+e | n (4.5.13)
We split the integral [ E(u) du into two parts: [ E(u)du and [” E(u) du. This first part

has already been controlled in (4.5.7) and (4.5.10). For the second part f; E(u)du, (4.4.3)
implies that
X(1,b,t)

E(t) < Eq(t) + Eo(t) = %

L(t) + L(b,1). (4.5.14)
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For e <t < 7, using (4.4.15) and (4.5.12), we get
X(1,b,t) < U(t)n

X1 (Wt b, 66) n

(4.5.15)

Using (4.5.9) and t > ¢, we see

pmi(A —A¢) miA , pmi(A =), miA o
( 4)\3 t+ 3 t° — €3 — €5 | N > max 8)\2 tn, 3 t“n,ean o .

Hence using (4.5.2) and (4.5.15) we get

C —b
X(I,b,t) <C4.4.54 exp (*%) (A=)t

v — mi (A=
XI,t £ 155)\2 C)t

c

Cia54 (eXp (_Cii"fﬁt_b)) + A=)+ (1 =0b)+ t) 2,

+ mA t., (45.16)
Caa5(1-0) 8C4.4.5402  8Cy.454
< _
exp( A=A+t pmy + miA
8Cy.4.54 €4
+ (A=) + (1 =0)+1t)+—.

mlA €9

Let V(A,t) denote the quantity on the last two lines of (4.5.16). V' (A, ) is increasing with
respect to both A and ¢. Therefore for A < A, + A\; and t < tg, which we have supposed is
<1, V(A,t) is bounded above by its value at (A. + A1, 1)

V* = exp (_04‘4.51(1 - b)) (804‘4.54%2; n 804.4.54)
A1+ to pmy miA (4.5.17)
8C4.4.54 €4 a
)+ (11— “
oA (A=) +( b)+tl)+62

Using (4.5.14), (4.5.17), (4.3.24), and (4.4.4) we see that
T T X I T
/ E(u)du < / ML(u) du +/ L(b,u) du
€ € X]7u €
< / V*(C4'2,10u + El)n du + / n(C4,4,4(1 — b)1/2u + 63) du (4.5.18)
] 7'2 ‘ T2
< <V*C4,2.102 +V*em+ Craa(l - b)l/2? + 637) n.

We want to choose our parameters so that
V*Cyo10 + Craa(l —b)1/2 < miA
2 - 16’
Ve + €3 < %6 (4.5.20)

(4.5.19)

Indeed, if (4.5.19) and (4.5.20) hold, then by (4.5.7), (4.5.10) and (4.5.18) we have

T € T A
/ E(u)du = / E(u)du +/ E(u)du < G Mm2e, % n, (4.5.21)
0 0 . 2 16 2
which is smaller than ) A
m — Ac m
(p 14)\(2: T+ é T2+66> n.
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This contradicts with (4.5.13) and proves 7 > ¢; on £2,,.
Step 3. (4.5.19) will hold if

* mlA 1/2 mlA
V< ——— and (1-90 < —.
~ 32C4.2.10 ( ) 32C4.4.4
We have €; < €g/2 by (4.5.10), so (4.5.20) will hold if
V*<1/4 and 63:%.
To make sure (4.5.19) and (4.5.20) are satisfied, it suffices to have
. mlA 1 1/2 mlA €
V<K := = = 1-p)/2< = = ) 4.5.22
- . { 32C42.10 4} o yrs 32Cy 44’ s 4Cy.4.4 ( )

Using the definition of V'(\,¢) in (4.5.17), (4.5.22) can be satisfied if we first choose b
sufficiently close to 1 such that

K
———(1-b) < — 4.5.23
mlA ( ) - 8 ’ ( )
then choose )1, t; and ¢4 such that
C4451(1—0) bCya50N2  8Cya54 8Cy.4.54 8Cy.4.54 K
-—— : < : e O . —,
eXp ( )\1 +t1 pPmi + mlA + mlA ( ) + 1A ! 8
(4.5.24)
and finally take
€4 = %K, (4.5.25)
Step 4. It remains to take care of (4.5.6). Using (4.3.5) and (4.3.25), we have
~ t 1 t
Itl > (m; L E5> n — E(u)du > (m; L €5 — C4_3.25t% - 61) n. (4:526)
0
Recall that we set ¢, = Cy 3.95€¢2 in (4.5.8). Thus we have
~ t
Iy, > (m; S5 — C a5t — C4.3.25€2> n, (4.5.27)
which is bigger than nmt, /8 if
1/2
my maty mity
< — = _— . 4.5.28
' = 16C 505 = T <16C4.3.25> ( )

Summary we can first choose b close to 1, then tale A\; and ¢; sufficiently small such
that (4.5.24) holds true and

£, < mi My
min s — .
P 16Cy3.05 "

Then we let € be smaller than

min pml(/\ — /\c) m1t1 1/2
64C4.3.2502 "\ 16Cy 454 '

Finally we determine ¢4, ..., ¢ using (4.5.9), (4.5.8), (4.5.22), (4.5.25) and (4.5.28).

pmi(A — Ac) 2 €6
€2 = €g = e, € =C € €3 = —
2 6 16)\3 ) 1 4.3.25€ 3 4 )
€2 . mlA 1 mito o
€= —mn-< ———————, — €5 = .
T8 32C4210°4f7 ° 16
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