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Abstract

A stochastic SIR (susceptible — infective — recovered) epidemic model defined on
a social network is analysed. The underlying social network is described by an Erdos-
Rényi random graph but, during the course of the epidemic, susceptible individuals
connected to infectious neighbours may drop or rewire such connections. Large pop-
ulation limits of the model are derived giving both convergence results for the early
branching process-like behaviour, and, assuming a major outbreak, the main phase of
the epidemic process which converges to a deterministic model that is equivalent to
a certain pair approximation model. Law of large numbers results are also obtained
for the final size (i.e. total number of individuals infected) of a major outbreak. Two
results stand out (valid for a range of parameter set-ups): (i) the limiting final fraction
infected may be discontinuous in the infection rate A at its threshold A. (thus making
a discrete jump from 0 to a strictly positive number) and (ii) for the situation when
rewiring is necessarily to uninfected individuals, if it is discontinuous, the limiting final
fraction infected jumps from 0 to 1 as A passes through A..

1 Introduction

Traditional mathematical models for the spread of an infectious disease assume that indi-
viduals behave the same way all through the epidemic outbreak, and that no interventions
are put in place during the outbreak. More recently models have been studied that include
various public health preventive measures put in place during the outbreak, thus reducing
spreading (e.g. [Ferguson et al.(2006)]). Usually such measures are easy to incorporate into
a model, however the resulting model is often not susceptible to mathematical analysis and
the effects of measures are qualitatively understood and quantitatively obtained through
large simulations studies (e.g. [Chinazzi et al.(2020)]).

A different type of preventive measure is those performed by separate individuals. For
example, it is well known for diseases like HIV, Ebola and Covid-19 that individuals at
risk also, individually, increase their preventive behaviour once they become aware of an
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ongoing epidemic outbreak. Recently, mathematical models containing such individual
preventive measures have been defined and studied numerically (e.g. [Funk et al.(2010)]).
These individually-based preventive measures, triggered by an ongoing epidemic, are however
harder to analyse and few analytical results are available for epidemic models incorporating
such adaptive dynamics.

In the current paper we continue the study of one such SIR (susceptible — infective —
recovered) epidemic model, where transmission occurs along links of an underlying social
network, and in which uninfected individuals that are connected to infectious individuals
may choose to drop or rewire connections to infectious neighbors in order to avoid getting
infected. [Leung et al.(2018)] study such a model and prove that for some (but not all!)
networks and parameter set-ups, the model with preventive rewiring may actually give a
larger epidemic outbreak than the corresponding network and parameter set-up but without
rewiring. The surprising conclusion is hence that such preventive rewiring at the individual
level reduces the risk for an individual to get infected, but if collectively performed it may
increase the final epidemic size.

Durrett and co-workers ([Jiang et al.(2019)]) study the same model for the special case
where the underlying social network is an Erdés-Rényi network (i.e. one in which between
any two distinct individuals an edge is present independently with a fixed probability) and
conjecture, by means of a convincing simulation study, that the final epidemic size may be
discontinuous at criticality. By this we mean that, fixing the Erd6s-Rényi network model and
all other model parameters apart from the transmission rate A, the limiting final epidemic
outbreak size 7(\) (more specifically, the fraction of the population infected by an epidemic
initiated by one infective, given the occurrence of a major outbreak, i.e. one that takes off
and becomes established) satisfies

ﬂM{ZO i\ <\, m

>a  if A> A\,

A being the value for which the basic reproduction number Ry = 1, and a being a strictly
positive constant. In [Jiang et al.(2019)] the authors provide details of various approxima-
tions to the epidemic model with rewiring (none of which displayed the discontinuity) in the
hope that someone can find an accurate approximation that explains the reason for discon-
tinuous phase transition at A = A.. The main achievement of the present paper is to provide
such a deterministic approximation, together with an associated law of large numbers for
the temporal trajectory of the stochastic epidemic as the population size n — co. We give
almost identical necessary and sufficient conditions for the final size of this deterministic
model to display the discontinuity (II). For the stochastic model, we prove conditions under
which the final size of a major outbreak satisfies ({l) in the limit as n — oo and conditions
under which it does not satisfy ().

Our deterministic approximation is derived from a novel construction of the stochastic
epidemic with rewiring, in which the Erdés-Rényi network and epidemic are constructed
simultaneously. A key observation underlying this construction is that owing to symmetries
in the Erdds-Rényi network and the rewiring process it is sufficient to keep track of just the




number (and not the end points) of susceptible-susceptible rewired edges. The construction
yields an infinite-dimensional continuous-time Markov chain. However the epidemic dy-
namics are encapsulated by the four-dimensional process which records the evolution of the
numbers of susceptibles, infectives, infective-susceptible edges and susceptible-susceptible
rewired edges with time. We prove weak law of large numbers convergence of this four-
dimensional process to the above-mentioned deterministic approximation using a theorem
in [Darling and Norris(2008)].

The construction yields a process whose law is very close to but not exactly the same
as that of the original model. However, the difference is very small and we prove that
convergence in probability results transfer from the constructed to the original process. The
approximating deterministic model is equivalent to the pair-approximation model of the
epidemic, so the above law of large numbers provides a rigorous justification of the pair-
approximation model.

A common approach to analysing the final size of an SIR epidemic is via a suitable ran-
dom time-scale transformation which leaves the final size unchanged. For the present model
this yields a deterministic limiting process that is not Lipschitz in the vicinity of disease-free
states, which means that results concerning convergence of terminal values, in for exam-
ple [Darling and Norris(2008)|, cannot be applied. This explains why only partial results,
derived by considering appropriate bounding processes, are proved concerning discontinuity
of the final size of the stochastic model. For the special case of the SI model, in which there
is no recovery from infection so infectious individuals remain so forever, this difficulty dis-
appears. Moreover, for the SI model, the deterministic limiting process can be analysed to
yield an explicit non-linear equation for the final size 7, which enables us to prove a necessary
and sufficient condition for there to be a discontinuity at the threshold A = ..

In the above models, when a susceptible individual rewires an edge from an infective
neighbour it is to an individual chosen uniformly at random from all the other n — 2 in-
dividuals in the population. We analyse also an alternative model in which such rewiring
is to an individual chosen uniformly at random from all other susceptible individuals. This
model also does not suffer from the Lipschitz problem and a full rigorous analysis of the
stochastic model is available. In particular, a necessary and sufficient condition for the (in
probability) limiting final size of a major outbreak 7(\) to have a discontinuity at A.) is
proved. Moreover, when it exists, the discontinuity at A, is more striking in that

0 A< A,
1 if A < A<w—7, (1.2)
€(0,1) ifA>w-—1,

7(A)

where w and v are the rewiring and recovery rates, respectively. (A necessary but not
sufficient condition for 7(\) to be discontinuous at A. is w > 7.) Thus the fraction of the
population infected by a major outbreak jumps from 0 to 1 when A\ passes through the
threshold \.. When \ is very large susceptibles become infected before they can rewire away
from neighbouring infectives and in the limit n — oo an epidemic that takes off infects all
members of the giant component of the underlying Erdés-Rényi network.



While we were completing our research, Durrett and another co-worker ([Yao and Durrett(2020)])
published a second paper concerned with epidemics with rewiring on random graphs gener-
ated by the configuration model, in which conditions (that are almost complementary) for
the final size of the SIR epidemic to have and not have a discontinuity at A\, are proved. They
also prove similar results for the SI model. When the degree distribution in the configuration
model graph is chosen to be Poisson, the conditions in [Yao and Durrett(2020)] for 7(\) to
have a discontinuity at A. coincide with those we give for epidemics on an Erdés-Rényi net-
work but (at least for the ST model) the function 7(A) in [Yao and Durrett(2020)] is different
from ours. In our work an explicit equation satisfied by 7()\) is not available for the SIR
model. As we discuss later, the results in [Yao and Durrett(2020)] are obtained by analysing
a construction of the network and epidemic which we believe is not probabilistically equiva-
lent to the original model, and which yields an incorrect deterministic limit as n — oo (even
if numerically quite close).

The remainder of the paper is organised as follows. The main SIR model with rewiring
is described in Section Il It is slightly more general than that indicated above in that
susceptible individuals may also drop edges to infective neighbours. The main results of the
paper are given in Section The SIR model is treated in Section 2.2.Jl where theorems
concerning branching process approximation of the early stages of an epidemic with one
initial infective (Theorem R.]) and a weak law of large numbers for the temporal behaviour
of an epidemic in which a strictly positive fraction of the population are initially infective
(Theorem 2.2)) are stated. A weak law of large numbers for the final size of a major outbreak
is conjectured (Conjecture [2]). Theorems giving conditions for the final size of the approx-
imating deterministic model and stochastic model to have a discontinuity at the threshold
A are stated (Theorems and 2.4 respectively).

The SI model is treated in Section A weak law of large numbers for the final size
of a major outbreak is given in Theorem and a necessary and sufficient condition for
the final size 7(\) to have a discontinuity at A, is presented in Theorem 2.6l Note that a
major outbreak is not guaranteed even though infected individuals remain so forever, as the
initial infective may not belong to the giant component of the original network, and even if
it does, susceptibles can rewire their connections away from infected neighbours. A detailed
analysis of the final size of a major outbreak is given in Corollary 21l The SIR model in
which rewiring is necessarily to susceptibles is treated in Section 223 Weak laws of large
numbers for the temporal behaviour of an epidemic with a positive fraction initially infected
and for the final size of a major outbreak for an epidemic with one initial infective are given
in Theorems 2.7 and 2.8 respectively. The latter includes the behaviour described by (L2]).
Two other rewiring models are treated briefly in Section 2224l Throughout Section
results are illustrated by simulations and numerical studies.

The construction of the epidemic model which underpins its analysis is described in
Section 2.3 The approximating deterministic model is shown to be equivalent to a pair-
approximation model of the epidemic in Section Bl A comparison of our results with those
in [Yao and Durrett(2020)] is given in Section H, where a numerical study shows that the
corresponding asymptotic final sizes differ and a simulation study gives very strong support




to the correctness of our asymptotic final size. A heuristic derivation of the final size of
the SI model is given in Section Bl The proofs are given in Section [0 and some very brief
concluding comments are given in Section [}

2 The model, results and construction

2.1 The network epidemic model with social distancing

Consider a community of size n socially structured by the Erds-Renyi random graph G(n, p1/n),
i.e. where there is an edge, independently, between each pair of individuals with probability
/.

Given the social graph/network a Markovian SIR epidemic process is defined as follows.
The epidemic starts by one or more individuals, selected uniformly at random from the pop-
ulation, being infectious and the rest being susceptible. During the course of the epidemic,
each infectious individual infects each susceptible neighbour at rate A (i.e. at the points of
independent Poisson processes each having rate A, and each infectious individual recovers
(and becomes immune) at rate v (implying that the duration of the infectious period follows
an exponential distribution having mean y~'). The preventive feature of the model is that
each susceptible individual rewires or drops its edges to any infectious neighbour indepen-
dently at rate w for each edge. More precisely, the susceptible individual rewires such an
edge with probability «, otherwise the susceptible individual drops the edge. When a sus-
ceptible rewires an edge, the rewiring is to an individual chosen uniformly at random from
the other n — 2 individuals in the population. (In Section we treat also the case where
the rewiring is necessarily to a susceptible individual, and in Section 2.2.4] we outline the
case where the rewiring is to anyone except those currently infectious.) All events described
above are defined to occur mutually independently. The epidemic stops when there is no
infective individual remaining in the population.

The parameters of the model are hence: u: the mean degree of the underlying graph,
A the transmission rate, 7: the recovery rate, w: the rewiring/dropping rate, and «: the
probability of rewiring (rather than dropping).

Throughout the paper we assume implicitly that w > 0, unless explicitly stated otherwise.
If w = 0 the model reduces to an SIR epidemic on an Erddés-Rényi random graph having

known large-n behaviour ([Andersson and Britton(2000)] and |[Neal(2003)]).

2.2 Results
2.2.1 SIR model

We first introduce some notation, the precise meaning of which is made clear when we
describe our construction of the epidemic model in Section 23 Let X ™ = {X ™ (¢) : ¢ > 0},
where X (t) = (SM(t), 1M (&), I (1), W™ (2)) and S (t), I™(t), I{(t) and W™ (¢)
are respectively the numbers of susceptibles, infectives, infectious (i.e. infective-susceptible)
edges and susceptible-susceptible rewired edges at time t.
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Our first result concerns the initial phase of an epidemic starting with one initial infective,
which we approximate by a branching process. Let B be a continuous-time branching process,
with one ancestor, in which the lifetime of an individual follows an exponential distribution
with mean =% At birth an individual is assigned Po(u) infectious edges, where Po(u)
denotes a Poisson random variable with mean p. An individual drops each of its infectious
edges independently at rate w and infects down them independently at rate \. When an
individual infects down an infectious edge a new individual is born and the edge is dropped.
When an individual dies all of its remaining infectious edges are dropped. For t > 0, let
I(t), Ig(t) and T(t) be respectively the number of individuals, number of infectious edges
and the total progeny (including the initial ancestors) in B at time ¢. For n = 1,2,..., let
t, = inf{t > 0 : T(t) > logn}, where t, = oo if T(t) < logn for all t+ > 0. Let £™ be the
epidemic described in Section 1], assuming a single initial infective. Let T (t) = n—S™ (1)
be the total number of infections in £ during [0, #].

Theorem 2.1 There exists a probability space (Q, F,P) on which are defined realisations of
EM (n=1,2,...) and B satisfying

sup (ﬂ")(t),ISE">(t),T<">(t)) (), I(t), T)| 250 asn — oo
0<t<tp
Let \
1
fo=32oy 1)

be the offspring mean of B. The quantity Ry is known as the basic reproduction number for
the epidemic £M™. We say that a major outbreak occurs in €™ if at least logn individuals
are infected. It follows from Theorem 2 Tlthat as n — oo the probability of a major outbreak
converges to the probability that B does not go extinct. Thus with high probability a major
outbreak is possible if and only if Ry > 1. (An event, A, say, is said to hold with high
probability if P(A,) — 1 as n — o0.) In particular, if all parameters other than A are held
fixed, with high probability a major outbreak is possible if and only if A > \., where

Y tw

Ae .
w—1

(2.2)

Let 7™ = n — S™(00) be the final size of the epidemic £™ i.e. the total number of
individuals infected during the epidemic, and T™ = n='T™ be the fraction of the pop-
ulation that become infected. The above criticality of A, and the following lemma follow
from [Jiang et al.(2019)], Theorem 2, though the proof there is quite different from the cur-
rent proof, given in Section

Lemma 2.1 Suppose that Ry > 1. Then there exists T = 7'(u, \,y,w) > 0 such that

lim P(T™ > 7'|T™ > logn) = 1.

n—o0



Remark 2.1 Note that A\, and 7’ are independent of the value of . It is clear that the model
with o = 0, so there is dropping but no rewiring of edges, provides a lower bound for any
corresponding model with o > 0. For the model with o = 0, the epidemic and random graph
can be constructed simultaneously on a generation basis using an obvious extension of the
construction in [Neal(2003)] to yield a process that can be represented as a randomised Reed-
Frost process ([Martin-Lof(1986)]). The central limit theorem in [Martin-Lof(1986)] then
yields a central limit theorem for the final size of a major outbreak. We omit the details.

Our next result is concerned with the deterministic approximation of the main body of
an epidemic started with many initial infects. For ¢t > 0, let z(t) = (s(t),i(t), ig(t), w(t)) be
the solution of the system of ordinary differential equations

ds ,
e (2.3)
di . .
. .2
d;—tE = —>\ZE — ’)/’LE + )\MZES — )\Z?E + 2>\ZE% — sz(l -+ Oé(l — Z)), (25)
dw . . w
= waips — 2>\1E§, (2.6)

having initial condition x(0) = (s(0),4(0),ig(0),w(0)). (The vector z(t) is not in bold to
help link with the theory in [Darling and Norris(2008)], where x(t) has a separate meaning,
that is used in the proofs.) Let X ™ (¢) = n~1X ™ (¢).

Theorem 2.2 Suppose X(n)(O) L5 2(0) as n — oo, where i(0) > 0 and ip(0) > 0. Then,
for any ty > 0,

sup X(n)(t) —z2(t)] 20 asn — .
0<t<tg

Remark 2.2 We show in Section[3 that (2Z3)-2.6) are equivalent to the pair-approximation
model of the epidemic, so Theorem[2.2 provides a rigorous justification of the pair-approzimation
model of the epidemic £™ when a positive fraction of individuals are initially infective;
cf. [Altmann (1998)] and [Jacobsen et al.(2018)] who prove similar weak law of large num-
bers for other dynamic network epidemic models.

Theorem is illustrated in Figure [Il which is based on simulations of epidemics with
A=15~v=1, w=4and o =1 (so no dropping of edges) on networks with ; = 5. For
each of n = 1,000 and n = 5,000, a realisation of the Erds-Renyi random graph G(n, u/n)
was simulated and then an epidemic, in which initially 1% of the population were infected
and the remaining 99% susceptible, was simulated on that graph, with the whole process
being repeated 100 times. The trajectories of the fraction of the population infected in
the 100 simulations are shown, together with the trajectory of their mean (dashed curve)
and the deterministic fraction i(¢) (solid curve). When n = 1,000, there are only 10 initial
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Figure 1: 100 simulated realisations of trajectories of fraction infected in SIR epidemics in
populations of size n = 1,000 and n = 5, 000 with 1% initially infective, when p = 5, A = 1.5,
v=1,w =4 and a = 1. Also shown is the deterministic fraction i(¢) (solid curve) and the
mean of the stochastic trajectories (dashed curve). See text for details.

infectives. Consequently a few of the epidemics failed to take off and for those that took
off there was noticeable variation in the time of the peak of the process of infectives. Both
of these phenomena have the effect of reducing the mean trajectory and can be explained
by considering the branching process B which approximates the early stages of an epidemic.
See [Barbour and Reinert(2013)] for a formal proof of the latter phenomenon for a range
of epidemic models. When n = 5,000, there are 50 initial infectives, all 100 simulated
epidemics took off and there was appreciably less variation in the time of the peak. The
initial conditions are now closer to those of Theorem 2.2l and the deterministic model provides
a good approximation to the corresponding stochastic model.

We now consider the final outcome of an epidemic. Recall that T = n — S™(c0) is
the final size of the epidemic and let T = n='T™ be the fraction of the population that
become infected.

Conjecture 2.1 (a) Suppose X(")(O) 25 2(0) as n — oo, where i(0) > 0 and ig(0) > 0.

Then
T 251 — 2(00)  asn — oo.

(b) Suppose that Ry > 1 and for each n the epidemic is started by 1 infective, with the
rest of the population susceptible. For e € (0,1), let x°(t) = (s°(t),i(t),i%(t), w(t))
be the solution of 23)-Z6) with x°(0) = (1 —€,¢, L7'€,0), where L = oo and

7 =1—lim.s(c0). Then, conditional upon a major outbreak,

T L5+ gsn — oo.



Remark 2.3 We present arguments in support of Conjecture [21] in Section [6.3, although
we do not have a complete proof. The usual approach to proving limit theorems for the final
size of an SIR epidemic models is via a random time-scale transformation (see the start of
Section[6.3). This leads to a deterministic model in which the right-hand sides of (Z.3))-(2.0)
are divided by Nig (see (641)-(643) in Section [651). Note that the vector field corre-
sponding to the time-transformed deterministic model is not Lipschitz in the neighbourhood
of (i,ig) = (0,0) owing to the term i/ig in the transformed version of (2.4), so standard
results for the approzimation of Markov chains by differential equations cannot be applied.
Note that for the SI epidemic (i.e. when v = 0), i(t) = 1 — s(t) for allt > 0. The time-
transformed differential equations for (s,ip,w) form a closed system that is Lipschitz, so the
above difficulty disappears and rigorous results are readily available.

Write 7 in Conjecture 2II(b) as 7srr(p, A, 7y, w, &) to show explicitly its dependence on
the parameters of the epidemic and let 7srr(p, A, 7, w,a) = 0 if Ry < 1. Our next result
gives a sufficient (and almost necessary) condition for 7¢;r(i, A, 7y, w, @) to be discontinuous
at A = A\, when all other parameters are held fixed.

Theorem 2.3
=0 ify>wRa—1)orp< =22
lim TSIR(Mv >\7 7, W, Oé) ffy ( ) ! W(2a_22a_7
A Ae >0 Zf”y<w(20é—1) a/nd/,l/> m

Theorem would immediately yield rigorous results concerning a discontinuity at A =
A for the final size of stochastic epidemics that take off if Conjecture 2ZII(b) is true. By
considering suitable bounding processes we can however obtain conditions, together with a
proof, under which the final size of an epidemic started with a single infective that take off
is discontinuous at the threshold and other conditions when it is continuous at the threshold
A = .. Our main result is that the final size may be discontinuous at the threshold A = A..

Theorem 2.4 Suppose that for each n the epidemic is started by 1 infective, with the rest
of the population susceptible.

(a) Suppose that w(2a—1) >~ and u > ﬁ Then there exists 1o = To(f, A, w, ) > 0

such that, conditional upon a major outbreak,

lim lim P(T™ > 7)) = 1.

AL n—o0

(b) Suppose that w(3a—1) < v orpu < ﬁ Then, conditional upon a major outbreak,
for all ¢ > 0, B
lim lim P(T™ < ¢) = 1.

A A n—o0



1 1
1
1
0.81 0.8 :
Q Q
g 5 .
S 0.6r S 0.6
o o !
(0] (] 1
— — 1
o 0.4 o04f .
N N !
‘D @ !
1
021 0.27 .'.'
1
Aﬂu
0 0¢
0 0.5 1 15 2
A A

Figure 2: 1,000 simulations of final size of SIR epidemic when n = 10,000, u =5,7v=1,a =1
and varying \; w = % in the left panel and w = 4 in the right panel. See text for details.

Remark 2.4 Theorem[2.4) is not fully satisfactory as there is a gap between the conditions
in parts (a) and (b). Note that Conjecture[21(b) and Theorem[2.3 imply the conjecture that
the condition in Theorem [2)(b) can be replaced by

2wa

wRa—-1)<vy or pu< (2.7)

wa—1)—~"

See Section [0 for further evidence in support of this conjecture is provided, which suggests
also that the strict inequalities in ([21) can be replaced by weak inequalities.

Figure 2] which is inspired by Figure 4 of [Jiang et al.(2019)], shows the results of simu-
lations of the final outcome of the SIR epidemic with rewiring. In each of the two plots the
final size (expressed as a fraction of the population) of 1,000 epidemics in a population of size
n = 10,000, with values of A equally spaced in [0,2], ¥ = 1, & = 1 (so there is no dropping
of edges) and w = 2 (left panel) and w = 4 (right panel). Each simulation was initiated by 5
infectives, chosen uniformly at random from the population, with the rest of the population
being susceptible. The value of w in the right panel is that used in |Jiang et al.(2019)], Fig-
ure 4, for which Theorem [2.4](a) indicates that the final size is discontinuous at the threshold
A = A.. The value of w in the left panel is chosen so that our conjecture predicts the final
size is continuous at A = A.. The solid curves in the two panels show the limiting fraction
infected predicted by Conjecture 2ZII(b); they are calculated numerically solving the differen-
tial equation for z¢(¢) with ¢ = 107'° and deeming the deterministic epidemic finished when
i(t) crosses 107® from above. Note the excellent agreement between the stochastic simula-
tions and the asymptotic limits in both panels, lending credence to Conjecture 2I(b), and
the marked discontinuity at A = A. in the right panel. In both panels some large epidemics
occur when A < \.. This is a finite-population effect even though n is relatively large.
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2.2.2 SI model

In this section we assume that v = 0, so there is no recovery and the model becomes SI.
We focus on the final size of the epidemic; results concerning temporal behaviour follow by
setting v = 0 in corresponding results for the SIR model. Note that as infectives remain
so forever the epidemic stops when there is no edge between a susceptible and infective
individuals. For this model we obtain an explicit equation satisfied by the limiting fraction
ultimately infected as n — oo (see Theorem [2.5]), which enables analysis of the dependence
of that fraction on model parameters and proof of a necessary and sufficient condition for
its discontinuity (Corollary 21]). For € € [0, 1), define F. : [¢,1] — R by

(A + wa)r — wae ) . (2.8)

F)=1—2—(1- -
(=) r-(-gew < A4 w(l —a) 4+ 2wa(l —x)
Theorem 2.5 (a) Suppose that X(n)(()) 25 (1 — e,6, pue(1 —€),0) as n — oo, where
e € (0,1) and let T be the smallest solution in (e,1) of F.(x) = 0. Then, provided
F!(1) <0,
T™ 25 7 asn — oo.

(b) Suppose that Ry > 1 and for each n the epidemic is started by one infective, with the
rest of the population susceptible. Then, conditional upon a major outbreak,

T 2y 7+ asn — oo,
where T is the unique solution in (0,1) of Fy(z) = 0.

For Ry > 1, let 7g7(p, A, w, ) denote the solution of Fy(x) = 0in (0, 1), i.e. the fraction
of the population that is infected by a major outbreak in the limit as n — oo, assuming
1 initial infective. The fact that 7¢7(p, A\, w, ) satisfies an explicit equation facilitates a
detailed analysis of 757(, A, w, ), which is given in Corollary 2.1l below. We first highlight
a key result that is an immediate consequence of Corollary RI(b). Note that setting v = 0

in @ZI) and [Z2) yields Ry = 2 and A, = 5. Let 7g;(p, A, w, @) = 0 if Ry < 1.

Theorem 2.6 Suppose that pn > 1,w and « are held fized. Then Ts(p, A, w, ) is discontin-

uous at the threshold A = \. if and only if a > % and pn > 3331.

Before stating Corrolary 2.1 we need some more notation. For (u,«) € (1,00) x [0, 1],

let O(p, o) = u%‘i’(‘;_li) and

X

=0 ) 0<z<1). (2.9)

fo(z) =log(1 —z) +

Let

a—(1—-a +o(p—1 1 o
h(,u,a)zlog( (QQM )M)+M 2(5 ) (§<a§1,1<,u<m) (2.10)
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and, for a > g, let

R « 9ar — 7
“@:m(“ 1+a)-

1+« 1
ZL’()(,M, Oé) =

Let

TR (2.11)

The following facts, required for the statement of Corollary 2.1 below, are proved in Sec-
tion B4 There exists a unique a* € (¢, 1) such that h(fi(a), a) = 0. Let 7 = zo(a*, i(a*)).
(Numerical calculation yields a* ~ 0.8209, fi(a*) ~ 3.3482 and 7* ~ 0.8764.) For fixed
a € (a*, 1), the equation h(yu,a) = 0 has two solutions for p € (1, 2=), which we denote
by u}(a) and uj(«), where pj (o) < pg (o). Finally, h(u,1) = 0 has a unique solution
fi*(1) ~ 1.7564 in (1, 00), which satisfies 2 = e~ 2.

Corollary 2.1 (a) For fized p > 1,w > 0 and o € [0, 1],

li =
)\lf){l TSI(M) )\,(.U,Oé) To(lu>a)a

c

where 1o, o) is the largest solution in [0,1) of fo(x) = 0. Note that the limit 7o(p, )
1s independent of w.

(b) If o < 5 then 7o(p, o) = 0 for all p > 1. If a > 5 then

3

To(p, ) > 0 if and only if p > ST

(¢) For fized w > 0 and o € [0, 1] we have the following, where implicitly X > A.

(i) If o < a* then Ts1(p, \,w, ) is strictly increasing in A for all .

(ii) If a = a* then Tsr(p, \,w, ) is strictly increasing in X\, unless p = fi(a*) when
Tor(p, Ay w, ) =7 for all X > A..

(i) If o < o < 1 then 7s1(p, \,w, ) is strictly increasing in X if p < pj(a) or
> ui(a), strictly decreasing in A if p () < p < pj(«), and independent of A
if w= () or pi(a); Tsr(p, A w, o) = xo(py(a), ) for all X if p = p}(a) and
zo(py(a), @) for all X if p = py(a).

() If a« =1 then Tsr(p, \,w, «) is strictly increasing in X if p < p*(1), independent
of Nif = " (1) and strictly decreasing in A if p > *(1).

Remark 2.5 Assuming that the conjecture in Remark [2.9) is correct, as v | 0 in the SIR
model the final size is discontinuous at \. if and only if o > % and p > 2531, which s

different from that for the ST model, viz. o > & and p > 52% (see Corollary[Z2(b)).
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Remark 2.6 By linearly rescaling time it is immediate that Ts;(p, A, w, a) depends on A and
w only through \/w. For fired X\ > 0, let w. = (. — 1)\, so, in the limit n — oo, a major
outbreak is possible if and only if w € [0,w.). It follows immediately from Corollary[21l(a)
that, for fivzed up > 1,A >0 and a € [0, 1],

liTm = 7sr(p, N\, w, ) = 10 (1, ).
Hence, by Corollary[21(b), Ts1(i, A\, w, @) is discontinuous at the threshold w,. if and only if

o> 1 and p > 522 The obvious analogue of Corollary[21)(c) holds.

Remark 2.7 Note that if w = 0 and X > 0 then the epidemic ultimately spreads to all
individuals in the components of the underlying graph G(n, ju/n) that have initial infectives,
so the distribution of the final size T™ is independent of X. In particular, for n > 1 and
A >t (so Ry > 1), p(p) = 7s1(u, X,0,0) gives the fraction of individuals in the giant
component of G(n,u/n) in the limit as n — oo. Setting w = 0 in Theorem [Z2(b) yields
that p(p) is the unique solution in (0,1) of 1 —x = e " (see, for example, [Durrett(2007)],
Theorem 2.3.2).

Remark 2.8 Suppose that w > 0 and o = 1, so there is no dropping of edges. Plots of
To(1, 1), which gives the size of the discontinuity in T at the threshold A., and p(p) are shown
in Figure [3. Note that to(p, 1) < p(p) for uw < (1) and 7o(p, 1) > p(p) for u > p*(1),
which is consistent with Corollary [Z2(c)(iv). Thus, when o = 1, rewiring reduces the size
of a magjor epidemic if u < p*(1) and increases it if u > *(1).

It is interesting to note that [Britton and Trapman(2012)] find the identical threshold
(1) = 1.7564 when studying the size of the giant component of a Poissonian random graph
where nodes have mized-Poisson degrees with mean . They found that whenever p > fi*(1)
the giant is maximized when the Poisson degree is not mized and instead is Po(u). The giant
component is hence maximized with minimal heterogeneity in degree distribution whereas the
present result shows that the fraction infected by a major outbreak is minimized when there
is no rewiring whenever > i*(1).

2.2.3 SIR model with rewiring only to susceptibles

Suppose now that when a susceptible individual rewires an edge away from an infective,
instead of rewiring to an individual chosen uniformly at random from the other n — 2 indi-
viduals in the population it rewires to an individual chosen uniformly at random from the
other susceptible individuals in the population. If there is no other susceptible individual
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Figure 3: Plots of 75(p, 1) (solid curve)and p(u) (dashed curve).

then it does not rewire. The deterministic approximation becomes

ds .
B i, (2.12)
@ = —~i+ N\ (2.13)
at T '
di 2
CE — _Nip — yip + Mips — AE 4+ 2Xip— — wip, (2.14)
dt s 5
dw . LW
o :wazE—Q)\zEg. (2.15)

Note that the only changes from the ordinary differential equations (23)-(20) are in the last
term in (Z2I4]), where the factor 1 —a+a(1—1) has been dropped as now rewiring necessarily
leads to the loss of one infectious edge, and in the first term in ([2.I5]), where the factor s
has been dropped as now rewiring necessarily leads to the gain of one susceptible-susceptible
rewired edge. (The difference when there is only one susceptible remaining does not affect
the deterministic limit.)

Theorem 2.7 Suppose X(n)(O) L5 2(0) as n — oo, where i(0) > 0 and ip(0) > 0. Then,
for any ty > 0,

sup X(n)(t) —z(t)] =0 asn— oo,
0<t<tg

where z(t) = (s(t),i(t),ip(t), w(t)) is given by the solution of (ZI2)-@I8) with initial state
x(0).
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Note that the differential equations ([2.12), (2.14) and (2.13]) form a closed system, whose
time-transformed version is Lipschitz (see Section [6.6]). Consequently the final outcome of
the deterministic model is readily susceptible to analysis and corresponding laws of large
numbers are readily available for the stochastic model. For brevity, we restrict attention to
the case of the stochastic model with one initial infective. Theorem [Z] holds also for the
present model, see Remark [6.1] at the end of Section [6.], so Ry and A. are still given by (2.1
and (2.2), respectively. Let

g(z) = <1+7+w(i_20‘))1og(1—x)+< —MTw)z 0<az<1)

and
r(p, v, w,a) = pu(y +w — 20w) + 2aw. (2.16)

Theorem 2.8 Suppose that Ry > 1 and for each n the epidemic is started by 1 infective,
with the rest of the population susceptible. Then, conditional upon a major outbreak,

T 2y 7 = 7(u, N\, v, w, ) as n — oo,
where

(a) if r(pu,vy,w,a) > 0 then, for all X > X\., T is given by the unique solution in (0,1) of
9(x)=0;

(b) if r(p,v,w,a) < 0 then 7 =1, for \c < A < w(2a — 1) —~, and 7 is given by the
unique solution in (0,1) of g(xz) =0, for A > w(2a — 1) — 7.

Remark 2.9 Note that a necessary condition for r(u,v,w,a) < 0 is a > % Moreover,
if this condition is satisfied then, in the limit n — oo, the fraction of the population that is
infected by a major outbreak is one!

Remark 2.10 Note from Theorem[Z.8 that if )\ is increased, with all other parameters held
fixed, then for all sufficiently large X the final size of the epidemic is strictly less than one and
is given by the root of g in (0,1). Thus, in the case of Theorem[2Z8(b) (i.e. r(p,v,w,a) < 0),
as X\ is increased from 0, the final size jumps from O to 1 at the threshold ., stays at 1 until
A = w(2a — 1) — v and then decreases. This is because when X\ is very large susceptible
indiwiduals with infectious neighbours become infected before they are able to rewire away
from them. Indeed, in the limit X\ — oo, all individuals in components of the graph that
contain initial infectives become infected. In particular, the final size of a major outbreak
coincides with that of the giant component, as is easily verified by letting A — oo in the

equation g(x) = 0; cf. Remark[2.7.

Figure (] shows the results of simulations of the SIR model with rewiring only to sus-
ceptibles. In each of the two plots the final size of 1,000 epidemics in a population of size
n = 10,000, with values of A equally spaced in the given range, v =1, & = 1 (so there is no
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Figure 4: 1,000 simulations of final size of SIR epidemic with rewiring only to susceptibles
when n = 10,000, u = 2.5,7 = 1,a = 1 and varying \; w = 4 in the left panel and w = 10
in the right panel. See text for details.

dropping of edges) and w = 4 (left panel) and w = 10 (right panel). Each simulation was
started with 10 infectives, chosen uniformly at random from the population. The two values
of w were chosen so that 7(u, v, w, a) < 0 (left panel) and r(u, v, w, @) > 0 (right panel). The
vertical dashed line shows the critical value A\, of A\. The solid curve shows the final size given
by Theorem 2.§(a). The figure demonstrates clearly Theorem 28 Note in the right panel
that the final size is less than 1 for A > w — v = 9. There are a few simulations in the right
panel in which the whole population is infected when A < A.. This is a finite-population
effect, which would be reduced if n was increased and enhanced if n was decreased.

2.2.4 SIR models with alternative rewiring

Two other rewiring models are when a susceptible rewires from an infective it (i) rewires to
a randomly chosen recovered individual or (ii) it rewires to an individual chosen uniformly
at random from all those individuals that are not currently infectious. Note that in model
(i) the edge is effectively dropped as far as disease transmission is concerned, so the model
is equivalent to the dropping model (i.e. the corresponding model with o = 0). The analysis
of model (ii) is similar to, and has the same difficulties as, that of the SIR model considered
in Section 2.2.11 Models (i) and (ii) each have Ry given by (2.1I) and critical infection rate
A given by (Z2). We omit the details but Theorem holds also for model (ii) and we
conjecture that the conjecture in Remark 2.4] holds as well.

2.3 Construction

The main idea of the construction is to explicitly consider only infectious individuals and
connections emanating from these individuals and to keep track also of the pool of rewired
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edge-stubs. Only when a new individual is infected are its degree and whether it has received
any rewired edges determined.

To help introduce the construction, consider first the SIR model without rewiring (or
dropping). We construct a realisation of the epidemic and Erdés-Rényi random graph si-
multaneously as follows (cf. [Britton and O’Neill(2002)] and [Neal(2003)]). We start with
Iy infectives, n — I susceptibles and no edges in the graph. Attach to each infective in-
dependently Po(y,) edges, where p,, = —nlog(l — £) so pu, satisfies 1 — £ = e . Such
unconnected edges are called live infectious edges. Infectives make infectious contacts along
each of their live infectious edges independently at rate \. When an infective, individual
1o say, makes infectious contact along an edge, that edge emanating from ig becomes dead
and an individual, j, say, is sampled independently and uniformly from the whole popula-
tion. If individual jy is susceptible then an edge between iy and j, is formed, individual
Jo becomes infected and (independently) has Po(u,) live infectious edges attached to it. If
individual j is not susceptible then nothing happens (apart from the edge from iq becoming
dead). Infectives recover independently at rate v. When an infective recovers, all live edges
attached to it become dead. The epidemic stops as soon as there is no infective remaining.
(Infection spread stops as soon as there is no live infectious edge remaining. In the SI model
the epidemic stops when there is no live infectious edge remaining.) It is easily verified that
this construction gives an epidemic that is probabilistically equivalent to the SIR epidemic
on an Erd6s-Rényi graph. (Note that p, is chosen so that if v = 0, so an infective infects
down all of the edges that are initially attached to it, then it tries to infect the other n — 1
individuals independently, each with probability £.)

An alternative approach, which is more easily generalised to incorporate rewiring, is to
modify the above construction so that only live infectious edges that will be paired with
susceptibles are included, and each time an infection occurs along such an edge it is with an

individual chosen independently and uniformly from all susceptible individuals at that time.
St (t)>

More specifically, suppose an individual ig say, is infected at time ¢. Then Po(u,
live infectious edges are attached to it. However, we now have to delete each of the live
infectious edges at time t— (apart from the one that led to the infection of iy, which is
necessarily deleted) independently with probability S(+)(t)’ to take account of the fact that
all live infectious edges are necessarily to susceptible individuals.

Consider now the SIR model £ with rewiring and dropping of edges described in Sec-
tion[2l We adopt the above alternative approach and treat rewiring/dropping as follows. Let
W@ (t) be the number of rewired susceptible-susceptible edges at time ¢, so W (0) = 0.
Each infective independently sends warnings down each of its unconnected live infectious
edges independently at rate w. Suppose that an individual, 7y say, sends such a warning at
time t. Then iy drops that edge with probability 1 — «; otherwise the edge is rewired to
a susceptible individual, an infective individual or a recovered individual with probabilities
(SM™(t)=1)/(n—2), I™(t)—1)/(n—2) and 1 — (S™ () + I™(t) — 2)/(n —2), respectively,
where I () is the number of infectives at time ¢ (a rewiring is always to a new individual
other than the individual itself). If the edge is rewired to a susceptible then W (t) is
increased by 1. (We do not decide the two susceptible individuals involved at this stage.) If
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the edge is rewired to an infective, then iy loses an infectious edge and an individual chosen
uniformly at random from the other 1™ (t) — 1 infectives at time ¢ gains an infectious edge.
If the edge is rewired to a recovered individual then iy loses an infective edge but nothing
else happens.

As before infectives infect along their live infectious edges at rate . If an infective,
19 say, infects down a live infectious edge at time t. Then that live edge is connected
with an individual, jo say, chosen uniformly from S™(t), where, for ¢t > 0, S™(t) is the set

comprising of the S (¢) susceptibles at time ¢. The live edge then becomes dead. Individual
S (1)

Jo is infected at time ¢ and acquires Po(z, ) live infectious edges (corresponding to edges
in the original network), the fraction S™(t)/n comes from now only considering edges to
be connected to susceptibles. Individual j, may also acquire rewired infectious edges as
follows. For each i = 1,2,..., W (t—), independently sample two individuals, k; and I; say,
without replacement from S™ (t—). If jo € {k;,1;} then jy acquires a further live infectious
edge and W(t) is reduced by one. Finally, each of the live infectious edges at time ¢—,
apart from the one that infected jo, is dropped independently with probability 1/5(t—)
(thus reducing the number of live edges to be connected to susceptibles correctly). The live
infectious edge that infected jo is necessarily dropped. The construction now continues in
the obvious manner. The epidemic stops when there is no infective remaining (SIR model)
or no infectious edge remaining (SI model).

The above construction is not fully faithful to the model £, as it allows the possibility
of a susceptible, iy say, to rewire from an infective, jy say, and then be subsequently infected
by jo without having first rewired back to j,. Let F,, be the probability that no such
imperfection occurs. We show at the start of Section [ that liminf, ., P(F,) > 0, and
consequently any statement which holds with high probability for the construction, holds
also with high probability when the construction is conditioned on being faithful to the
original model (cf. [Janson(2009)]).

For t > 0, let ]SE") (t) be the total number of live infectious edges at time t. We show in
Section 22 that the {(S™(¢), I™(t), ISE")(t), W@ (t)) : t > 0} converges to the deterministic
model given by ([2.3)-(2.6) as n — oo, in the sense made clear in Theorem The terms
in (ZH) are explained as follows. The first two terms correspond to a live infectious edge
being lost if the associated infective infects along it or recovers. The third term is owing
to the creation of new live infectious edges (corresponding to edges in the original network)
when an infective transmits infection along an infectious edge; on average each such infection
creates us new live infection edges as only edges that will be paired with a susceptible are
included. The fourth term arises from live infectious edges that are lost when a susceptible is
infected. The fifth term comes from the gain of live infectious edges from the pool of rewired
susceptible-susceptible edges when a susceptible is infected; the factor 2 is present as each
such rewired susceptible-susceptible edge has probability 2/S (t—) of having an end at the
newly infected susceptible. The final term comes from rewiring/dropping of live infectious
edges; note that any edge down which an infective sends a warning is lost unless the edge is
rewired to another infective. The terms in the other 3 equations are explained similarly.
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3 Pair approximation

In this section we describe a deterministic pair-approximation model for the SIR epidemic of
Section 222.T] (see |Gross et al.(2006)] for a similar pair approximation to the corresponding
SIS epidemic) and show that it is equivalent to the deterministic model given by (Z.3))-(2.6]).
It then follows using Theorem that the pair-approximation SIR model is exact in the
limit as n — oo. For simplicity we treat the case a = 1, i.e. no dropping of edges. We use
the pair-approximation paradigm described in [Andersson and Britton(2000)], Chapter 7.

Consider the stochastic SIR model with rewiring described in Section 211 Label the
nodes (individuals) in the population 1,2,...,n. Let G = [g;;] be the n x n matrix having
elements g;;, where g;; is the number of edges joining nodes 7 and j, if ¢ # j, and g; = 0.
(In many applications G is an adjacency matrix but here the elements of G' can be > 1
owing to rewiring.) Each node is of type S, I or R, according to its disease status. For
Ae{S,I,R}andi=1,2,...,n,let A; = 1if node i is of type A and A; = 0 otherwise. For
A,B,C € {S,1, R}, let

i=1 ij=1 i k=1
ik

Note that [A],,, [AB], and [ABC],, are all functions of time ¢, as indeed is G owing to rewiring.
For example, [1],,(t) is the number of infectives at time ¢ and [S1],(¢) is the number of edges
between infective and susceptible nodes at time t. Note that [SS],(t) is twice the number of
edges between susceptible nodes at time .

Suppose that n~'[A], (), n"'[AB],(t) and n~'[ABC],,(t) each tend to deterministic limits
as n — oo. For example, n™1[S],,(t) — s(t) and n='[ST],(t) — xs;(t). A heuristic argument
then yields the following system of ordinary differential equations:

ds
% — _)\xSIa (31)
di .
E = )\LL’S[ — Y, (32>
d
Z‘:S = 2wsTgr — 2Axss7, (3.3)
dx
dtSI = —Axgr + Argsr — Arrsr — [w(s + 1) + v]ass. (3.4)

The second and third terms in ([3.4]) are explained as follows. The second term is added to
the first since an infection along an SST link does not change the number of ST links. The
third term is present because not only is the rate doubled, although this is already counted
since it consists of two ST links, but when an infection occurs the number of ST links is
reduced by 2. The factor 2 in (B.3]) arises from the double counting in [SS],,(t). There are
other variables, such as x;;, for which we could write down a differential equation but the
above system is sufficient for our purposes.
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To close the above system we make the pair approximation

Tapo = “ffBC for all A, B,C € {S,I, R},
B

where, for example, s = s. Equations (B.3)) and (8:4) then become

dx Tsrx

di's — Qwsrgy — QA%, (3.5)
d

A N

To connect informally with the deterministic model given by ([2.3)-(2.6]), note that [SS],
includes SS links in the original network and S.S links arising from rewiring. Taking account
of the double counting in [S5],, it follows that

w(t) = % (zss(t) — pns(t)?) for all ¢ > 0. (3.7)

For a formal proof, substitute from (B.1) into ([B.6]) to obtain

dxsy
dt

:—)\375[ (1—2%—/1184—%) —(W(S+T)+’7)$5[,

which, noting that s + r = 1 — 4, coincides with (2.35]), with a = 1 and ig replaced by zg;.
Also, differentiating (3.7)) and using ([B.]), (3.5) and B.7)), yields

dw _ 1 (dzss , ds
a2\ ar M

TSITss

1
= = <2wsx51 — 2\

2
Tsrw
= WSTsr — 2\ s
S

which agrees with (2.6). Finally, (31)) and ([8.2) clearly agree with (23] and (2.4]).

+ 2/118)\375[)

4 Comparison with [Yao and Durrett(2020)

[Yao and Durrett(2020)] consider ST and SIR epidemics with rewiring on graphs generated by
the configuration model (see, for example, [Durrett(2007)], Chapter 3, and [van der Hofstad(2016)],
Chapter 7) or its close relatives, which include Erd6s-Rényi random graphs. Briefly, the con-
figuration model random graph on n individuals, labelled 1, 2, ..., n, is constructed as follows.
Let Dy, Do, ..., D, bei.i.d. copies of a random variable D, which takes values in Z,. Attach
D; half-edges to individual i (i = 1,2,...,n) and then pair up the D; + Dy + ---+ D,
half-edges uniformly at random to form the graph. (If Dy + Dy + --- + D,, is odd then
there is a left-over half-edge, which is ignored.) This yields the version of the model in-
troduced in [Newman et al.(2001)]. In an alternative version ([Molloy and Reed(1995)])
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the degrees are prescribed deterministically. The configuration model was first introduced
by [Bollobés(1980)].

We outline the main result obtained by [Yao and Durrett(2020)] for the SI model. In
our notation, o = 1, so there is no dropping of edges. Let p = E[D] and G(z) = E[2"] be
respectively the mean and probability-generating function of D. Suppose that E[D?] < cc.
Let 3 = % (w is denoted by p in [Yao and Durrett(2020), and § by «). Let f: (0,1) = R
be defined by

_ Hx B 12
16 =% (G e )+ 5 V*

Suppose that A > . and let
o=sup{r:0<z <1, f(r)=0} with sup(@) =0,
v=1—exp <—§(0 — 1)2) G(o).

Suppose that either o = 0, or o € (0, 1) and there exists § > 0 such that f < 0 on (0 —4,0).
Suppose that there is initially one infective, chosen uniformly at random from the population
of n individuals. Then ([Yao and Durrett(2020)], Theorem 2), for any € > 0,

lim P(T™ < v+ ¢) = limliminf P(T™ > v — €]T™ > p) = 1. (4.1)
n—00 nd0 n—oo

Note that v in (@) has essentially the same interpretation as 7 in Theorem [Z5|(b) (when
a = 1), so one would expect them to be equal when D ~ Po(u). Calculation shows that is
not the case. Plots of v and 7 as functions of the rewiring rate w when p =2 and A =1
are shown in Figure [§ together with mean fraction infected based on 1,000 simulations
of major outbreaks in a population with n = 5,000 for each of w = 0.2,0.4,0.6,0.8 and
1.0. Each simulated epidemic was started by one infective, with the rest of the population
being susceptible. A cut-off of 3,000 was used to determine whether a major epidemic had
occurred. (For each w, epidemics were simulated until 1,000 major epidemics had occurred.
The smallest major epidemic had size 3,840 and the largest non-major epidemic size 1, 164.)
Note that Ry = 1 when w = 1, so major outbreaks have zero probability of occurrence in
the limit n — oo. However, they do occur when n = 5,000. The value of 7 when w =1 is
70(2,1) (see Remark [Z€]). The simulations are consistent with Theorem [Z5(b) and suggest
strongly that ([T]) is incorrect.

The results in [Yao and Durrett(2020)] are based on an effective-degree type construction
([Ball and Neal(2008)]) in which the random graph and epidemic are constructed simulta-
neously. Briefly, half-edges are labelled susceptible, infective or recovered according to the
disease status of the individual to which they are attached. Initially no half-edge is paired.
Infectives transmit infection down their infective half-edges independently at rate A. When
such transmission occurs, the half-edge is paired with a half-edge chosen uniformly at ran-
dom from all available half-edges, to form an edge in the graph. If the chosen half-edge
is attached to a susceptible individual then that individual becomes infected and can then
transmit infection down its remaining half-edges. If it is attached to a recovered or infective
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Figure 5: Plots of 7 (solid curve) and v (dashed curve) as functions of w for SI epidemics
with £ = 2, A = 1 and o = 1. The circles show the mean sizes of 1,000 simulated major
epidemics in a population of n = 5,000. See text for details.

individual then nothing happens, apart from the loss of the two edges. Such an approach has
been used by [Janson et al.(2014)] to prove law of large numbers results for SIR epidemics
on Molloy—Reed configuration model random graphs.

In [Yao and Durrett(2020)], rewiring is added to the construction by assuming that each
infective half-edge is removed from the vertex to which it is attached independently at rate
w and is immediately re-attached to a vertex chosen uniformly at random from all other
vertices. It is claimed that the construction then yields a model whose final size has the
same distribution as the original model. However, it is not clear that is the case. Suppose
that an infective half-edge is moved from individual ¢ to individual j at time ¢y, and individual
J becomes infected and transmits infection down that half-edge at time ¢; > t;. First, the
half-edge needs to be paired to determine whether or not it should be moved; it should be
moved only if it is paired with a susceptible individual. Second, if it is moved and infection is
transmitted along it at time ¢; then that half-edge should be paired with an individual chosen
from susceptible individuals at time ty, weighted by their degree at that time, and not from
all half-edges at time ¢;. Third, if a half-edge is moved then one of the susceptibles (k say) at
time to should have a half-edge such that if k is subsequently infected (and the corresponding
edge has not been rewired) and transmits infection down that half-edge at time o, then that
half-edge should be paired with an individual chosen (approximately) uniformly at random
from the rest of the population and not with a half-edge chosen uniformly at random from the
other half-edges at time 5. In view of these observations and the simulations, it would appear
that the model analysed in [Yao and Durrett(2020)] is an approximation of the epidemic with
rewiring. However, it is interesting to note that in both the SI and SIR models the condition
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in [Yao and Durrett(2020)] for the final size to be discontinuous at the threshold A\ = A.
(see their Examples 3 and 7, respectively) coincides with that obtained by setting o = 1 in
Theorems and

5 Heuristic argument for final size of SI epidemic

Consider first the SI model with o = 0, so there is dropping of edges but no rewiring. The
fraction infected by a major outbreak can be obtained heuristically as follows. Suppose
that a fraction 7 get infected. Fix an initial susceptible, ¢ say. The probability that ¢ gets
infected can be calculated by conditioning on the spread among all members of the population
excluding ¢. For n large, in the event of a major outbreak, the number of infected neighbours
of i has a Po(ur) distribution, since ¢ has Po(u) neighbours, each of which is independently
infected by the epidemic with probability 7. (These are approximations which become exact
in the limit n — oo.) Each infected neighbour of i infects ¢ with probability ﬁ, so the

probability that 7 avoids infection is exp(—ﬂi)). This probability is also given by 1 — 7, so

Py
T satisfies

1—7=exp <_>\u—l)—\7(;1)’

in agreement with Theorem [Z5|b) with o = 0. This argument is straightforward to extend
to the SIR model with a = 0.

We now extend the argument to the model with rewiring and for ease of exposition
assume that o = 1, i.e. that there is no dropping of edges. This extension involves two new
features.

(1) It is no longer the case that the probability that a given infective neighbour, i* say, of
i leads to i being infected by that neighbour is given by A/(A + w) because if i rewires
away from ¢* it may be to another infective.

(2) Individual ¢ may acquire infective neighbours through rewiring, which were not neigh-
bours of 7 in the original network. This happens if a susceptible rewires to i and that
susceptible is subsequently infected.

We treat these in turn, again assuming that a fraction 7 of the population gets infected.

Consider an infective neighbour, j say, of i. Individual ¢ rewires from j at rate w and is
infected by j at rate \. However, if ¢ rewires to an infective its position as far as the disease
is concerned is unchanged. Now i rewires to a susceptible (in which case i avoids infection
owing to the original link to j) at rate w(1 — 7). It follows that the probability, p; say, that
1 is infected owing to the original link to j is given by

A

v cpmer (5.1)

pr

We now determine heuristically the (approximate) distribution of the number of infective
neighbours, N I(RW) (1) say, that ¢ acquires through rewiring. Let £* denote the epidemic in
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which 7 is excluded and assume that n is large. For any susceptible-infective edge, the
probability that the susceptible rewires that edge before being infected along it is w/(A+w).
Thus if the epidemic £* infects (n — 1)7 individuals, by the law of large numbers there will
be ~ (n — 1)Tw/A rewiring events in it. Each such rewiring has probability 1/(n — 2) of
being to individual 4, so if N ) (i) denotes the number of edges that rewire to individual
i, then NFW)(3) ~ Po(1w/\) approximately.

Consider a typical edge that rewires to ¢. For large n, the number of infections in
E* that occur prior to that rewiring is distributed approximately as [(n — 1)7U], where
U ~ U(0,1). The number of infections that occur after that rewiring is ~ |(n — 1)7(1 — U)].
By symmetry, these |(n —1)7(1 — U)] infections are with individuals drawn uniformly at
random without replacement from the ~n —1— [(n — 1)7U] suscpetibles remaining at the
time of this typical rewire to i. Thus, given U, the probability that the susceptible who
rewires to ¢ is subsequently infected is approximately

T(l—U)_l_ 1—7
1—7U 1—-7U"

Taking expectations with respect to U, it follows that for a typical edge that rewires to i,
the probability that the susceptible is subsequently infected is given approximately by

1—71u

1 —_— —_—
/1—1 7-du:1+(1TT)log(l—T).
0

Thus in the event of a major outbreak, recalling that N" W) (i) ~ Po(rw/\) approximately,
we have approximately for large n that

JWW%0~P0C¥{L+“;TH%Q—74). (5.2)

Let Ny(7) be the number of neighbours of 7 in the original network that are infected by
the epidemic. Then, as before,

Ni(i) ~ Po(pr), (5.3)

approximately. Now N;(i) and N I(RW) (1) are approximately independent, so the total number
of edges from i to an infective is approximately Poisson distributed with mean E[N;(i)] +

E[N I(RW) (7)]. Each such edges leads to the infection of ¢ independently with probability p;
so, using (B1)-(E3), 7 = 757 (i, A, w, = 1) satisfies

1—7 = exp(—{er%{1+(1;T)log(1—r)]}ﬁ)

B _T(M)\+w)+w(1—7) log(1—7)
“p( A tw(l—1) )'

(5.4)

Taking logarithms of both sides of (5.4]) and rearranging yields

T(pUA + w)

log(1 —7) = A+ 2w(l—71)
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so Fy(7) = 0, in agreement with Theorem 2.5(b) when a = 1.

The arguments leading to (5.2) and (B.3]) still hold for the SIR model. However, p; is no
longer given by (B.1) since (i) the infective, j say, at the end of an edge from ¢ may recover
before it infects 7 and (ii) if ¢ rewires from j to an individual, k say, that was infected by
epidemic the rewiring needs to occur before k recovers from infection. There does not seem
to be an easy way to approximate pj.

6 Proofs

We prove the results described in Section by showing that corresponding results hold
for the construction described in Section As noted there, the construction is not fully
faithful to the rewiring model described in Section 2.1l as it allows for the possibility of a
susceptible, iy say, to rewire an edge in the “original network” from an infective, j, say,
and then be subsequently infected by jy along another edge in the “original network”. (By
an edge in the “original network” we mean one of the un-rewired infectious edges allocated
to 4o when it was infected.) A realisation of a process that is probabilistically equivalent
to the original model is obtained by conditioning on there being no such imperfections.
The allocation of “original network” infectious edges to infectives in the construction can
be achieved by labelling the individuals in the population 1,2,...,n, letting Xy, Xo,..., X,
be ii.d. Po(su,) random variables and x;; (i = 1,2,...,n,j = 1,2,...) be ii.d. discrete
uniform random variables on {1,2,...,n}. The ith individual to be infected is allocated
X, “original network” infectious edges, that are linked to individuals x; (7 = 1,2,...,X;).
Those that are not linked to susceptibles are dropped immediately. Let F,, be the event that
the construction remains faithful to the model of Section 2.1l and D,, be the event that x;
(j=1,2,...,X;) are distinct for each i = 1,2,...,n. Then D, C F,. Now

X;—1 _
P(x1, X2, - - ., xx, are distinct| X;) = H <1 _ i)
n
i=1
>1— M’
N 2n

SO

Thus liminf,, ., P(F},) > 0 and it follows that any statement which holds with high probabil-
ity for the construction, holds also with high probability when the construction is conditioned

on being faithful to the original model (cf. |[Janson(2009)]).
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In the proofs that follow, we use the same notation for the construction as that defined
for the original model in Section 2.1l We treat the final size of the SI model before that of
the SIR model as the former is simpler.

6.1 Proofs of Theorem 2.7l and Lemma [2.7]

Let (2, F,P) be a probability space on which are defined independent unit-rate Poisson
processes 1,7, .... Let ZF = ni([0,p]) (i = 1,2,...). Forn = 1,2,..., let ZZ-(n) =
n:([0, (1 —n~1)]) (i =1,2,...,n). A realisation of the branching process B is constructed
on (2, F,P) in which the ith individual born in B is assigned at birth ZF infectious edges.
For n = 1,2,..., a realisation of the epidemic process £ is constructed on (€2, F,P), using
the construction in Section 2.3] in which when first infected the ith infective has ZZ.(") infec-
tious edges. Further details of these constructions are indicated below. First we show that
some events associated with the epidemic processes hold with high probability.

Let TV = 2™ 4+ 7" + ... + fo))gnj. Then the law of large numbers implies that

T]gn) < 2plogn with high probability. Let Z,, denote the set consisting of the first [logn|
individuals infected in €. (If the final size of £™ is less than |logn] then Z, consists of
all individuals infected in £M™.) Recall that T (¢t) = n — S™(#) is the total number of
infections in £ during [0,] and let £, = inf{t > 0 : T (t) > logn}, where {, = oo if
T™(c0) < logn. Let W}") be the total number of infectious edges rewired from individuals

in Z, during [0,7,]. Clearly no individual in Z, can have more than T é") infectious edges
when it is first infected. If every individual in Z,, were to have every infectious edge they had

when they were first infected rewired then, given Té"), the expected number that would be
logn
n—2

the number of such rewirings is zero with high probability. Thus W}") < 2plogmn with high
probability.

Recall that in £ a newly infected individual, at time ¢ say, acquires Bin(W ™ (t—),2/S™ (1))
rewired infectious edges upon infection. (As usual, Bin(n, p) denotes a binomial random vari-

rewired to individuals in Z,, is less than (log n)Tén) and it follows that, unconditionally,

able with n trials and success probability p.) Let VAV}") be the total number of such edges
acquired by the infectives in Z,,. Then

2

E [W}HHW}H)} < (log n)W}n)m

and it follows that VAV}”) = 0 with high probability. Recall also that in £™ when an infection
occurs, say individual iy is infected at time ¢, each infectious edge in £™ at time ¢ is dropped
independently with probability 1/S™(t—), apart from the one that infected 4, which is

necessarily dropped. Let T [(,") be the total number of such edges dropped by the infectives

in Z,,. Then,
1

E [T[()n)|T1§n), Wc}n)] < (logn) (ngzn) + W}n)) m>

whence Tgb) = 0 with high probability.
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Collating the above, we have shown that in €™ with high probability, during [0, %,], (i)
all rewired edges are to individuals not in Z,, (ii) no individual in Z,, acquires a rewired
infectious edge at infection and (iii) no individual in Z,, drops an infectious edge at infection.
Recalling that ZZ-(") and ZF are both defined on the same Poisson process 7;, we have that
12 — ZF| ~ Po(jun(1 — £) — | (i = 1,2,...,n). Thus, noting that s, > u,

[logn |

1
E| > 2" - zF| Slogn<un—u+unogn)

n
i=1

— 0 asn — oo,

since p, — 1 = O(1/n) as n — oco. Thus, by Markov’s inequality, Z™ = ZF (i =
1,2,...,|logn|) with high probability. Given (i)-(iii) above, it is then straightforward to
define realisations of £ (n = 1,2,...) from a realisation of B so that with high probability
the process of infectives in £ coincides with the realisation of B over [0, ¢,] and Theorem 2.T]
follows.

Turning to the proof of Lemma 2.1 note by Theorem 2.1 and Remark 2.1] it is sufficient
to consider the case a = 0, i.e. the model with only dropping of edges. Let r denote the
Malthusian parameter of the branching process B. Then r is given by the unique real solution

of the equation
/ e e TN qp — 1
0

sor=Ap—1)—~—w. Fort >0, let IZ(t) be the number of individuals alive in B at time
t that had precisely 1 infectious edge at birth and still have that edge at time ¢. Recall that
T'(t) is the total progeny of B at time t. Let Aoy = {w' € Q : T'(00,w’) < oo} denote the set
on which B goes extinct. Then it follows using [Nerman(1981)], Theorem 5.4 and Corollary
3.2, that there exists a random variable W, > 0, where W, (w’) = 0 if and only if W' € Aey,
such that, as t — oo,

as. T ‘l"}/

K
e—rtT(t) N as, © (T + 7)

W d B
. an e "I (t) — ;)

W (6.1)

We use the construction in the above proof of Theorem 21l to define realisations of £™
(n=1,2,...)and Bon (2, F,P). Recall that t,, = inf{t > 0:T(t) > logn}. It follows using
Theorem 21 and the first limit in (G.I]) that, with high probability, T > logn if and only
if o' € AZ,. Using the second limit in (), there exists ¢; > 0 such that IZ(t,) > ¢, logn
with high probability.

Recall that Ry > 1. There exists ¢ > 0 such that By = (1 —¢)Ry > 1. Note that
in the above construction of £, Zi(") sZt Po(u(1 — €)) for i < ne, where sZt denotes the
usual stochastic ordering. Thus, with high probability, if 7 > logn, then until time ¢
such that 7 (t) > ne, the process of infectives in the epidemic £ is bounded below by
the branching process B¢, which follows B until time t,, after which each birth is aborted
independently with probability e. Let T¢(co) be the total progeny of B¢. Let m. be the
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extinction probability for the progeny of an individual with one infectious edge at time ¢,, in
B¢, so m¢ < 1 as Rj > 1. It follows that

lim inf P(T™ > en|T™ > logn) > liminf P(T¢(c0) > enlt, < o)
n—o0

n—oo

> liminf (1 — 7t '°8™)
n— o0

=1,
and Lemma 2.T] follows on setting 7/ = e.

Remark 6.1 It is clear from the above proofs that Theorem [21 and Lemma 21l hold also
for the model of Section [2.2.3, in which rewiring is necessarily to susceptibles.

6.2 Proof of Theorem

The proof is an application of [Darling and Norris(2008)], Theorem 4.1, and much of our
notation is chosen to aid that application.

For t > 0, let St (t) be the number of susceptibles at time t, Ii(n)(t) be the number
of infectives with i infective edges at time ¢ (i = 0,1,...) and W™(¢) be the number
of rewired susceptible-susceptible edges at time t. Let X = {X™(¢) : t > 0}, where
XM (t) = (S™(¢), Ién) ), IM™(t),...,W™(#)). Then X™ is a continuous-time Markov chain
with state space £ having typical element & = (n% nl,n!,... n"). Thus

n S 1 1 Wy .. S I I w S
EW = {(n%nlnl .. 0"y :nS nlnl . 0" e Z n®+n! <n},

where n/ = "7 ni is the number of infectives corresponding to state €. For future reference,
n¥ = Yoo knl is the number of infectious edges corresponding to state &.

For distinct states &,& € EM let ¢ (&,¢) = limy ot 'P(X™(¢) = ¢|XM™(0) = &)
denote the jump rate of X™ from ¢ to ¢’. We do not write down expressions for these jump
rates, as there are many different types of jumps and some jump rates are quite complex
owing to binomial samplings in the construction. Moreover, the individual jump rates are
not required for our purpose; see (6.3]) and (6.4 below.

Let  : E™ — R* be defined by

x(§) = (2'(8),2%(€),2°(€), 1)) = n™" (n%, ', 0" n") (6.2)

and X" = {X(") (t) : t > 0}, where x™ (t) = z(X™(t)) (t > 0). Thus X" corresponds
to the process with the same notation in Theorem 22 (To ease notation we have not indexed

x by n. To aid connection with [Darling and Norris(2008)], the 4-dimensional vector X (=) (t)
is rendered in bold and the infinite-dimensional vector X ™ (#) is not.)
For each & € B let

BUE) =D (&) — x(£)g™ (&, ¢) (6.3)
§'#E
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be the drift function for X (n) and
= [&(¢) — (&P (&, €. (6.4)

§'#E

To define the limiting deterministic process, let U = [0,1]* x [0,00)? and write ! =
s, 22 =i,2% =ip and 2* = w. Let b: U — R* be the vector field defined by

b(:c) = bR(.’B) + bD(w) + bRWR(w) + bRws(LB) + b[(w), (65)
where
bR(w) = V(Oa _'é _'éEa O)
bp(x) = w(l — a)ig(0,0,—1,0),
bRWR(iE) wo ZE(O 0 (1 —Z—S),O),
bRws(w) wo (O 0 )
br() = Nip(—1,1, 1+ us — yf + 2%, —2%).

(The suffices R, D, RW R, RWS and I correspond to recovery, dropping of an infectious
edge, rewiring of an infectious edge to a recovered individual, rewiring of an infectious edge
to a susceptible individual and infection, respectively. Rewiring of an infectious edge to
an infective has no effect on x.) Let x(t) = (s(t),i(t),ig(t), w(t)) be the solution of the

d
differential equation d—f = b(z) with initial state x(0). Observe that b(x) is such that z(t)

coincides with the solution of (2.3)-([2.0) in Section

To apply [Darling and Norris(2008)], Theorem 4.1, we need bounds for |3 (€) —b(x(¢))|
and o™ (¢), which we now derive. We partition 5 (¢£) and o™ (¢) into sums analogous to
that for b(x) at (6.5). We derive first expressions for the components of 3 (¢). Recall that
E= % nind, o0V, 0l =302 nt and n® =377 knl. Then

) =n"19(0, —n!, —n®,0) = bg(x(€)),
5(€) = w(1 — a)n®nY(0,0, —1,0) = bp(z(¢)),

Bl (€) = wan” (” o 2) n(0,0,~1,0)
— wast(e) (M= 0,10,
) (&) = nEwa:Lj__an_l(O, 0,-1,0) = wa:cg(ﬁ)%(o, 0,-1,0),
6In)(§)_)\nEn 1 ( 1,1’/%( n 1) _1+22—Z—%,—22—Z> (6.6)
4 3 _ o1 4
=3 (-1 Lt (©) - ) - 142 - T T



The expression for B}") (&) is derived as follows. (The derivations of the expressions for
the other components of 3 (¢) are much simpler and hence omitted.) When X ™ is in state
¢, infections occur at overall rate An”. A single infection clearly decreases n° by one and
increases n! by one. The newly infected individual, iy say, acquires X ~ Po(u,n=*(n° — 1))
un-rewired infectious edges and Y ~ Bin(n",2/n®) rewired infectious edges. The infectious
edge that infected iy is dropped, as are Z ~ Bin(n¥ — 1,1/n®) other infectious edges. (The
ones that would attempt to infect i if the edge was formed.) Thus, in view of (G.2]), the
associated change in @ (§) is

H-1,1,X+Y -Z-1,2). (6.7)

Summing (x(&) — x(£))q™ (€, &) over & # € is equivalent to multiplying (6.7) by An” and
taking expectations with respect to (X, Y, Z), which yields (G.6]). For future reference, note
that X,Y and Z are independent.

Simple calculation then yields

1B5(€) — ba(@(€))| = 0, (6.8)
1B5(€) = bp(x(£))] = 0, (6.9)
B 2(€) = brwr(2(€))] = 2(n — 2) " 'waa®(€) (2} (€) + 22(€)), (6.10)
B s(€) — brws(@(€))] = ﬂm —2) waz?(€)|1 — 22 (€)], (6.11)
1B8(€) = br(@ ()] = Az ()] (tn — )2 (€) — 1 g (6.12)
and, letting nd’ = 37 k*ni,
a (&) = n2y(n! +nk), 6.13
ag)(g) =n2w(l —a)n® =n"'w(l — a)2?(§), (6.14)
n—n—nl—

alial€) = n e (P22

= (n—2)'waz®(€)(1 — 2'(€) — 2%(€) — 2n7Y), (6.15)
s s(€) = n~2wan®2(n — 1)/(n — 2),

=2(n—2) 'wax* () (x' (&) —n7t). (6.16)

Calculation of aﬁ") (£) is more involved; an upper bound is sufficient, which we now derive.

Using (6.7,

M) =P B2+ (X +Y — Z —1)2+ 27, (6.17)
Noting that, E[X?] = [ |+E[X ] (as X has a Poisson distribution), E[Y?] < E[Y](1+E[Y])
and E[Z?] < E[Z](1 + E[Z]) (as Y and Z have binomial distributions), a simple calculation

yields
E2+ (X +Y - Z —1)*+ 7% < 3+ (E[X] + E[Y])? + 2E[Z](2 + E[Z]),
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ol (€) < anlad(€)

71(¢) z1(8) z1(€)

We need bounds for MY = maxgey<y, 10 (1), M), = maxoei<, W™ () and M =
maxo<i<t, Maxg>o(k : [ ,gn)(t) > 0) which hold with high probability. Clearly both M ](En) and
M 1(;/)[/ are bounded above by the total of the original degrees of all infectives during [0, to],
which in turn is bounded above by $% = D" 4+ D" + ...+ D" where DI DS, ... DY
are i.i.d. Po(u,) random variables. Since p, — g as n — oo, it follows immediately

3+ (un(xl(f) —nh) + 2x4(§))2 + 2:53(5) (2 + x?»(g))] . (6.18)

from the law of large numbers that lim,, . P(S(D") > 2un) = 0, whence lim,,_,, P(M ](5") >
2pm) = limy o0 P(MT), > 2un) = 0. Let M™ = max(D\™, DS, ... DY), Then it follows
from |[Kimber(1983)] that

lim P(M™ > logn) = 0. (6.19)
n—roo
Turning to rewirings, let RYL), Ré"), .., R where RZ(”) is the total number of rewirings to

st A A ~
the ith infective in £, then RZ(”) < RZ(”) (i=1,2,...,n), where Rgn), Rén), .., R are ob-
tained by assuming that all n individuals are infectious throughout [0, to], where t; is as in the
statement of Theorem 22 Then, conditional upon S(D"), the quantities J%i”), 1%5"’, R

are independent Poisson random variables, each having mean watoS(D") /(n—1). (Each warn-
ing independently has probability Z—j of not being to ¢ and the probability that the person

who received the warning rewires to 7 is ﬁ) Given that lim,,_, P(SgL) > 2un) = 0 it

follows that with high probability R&"),fzg"), ..., R™ are bounded above by independent
Po(3watop) random variables, whence

: (n) _
nh_)rrolo P(Z::rln2axn R, >logn)=0. (6.20)

Finally, we consider rewired susceptible-susceptible edges acquired by infectives at infec-
tion. As seen later in the proof, we need consider only such acquired edges while the number
of susceptibles S (t) > son, for fixed sy € (0,1). As noted above, W (t) < Sgb) (t) for all
t>0. Fori=2,3,...,n, let Yég)z be the number of rewired susceptible-susceptible edges
acquired by the ith infective at infection. Recall that if the ith infection occurs at time ¢

then, conditionally, Y&2); ~ Bin (W(") (t-), W) It follows that with high probability

st A ~
YS(Z‘)Z < YS(g)z (1 =2,3,...,|n(l —5s0)]), where the Yég)z are i.i.d. Bin([2un] ,n%o) random

st
variables. Now X <Y if X ~ Bin(1,p) and Y ~ Po(—log(1 — p)), so with high probability
st . .
v < v (=23, |n(1—s)]), where the Y%, are i.i.d. Po(f,) random variables

7Z 7Z 72
2

nso

and f, = pnlog(l — -=). Now f, — i—g as n — oo so, for all n sufficiently large, Yég)l
(i =2,3,...,[n(l —sp)|) are stochastically smaller than i.i.d. Po(?s’—’;) random variables. It
then follows that

lim P( max YS(Z‘)Z > logn) = 0. (6.21)

n—0oo 1=2,3,..., LTL(I—S())J
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Equations (619), (€20) and (6.2I) imply that, provided the number of susceptibles
remains above nsg, then M gb ), the maximum number of infectious edges attached to any
individual throughout [0, ¢o], is bounded above by 3logn with high probability.

Now s(tg) > 0. Choose sg € (0,s(ty)). Let U, = [so,1] x [0,1] x [0,2u]?. The partial
derivatives associated with the vector field b are bounded on U*, so b is Lipschitz on U*,
with Lipschitz constant K say. Choose € € (0, s(ty) — so) such that the path z(¢)(0 <t < ()
lies at a distance greater than e from the complement of U, and let § = ee %% /3. Let
T = inf{t > 0 : X(n)(t) ¢ U,}. Then, with high probability, z'(X™(t)) € [so,1],
(XM () € 0,1], 23(X™)(t)) € [0,2u] and 2* (X ™ (¢)) € [0,24] for all t € [0, T™)]. It then
follows using (G.8))-(G12]) that with high probability

B(X (1) = b((&(X ™ (1))] < (8 + V2)paw(n —2)™ + 20| — p) + 07" ),

for all ¢ € [0, 7™], which implies that the event {; occurs with high probability, where

T At
91:{/0 B(XM (1)) = b((X (t)))|dt§5}.

Further, (6.14)-(618) imply that with high probability

A (XD (1)) + ali (X (1) + s (X (1)) < 2p(n — 2) (1 + 20) (6.22)
and
o (X (1)) < At [B+ (n + Apsg ') + 8psy (1 + psg V)] (6.23)

for all ¢t € [0,7™]. Also, since MY < 3logn implies that 3°°° k2I{™(t) < 3lognI (1),
([6.I3) implies that with high probablhty

o (XM (1)) < yn~ (1 + 3plogn), (6.24)

for all t € [0, 7). The inequalities (6.22))-(6.24) imply that there exists C' € (0, 00) such
that with high probability o™ (X ™ (t)) < Cn~'logn for all t € [0, 7™)], whence the event
s occurs with high probability, where

T(")/\to
Qy = / oM (XM (1)) dt < Antg
0

and A, = Cn~'logn. The event Qy = {‘X(n)(O) — x(O)‘ < 5} occurs with high probability
as X(n)(O) 5 2(0) as n — oo. By [Darling and Norris(2008)], Theorem 4.1,

P < sup
0<t<to

and Theorem follows since the right-hand side of (6.25]) converges to 0 as n — oo and
€ > 0 can be chosen arbitrarily small.

XM (1) - x(t)‘ > e) < 4:; (5 U QS U Q) (6.25)
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6.3 Proof of Theorem

Let ¢ = inf{t > 0: ] (")( t) = 0}, then the final size T of the epidemic is given by T =

—SM (™). Let XM = {X™(¢) : ¢ > 0}, where XM (£) = (SM(¢), IV (t), I (1), ..., WM(1)),
be the process havmg the same state space as X™, viz. E™ and jump rates ¢ (¢, ¢) =
g™ (&, €N/ (AnF) (6,6 € EM ¢ #£ ¢). Recall that n is the total number of infective edges
when corresponding to state &. The process X stops when it reaches a state ¢ with

B =0, Fort >0 let Ij(t) = Y0 1kl("(). Let (™ = inf{t > 0 : IW(t) = 0}
and T =n — S (">(§ (). Note that X is a random time-scale transformation of X
in which when X is in state ¢ the clock for X 1s slowed down by the factor )\nE(f)
(i.e. by the total force of infection), so 7 and T have the same distribution. Conse-
quently we can use the time-transformed process X and 7™ to study the asymptotic
behaviour of T as n — co. The advantage of using the time-transformed process is that,
asn — 0o, E (n 2, E < 0o (where E is non-random and defined below), whereas (™ +5 .
Such random time-scale transformations have a long history of application to the final out-
come of epidemics; see, for example, [Watson(1980)], |[Ethier and Kurtz(1986)], page 467,
[Darling and Norris(2008)], Section 5.2, and [Janson et al.(2014)].

Let X" = (X" (1) : t > 0}, where X" (t) = &(X™ (1)) (t > 0) and & : E®™ — R? is

defined by

2(€) = (¢'(€),2°(€), 2*(€)) = n~" (n®, 0", n"); (6.26)

cf. (62), there is no need to keep track of the number of infectives as the model is SI so
n! = n —n® (The labelling of the three coordinates of Z(£) is chosen to aid connection
with the coordinates of (&) at ([E2).) The deterministic approximation to X (n), obtained
by dividing the right-hand sides of (23), (2.5) and (2.6) by Xig, setting v = 0 and using
i+s=1,is Z(t) = (5(t),ig(t), w(t)) (t > 0), where

ds

— =-1 2
Elt 7 i (6 7)
dZE o - ZE W w

%——1+,us——+2§ X(l—oz+as) (6.28)
dv  wa _ 0

Suppose that X(")(O) L5 (1—€, €, pue(1—¢€),0) as n — oo, where € € (0, 1), as in part (a)
of Theorem 2.5 Then X(n)(O) L5 (1—¢€, ¢, pe(1—¢), 0) also. It is shown in Appendix[A.Tlthat
the solution of (6:27) to (6.29]), with initial condition (5(0),ig(0),w(0)) = (1 —¢, ue(1—e),0),
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is

) =1—e—t, (6.30)

s 2 ()} oo
(1) = ~ 22 (5(1)) log (ffl) | (6.32)

Let U = [0,1] x (0,00) x [0,00). Let b: U — R? be the vector field given by the right-
hand sides of [6.27) to [©29). Let { = inf{t > 0 : ip(t) = 0} and 7 = 1 — 5(¢). Then it
follows from (G.31]) that 7 is given by the smallest solution in (e, 1) of Fi(x) = 0, where F, is
defined at ([2Z.8)). (We show in Appendix [A.2] that such a solution exists.) We follow Section
4.2 of [Darling and Norris(2008)], adapted to L? estimates rather than exponential estimates
as there presented. For € > 0, let

(7 =inf{t >0: B(#(t),)N U # 0},
= inf{t > 0: B(z(t),€) C U},

where B(Z(t),€) is the closed ball {Z € R?: |7 — Z(¢)| < ¢}, and let

ple) = sup_ |2(t) = Z(()|-

(<<l

We show in Appendix A2 that, under the conditions of Theorem Z5a), #(¢) < 0. Thus
b((C)) is not tangent to the boundary of U, so there exists C' < oo such that j(¢) < C€ for
all sufficiently small ¢ > 0. Choose such an € and then %, so that £, > (j. Let 5y = 5(50)
and i = min{ig(t) : 0 <t < fo}. Let U* = [sq,1] x (0,2u] x [0, 2]. The vector field b, now
defined on [sg, 1] x (250 ,2p1] % [0,2p)], is Lipschitz, with Lipschitz constant K say.

Let ﬁ(" and @™ be defined analogously to A™ and o™ at (63) and (G.4). Let
§ = eeK0/3 and Q; (i = 0,1,2) be corresponding events to €; (i = 0,1,2) (see the
proof of Theorem 22)) for X . The components of 3™ (&) are given by the corresponding
components of £ (¢) divided by Az (¢). (Note that Bg) and 51%)1/3 are no longer rele-
vant.) A similar comment applies to the components of b(Z(£)). In an obvious notation,

A (&) = o (€)/(AaP(€)), alrs(€) = almis(€)/(A2?(€)) and
A" =nTEl+ (X +Y —Z 1)+ Z%; (6.33)

cf. (G.I7), the constant 2 in the expectation in (6.17) is replaced by 1 in ([6.33)), since &(§) does

not have the component z%(¢) = n~'n! corresponding to the number of infectives. (Again,

ag) and ag&/ r are no longer relevant.) The proof of Theorem 2.2is easily modified to show

that the events ; and (22, with A, replaced by A, = Cin~'logn for suitable C; > 0, each
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occur with high probability. It then follows using [Darling and Norris(2008)], Theorem 4.3
(adapted to L? estimates) that

P (|X™(C) 30| > 1+ 0)¢) < Zﬁ’; +P(Q5 U Q5 UDY). (6.34)
Theorem 25(a) follows since €y occurs with high probability, by assumption, and € > 0 can
be chosen arbitrarily small.

Turn now to Theorem Z5(b). Consider first the non-time-transformed process, let ¢,, =
inf{t > 0: S™(¢t) < n —logn} and note that t,, < oo since a major outbreak occurs. Let
X" = LX) : t > 0} be defined by X' (t) = X (t+t,) (t > 0), so X™'(0) = X" (¢,)
is random. We apply the same random time-scale transformation as above to the process
X®' yielding a process, X™" say, with X™'(0) = X™(¢,). We now drop the superfix ’,
from the process X' to yield a time-transformed process X ™ with X (0) = X (t,).

It follows from the proofs of Theorem 2.1l and Lemma 2] that [1(5”) (t,) and W™(t,)
are each O,(logn), so X " (0) % (1,0,0) as n — co. The deterministic approximation
E(t) = (3(t),15(t),w(t)) (t > 0) is now the solution of ([E27)-(E29) with initial condition
(5(0),7ig(0),@w(0)) = (1,0,0), which is given by setting ¢ = 0 in ([6.30)-@32). (Note that,
unlike the corresponding un-time-transformed deterministic approximation, this process does
not get stuck at (1,0,0).) As before, ¢ = inf{t > 0 :ip(t) = 0} and 7 = 1 — 5({). Thus 7
satisfies Fy(7) = 0. We show in Appendix that, when Ry > 1, Fy(7) = 0 has a unique
solution in (0,1) and i},(¢) < 0.

Let 7/ be as in Lemma 2] t; = 7//2 and ¢ = 3(t;) = 1 — t;. We now take

U={([t —&1] x [~1,20)) U ([0,1 &) x (0,21))} x [0, 2p).

Note that with this choice of U, ¢ . is close to ¢ for all sufficiently small ¢ > 0. Note also
that fl(gn) (t) > 0 for all t € [0, 4] with high probability, since if I (¢) = 0 for some t € [0, ]
then 7™ < 7//2 contradicting Lemma 21l The remainder of the proof now follows that of

(a).

6.4 Proof of Corollary 2.1]

Recall that v = 0 and we consider the SI model. By Theorem Z5(b), 75/ (1, A, w, ) is given
by the unique solution in (0, 1) of f(x) = 0, where

(Ap+ wa)x
At w(l—a)+2wa(l —x)

Recall from ([Z.2) that A, = 3. The function fy, defined at [2.9) is obtained by substituting
A=\ in (G35).

Writing 6 for 0(u, a) = ﬁfg{;ﬂ), elementary calculus yields

1 1

f(z) =1log(l —x)+

(6.35)

1 20
=22  (1=62p
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Thus f§(0) = 0. If § € [0, 3] then f{(x) < 0 for all z € (0,1), whence fy is strictly decreasing
on [0,1) and 0 is the only root of f in [0,1). If § > L then f(0) > 0 and f, has a unique
root in (0, 1), since fo(1—) = —oo and f has at most two stationary points in (0,1). Part
(a) follows since, with p,w and « held fixed, limy . f(x) = fo(x) for all z € [0,1). Part (b)
follows on noting that 6 > % if and only if a > % and p > 3321.

Turning to part (c), fix > 1,w > 0 and o > 0, and let

(Ap+ wa)x

9(x, A) = log(l — z) + A w(l—a)+2wa(l —x)

0<z<1,A>\),

so Tsr(p, A\, w, ) is given by the unique z € (0, 1) such that g(z,\) = 0. Let g, denote the
partial derivative of g with respect to A\. Then

wzl[(l+a —2az)u — af

A pum—
NEAN) = B T o) 2ol — o)
S0
>0 ifz <xo(p,a),
(N S=0 if z=uxz(p,a), (6.36)
<0 if x> ze(p, a),
where (recall (2.11))
Zo(j1, @) = l+a 1
oY= o T 2w

Note that x¢(u, ) is independent of both A and w.

Now g > 1, so zo(p, @) > 5=. Thus if @ < 1, then gy(z,A) > 0 for all z € (0,1) and it
follows that Tg(u, A, w, @) is strictly increasing in A for A > A..

Now fix o € (3,1). Noting that w(1 — a) + 2wa[l — zo(p, a)] = u,

glwo(p,a), ) = hlp) (A > A, (6.37)

where h(p) = h(p, o) and h is defined at (ZI0). (Note that g(xo(u, ), \) is independent of
M) If > 7%= then xo(u, o) > 1 whence, as above, 7sr(i1, A\, w, a) is strictly increasing in .
Thus, consider 1 < p < 1%-.

Now A(1) =log (1 — 5~) + 5= < 0 and h(;2) = —oo. Further,

~ 1+« «
() = . . 6.38
W= 50 - (-od (039
Hence, /(1) = 20?‘2;1_1) <0,as a € (%, 1), and
W (p) = 0 if and only if (1 — a®)p? — (1 + a)pu + 2% = 0. (6.39)

The discriminant of the quadratic (in ) on the right-hand side of ([639) is A = o*(1 +

@)(9a — 7). Suppose o < &. Then A < 0, so h has no stationary point in (1, 12-) and
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h(p) < 0 for all e (1, 2-). Thus, for such p, [€37) implies that g(zo(u, ), A) < 0 for all

A > A, whence TS](M,)\ w,a) < zo(u, a) for all A > A\.. It then follows, using (6.306) and

the definition of 77 (1, A\, w, @), that 757 (i, A, w, ) is strictly increasing in A on (., 00). The
) ?

same conclusion holds if a = § since then A has a unique stationary point in (1, %-), which

must be an inflection as 2/(1) < 0 and fz(ﬁ) — —00, s0 again h(p) < 0 for all p € (1, ).

Suppose now that g < a < 1. Then h has two stationary points in (1, 7%~), a minimum
at fi(a) and a maximum at fi(«) say, where fi(a) < i(«) are given by e [1 + n(a)], with

n(a) = /%=L Note that 7 is strictly increasing on [g,1], 7(5) = 0 and 7)( ) = 1. Further,
n~H0) = % (0 € [0,1]). For 6 € [0,1), let h(0) = h(ji(a),a), where ar = n~1(6). A little
algebra yields that
h(6) = 2log(1 — 0) — log(7 4+ 6%) + -7
T8 & 21— 6)

Now fL(O) = % —log 7 < 0, consistent with the above analysis of the case o = g. It is shown
easily that h is strictly increasing and h(1—) = oo. Thus A has a unique root (0, 1), which
we denote by #*. Numerical calculation yields §* ~ 0.4614, whence o* = n~(0*) ~ 0.8209
and fi(a*) ~ 3.3482.

When { < o < a*, then for all 1 € (1, %) we have h(p) < 0 and the previous analysis
shows that 7s7(i, A\, w, «) is strictly 1ncreas1ng in A on (A;,00). (Thus we have now proved
part (c)(i).) The same is true when a@ = o* and p # (o). If @ = o and p = j(a*)
then g(zo(f(a*)), A) = 0 for all A > A, whence Tg;(f(a*), A\, w, a*) = zo(fa(a*)) = 7* for all
A > A, thus proving part (c)(ii). .

Suppose now that a* < a < 1. Then h(i(a)) > 0, so there exists uj () < fi(a) < pg (@)
such that (recall that 1 < pu < %)

<0 ifl<p<pp(a)oruyla) <p< %
h(p) =0 if p = pj(a) or pg(a),
>0 if g (a) < p < pp(e).

The cases when () < 0 or h(z) = 0 have been analysed previously and the same conclusions
follow. If h() > 0 then g(zo(p, @), A) > 0 for all A > \.. Thus now 7g; (11, A, w, @) > xo(p, @)
for all A > A, so (G36]) and the definition of 75;(i, A\, w, ) implies that 7g;(p, A\, w, «) is
strictly decreasing in A on ()., 00), which completes the proof of part (c)(iii).

Suppose finally that o < o = 1. Then h(pu) = —log(2u)+p— %, so W () =1—p~' >0
for all 4 > 1. Further, it is shown easily that h has a unique root, denoted by p*(1), in
(1,00). Thus h(p) is < 0,= 0 or > 0 according to pu < g * (1), = p*(1) or > u.(1) and part
(c)(iv) follows.

6.5 Final outcome and discontinuity of the SIR model

In this section we present arguments in support of conjectures concerning the final size of
the SIR epidemic (Conjecture 2.1]) and its discontinuity at the critical value A = A. (see Re-
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mark 2.74]), together with proofs of Theorems 2.3and 2.4l In Section [6.5.1] we first outline the
difficulty in extending the proof in Section of Theorem 2.5 concerning the final outcome
of the SI epidemic, to the SIR model. We then make some remarks on how Conjecture 2.1]
might be proved. In Section [6.5.2, we prove Theorem 23] concerning discontinuity at A = A,
of the final size of the deterministic SIR model given by (Z3])-(2:6) when its initial condition
converges to having zero infected in an appropriate fashion. Finally, in Section we
prove Theorem 2.4l which gives sufficient conditions and (implicitly) necessary conditions
for the final size of the stochastic SIR model to have a discontinuity at A = A, and discuss
a possible approach to proving that the sufficient conditions are also necessary.

6.5.1 Final size of SIR epidemic

A similar random time-scale transformation to that used in Section [6.3] in which the clock
is slowed down by a factor given by the total force of infection, leads to the deterministic
model

%: 1 (6.40)
%:—%iﬂ, (6.41)
L B L L i) (6.42)
W5 oY (6.43)

which is obtained from ([23)-(2.6) by dividing all right-hand sides by \ig.
Note that the corresponding vector field, b say, is not Lipschitz on, for example, U, =
[s0, 1] x [0, 1] x [0, 2u)?, owing to the term —in (641). Also, the quantity corresponding to

o (€) in [EI3) becomes
[, F
—(n o (Y n —+n
0‘&2)(5):71 2(x> < nE 2),
leading to the bound (cf. (624))

&gl)(f((”)(t)) <n’! <%> <i;§g + 310gn) :

which causes problems in the application of [Darling and Norris(2008)], Theorem 4.1, if z(£)
can be arbitrarily small. These problems disappear if both ir and z3(¢) are bounded away
from zero but that excludes the end of an epidemic, and also the start if there are few initial
infectives.

Consider Conjecture 2ZI[(a). For any € € (0
Theorem 2.2, by choosing t, so that s(ty) = s(o0)
(

1 — s(00)), it follows immediately from
+ ¢, that

Y

lim P(T™ > 1 — s(c0) —€) = 1.

n—o0
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To prove Conjecture [2.1](a) it is sufficient to show also that

lim P(T™ < 1— s(c0) +¢€) = 1. (6.44)

n—oo

One approach to proving ([6.44) is as follows (cf. the proof of [Ball and Britton(2007)], The-
orem 4.3). For € € (0,1 — s(00)), let to(¢') be defined by s(to(€')) = s(o0) + €. Choose
¢, sufficiently small so that the process {X™(t) : t > to(e})} is subcritical; intuitively this
is possible since otherwise the final fraction susceptible would be smaller than s(cc). For
¢ < €, the process of infectives in {X™(t) : t > ty(¢')} can be bounded above by a sub-
critical branching process, B(€') say, having 2ni(to(¢’)) initial ancestors. Let pp(€’) be the
mean total progeny of B(¢’) if it had a single ancestor. Note that pup(€’) is increasing in €
and pp(€') < oo for € < €. A simple argument using Markov’s inequality shows that, for

e >0, . / /
P (T (00) — T (1y()) > ¢) < 20l0lE)in(c) (6.45)

€
The right-hand side of (6.43) can be made arbitrarily small as i(tg(¢)) — 0 as € | 0,
and ([6.44]) follows. The lack of a closed-form solution to the ordinary differential equa-
tions (.40)-(€43]) makes it difficult to make the above argument rigorous.

Turning to Conjecture 2ZI(b), consider the approximating branching process B defined
in Section 2201 Application of [Nerman(1981)|, Theorem 5.4 and Corollary 3.2, as at (G.1I),
yields

e "I(t) B W asn — oo,

so, for P-almost all w € A%,
lim 1) = A
t—o0 IE‘ (t) r+y
R S
S Ap 1) —w

asr = AMp — 1) — v —w. It is then clear from the proof of Theorem 2] that for the
epidemic £™), conditional upon a major outbreak, 1™ (t,)/ I](E") (tn) =2 L as n — oo, where
t, = inf{t > 0 : T™(t) > logn} is the time when the cumulative number of infectives in

E™ first reaches logn. This suggests the initial conditions for the deterministic model used
in Conjecture 2II(b).

6.5.2 Proof of Theorem 2.3

The lack of a closed-form solution to (6.40)-([6.43]) also means that we do not obtain an
equation that is satisfied by the final size 7. We can however obtain a condition for the final
size of the deterministic model (6.40)-(6.43)), with initial condition (3(0),#(0),7(0),@(0)) =
(1—¢,€, Le, 0) where L is a suitably chosen constant, to have a discontinuity at the threshold

A = A in the limit € | 0 and hence prove Theorem 2.3
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First note that (6.42]), together with the initial condition, yields

e\ (6.46)

~"(0):—1—w—w+,u>0ifandonlyif>\> =
A w—1

Differentiating (G.42]) yields
Pip  di  1dig 1. ds5 2dw 2 _d5 wadi
T e T Rt 6.47
@ Ma T A TEFa a2l a A d (6.47)
ldip 1~ 2wa 20 wa oA
=y B Gy T T ).
s RET T T @ TN ( i )

1) The value of L is assumed in the theorem,

To determine %(0), we need L = limyg =
see the definition of 7575(p, A, v, w, @) just prior to Theorem 2.3 but it can also be obtained

using I’Hopital’s rule. Assuming that the limit exists, ’'Hopital’s rule gives

7 —IL+1
W Tt) 1B tu
using (6.41) and ([6.46), whence
A
L=———. 6.48
AMp—1)—w (6.48)
Substituting ([6.48) into (6.47) yields
)= ey T
0=+ T (3~ o)
2wa  plwa—1) — 9] — 2wa
_ _ 6.49
Iy —— : (6.49)

when A = A.. Thus, when A = A,

i%(0) > 0 if and only if ¥ < w(2a — 1) and p > wa—1) -~

2wa

and
i%(0) < 0 if and only if v > w(2a — 1) or p < w2a—1) =7

Theorem follows since

=0 if(0)<0
lim 7. Y, W, F ’
n Trrlp A 7w, @) {> 0 if7%(0) > 0.
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6.5.3 Proof of Theorem 2.4

Theorem 2.4 is proved by considering modifications of the epidemic model £™ which (i)
give upper and lower bounds for the process of infectives in €M™ and (ii) lead to a time-
transformed deterministic model whose corresponding vector field is Lipschitz thus enabling
proof of an associated law of large numbers. Part (a) of Theorem 2] follows by showing that
under the given conditions the final size of the deterministic model for the lower bounding
process has a discontinuity at the threshold A = A.; part (b) follows similarly by showing
that the final size of deterministic model for the upper bounding process is continuous at
A = A.. We present the argument in detail for the lower bounding process. The proof for
the upper bounding process is similar, so only an outline is given.

Suppose first that the model £™ is modified so that if a susceptible rewires an edge
from one infective to another infective then the edge is dropped. This clearly leads to a
model whose final size is stochastically smaller than that of the original model £M™. We
run the original model until time t, = inf{t > 0 : S™(¢) < n — logn} and then the
modified model, and make the same random time-scale transformation as in Section to
the latter. For the time-transformed modified model, in an obvious notation, let XM =
{(S(”)(t),f(")(t),fgl)(t), WO () - ¢ > 0}, where SM(0) = S™(t,) ete. The corresponding
deterministic model is

== —1, (6.50)
® —}i L, (6.51)
‘z_f_q_%juug—;%rz%—%, (6.52)
Z_f - 4 zf (6.53)

with initial condition (5(0),%(0),75(0),@(0)) = (1,0,0,0). Note that the only difference
between (6.40)-(6.43) and (€.50)-(6.53) is that the final term in (6.42)) is replaced by £ since
now every rewiring necessarily leads to a drop of an infective edge.

For ¢ > 0, let X" (t) = n=1(S® (), 1% (1), W (1)) and 2(£) = (3(t),ix(t), @(t)). Let
¢ = inf{t > 0 : ig(t) = 0}. Observe that [B50), [652) and [B53) form an autonomous

system that is Lipschitz provided that § is bounded away from 0. Also, in an obvious
notation, (6.13]) becomes

i) = (5) %

leading to the bound (cf. (6.24))
&M (X ™ (1) < 2}n—1 log 1.
Consequently, it is straightforward to modify the proof of Theorem 22 to show that, for any

41



~

tO € (Oa C)a
sup X(n)(t) — &) 20 asn — oo. (6.54)
0<t<to

Now ip(0) = pp— 1 — 2 so ,(0) > 0 if and only if A > X\, and 75(0) = 0 if A = \..
Further, using (6.50),

dPip ldip 1. 2dd 2w

@ P Tra 2P e
so, using (653]), when A = A,

5 2wa Pwa—1) —7v) — 2wa
1
0) = — = :
i5(0) p+ " R
Note that #/4(0) > 0 if and only if the condition in Theorem 24(a) is satisfied.

Let ¢™ = inf{t > 0 : [SE")(t) = 0} and T = n — SM(CM), so T™ is the size of
the modified epidemic. Suppose that the condition in Theorem P.4(a) is satisfied. Then

~

limyy, (1 — 2(¢)) > 0 and it follows using (6.54]) that there exists 7y > 0 such that

lim lim P(n_lf(”) > 1) = 1.
A A n—o0
Theorem 2-4)(a) now follows as T, conditioned on the occurrence of a major outbreak, is
stochastically larger than n=17"™,
Turning to part (b), suppose now that the model £ is modified so that if a susceptible
rewires an edge from an infective to a recovered individual then the edge to the infective is
also retained. In the construction this means that when an infective sends a warning down
an infective edge and that edge is rewired to a recovered individual then the infective does
not lose that infective edge. This leads to a model whose final size is stochastically larger
than that of £™. As before, we run the model £ until time ¢,, defined above and then the
time-transformed modified model. The corresponding time-transformed deterministic model

is given by (6.50)-(653), with (6.52) replaced by

diE Y ~ ZE w w
— =—-1—-——4ps—=4+2———
dt T TR T
Note that ([650), (655) and ([6.53) form an autonomous system that is Lipschitz provided
that $ is bounded away from 0. The proof parallels that of part (a) in the obvious fashion,

the only difference being that now, when A = A,

N

(1—a+ad). (6.55)

3wa  pwwBa—1)—7v) — 3wa

s
O = — g
i5(0) p+ X R
Thus 74(0) < 0 if either w(3a — 1) < v or p < ﬁ Moreover, a further calculation

shows that if A = X\, and 7(0) = 0 then 7%(0) = —2/°\J—f‘ < 0. Part (b) of the theorem now
follows using a similar argument to that used at the end of the proof of part (a).
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The bounding process used in the proof of Theorem [Z4[(b) suggests an approach to
proving the conditions in part(a) are also necessary for the final size to be discontinuous
at A = \.. Run the epidemic €™ until time ¢, and then make the random time-scale
transformation. For the latter, let x" = {X(n)(t) :t > 0}, where x" (t) = (XM (t))
(t > 0) and & : E™ — R* is defined by @2). Let 1™ (¢) and IU”(t) denote respectively
the numbers of infectives and infective edges in X e at time t. Recall from Section
that for the epidemic €™, conditional upon a major outbreak, 1™(t,)/ [SE")(tn) 2% L as
n — oo. This suggests that there exists L' > L and tg > 0 such that, conditional upon a
major outbreak, I (t) < L/ ng") (t) for all ¢ € [0, o] with high probability.

The term (1 — a+ (1 —i)) in (64J) arises from rewirings to susceptibles or recovered.

In particular, the probability that a rewiring is to a recovered, and the infective edge is
n—X ) () —1(" (1)—2
n—2

dropped, is . Modifying the model so that this probability is replaced by

X (O — L 1) () — .
X (t)n_Lz s 72 10ads to an upper bounding process for the true model and hence also for

the time-transformed model. The latter has deterministic limit which satisfies (6.40)-(6.43))
over [0, to] but with (6.42) replaced by

d%E 7 ~ gE

—— =—1l—-=-+pus——=+2

dt TG
Thus (6.40), ([6.56]) and ([6.43]) form an autonomous system, that is Lipschitz provided that
$ is bounded away from 0 and hence susceptible to analysis. Omitting the details, when
A = A we obtain i%(0) = —p + %2 and 1%(0) = =% < 0 if 7%(0) = 0, which imply that
the conditions in Theorem Z4|(b) are also necessary.

It may be possible to make the argument rigorous using branching processes that bound
£ but that does not seem straightforward since (i) ¢y depends on A and | 0 as A | A\, and
(ii) the result is conditional upon a major epidemic, the probability of which also | 0 as
Al A

w| &,

(1—a+a(l—Lig)). (6.56)

> &

6.6 Proof of Theorems 2.7 and 2.8

The proof of Theorem [2.7]is omitted as it parallels that of Theorem in Section [6.2] with
only very minor modification. Turning to Theorem 2.8 we make the same random time-scale
transformation as in Section [6.3] in which the clock is slowed down by a factor given by the
total force of infection. Recalling (2.12)-(2.15), this leads to the deterministic model given
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% _ (6.57)
* . —}; +1 (6.58)
‘Z_'f:_l_lwg—@w%—g, (6.50)
0;_1;’ e (6.60)

with initial condition (5(0),4(0),75(0),@(0)) = (1,0,0,0). The equations for (3,ip,w) form
a closed system having solution

5(t) =1—t, (6.61)
i(t) = 3(13(5(1)), (6.62)
w(t) = S23()(1 = 5(1)), (6.63)

where

G(s) = <1 1 “”(i - 2a)> log 3 + (u . 2%) (1—3(t)).

The solution is derived as follows. Equation (6.61)) follows immediately from (6.57)
and the initial condition. Equation (663) is obtained by dividing (G60) by (E57) and
solving the resulting differential equation using the integrating factor 572, together with the
initial condition. Finally, (6.62)) is obtained by dividing (6.59) by (6.57]), substituting for @
from ([6.63) and then solving the resulting differential equation using the integrating factor
571 together with the initial condition.

Let ¢ = inf{t > 0 : ig(t) = 0} and 5 = 5({). Then either § = 0 or §(5) = 0. We thus
investigate the solutions of §(s) =0 in [0,1]. Note that 77,(0) = p— 1 — 22 > 0, as A > A,
and 5(1) = 0, so ¢ € (0,1], so we investigate the solutions of §(s) = 0 in [0,1). Now

1-2
g'(s) = (1+W) s_l—,u—l—Q%,

so g has at most one stationary point in (0, 1]. Further, (1) =0and §'(1) = 1 —pu+ @ <0,
as A > A, so by considering §(0+) it is seen easily that ¢ has no root in (0,1) if A + v +
w(l —2a) < 0 and precisely one root in (0,1) if A+ v 4+ w(1l — 2«a) > 0. Note that since
Ae = ZLJW a necessary (but not sufficient) condition for g not to have a root in (0, 1) is that
r(p, v, w, o) < 0, where r(u, v, w, ) is defined at (Z.16]).
Suppose that a major epidemic occurs. Let t, = inf{t > 0: S™(t) < n —logn} < oo.
Define the time-transformed process X e analogously to the SI model, using the coordinate

functions B28), with X " (0) = (n=1(S™ (t,.), 1% (¢,), W (¢,)).
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Suppose that r(u,v,w,a) < 0 and A € (A, w(2cc — 1) — 7]. Then, given any € € (0,1),
let t, = 1 —¢€/2, s0 8(t;) = €¢/2. Let U = [§,1] x [—5,2u] x [0,24). The vector field
b: U — R? given by the right-hand sides of (6.57), ([659) and (G60) is Lipschitz and the
proof of Theorem is easily modified to yield

lim P < sup

n—o0 OStStl

X" - gz(t)) > 2) —0, (6.64)

where #(t) = (5(t),ig(t),w(t)). By a similar argument to that used at the end of the proof of
Theorem 25|(b) in Section [6.3] there exists t, € (0,¢;) such that ng") (t) > 0 for all t € [0, 9]

with high probability. It follows that
lim P(T™ > 1—¢€) > lim P(S™(t;) < ¢)

n—oo n— o0

=1,

using ([6.64]) and the definition of ¢;. Theorem 2.8(b) for the case when A € (A, w(2a—1)—+]
now follows as € € (0, 1) is arbitrary.

The proof of Theorem 2.§] for the other cases, i.e. when the limit 7 < 1, follows a similar
argument to that of Theorem 25(b) and hence is omitted.

7 Concluding comments

We have presented a construction of an SIR epidemic with preventive rewiring on an Erdos-
Rényi random graph, together with a rigorously justified deterministic approximation. For
the special case of the SI model, these yielded a detailed analysis of the final outcome of the
epidemic, and in particular a proof of a necessary and sufficient condition for the final size
to be discontinuous at the phase transition A = \.. Similar results were also obtained for the
SIR model when rewiring is necessarily to a susceptible individual. Moreover in that case
the behaviour at the phase transition is very striking in that the final fraction infected by
the epidemic jumps from 0 to 1. For the original SIR model only partial results were proved,
in that there is a non-negligible gap between the necessary and sufficient conditions for a
discontinuity, although stronger results were conjectured together with supporting evidence.
Proving those conjectures is a worthwhile future work.

It seems likely that similar results hold for epidemics on networks constructed using the
configuration model. Indeed [Yao and Durrett(2020)] provides such results although, as de-
scribed in Section Ml we believe that their results are for a model which is different from the
original SIR model and does not provide an exact asymptotic approximation to the original
model in the limit as n — co. However it seems hard to extend our construction to epidemics
on configuration-model networks since the construction exploits symmetries and indepen-
dence properties of a Erdés-Rényi random graph that are not present in configuration-model
networks. Although not considered here, it seems likely that the construction can be ex-
tended to models that are more akin to the Erdds-Rényi random graph, such as the stochastic
block model.
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A Time-transformed deterministic SI model.

A.1 Solution of time-transformed deterministic model (6.27)-(6.29)

We solve ([6.27)-(6.29) with the initial condition (5(0),7z(0),w(0)) = (1 — ¢, ue(1 — €),0).
The solution (630) for 5(¢) follows immediately from (6.27) as Z(0) = 1 — e. Dividing (6.29)
by [€29) yields

dw wa _ n 2121
—_— = ——38 J—
ds A s’
which with the above initial condition yields, using the integrating factor 5§72,
. wa_y 5
=—351 Al
() = S0 (). (A1)
and (632) follows. Dividing (6.28) by ([6:29) and substituting from (A.]) gives
d"f ~ ~
% = 1—,u8+—+2Ts—log<1i ) +§(1—a+a§),
which, with the above initial condition can be solved using the integrating factor 57! to

yield ([6.37)).

A.2 Final size and 7,({) when ¢ > 0

Define f, : [¢,1) — R by
1— 2 (At + wa)z — wae
=1
fe(z) Og(l_e) )\+w(1_a)+2wa(1—1’)’

so T satisfies F.(1) = 0 if and only if f.(7) = 0. From (G.31)), we have ip(t) = H(5(t)), where

H(3) = ia(g), with G(3) = (A + w(1 — a) + 2wad) £.(1 — 3).

Now fe(€) > 0and f.(1—) = —o0, so f. has at least one root in [¢, 1), and since 5(t) = 1 —e—t
(t>0),¢=inf{t >0:ip(t) =0} is finite and 5(¢) = 1 — 7, where 7 is the smallest solution
of F.(x) =01in (¢ 1). Further, since §'(¢) = —1,

ip(0) = —H’(g(f))

QG G0) + GG

_ §(<) 1(~(F
- -22E G0,

VaR]

as G(5(¢)) = 0. Now,

G'(3(0) = (A +w(l - a) +2was(Q) £/(1 - 5(0)),

since f.(1—3(()) =0, so ,(¢) < 0 if and only if f/(7) < 0. It is shown easily that f/(1) < 0
if and only if F!/(7) < 0.
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A.3 Final size and 7,({) when ¢ = 0

Setting € = 0 in ([6.31]) shows that 7 = 1 — §(() is given by the smallest solution in (0, 1)
of Fy(z) = 0, provided there is at least one solution, otherwise 7 = 1. We show now that
when Ry > 1 there is a unique solution in (0, 1). Let f be the function defined at (6.33]), so
7 satisfies (1) = 0 if and only if f(7) = 0. Now

1 (A 4+ wa) [N+ w(l + «a)]
l—z A+ w(l—a)+2wa(l —a)?

fila)=-

so, for x € (0,1), f'(z) = 0if and only if g, (1 —2) = ¢g2(1 —x), where ¢1(x) = (A +w(l —a)+
2war)? and go(x) = (App+wa) A +w(l+a)]z. Now g1(0) > g2(0), lim, 0 g1(x) — g2(z) = o0
and a simple calculation shows that g;(1) < go(1) if and only if A > pro i Ae. Suppose
Ry > 1,0 A > \.. Then g; — g» has a root in (0, 1) and a root in (1, 00). Moreover, g; — go
has precisely one root in each of these intervals, as it convex on R. Hence f’ has a unique
root in (0,1). Further, f(0) =0, f(0) = =1+ (Ap+wa)/[A+w(l+a)] >0, as A > A, and
f(1—) = —o0, so the unique stationary point of f’ in (0, 1) must be a maximum. It follows
that f(x) = 0, and hence also Fy(x) = 0 has a unique solution 7 in (0,1) and f'(7) < 0.

Letting € = 0 in the argument in Appendix ([A2) shows that i;(¢) < 0.
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