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Abstract This paper is concerned with stochastic SIR and SEIR epidemic models on
random networks in which individuals may rewire away from infected neighbors at
some rate w (and reconnect to non-infectious individuals with probability « or else
simply drop the edge if « = 0), so-called preventive rewiring. The models are denoted
SIR-w and SEIR-w, and we focus attention on the early stages of an outbreak, where we
derive the expressions for the basic reproduction number R and the expected degree
of the infectious nodes E(Dy) using two different approximation approaches. The
first approach approximates the early spread of an epidemic by a branching process,
whereas the second one uses pair approximation. The expressions are compared with
the corresponding empirical means obtained from stochastic simulations of SIR-w and
SEIR-w epidemics on Poisson and scale-free networks. Without rewiring of exposed
nodes, the two approaches predict the same epidemic threshold and the same E(D;) for
both types of epidemics, the latter being very close to the mean degree obtained from
simulated epidemics over Poisson networks. Above the epidemic threshold, pairwise
models overestimate the value of Ry computed from simulations, which turns out to
be very close to the one predicted by the branching process approximation. When
exposed individuals also rewire with « > O (perhaps unaware of being infected),
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the two approaches give different epidemic thresholds, with the branching process
approximation being more in agreement with simulations.

Keywords Network epidemic models - Preventive rewiring - Branching process -
Pair approximation

1 Introduction

Interactions among individuals in a population can be described by networks of who-
contacts-whom. Studies of contact networks in sexually transmitted diseases have long
revealed a high variability in the number of contacts per individual and highlighted
the importance of those individuals described as “super-spreaders” for the onset of
an epidemic (Anderson and May 1991; McCarthy et al. 2007). Similar conclusions
about the importance of super-spread events were drawn from contact tracing data
collected from recent epidemic outbreaks of airbone-transmitted diseases like those
of the severe acute respiratory syndrome (SARS) in 2002 and 2003 (Lipsitch 2003;
Riley 2003).

On the other hand, the risk perception among people during an epidemic outbreak
triggers behavioral responses to lower the risk of contagion (Lau et al. 2010; Springborn
et al. 2015), the avoidance of contacts with infected individuals being an example of
such responses (Fenichel et al. 2011). This sort of social distancing led to the idea
of disease-avoiding link rewiring and is one of the basis of the so-called adaptive or
dynamic networks. Such a preventive rewiring assumes transmission of information
which allows people to gather knowledge about the disease status of their neighbors.
Therefore, in such networks the contact pattern is no longer static but evolves with
the spread of an infectious disease according to the rules defining the rewiring process
(Gross et al. 2006; Juher et al. 2013; Risau-Gusman and Zanette 2009; Schwartz and
Shaw 2010; Schwarzkopf et al. 2010; Zanette and Risau-Gusméan 2008).

Pairwise models have been the main approach adopted for the analysis of epidemic
dynamics on adaptive networks (Gross et al. 2006; Juher et al. 2013; Kiss et al. 2012;
Llensa et al. 2014; Risau-Gusman and Zanette 2009; Schwarzkopf et al. 2010; Tay-
lor et al. 2012; Zanette and Risau-Gusman 2008). This class of models was initially
developed to deal with processes defined on regular (random) networks and offers a
good description of their dynamics. In their classic formulation and over heteroge-
neous networks, however, their accuracy is far from being satisfactory, especially for
its prediction of the epidemic threshold. The so-called effective degree models are
extensions of them with a higher accuracy in their predictions (but also with a higher
complexity). In these models, in addition to the disease status of nodes, the number of
neighbors for each status is also considered (House and Keeling 2011; Lindquist et al.
2011; Marceau et al. 2010). At the individual level, pair-based epidemic models have
been developed in terms of master equations for the probabilities of the individual
pairs (Frasca and Sharkey 2016; Sharkey 2008). As with effective degree models, they
show a higher accuracy than pairwise models formulated at the population level, but
at the price of a higher computational complexity (Sharkey 2008).
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To analyze epidemic outbreaks on dynamic networks, stochastic models have also
been used. If the contact network has a large size and no cycles, it can be locally
described as a tree and the initial phase of an epidemic can be approximated by a
branching process (Diekmann et al. 2013). An example of a stochastic model defined
on a dynamic network is the one developed in Volz and Meyers (2007, 2009). The
model assumes that, at a given rate, the identities of neighbors change stochastically
by means of an instantaneous edge swap between a randomly selected pair of links. So,
this neighbor-exchange mechanism is independent of the epidemic dynamics because
it does not depend on the disease status of the involved nodes. In other words, it is not
an example of behavioral response against the presence of the disease. Other models
defined on dynamic networks whose architecture evolves by random edge swapping
can be found in Miller et al. (2012).

This paper aims mainly at comparing the predictions from both modeling method-
ologies (pairwise/stochastic) for the initial phase of susceptible—infectious—recovered
(SIR) and susceptible—exposed—infectious—recovered (SEIR) epidemics with preven-
tive rewiring among individuals (so, with an interplay between the spread of the disease
and the rewiring process, that is, between disease’s dynamics and network dynamics).
In particular, in the SIR model, we will assume that susceptible individuals break off
connections with infectious neighbors at a given rate w and, in place of them, new
connections to susceptible and recovered individuals are created with probability .
As for the SEIR model, we consider two alternative scenarios for the dynamics of
exposeds (i.e., infected but not infectious individuals). In the first one, exposed indi-
viduals break off with their infectious neighbors at a rate wg; and, with probability o,
they reconnect to any non-infectious individual in the population. In turn, susceptibles
can also reconnect, with the same probability «, to exposeds (in addition to other
susceptibles and removed individuals) when breaking off with infectious neighbors.
In the second scenario, exposed individuals do not rewire at all (wg; = 0), and sus-
ceptibles rewire away from both exposeds and infectives, and create new connections
with probability «. From a modeling viewpoint, the rewiring scenario can depend on
whether exposed individuals realize they have been infected (for instance, because
they show symptoms) or not (they are asymptomatic). In both scenarios, the degree
distribution changes over time and its mean degree is preserved only when o = 1.

The introduction of a reconnection probability « allows us to consider different
degrees of rewiring, ranging from a situation where each deleted link is replaced by
a newly created one (o« = 1) to the limit case where no new connection is made and
edges are simply deleted (¢ = 0). In other words, o can be though of a measure of the
intensity of social distancing of rewiring individuals. As it is claimed in Fenichel et al.
(2011), people value person-to-person contacts and are willing to accept some disease
risk to gain contact-related benefits. So, different values of o could be considered
according to the type of social relationship modeled by the network.

The basic reproduction number Ry, namely the average number of infections pro-
duced by a typical infectious individual when the fraction infected is still negligible,
is one of the compared quantities. Its predicted value will be checked against stochas-
tic simulations carried out on contact networks with degree distributions that follow
a Poisson distribution and a power law, respectively. It is worth noting that, while
the meaning of Ry in randomly mixing homogeneous populations is straightforward

@ Springer



2430 T. Britton et al.

because any infectious individual is as likely as any other to infect a susceptible one, in
heterogeneous networks it requires that one specifies the meaning of typical individual
(Diekmann et al. (1990), Miller (2012)). In most network models (in particular, for
those without multiple levels of mixing), this definition implies that one has to compute
Ry from the average number of infections per infective once the early correlations of
disease status around infectious individuals have been formed, which takes a couple
of generations after the occurrence of the primary cases. Interestingly, this computa-
tion/redefinition of Ry has been obtained under both previous modeling approaches
(Eames and Keeling 2002; Keeling 1999; Pellis et al. 2012). In fact, it is well known
that both pairwise models and branching process approximations lead to the same
epidemic (or invasion) threshold in networks without rewiring (Keeling and Grenfell
2000).

In Sect. 2, we present the SIR and SEIR epidemic models with rewiring, here
denoted by SIR-w and SEIR-w respectively. In Sect. 3, we use the branching process
approximation to analyze the early phase of an SIR-w epidemic. In particular, we
compute Ry and the expected degree of infectives during this initial phase as a function
of the rewiring rate w. In Sect. 4, the same approximation is applied to the study of
the early stage of an SEIR-w epidemic under different types of rewiring processes.
Section 5 contains the results of the initial phase obtained for both epidemic models
using the pair approximation with the triple closure introduced in Juher et al. (2013),
Llensa et al. (2014) for heterogeneous networks. In particular, the SEIR-w pairwise
model extends the one considered in Llensa et al. (2014) to account for the rewiring
of exposed individuals and the possibility that susceptibles reconnect to exposed ones
after breaking off an infectious link. In Sect. 6, numerical estimates of Ry and the
mean degree of infectives during the initial phase are obtained from continuous-time
stochastic simulations on heterogeneous networks. Finally, in Sect. 7, we discuss the
analytical results obtained from both approximations and compare them to the output
of the stochastic simulations. Moreover, we comment about the new insight into the
role of the rewiring process in the SEIR-w epidemic model.

2 The Stochastic Network Epidemic Model with Rewiring

Let us define our stochastic network epidemic model. The population consists of a
fixed number N of individuals, and the stochastic network model is given by the
configuration model with degree distribution D ~ {p;} having finite mean p and
finite variance o2 (e.g., Durrett 2007). This model is defined by all individuals having
i.i.d. degrees D; and edge-stubs being pairwise connected completely at random with
any loop or multiple edge being removed making the graph simple. We are primarily
interested in the situation where N is large, and the approximations will rely on this.

On this network, we now define an epidemic model where susceptible individuals
may rewire if they are neighbors of infectious individuals. We start by defining an SIR
epidemic where infected people immediately become infectious and later recover, and
then extend the model to an SEIR model in which infected people are at first exposed
(latent), then they become infectious, and eventually they recover. The latter model
is a bit more complicated in that now the rate of rewiring could differ depending on
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whether the person rewiring is susceptible or exposed, and depending on whether the
person he/she rewires away from is exposed or infectious.

Note that such a rewiring process causes the degree distribution to change over
time. However, since we will focus our analysis on the early stage of an epidemic
outbreak where only a tiny fraction of individuals is initially infected, we will assume
that the degree distribution D does not change significantly during the initial phase of
the epidemic.

2.1 The SIR-@ Network Epidemic with Rewiring

In this model, individuals are at first susceptible. If an individual gets infected he/she
immediately becomes infectious, and after some random time he/she recovers and
becomes immune for the rest of the outbreak. SIR hence stands for susceptible—
infectious—recovered (e.g., Diekmann et al. 2013 for more on SIR and SEIR epidemic
models).

The SIR-w model is defined on the network (described above) as follows. Initially,
one randomly selected individual is infectious and the rest are susceptible. An infec-
tious individual transmits the disease to each of its susceptible neighbors at a rate f,
and the infectious periods are i.i.d. following an exponential distribution with rate para-
meter y (so infectious individuals recover at a rate ). Further, susceptible individuals
that are neighbors with infectious ones break off with such neighbors independently
at rate » and, with probability «, replace each lost connection by reconnecting to
a randomly selected non-infectious (i.e., susceptible or recovered) individual in the
community. Therefore, aw is the effective rewiring rate, i.e., the rate at which new
links are created by susceptibles in substitution for those previously deleted.

The SIR-® network epidemic has the following parameters: B (infection rate),
y (recovery rate), w (rewiring rate), o (reconnection probability), and the degree
distribution D with mean . and variance o2. We will focus on what happens early on
in the epidemic, before a substantial fraction of the community has been infected.

2.2 The SEIR-» Network Epidemic with Rewiring

In the SEIR-w model, an infectious individual transmits the disease to each of its
susceptible neighbors at a rate 8, but, when this happens, the neighbor first becomes
exposed (or latent) and can transmit the disease only after a time delay. In other words,
such an exposed individual becomes infectious at a rate ¢, and at this moment can start
infecting each of its susceptible neighbors at a rate 8. As before, infectious individuals
recover at a rate y.

As regards to rewiring, it can be modeled differently depending on when an indi-
vidual starts and stops having a rewiring rate and also depending on which individuals
it rewires away from. Our model considers three different rewiring rates: a suscepti-
ble individual rewires away from each exposed neighbor at a rate wsg, a susceptible
individual rewires away from each infectious neighbor at a rate wg;, and an exposed
individual rewires away from each infectious neighbor at a rate wg;. It is of course
possible to also allow for rewiring from other states, e.g., that susceptible individuals
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rewire from recovered individuals, but since we are primarily focusing on the initial
phase such rewiring would have negligible effects. If infected people are detected only
when they become infectious (e.g., if the latent period is the same as the incubation
period), and hence individuals rewire away from infected neighbors only when those
become infectious and not while they are exposed, this would correspond to wsg = 0
and wg; = wg; > 0: susceptible individuals are not aware of exposed (latent) neigh-
bors being infected and hence do not rewire, and susceptible but also exposed (latent
but unaware) individuals rewire away from the infectious ones. We could obtain a
second scenario if also exposed (latent) individuals are known to have been infected
(e.g., by contact tracing or because they show some symptoms). We would then have
wsg = ws; > 0and wg; = 0: susceptible individuals rewire away both from exposed
and infectious neighbors, but exposed individuals do not rewire away since they know
they have already been infected. In all cases, the reconnection probability & modulates
the fraction of rewirings that are effectively done, and it is assumed to be the same
both for susceptibles and for exposeds. Therefore, aw;; is the effective rewiring rate
of individuals in state i away from individuals in state i.

The SEIR-w network epidemic has all the parameters of the SIR-w epidemic except
that the rewiring rate w now becomes three different rates: wsg, wsy and wg;y, and
there is a rate ¢ at which latent individuals become infectious.

3 Branching Process Approximation of the Initial Phase of the SIR-®
Epidemic

Most stochastic epidemic models allow for a branching process approximation of the
early stages of an outbreak, an approximation which can be made rigorous as the
population size N tends to infinity (e.g., Ball and Donnelly 1995). This applies also
to network epidemics—we now describe the approximation of the current model.

We derive expressions for the basic reproduction number Ry, here denoted by Rg A
to distinguish its expression from the one obtained using pair approximation. We also
derive the exponential growth rate r (the Malthusian parameter) for the situation that
Ro > 1, and the average degree of infected individuals. Since rewiring is a focus of
this paper, we look at both the degree of newly infected individuals as well as on the
average of all infectious individuals, the latter expected to be smaller than the former
since individuals rewire away from infectious neighbors.

3.1 The Basic Reproduction Number R

Recall that Ry is defined as the mean number of new infections caused by a typical
infected individual during the early stage of the epidemic. Individuals that get infected
during the early stage will, at the time of infection, have the size-biased degree dis-
tribution of neighbors, D ~ {pi}, where pr = kpi/ Zj Jjpj = kpi/u (e.g., Britton
et al. 2007). One of the neighbors is its infector, whereas the remaining neighbors,
with large probability during the early stage of an outbreak, will be susceptible. When
considering the disease progress it is only the D—1 susceptibles that are of interest

since it is not possible to reinfect the infector.
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From the derivation above, the mean number of susceptible neighbors a typical new
infectee has during the early stages equals

. k 2
ED-D=>k-D—p-1+Z
- w n

(e.g., Britton et al. 2007). The probability to infect a given such neighbor is obtained
by considering the competing events that may happen: there could be an infection
(rate ), the neighbor could rewire away from the infectee (rate w), or the infectee
can recover (rate y). The probability of infection hence equals 8/(8 + y + ). The
basic reproduction number equals the mean degree multiplied by the transmission
probability, i.e.,

BA _ B S B B f)
R _—ﬁ+y+wE(D 1)_—ﬂ+y+w(“ 1+u . (1

If there is no rewiring (w = 0), the basic reproduction number equals E (D— DB/ (B+
y) as is well known. Therefore, the rewiring reduces Ry, as expected. We note that
Rg 4 is independent of &, so it has no effect on the beginning of an outbreak if rewired
edges are dropped, always attached to new susceptible individuals or a mixture of two.

3.2 The Exponential Growth Rate r

During the early stage and assuming a large population, the number of infectives in
the epidemic will asymptotically (as N — 00) evolve like a branching process. Ry is
the corresponding mean offspring distribution. Another important quantity associated
with this branching process is A(¢), the expected birth rate (rate of new infections) of an
infectee having “age” ¢, where age corresponds to time since infection. We now derive
A(t) which in turn will help us derive the exponential growth rate of the epidemic.

As derived earlier, the average number of susceptible neighbors upon infection is
E(D—1)=pu—1+0?2 /v, and the infectee will infect each neighbor independently.
The average rate of infection (="birth”’) for each neighbor is obtained by considering
what must be fulfilled for infection to happen. In order to infect a neighbor ¢ time
units after infection, the infectee must still be infectious, the neighbor should not
have rewired, and the infectee should not yet have infected the neighbor. Given this,
the infection rate equals f. Since all events are assumed to follow an exponential
distribution this gives us the following expression for A(7):

2
A) = E(ﬁ _ 1)56—(ﬁ+y+w); — (IL — 1+ %) ﬁe*(ﬂﬂ/ﬂo)z. )

The average total number of births (infections) is hence fooo AM)dt = E (f) —-Dp/(B+
¥y + ) = Ry as it should be. The mean birth rate A(¢) also determines the exponential
growth rate of the epidemic, i.e., for which r, I (¢) ~ " (cf. Jagers 1975). This r, the
Malthusian parameter, is given by the solution of the Euler-Lotka equation
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oo
/ e A)dr = 1.
0

For our model this gives us, after a bit of algebra,

~ ()'2
r=ﬂE(D—2)—y—w=ﬁ(u—2+7)—y—w. 3)
Also the exponential growth rate is independent of «.

3.3 The Mean Degree of Infectives

We now turn to the mean degree of infectives during the early stages of the epidemic.
We consider two different means. The first one is for newly infected, which in fact
has already been shown: During the early stages, newly infected individuals will have
degree distribution D (when considering the degree distribution we also count the
non-susceptible infector), so the mean degree of newly infected individuals equals
E(D)=u+0o?/u.

The second mean, E(Dy), denotes the average number of neighbors of all infec-
tives during the early stages, not only that of the newly infected ones. As described
above, during the early stage of an outbreak, the degree distribution of newly infected
equals D. However, while still infectious, an individual loses susceptible neighbors by
rewiring: Each susceptible neighbor is lost at a rate . The probability that a suscepti-
ble neighbor v is still a neighbor (i.e., has not rewired) ¢ time units after our individual
x was infected and given that x is still infectious, is obtained by conditioning on the
potential infection time of the neighbor (v only rewires if not yet infected). So, we
have

1
P (v still a neighbor at7) = / P (v still a neighbor at s | v infected at s)ﬁe*ﬁsds
0
+ P (v still a neighbor at 7 | v not infected by #)e ™!
t
= / e BePsds 4 ¢ Bre)
0

B0 e
Btow pt+o

Note that we condition on that x remains infectious at ¢.

When deriving the degree distribution of all infectives during the early stage, we
have to take into account both this decrease in degree with age, but also the fact that,
in the exponential phase of the epidemic (recall that I (r) ~ €'’), "young” infectives
will be over-represented. The ratio of individuals infected s time units ago over the
number of individuals infected at present equals ¢ ™" due to the exponential growth
rate. And only a fraction e~7* of them are still infectious at present. Consequently,
the fraction of infectives that were infected s time units ago or longer equals e~ 75
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so the age distribution of infectives is exponential with parameter » + y (this is the
so-called stable age distribution of this branching process, Jagers 1975).

The mean degree of all infectives during the early stage is obtained by conditioning
on their age:

oo
E(DEY) =1+/ E(D-1) (—’3 + -2 e—(/“‘”)s) (r +y)e T ds
0

frotbto
- (B o +7)
=+ 1)(ﬂ+w+(ﬁ+w)(ﬂ+w+r+y))
- w
— ED) -2, 4
> -4 4

where, as before, E(D) = pu + o2/u, and r = ,BE(b —2) — y — w was defined in
Eq. (3). This mean degree should be valid after a couple of generations and will then
change as the depletion of susceptibles will start affecting things.

As seen in (4) also, the mean degree of infectives is independent of «. At first,
this might seem surprising since the degree of infectious individuals is affected by
rewiring. However, an infectious individual can loose edges (which reduces the degree)
due to susceptible neighbors rewiring away from the infective, but it does not affect
the degree of the infective whether these links are simply dropped or the rewiring
susceptible connects to new individuals.

4 Branching Process Approximation of the Initial Phase of the SEIR-®
Model

We now study the extended SEIR model recalling that individuals who get infected are
now first latent for an exponentially distributed time with rate parameter ¢, after which
they become and remain infectious according to earlier rules. Individuals rewire away
from infected neighbors. More precisely, a susceptible individual rewires from each
exposed (latent) neighbor at a rate wg g and from each infectious neighbor at arate wg; .
Moreover, exposed individuals rewire away from infectious neighbors at a rate wg;.
Of course, some of these rewiring intensities may be zero (cf. Sect. 2.2). As before,
upon each rewiring event the individual reconnects to a randomly chosen susceptible
or recovered individual with probability o and with the remaining probability the edge
is simply dropped.

4.1 The Basic Reproduction Number Ry for the SEIR-w Model

During the early stage of an outbreak, at the time of infection an exposed individual e
has degree distribution D as before, one neighbor i being the infector and the remaining
neighbors being susceptible. So, e has E(D) — 1 expected susceptible neighbors.
However, in the SEIR model, this number can eventually increase by one, provided
that e can rewire away from its infector i (if not yet recovered) and reconnect to
a susceptible individual that will become a new neighbor. The probability for this
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to happen is cwg; /(¢ + wgr). In consequence, the expected number of susceptible
neighbors for e is E(D) — 1 + awg /(¢ + wgr). Any such neighbor, say s, will
get infected if e first becomes infectious (before s rewires away from e) and, then,
an infection occurs (before e recovers or s rewires from e). Hence, the probability
for this to happen is the product of the probabilities of these two events, namely,
¢/(¢ + wsg) - B/(B + ¥ + wsy). To conclude, the expected number of neighbors
infected by e equals:

RBA 9P (E(D) 14 O”“—E’) . (5)

- (¢ +wsp)(B+y + wsr) ¢+ wgg

By studying Eq. (5), we make the following observations. If there is no rewiring
from any state, RgA reduces to B/(B + v) E(D — 1), i.e., the same as for the SIR
case. Further, RgA is decreasing in both wgg and wg; as expected. However, Rg A
increases witha and wgj. If wsg = 0 and ws; = wg; = w, the perhaps most realistic
example discussed in Sect. 2.2, then Rg A can be increasing in  for some parameter
setups, implying that the quicker individuals rewire the larger epidemic outbreak! The
explanation to this is that, when cwg; > 0, the exposed (latent) individuals can rewire
away from their infector to a susceptible neighbor, with the effect that they may later
(once they become infectious) infect the new susceptible neighbor.

4.2 The Exponential Growth Rate r for the SEIR-w Model

As with the SIR-w model, in order to compute the Malthusian parameter r we first
derive an expression for A(¢), the average rate at which an individual, who was infected
during the initial phase of the epidemic, infects new individuals 7 time units after his/her
time of infection.

At the time when an individual gets infected he has on average E (D) neighbors, one
being infectious (its infector) and the remaining £ (D — 1) will, with large probability
since we are in the beginning of the epidemic, be susceptible. At a rate §, the infected
individual infects each of the E (D — 1) initially susceptible neighbors ¢ time units after
infection if the following conditions are fulfilled: The infected individual must have
terminated the latent period without the neighbor having rewired, and after that the
infectious period should still be active, an infection should not yet have taken place,
and the neighbor should not have rewired. As mentioned in the previous subsection,
it is also possible that the infected individual infects through the link to the infector.
This happens with a rate 8 at ¢ time units after infection if the following holds: The
infected individual rewired from its infector (and connects to a susceptible neighbor)
while still latent, and after this the infected individual has become infectious, has not
yet infected the neighbor nor has the new neighbor rewired. The above reasoning leads
to the following expression for A(?):

A(1t) = BE (D — 1) P(infectious, neighbor did not rewire, neighbor not yet infected, at )
+ B P (rewired while latent, infectious, neighbor not rewired, neighbor not infected, at 7).

(6)
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By conditioning on the end of the latency period, the first probability equals
t
/ é P8 o= @SES p=y (1=5) p—ws1 (1=5) ,=B(—=5) 4o
0

The second probability, now conditioning both on the time of first rewiring and the
end of the latent period, equals

1 s
/ / é e—¢5awEIe—wElue—wSE(S—M)e—y(f—s)e—wSI(t—S)e—ﬂ(l—S)du ds.
0 Jo
Using these expressions in Eq. (6) and solving the integrals results in the following

expression for A(f):

. e~ (@si+y+P)t _ ,—(¢+osp)t
A(@) = E(D — Dp¢
¢+ wsg — (ws; +v + )
dawp] (e(¢+a)E1)t _ e~ (wsi+p+y)t  ,—(Pptwsp)t _ e(w5/+ﬁ+y)t)

+8

wsg —wgr \ wsi +B8+y — (¢ +wEr) wsi+B+y — (¢ +osE)
We now use A(f) to derive the exponential growth rate r of the epidemic in case it
takes off, and also to confirm our expression for Ry. The latter is easy. If we compute
fooo A(#)dr using the expression above we get exactly Ry as defined in Eq. (5), as
it should be. As for the Malthusian parameter r, this is given as the solution to the
equation fooo e "' A(t)dt = 1. For the expression of A(t) above, this can be shown to
be equivalent to

Bo ( ~ QWE] )
ED-D+—2L )=1. ()
(r+owsi+B+y)r+¢+wsk) r+ ¢+ wer

For awg; > 0, this is a third-order equation, but for positive values of r (the relevant
values as we assume Rp > 1) the left-hand side is decreasing in r, starting from a
value larger than 1 when r = 0 and decreasing to 0 as r — oo implying that there is
a unique solution to the equation.

Equation (7) is not explicit, but it is still possible to see how various parameters
affect the growth rate. For example, r is increasing in the infection rate 8 and the
mean degree E (D). As regards to the rewiring rates, r decreases in wg; and wgg but
increases with the “harmful” rewiring rate «wg;. Finally, as we increase the rate to
leave the latent state (i.e., making the latent state shorter), the effect depends on other
parameter values, but if we increase ¢ toward infinity it can be shown that we obtain
the expression for r of the SIR-w model (cf. Eq. (3)) as expected.

4.3 The Mean Degree of Infectives and Related Quantities

For the SEIR-w model, it is also possible to derive specific features of infected indi-
viduals during the initial phase of an epidemic. For example, as we did for the SIR-w
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case, we can compute E(Dy), the average degree of infectives during the early stage
of the outbreak. However, other mean quantities might be equally relevant as, for
instance, the mean degree E(Dy) of infected but still latent individuals, or the mean
degree E(Dj4r) of either latent or infectives, or for that matter the expected number
of susceptible neighbors while in one of these states. For brevity and because some of
these quantities have even more complicated expressions, we compute E(D;) with-
out solving the integrals appearing in the derivation and indicate how to modify the
derivations if we want to compute another mean.

To compute E(Dy), let us pick at random an infectious individual i during the early
stage of an outbreak and let 7 denote how long ago this individual was infected. We first
compute the expected degree of i conditional upon T = t, denoted by E(D;|T = t).
This is done by conditioning on the duration of the latent period L = s, which must
lie between 0 and ¢ since i is infectious ¢ time units after infection:

t
E(Di|T =1) =/ E(Di|T =t,L = s) fL(s|T = t)ds.
0

The second factoris given by f7 (s|T = 1) = gpe ?5e V(=9 (fot qbe"ﬁ”e’?’(””)du).

As for the first factor, the individual has E (15) expected neighbors at the time of infec-
tion, one being infectious and the rest being susceptible. For the susceptible neighbors,
we compute the probability that they are still neighbors. For the infector, it could have
lost a neighbor from this edge only if i rewired away from the infector to a susceptible
neighbor and the new neighbor later rewired away from i. We hence get

E(D;|T=t,L=s)= E(D— 1) P (susceptible neighbor did not rewire|L =5, T = t)
+ 1 — P(i looses edge to infector |[L =5, T =1t). ()

The first probability in (8) is obtained by conditioning on whether the susceptible
neighbor was infected or not, and, in the former case, whether the latent period ended
before ¢ or not:

P (susceptible neighbor did not rewire | L = s, T =1t)

t t
— ¢ WSES (/ ﬁe—(ﬂ+wS1)(u—S) (/ ¢e—(¢+wE1)(v—u)dv + e—(</>+wE1)(l—u)) du+
N u

e*(wsﬂrﬁ)(lﬂ)) .

Here there should be no « in front of wg; because the event concerns an exposed
neighbor and it is irrelevant for the degree of the infective whether this neighbor
reconnects or not upon rewiring.

The second probability in (8) consists of two events. Either i rewired away from
its infector and dropped the edge while exposed, or else i rewired away from infector
and reconnected while exposed, and the new neighbor rewired away from i. The first
event has probability
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N
P (i rewired and dropped edge |L =5, T =1) = (1 — a)/ wgre” CEITYgy
0

The second event is obtained by conditioning on the time when i rewires away from
the infector and reconnects to a susceptible neighbor, whether the second rewiring
happens during the latency or infectious period of i, and in the latter case whether
infection takes place or not:

P (i rewired and reconnected, and new neighbor rewired away fromi | L=s,T =t)

A N
:/ awgpe” @EITYH (/ wSEe_“’SE(v_”)dv) du
0 u

S t
+/ othle_("’El+V)“ (e—wSE(S—M)/ e~ (Brwsn)(v—s)
0 N

t
(,8/ wpre” CEITOE—Vq, 4 (1)51) dv) du.
v

Note that o appears in front of wg; only when it concerns the infective, because then
it has to reconnect to make spreading to a new individual possible, whereas there is no
a when the rewiring refers to exposed neighbors rewiring away from the infective. In
the latter case, it is irrelevant for the degree of the infective whether or not the exposed
individual reconnects upon rewiring.

It remains to derive the distribution for 7', the time since infection. For this, we
know that due to the exponential growth rate r of infectives, there is a fraction
e~ to choose from ¢ units earlier as compared to present time. However, we also
require that the individual is infectious at present, an event which happens with prob-
ability fol pe e 7= ds. The probability density of 7' is hence proportional to
et fé pe=95e7=9)ds, which after a bit of algebra gives the following density

_ V) (i —rten
@) = TR (o),

Finally, the expected degree of a randomly chosen infective during the early stages is
obtained by integrating with respect to this density:

E(DBA) = /OOO E(Di|T = 1) fr(t)dr. )

In order to compare this predicted E (D) with the one obtained from pair approxi-
mation (see next section), for each set of values of the parameters we obtain the value
of r given by the positive solution of (7) and evaluate the resulting expression of the
previous integral.

If we were to compute, e.g., the average degree of a latent individual E(Dy), we
would similarly condition on the time 7 since infection of the randomly chosen latent
individual. This individual would have E (5) neighbors at the time of infection, one
infectious and the rest susceptible, and we need to compute the probability that these
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neighbors would not have been lost similarly to what we did before. We would then
integrate this expected value with respect to the probability density of 7', which is
proportional to e " e~9".

5 Ry and E (Dj) for the SIR and SEIR Pairwise Models with Rewiring

We now derive expressions for Ry and E(Dj) using an alternative deterministic
approximation based on the closed-form equations for the dynamics of pairs of disease
status, the so-called pairwise models. While the SIR-w pairwise model was already
introduced in Llensa et al. (2014), the SEIR-w pairwise model is a generalization of
the one also introduced in Llensa et al. (2014) that includes rewiring of exposeds and
reconnection rules introduced in accordance with it. This extended model will allow
for a better understanding of the impact of rewiring on R derived under this approach,
here denoted by RF4.

5.1 The SIR-w Pairwise Model

Let [S], [/] and [R] be the expected number of susceptible, infectious, and recovered
individuals, respectively. Moreover, let [ij] be the expected number of non-ordered
i—j pairs, i.e., pairs whose individuals are in states i and j, and let [i jk] the expected
number of non-oriented i-j-k triples (i, j € {S, I, R}). So, if N is the network size
and L is the total number of links in the network, then [S] 4 [I] 4+ [R] = N and
[SST+[SIT+[SR]I+[II1+[IR]+[RR]=L.

The SIR-w model formulated in terms of triplets can be closed by assuming the
statistical independence at the level of pairs which leads to the following approx-
imations for the expected number of~ the involved triples: [SSI] ~ (E (132 -1
2(SSIST/(uISD, [IST] ~ 1/2-(E(D) = D[SI1*/(u[S]), and [I SR] ~ (E(D) —1)
[STI[SR]/([S]) with u = 2L /N being the average degree (see Llensa et al. 2014
for details). Note that, since we focus our analysis on the early epidemic stage with a
very small number of initially infectious nodes, we approximate the expected degree
of the susceptible central node of a triple by E (D), the mean degree of a node reached
by following a randomly chosen link in a wholly susceptible population at ¢t = 0, i.e.,
when the degree distribution is the initial one.

Upon introducing the triple closure into the original model, the initial dynamics of
the SIR-w model is determined by

L 1= —pisn,

dr

1= pLsn -y,
Sisn= (ﬂz(%—%) —B-y —w)[sn,
%[11]:,3(14-2%)[51]—2)/[11], (10)
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4 [SS] = 51 [SI]— 2[SS] [S1],

a TN T pz

i[SR]: (y —i—ota) LRI )[SI]—ﬂz—][SR]
dr —[1] ’
d B S]

3 [URI= 2y[I11— y[IR] + ﬁz—[s] [SR],

where z := (E(D) — 1) /. Note that susceptible individuals break off (at a rate w)
with infectious neighbors and reconnect (at a rate o w) to other susceptibles or to
recovered individuals with probability [S]/(N —[I]) and [R]/(N —[I]), respectively,
in place of the deleted links.

The average number of susceptible individuals around an infective is [S7]/[/]. If
this quantity stabilizes to a value ([S7]/[/])* during the initial exponential growth of
an epidemic, then we can use it to compute R as (Llensa et al. 2014)

RPA .= 1 (@)* 11
0 y \ ] (b

Moreover, if [11]/[1] and [IR]/[I] also stabilize during this initial phase, then the
mean degree of the infectives at this stage is given by

[ST1\* 20111\ * [TR1\*
Cro=\mr) U ) TUm (12
The equations for the dynamics of the local densities [S7]/[I], 2[11]/[I] and

[ R]/[I] are obtained from the SIR-w model by using the standard rules of differen-
tiation and are given by

d ([SI] _ [SI]_Z[SS] [STT\ [ST]
E(W)_ (’3+‘”+’3Z([51 5] )+ﬁ[1]) Tk

d (2[1I] [SI]\ [S7] [SIT\ 2[11]
Rl ekt § DY) RIS LR it N 2y 2 13
dt<[1]) ﬂ( +Z[S])[I] ( ﬁ[l]) 1] (13
i([IR])_ 2[11]+ Z[SI] [SR] _ [SI][IR]

) =7 1 1 P

Now, taking the limit when 2[SS]/[S] — w = 2L/N, and [SI]/[S] — O, i.e.,
after the introduction of the first infectious individuals, we obtain the following limit

system:
S ~ S1 S1
([ ]):(,B(E(D)—Z) ﬂu— )[ ]

ar \ [’

d [11] [S7] [SI1\ 2[11]

E(W) ? __( i _) (- 9
i ([IR]) 2[11] —,B[S]] [IR]

a\1n )~ 1 1
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Fig. 1 Basic reproduction number of an SIR-w epidemic as a function of the infection rate 8. Dashed line
corresponds to Ry = 1. PA: pair approximation. BA: branching process approximation. Open circles (solid
dots) correspond to Ry computed from stochastic simulations of the epidemic on a Poisson (scale-free)
network. Each network has a degree sequence with an average size-biased degree very close to E (D) = 10.
This fact allows a direct comparison of outputs on each network. Parameters: y = l,a = l,w =1

It is interesting to observe that the reconnection probability « does not appear in the
system. This means that disconnections from infectious individuals play a role in the
early epidemic dynamics, but the way the new connections are created, or even if they
occur at all (o = 0), does not play any role at this stage.

The first equation of (14) is decoupled from the other two and has a unique positive
equilibrium ([S1]/[I])* = E(D) —2 — w/B, which is globally asymptotically stable.
From this equilibrium and (11), it immediately follows that

RPA=§(E[)—9—2) 15
0 ” (D) 5 (15)

which defines the same epidemic threshold Ry = 1 as R(?A (cf. Eq. (1)), but overesti-
mates Ry when it is larger than one. A graphical comparison of the expressions of Ry
obtained from each modeling approach is shown in Fig. 1 using 8 as a tuning parameter.
The other components of the positive equilibrium of (14) follow upon substituting
([S11/UID* for [SI]/[1] into the last two equations. Then, from (12), we have

E(D}*) = E(D) - %, (16)
which is the same expression as the one obtained for £ (D;g Ay (cf. Eq. (4)).

5.2 The SEIR-w Pairwise Model

According to the rewiring processes described in Sect. 2.2, and using the same notation
and the triple closure as before, the equations of the SEIR model at the initial phase
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of the epidemic and with the three types of rewiring are

d

—[S1 = —BIS1],

d
dt = BISI] — ¢[E], 5[1]=¢[E]—V[1],

dr

[ST]
[ (ﬂzm—ﬂ V—wSI)[Sl]+¢[SE],

1581 = 2 (2[[‘;]5] [fSE]]) [ST]— (¢ + wsE) [SE]
SLE]

~I—oszlN — [I][EI] +Otw51N — [I][SI]’
i[ss]: (—ﬁZMvL SIL) [SI]+awsEi[SE],
a (5] (S [E]. [RD) ST+ (K]
i[SR] = (—ﬁz@ +y +aw51¢) [S1]
ar 5] F(SL. [E]. [R)

+Oéa)SEL[SE], (17

ST+ [R]

d [SI]
E[EI] =p (Zm + 1) [SIT—(¢+ v +wep) [EI]+2¢[EE],

d E] [E]
—[EE] 'BZW[SI] 2¢[EE] —I—aa)EIN [][EI]

d [SR]
dt ER] = Bz —][51]+(7/+aw51 )[EI]—¢>[ER],

|
N —[I]
5[11] = ¢[EI] = 2y[11],

d
E[IR] = ¢[ER]+y QUI]-[IR]),

with [S]+[E]+[I]14+[R] = N, [SS]1+[SE]I+I[SI]1+[SRI+[EE]+[EII+[ER]+
[II1+[IR]+[RR]=L,z=(E(D)— 1)/, and u = 2L /N the mean degree of the
initial degree distribution D. Moreover, F ([S], [E], [R]) = [S]+[E]+[R] = N —[I]
and § = 1 if wgg = 0, whereas F([S], [E], [R]) = [S] + [R] and § = O otherwise.
In the first case, susceptible individuals do not disconnect from exposed individuals
and can reconnect to the latter when they rewire away from an infectious neighbor.
In the second case (wsg > 0), susceptible individuals recognize exposed ones, rewire
away from them, and only reconnect (with probability «) to other susceptibles or to
recovereds (so, § = 0). Note that, in both cases, F([S], [E], [R]) — N at the early
stage of an epidemic.

If wg; > 0, exposed individuals who break off a link with an infectious neigh-
bor randomly reconnect to any susceptible, recovered, or exposed individual with a
probability «[ST/(N — [I]), «[R]/(N — [I]), and «¢[E]/(N — [I]), respectively. This
corresponds to the situation where latent individuals are asymptomatic and, so, they
do not know they have already got the infection. Therefore, one can also assume that
susceptible individuals do not know the disease status of the exposed neighbors and
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take wsg = 0. Hence, susceptibles who break off a link with an infected neighbor
reconnect to any susceptible, exposed or recovered individual with the same probabil-
ities as the exposed ones, namely a[x]/(N — [I]) with x € {[S], [E], [R]}. In Fig. 2,
we show the predicted and observed Ry as a function of the infection rate §. The
values of the parameters are the same in both panels except for wsg and wg; which
are 1 and O in the left panel, and 0 and 1 in the right one, respectively.

It is illustrative to check that the limit system for the dynamics of the local densities
of disease status around an infectious individual (see Appendix) only contains one
term with the reconnection probability «, namely the one with o wg; as a prefactor.
Therefore, the other contributions from the remaining rewiring rates in (17) do not
appear when we restrict ourselves at the early stage of an epidemic. In other words, the
precise rules for reconnecting susceptibles who have rewired away from an infectious
neighbor, even if there is no reconnection at all of those individuals (¢ = 0), does
not affect the epidemic dynamics during the initial phase. This claim, however, is not
true for exposed individuals when o > 0. The last term of the equation for [SE]/[/]
tells us that, when cwg; > 0, exposeds enhance the spread of the disease by rewiring
away from infectious neighbors (because they will replace the latter with susceptible
individuals) and, hence, R(l)D A must increase under this rewiring.

The expression of Rg defined by (11) and computed from the corresponding positive
equilibrium of the limit system for the local densities (see “Appendix”) is given by

R”Azf*(*—zﬂ) 18
0 yf 3 s (18)

with £* being the positive solution of Eq. (20) (in the “Appendix”) satisfying £* >
y/¢ — 1. If such a solution £* does not exist, then ([S7]/[I])* = O is the only
equilibrium value of [S7]/[I] at the early stage of an epidemic and, hence, Ré’ A=0.
Note that, for « = 0 (no reconnection of broken links), Eq. (20) becomes a quadratic
equation in £ which is independent of wg;. This implies that, in this case, R(‘)D A does
not depend on the rewiring of exposeds because &£ * turns out to be independent of wg ;.

From Eq. (18), the expression for Rg A and Eq. (20) one obtains the following rela-
tionships between estimations of the epidemic thresholds (see Appendix for details):

~Ifawg; =0,then RIA=1 <= REA=1
— If awg; > 0, then R(I;Azl — R§A>1, and RgAzl —
R§A<l.

That is, both approaches predict the same epidemic threshold either when exposed
individuals do not rewire (wg; = 0), or when there is no reconnection of broken links
(o« = 0). When the effective rewiring rate o wgy is strictly positive, pair approximation
predicts a higher epidemic threshold in terms of § than the one obtained from the
branching process approximation (see the right panel in Fig. 2). Moreover, simulations
show that Ré) A always overestimates the basic reproduction number when Rg A
if wg; = 0. Finally, from Eq. (20) it follows that, for « > 0, £* increases with wgy,
which implies that, as expected, R(‘)D A also increases with wg;.
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Fig.3 Expected degree of the infectious individuals, E(Dy), at the early stage of an SEIR-w epidemic with
¢=1y=2,0a=1,ws5g =0, w5 = wg; = w, and E(D) = 10. Both predictions curves, E(DfA)

and E (Df A), are almost graphically indistinguishable (the lower the thickness of the lines, the higher the
overlap of the curves). Dashed horizontal line in the left panel corresponds to E (D) without rewiring

On the other hand, from the positive equilibrium of the limit system for the local den-
sities, E(D[*) is computedas ([S11/[11)*+ QU /LI D*+(LET1/UI)*+(I R]/UI])*
which gives

£ (04899 —E"+D+y

E(D[Y = (<1+s*>¢—y)g+ Q4596 +om .19

Note that, when there is no rewiring (ws; = wsg = wg; = 0), it follows that
E(DfA) = E(D), as expected. Moreover, when wg; = 0, £* is given by (21) and
E(D f 4y can be explicitly expressed in terms of the model parameters. Similarly,
E(D f 4 is also explicit when « = 0 because then Eq. (21) becomes quadratic in .

For o wg; > 0 and wgg = 0, the numerical evaluation of the previous expression
and its comparison with that of E (DIBA) show that both predictions are very close
to each other (see Fig. 3). Indeed, they are graphically distinguishable only for low
values of B (left panel) or for high values of the rewiring rate w (right panel), i.e., for
those parameters values that give Ry close to 1. In these cases, differences occur at
the second decimal place of the predicted mean degree. For wg; = 0 and @ € [0, 1],
both expressions give the same value for E(Dy).

6 Stochastic Simulations

To carry out continuous-time stochastic simulations, we generated Poisson networks

with E(D) = 9 and scale-free (SF) networks with characteristic exponent 4 and
minimum degree kpin = 35, i.e., p(k) = 3kr3nink_4' So, in both cases, E(D) = 10.

All the networks had N = 10000 nodes. The SF networks were generated using the
configuration model algorithm. For each network and each combination of parameters,
we averaged the outputs over 250 initial sets of 10 individuals infected uniformly at
random (primary cases). Moreover, we take the reconnection probability « = 1 in
all simulations because it is when rewiring has the biggest effect. The stochastic time
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time (infectious periods) time (infectious periods)

Fig.4 Mean degree (left) and total number (right) of infectious nodes in an SIR-w epidemic with y = 1 and

B = 0.4, over a Poisson network of mean degree © = 9, and fora = 1 and w € {0.5, 1}. Dashed horizontal

lines correspond to the predicted E(Dy) according to (4). Outputs averaged over 250 runs. Network size

is N = 10,000, and the initial fraction of infected nodes is 0.1 %. The predicted mean degree during the

exponential phase is close to the observed one

evolution of the infection spread was simulated by means of the Gillespie algorithm
(Gillespie 2007).

As mentioned in the introduction, since primary cases are selected at random regard-
less of their degree, a correct empirical computation of Ry relies on counting the mean
number of infections produced by the secondary cases (individuals infected by the
primary cases). So, for each experiment (that is, for each initial set of 10 random
primary cases) we let the epidemic evolve until all primary and secondary cases have
recovered. In Figs. 1 and 2, corresponding, respectively, to SIR-w and SEIR-® mod-
els, we compare the value of Ry predicted by Egs. (1) and (5) with that obtained from
Egs. (15) and (18), respectively, and with the outputs of stochastic simulations carried
out on a Poisson and a scale-free network. Since the variance of the theoretical SF
degree distribution is quite high (it equals Ski /4 = 18.75), there is a high variability
among generated SF networks. Therefore, in order to compare the results for both
types of networks in the same figure, we have chosen a random SF network whose
degree sequence leads to a value of E (D) very close to the expected one (u = 7.5262,
0% = 18.6399, and hence E(D) = 10.0029).

We have also tested the accuracy of the analytical predictions for E(Dy). Recall
that, for the SIR-@ model, both approaches lead to the same value of E(Dj) (cf.
Eq. (4) and (16)), whereas, for the SEIR-w model, both predictions are very close to
each other if « wg; > 0 and are the same if « wg; = 0. As it was mentioned, the
predicted mean degree of the infectious individuals should be valid after a couple of
generations, only as long as the growth of the epidemic is in its initial exponential
phase, after which the depletion of susceptibles makes the hypothesis of the derivation
no longer valid. In Figs. 4, 5, 6 and 7 we show, for two values of w, the evolution of
the total number 7 (¢) of infectious individuals at time 7, the average degree Dj (1) of
the infected individuals, and the corresponding analytical predictions. At any given
time ¢, the value of D;(t) is computed as the total number of links containing an
infected individual (the edges joining two infected are counted twice) over I (¢). The
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Fig. 5 Mean degree (left) and total number (right) of infectious nodes in an SIR-w epidemic over a SF
network with p(k) ~ k% and kmin = 5 which gives a mean degree i = 3k /2 = 7.5. Outputs averaged
over 250 runs. Dashed horizontal lines correspond to E (Dy) according to (4). Parameters: y = 1, 8 = 0.4,
a=1,w € {0.5, 1}. N = 10000 and the initial fraction of infected nodes is 0.1 %
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Fig.6 Mean degree (left) and total number (right) of infectious nodes in an SEIR-w epidemic over a Poisson
network with mean degree i = 9. Outputs averaged over 250 runs. Dashed horizontal lines correspond
to the predicted E(Dy): 9.75 for @ = 0.1, and 8.84 for @ = 0.5 (both approaches lead to these rounded
values). Parameters: ¢ = 1,y = 2,8 =12, = 1, wgg = 0, and wg; = wg; = o € {0.1,0.5}.
N = 10,000 and the initial fraction of infected nodes is 0.1 %

right panels of these figures show that the curve I (¢) fits to an exponential function
(initial phase) on an interval [0, 7, ] with ¢, less than the time / (¢) attains its maximum.
It is precisely on this interval that the mean degree D;(¢) on Poisson networks keeps
almost stationary around a value close to the predicted one (see left panels of Fig. 4 and
6). Such a plateau in the profile of Dj(¢) is not so nicely observed when simulations
are carried out on scale-free networks.

7 Discussion

It is known that pairwise models for the spread of SIR-type diseases through static
homogeneous networks predict the same epidemic threshold as the one obtained from
the probabilistic computation of Ry when infectious periods are exponentially distrib-
uted (Keeling 1999; Keeling and Grenfell 2000). By using a pairwise model with a
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Fig. 7 Mean degree (left) and total number (right) of infectious nodes in an SEIR-w epidemic over a SF
network with p(k) ~ k=% and kmin = 5 which amounts to a mean degree ; = 3kpin/2 = 7.5. Outputs
averaged over 250 runs. Dashed horizontal lines correspond to the predicted E (Dy): 9.75 for = 0.1, and
8.84 for w = 0.5 (both approaches lead to these rounded values). Parameters: ¢ = 1,y =2, § = 1.2,
a=1,wsg =0,and wg; = wg; = w € {0.1,0.5}. N = 10000 and the initial fraction of infected nodes
is 0.1 %

triple closure introduced in Juher et al. (2013) and Llensa et al. (2014), and a branching
process approximation of a stochastic network epidemic, we have seen that the same
epidemic threshold is also predicted for dynamic networks whose topology evolves
according to the preventive rewiring of susceptible individuals. As expected from a
preventive rewiring, the higher the rewiring rate o, the lower Ry is for both predictions,
and this is true regardless of the value of the reconnection probability «. However, for
any o, the pair approximation overestimates Ry when it is larger than 1 as compared
to stochastic simulations and to the value Rg 4 obtained from the branching process
approximation. The reason is that the value R(I; A predicted by the pairwise model is a
linear function of the infection rate 8 and, hence, an unbounded number of new cases
are predicted as § increases (cf. Eq. (15)). Such a linear dependence on the infection
rate is a common feature of deterministic epidemic models (Anderson and May 1991).
In contrast, the hyperbolic dependence of Rg 4 on B (cf. Eq. (1)) reflects the saturation
in the production of new infections for high infection rates and leads to values of Ry
that are closer to those obtained from the simulations.

The same relationships between estimates of Ry, and between epidemic thresholds,
also hold for SEIR-w models when susceptible (but not exposed/latent) individu-
als break off connections with their infectious/exposed neighbors and reconnect to
randomly chosen susceptible or recovered individuals with a given probability «
(wgr = 0). However, if exposed individuals also disconnect from infectious neighbors
and reconnect to randomly chosen non-infectious individuals (¢ wg; > 0), then the
epidemic thresholds from the two approaches differ from each other, with R(If 451
when Rg A = 1. Interestingly, as long as « > 0, this rewiring of exposeds is not
preventive but harmful since it does not help to contain the disease: Sooner or later
exposed individuals will become infectious and, when an exposed replaces its infector
with a susceptible individual, the number of infections he/she can produce increases.
This is why Ry increases with cwgy, in contrast to what happens with the other two
rewiring rates, wsy and wsg.
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Note that, because we are concerned with the initial stage of an epidemic, in large
networks rewired links will, with a very high probability, point to susceptible individ-
uals. Therefore, as long as only susceptible individuals rewire, the initial propagation
of the disease will not be particularly affected by the type and intensity («) of the
reconnection process. In fact, this is what follows from the computation of Ry under
both approaches. For the SIR-@ model, for instance, this can be easily seen from the
derivation itself of Ry under the branching process approximation since the former
does not depend on how new connections (if any) are made. Similarly, from direct
inspection of the limit system governing the dynamics of the local densities around
infectious individuals (cf. Eq. (14)), one sees that there is no term corresponding to
reconnection of links (i.e., terms with c¢w as a prefactor).

Both estimates of R( have been checked by obtaining, from stochastic simulations
carried out on random networks, the mean number of infections produced not by
the first infectious individuals landing in the population (primary cases), but by the
second generation of infectives (secondary cases). It has been recognized elsewhere
(Eames and Keeling 2002; Keeling 1999; Pellis et al. 2012) that this “redefinition”
of Ry for epidemics on networks is the suitable one because it takes into account the
local correlations of disease status developed around infectives during the epidemic
exponential growth (initial phase). Simulation results clearly indicate that the estima-
tion of Ro obtained from the branching process approximation is much better than
the one derived from pairwise models and gives the correct epidemic threshold when
awgy > 0. In particular, for the SEIR-@ model there is an excellent agreement for all
the shown values of 8 (Fig. 2), whereas for the SIR-w model the agreement is not as
good when g is not close to its critical value (Fig. 1).

On the other hand, for the SIR-w model, we have also seen that both approaches
predict the same expected degree E (Dy) of infectives at the early stage of an epidemic.
In particular, it follows that E(Dy) is a linear decreasing function of the rewiring rate
w. Its computation from stochastic simulations clearly shows that, for moderately
large values of w and B, the mean degree of the infectious nodes D; (¢) remains quite
constant during the exponential phase of the disease. Moreover, the agreement between
theoretical predictions and observations using both w and g as tunable parameters is
very good in Poisson networks for low values of the rewiring rates and moderate values
of B. For high values of 8, the exponential phase is so fast that the time window where
D (¢) is roughly constant is hardly noticeable. Similarly, when rewiring is high, Dy ()
decreases monotonously without any plateau during this initial phase. For scale-free
networks and moderate values of 8 and w, however, the predicted E (Dj) overestimates
the observed D;(t) (cf. Figs. 4 and 5).

As for the SEIR-w model, the values of E(D;) computed from both approaches are
very close to each other (see Fig. 3) and show a very good agreement with the simula-
tions on Poisson networks (see Fig. 6). However, the corresponding expressions are not
easily manageable (both depend on the solution of a cubic equation when o« wg; > 0)
and, therefore, they have been evaluated numerically. From these evaluations, it fol-
lows that, when o > 0 and wg; = O or, alternatively, when o = 0 (dropping of edges),
both approaches lead to the same values of E(Dj). For @« wg; > 0, predictions are
almost graphically indistinguishable from each other (for « = 1 and ws; = wgy,
the maximum differences occur at second decimal place of the expected degree). As
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with the SIR-w model, when the simulations take place on scale-free networks, the
predicted E(Dy) overestimates the observed Dy (1) (see Fig. 7).

Finally, it is important to note that, for dynamic heterogeneous networks whose
degree distribution evolves in time, the value of Ry does not determine the final epi-
demic size. While the computation of Ry is based on the initial degree distribution,
the final epidemic size depends on the whole evolution of the degree distribution. In
particular, since reconnection is assumed to be uniform with respect to the degree of
nodes, the variance of the degree distribution decreases over time whenever the initial
network is highly heterogeneous (see Juher et al. 2013). Determining an expression for
the final epidemic size, using any approximation method, and studying how it depends
on model parameters, remains a highly interesting open problem.
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Appendix
The Limit System for the SEIR-» Model and Its Equilibria
The limit system for the local densities involved in the computation of E(Dy) for the

SEIR pairwise model when 2[SS]/[S] — 2L /N (the mean degree), [SE]/[S] — O,
[SI1/[S] — 0, and [SR]/[S] — 0, i.e., at the beginning of an epidemic, is

i () =~ (rem o) G+ o0
%(%)=ﬂ(é—1)%—(¢(1+%)+w3E—V)%+awEl%

i ()= - () ) 0

() = = (o (1 7) om) T+ o7

@ (UR) _IER 21

ar \ 1] DESTERATINT
i Cir)=-(C+m) )

i ()= () ) T o
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where g := E (D). Note that only one positive term contains a rewiring rate, namely
the last one in the second equation which has o wg; as a prefactor. Since [SE]/[/]
increases with « wg; and, in turn, the first equation tells us that [S7]/[/] increases
with [SE]/[], the presence of such a positive term means that also Ry will increase
with @ wg7. On the other hand, since the first three equations of the limit system are
decoupled from the other five when o = 0, the same three equations will also govern
the dynamics of [SI]/[/] when individuals simply drop connections to infectious
neighbors (o = 0). In particular, this reflects the (expected) fact that whether exposed
individuals break off with infectious neighbors (wg; > 0) or not (wg; = 0) does not
affect the early dynamics of [S7]/[I] as long as they do not replace these links with
new connections.

For a given value & of ([E]/[I])*, the equilibrium equations (i.e., the equations
obtained by making the right-hand side (rhs) of the previous system equal to 0) define
a linear system for the remaining variables and, hence, the equilibrium can be easily
expressed in terms of £. A simple inspection of the equations shows that there are two
equilibria, Py = (0,0,0,0,0,0,0,0) and P, = (0,0,y/¢ — 1,0,0,0, 0, 0), where
the local densities around infectious nodes, ([ST1/[11)*, QU I1/II)*, ((EI1/[I])*,
and ([IR]/[I])*, are zero. Moreover, from the third equation, we see that there exists
anequilibrium with ([S7]/[I])* > Oifandonlyif ((E]/[I])* > y/¢—1, whichin turn
implies that (2[E E]/[1])* = 0. Consequently, the first four equations at equilibrium
do not depend on the last four.

Expressing ([SI]/[1])*, (ISE1/[I])* and ([EI]/[I])* in terms of &, and replacing
them into the second equation, it follows that there will be an equilibrium with positive
local densities around infectious nodes if there exists a solution §* > 0 of the equation

2 _
(q—l)(1+5)¢+(c}+a—1>w51=%(§+W+V) (s+‘“s’Tf’3)

(+55) &

such that £€* > y/¢ — 1if y > ¢. Note that, for wg; = 0, Eq. (20) becomes a
quadratic equation in & with a positive solution £* given by (see Llensa et al. 2014)

£ = ﬁ ()’ —B—¢—wsi —wSE+\/(V+/3—¢+a)S1 —wsE)* +4¢B(q — 1)
2D
with the proviso that (g — 1) > (¢ + wsg — ¥)(B + wsr). Moreover, in this case
(wg; = 0), when y > ¢ it follows that £* > y /¢ — 1if pB(Gg — 1) > wsp(y + B +
ws; — @).
If y > ¢ and wg; > 0, a necessary and sufficient condition for the existence of
a unique solution £* of (20) such that £&* > y /¢ — 1 is that the straight line defined
by the left-hand side (lhs) of (20) intersects the vertical line & = y /¢ — 1 above the
intersection with this vertical line of the cubic polynomial defined by the rhs of (20).
This polynomial has two negative roots, &1 and &>, and the third root £3 can be positive
or negative depending on the sign of y — ¢ — wsg. The resulting condition on the
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parameters is

(g — Dy +(@G+a—-1D)wgr) > wse(y + B +ws —d)(y + wgy).

Note that this condition is fulfilled when ws g = 0 which was, indeed, what we assumed
in the model if wg; > 0.

If y < ¢, then & < 0 and a sufficient condition for the existence of a £* > 0 is
that the intersection of the lhs of (20) with the y-axis is above the intersection with
this axis of the rhs of (20). This condition leads to

oG — D+ (G +a—1Dwgr) > (¢ —y +osp)ws + B) (@ + wer).

Since we are assuming wgy > 0, then wsg = 0, and from this inequality it follows a
simpler sufficient condition for the existence of £* > 0, namely (g — 2)8 > ws;.

Relationship between the basic reproduction numbers R(fA and R(‘)D 4 for the
SEIR-w model

From (18), it follows that the only positive value of £* for which R(I)D A= lisg* =y/¢.
After replacing £* by this value, expression (20) can be rewritten as

P (E([))—l—i——El )=1
(¢ +wse)(y + B+ wsr) Yy +oé+we;

Comparing this expression and that of Ry given by (5), it follows that R(J)D A=1le
REA =1lifowg; =0,andthat R{A = 1= R{A > 1 (and R4 =1= R[4 < 1)
ifaa wgy > 0. So, for @ > 0, both approximations lead to the same epidemic threshold
when WE] = 0.
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