Journal of Mathematical Biology (2022) 84:59

https:/doi.org/10.1007/500285-022-01764-w Mathematical Bi0|ogy
()

Check for
updates

Generating function approach to the effective degree SIR
model

Slim lbrahim' - Junling Ma' - Kurtis Manke'

Received: 30 January 2021 / Revised: 9 September 2021 / Accepted: 13 October 2021 /
Published online: 12 June 2022
© Crown 2022

Abstract

The effective degree SIR model describes the dynamics of diseases with lifetime
acquired immunity on a static random contact network. It is typically modeled as
a system of ordinary differential equations describing the probability distribution of
the infection status of neighbors of a susceptible node. Such a construct may not be
used to study networks with an infinite degree distribution, such as an infinite scale-
free network. We propose a new generating function approach to rewrite the effective
degree SIR model as a nonlinear transport type partial differential equation. We show
the existence and uniqueness of the solutions the are biologically relevant. In addition
we show how this model may be reduced to the Volz model with the assumption that
the infection statuses of the neighbors of an susceptible node are initially independent
to each other. This paper paves the way to study the stability of the disease-free steady
state and the disease threshold of the infinite dimensional effective degree SIR models.

Keywords Contact network - Effective degree SIR Model - Well-posedness

Mathematics Subject Classification 93D30 - 35A01 - 35A02

1 Introduction

Network disease models (Kiss et al. 2017) have recently attracted much attention,
because they can describe realistic human contact patterns, while classical compart-
mental disease models (see, e.g., Hethcote 2000; Kermack and McKendrick 1927)
assume random mixing (each pair of individuals has identical contact rates). Network
disease models describe population contacts as networks, where the nodes represent
individuals and the edges represent contacts.
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One approach to model disease spread on networks is the node-based approach,
which, like compartmental models, traces the fraction (or number) of individuals with
an infection status (e.g., susceptible, infectious, etc). The effective degree SIR model
(Lindquist et al. 2011) is a good example of this approach. The effective degree model
keeps track of the infectious status of both the nodes and their neighbors, and can
thus describe the correlation of infection status of neighboring nodes. This model is
an improvement of the Pastor-Satarros and Vespignani model (Pastor-Satorras and
Vespignani 2002), which does not keep track of the infectious status of neighbors, and
thus cannot incorporate this correlation.

The effective degree SIR model, and other models of the node-based approach,
classify the nodes by their degree (the number of edges attached to a node) using a
system of ordinary differential equations (ODEs). To apply the qualitative theories of
ODE:s to study the system, it is commonly assumed that the network has a maximum
degree. This may be reasonable for real networks, which are finite. However, for
theoretical studies, the underlying population is typically assumed to be infinite with
a Poisson or power-law degree distribution (see, e.g., Pastor-Satorras and Vespignani
2002). Such networks do not have a finite maximum degree, and thus ODE analysis
may not easily be applied to such networks.

In this paper, we propose a novel generating function approach to rewrite the sys-
tem of ODEs for the effective degree SIR model as a partial differential equation
(PDE). The state variables of the effective degree model are probability distributions
of the infection status of neighbors given a central node. The distribution uniquely
corresponds to a probability generating function (Johnson et al. 2005). We thus derive
an equation that governs the time evolution of the probability generating function.
This approach will allow us to study infinite degree distributions (without a maximum
degree). We aim to use the new PDE model to study the stability of the disease steady
state and derive the disease threshold condition in infinite dimensional systems. We
also hope to generalize this approach to study the disease threshold of SIS effective
degree models in the future.

The edge-based approach is also commonly used for disease models on networks.
Well studied examples of this approach include the Volz model (Volz 2008) and the
Miller model (Miller 2011), which are equivalent. The importance of these models is
that, with a simple independence assumption that the infection status of the neighbors
of a susceptible node are independent to each other, the disease dynamics of an SIR
model can be described by a very simple system of ODEs. The pair approximation
models (Eames and Keeling 2002) are another commonly used approach for disease
models on networks. Like the edge-based approach, these models classify the edges
by the infection status of the nodes. However, unlike the edge-based approach, these
models sometimes also consider the degree of the nodes connected by an edge. Kiss
et al. (2017) discussed the relationships of these approaches, and found that, if the
initial condition of the disease on the network satisfies the independent assumption,
the pair approximation SIR models may be simplified to the Volz-Miller models.

The effective degree model is also found (Kiss et al. 2017; Miller and Kiss 2014)
to be equivalent to the Volz-Miller models if we assume that the infection states of the
neighbors of susceptible nodes are always independence. In this paper, we will show
that, like the pair approximation models, as long as the initial condition satisfies the
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Fig. 1 The flow between compartments for the Effective Degree SIR model, where G = B T
s,i 39si

this diagram the straight arrows represent infection and the curvy arrows represent recovery

independence condition, the effective degree SIR model may also be simplified to the
Volz-Miller model. Even with the equivalence of these models, the effective degree
models and the pair approximation models are also useful because they may be used
to study the disease dynamics if the independence assumption does not hold.

We will review the effective degree model in Sect. 2, derive the generating function
approach in Sect. 3, show in Sect. 4 that the model is well-posed, reduce the effective
degree model to the Volz model in Sect. 5, and give some discussions and concluding
remarks in Sect. 6.

2 Effective degree model

The Effective Degree model (Lindquistetal. 2011) considers an SIR model on a contact
network, in which susceptibles are infected by neighbouring infectious individuals
with a per link transmission rate 8, and infectious individuals recover to full immunity
at arate y. This model compartmentalizes nodes by both their state and by the number
of neighbours that it has in each state. Hence, Ss;, is the fraction of the population
that is susceptible, having s susceptible, i infected, and r recovered neighbours. The
system is simplified by observing that the recovered individuals cannot transmit the
disease or be infected, hence we only track the susceptible and infected neighbours of
anode. We call k = s + i the effective degree of a node, which decreases with time as
neighbours become infected and then recover.

The new compartments are denoted S;. Denote I as the total fraction of infected
nodes, and notice that once a central node is infected, its neighbours no longer influence
its status, hence there is no reason to track the neighbours of infected nodes. A node
in the class Sy; has i infected neighbours and so is infected at a rate Bi, and enters the
I class. This node may also move to the class S ;1 at a rate yi upon the recovery
of an infectious neighbour. Finally, this node can move to the class S;_1 ;41 upon the
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infection of a susceptible neighbour. This occurs at the rate

Z‘Y i SiSSi
BPe=—c"5
Zs,i SSSi

where the fraction is the probability that a susceptible neighbour of this node has an
infectious neighbour. Figure 1 presents a flow chart for this model. Thus a simplified
version of the effective degree model presented in Lindquist et al. (2011) is

> i SiSsi
2 (s 4 1) Serrio1 — 58],

Ssi = —PBiSsi + [ + DSiv1 — Sl + ST
5,0 S

(la)
S=Z_Ss,-, i=ﬂZiSsi—y1. (1b)
s, s,

The original model also tracks I;, however, the model can be simplified by tracking
the total proportion of infected nodes I = ZS’I- I;; (see, e.g., Kiss et al. (2017)).

This model’s disease threshold condition, i.e. the requirement for an epidemic to
occur, is that the basic reproduction number Ry > 1, where

B (k(k—1))

_ 7 2
"TB+y K @

Note that (k(k — 1))/(k) is the average excess degree of a node, i.e., if an edge is
chosen at random and followed to a node, this is the average number of remaining
edges leaving that node. Considering the disease just begins to spread in a completely
susceptible population. An infectious node must be infected by a neighbor, while
all the other neighbors are still susceptible. Thus, the number of neighbors that are
subject to infection is the effective degree of the newly infected node. Each node may
be infected independently with the probability % (that transmission happens before
the infectious node recovers). Thus, the basic reproduction number is the average
number of secondary infections caused by an infectious individual in a fully susceptible
population. The disease free equilibrium is unstable if R¢ > 1, and asymptotically
stable if Ry < 1.

Remark 1 1f Zs, ; 88si = 0 then the third term in (1a) is undefined. However, notice
that this implies S;; = O for all s > 1, which corresponds to a network in which no
susceptible node has susceptible neighbours. The third term in (1a) defines the state
transition due to the infection of a neighbour, but this cannot occur if all nodes have
no susceptible neighbours. Thus define » ;iS5 /D ;sSsi = 0if Y ; sS8; =0.

3 Generating function approach

We notice that the form of R presents no problem for an infinite dimensional degree
distribution as long as the mean and variance are well defined, e.g. Poisson. The
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effective degree model presented above calculates R using a next-generation matrix
method (van den Driessche and Watmough 2002) for finite dimensional systems.
Hence, a different approach is required to extend the effective degree SIR model
to infinite dimensional systems. In the next section, we present a generating function
approach to do just this.

3.1 Model formulation

Given a sequence {S;;}, define the associated generating function S : [0, 1’ >R

SCe,y)= Y x'ySa. 3)

s>0,i>0

For the solution S; () to (1a), we deri.ve a PDE by taking a derivative with respect to
time of (3), and substituting (1a) for Sg;

Si= Y xy'S )

S,
—BY X YiSi+y Y XY+ DSs i1 — i8]
s,i s, i

N Z“- BsiSsi

m foyl[(s + l)SsH*l,l'fl — sS85 (3)

s,1

Notice that by taking derivatives in x and y of (3), e.g.

Se =y x5S, 6)
.0

and shifting indices, we arrive at the PDE formulation of the effective degree model

Si=—(+ )( —L)S 4oL Dg o %
' YU T Y)Y T s P T

We only consider the case where initially Sy, (0, 1,1)/5,(0, 1, 1) is well-defined and
non-zero, as this is the more interesting non-linear case. If this value is zero, then
Equation (7) can be simply analyzed (please see Remark 1).

Remark 2 In Sect. 4.1, it will be shown that the characteristic curves flow out of the
unit square. It is this property that allows the problem to be well-posed whilst not
having boundary conditions.

Definition 1 A solution of (7) is biologically relevant if it is a power series with
non-negative coefficients Sj;.

The coefficients S; of the power series of S represent proportions of the population
that are susceptible, hence negative coefficients are nonsense.
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3.2 Steady-state solutions

The purpose of this section is to characterize disease-free solutions. More precisely,
we have the following lemma.

Lemma 1 Any function S = S*(x), i.e. a function of x, is a disease-free steady-state
solution to (7). Furthermore, these comprise the entire family of biologically relevant
steady-state solutions.

Proof Suppose S = S(x, y)isasteady-state solutionto (7). Then Sy, (1, 1)/Sc (1, 1) =
A, a constant. Furthermore, S being biologically relevant implies that A > 0, as
both Sy, and Sy have power series with non-negative coefficients. Equation (7) then
becomes

—(ﬂ+y)<y—B%%;)Sy+AﬂOF—ﬂSx=0, ®)

which can be solved via the method of characteristics. Assume that A > 0, and define
the characteristic curves parameterized by t as the solutions to

dx

5 =ABOY - (9a)
T

dy 4

& _ 9
i (ﬂ+ﬁd<y (ﬁ+y)) (9b)
dS_O 9
=Y ©c)

Solving the equation for y using an integrating factor gives

_ 14
y(@) = (yo - )e Brp —, (10)
B+ p+vy
where y(0) = yp. Substitute y(t) into the x equation to obtain
9£+Aﬂx=Aﬂ(m— )e*“WT+Aﬂ—1— (11)
dr B+y B+v’

which can be solved again using an integrating factor, resulting in

A
x = xpe M7 4 B G@_ Y )(Eﬁﬂwr_eﬂmﬂ
ABp—B—v B+y

+# (1=e7) (12)

The third characteristic from (9) is

ds
— =0, 13
I 13)
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thus the solution is constant along the curve (x(7), y(7)), i.e.,
Sx(r), y(7)) =c¢ (14)
In particular, for all (xg, yo) € [O, 113,
S(x(7), y(r)) = S(x0, yo) 15)

where (x(7), y(7)) and (xg, yo) lie along the same characteristic curve. Fix (x, y, 7),
and write xo and yg in terms of those variables, i.e.

S(x, y) = S(xo(z, x, y), yo(T, x, ¥)) (16)
where
AP 14 14

_ ABt _ _ ABt _ (B+y)T) _ ABt _
= st (= g ) () - g ()
(17a)

_(v__ Y (B+7) Y 17
Y0 <y /3+y>e +/3+)/‘ (170)

Take derivatives in x and y of (16)

aS dxg
Si(x,y) = —— (18)
0xog 0x
aS 98%x 328 dxo 828 dyo\ dxo
Sxy(X,)’): — T3 -— | —. (19)
dx0 0xdy dxg dy dxpdyg dy | dx
Substituting this into the expression for A gives the compatibility condition
Sxy(s, 1,1
A= 2w (s ) (20)
Sx (S, 17 1)
928 dxg + 3%s v
_dxg 9y T Oxodyo 9y )1
= 39S 20
axq x=y=1
3% __AB + A 3%s +
2 A (e(ﬁ T _ g ﬂf) + We(ﬂ T
= R (22)
EE

x=y=1

The LHS of equation (22) is a constant, and the RHS depends on 7. Since the RHS is
a linear combination of functions, the only solution for the RHS to be t independent
is for A = 0. When A = 0, equation (8) gives S, = 0 and so

S = §*(x). (23)
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O

Definition 2 A disease-free steady state of the PDE (7) is a biologically relevant
solution that is y-independent, i.e. § = S§*(x).

Such a steady-state solution has power series coefficients S;; = 0 for alli > 0. Hence,
the network is disease-free.

3.3 A change of variables

To properly introduce the topology of the functional space, we consider the change of
variables

w=x—-I, z=y-TI, St wz)=S(x,7y) (24)
and
Stow,2) =Y W' su0), (25)
m>0,n>0

where I := y /(B + y). We will show later that the point (x, y) = (I", I') is the fixed
point (i.e, a constant solution in time) of the characteristics, where all the characteristic
lines emerge.

Substitute S = S into (7) to derive the PDE in terms of the new variables

§ = —(B+ s, 4 pluc LD =D s 26)
= - z = — W)ow
! v S 1—T1-1)

with initial condition
$(0,w,2) = So(w, 2). 27)
Relate the disease-free equilibrium to the PDE (26) by~ S(w) = S*(x).

The relationship between the coefficients of S and S is determined by substitution
ofx=w+Tandy =z+ I"into S:

Stow+ T z+T) =Y w+ )@+ ) S (28a)
= Zwmznsmn(t). (28b)

Use of the binomial theorem, or a Taylor expansion at w = z = 0, gives the desired
relation

Sun(®) =Y (;)(;)r‘*“—’"—"sﬂ(r). (29)

s>m,i>n
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Remark 3 I~f S(t, x, y) is biologically relevant according to definition 1, then the coef-
ficients of S(#, w, z) are non-negative. This is clear by consideration of equation (29).

Remark 4 Anequivalent change of variablex = '+ (1 —MNwandy = I'+(1—-1")z
would normalize the unit square to [—1" /(1 — I'), 172, and the PDE becomes

F)zifuz(r, 1,1)

—w)Sy,
Sw(t,l,l)(Z v

St =—B+y)z(1 — IS, + p(1 —

This has the advantage that w and z are probability generation functions of a Bernoulli
random variable with a success probability 1 —I', i.e., the probability that an infectious
node eventually transmits. Thus, S (t, w, 7) has a clearer biological meaning as the
probability generating function for the join distribution of the number of susceptible
and infectious neighbors (of a susceptible node) that eventually transmitted.

_ Define the square R = -, 1 — T ]2, and let X be the space of functions
S :[0,00) x R — R with § defined in (25), equipped with the norm

ISlx = (14 m)|sma| < 00. (30)

m,n

This change of variables ensures that the space of solutions is equipped with a norm
that is mathematically tractable.

4 Well-posedness

The system (26) is well-posed if the solution with a given initial condition exists and
is unique. In Sect. 4.1, we find the general solution of the system using the method of
characteristics; in Sect. 4.2 we show that this solution is uniquely determined.

From here on, confusion between the w, z and x, y variables should be minimal,
and so we drop the “tilde" notation, i.e. S = S(¢, w, z).

4.1 General solution via the method of characteristics
Write the PDE (26) in the form
S+ B+y)zS.+ Bw—2)¢'(1)S,y =0 (3D

where ¢ (¢) is given by

[ Su e, 1 =T, 1—T)
¢(t)_/0 S,ci-Tri-1) " (32)

such that

Sw:t, 1 —I,1—-1T
¢/(t)= wz( )
Sp@,1—=I,1-T)

(33)
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By treating ¢'(¢) as a known function, equation (31) can be solved by the method of
characteristics. Assume that ¢’ () # 0, because otherwise the PDE is linear and easily
solved. The characteristics are given by

ds

< =0 (34a)
dz _ 34b
Frl B+y)z (34b)
Y~ b -9, (34¢)

Notice that w = z = 0,i.e. x = y = I is the fixed point of (34).
The solution to the system (34) is constant in time along the characteristic curve

(w(t), z(1)), i.e.

S(t, w(t), z(t)) = So(wo, z0)
2(t) = zpePH!

w(t) = wog/fﬂi’(t)

t
¥ 20 (e(ﬂ+y)t — PO (B 4 4)eBP0 / S BHVIT—BH(D) d,)
0

(35)
where (wg, zg) = (w(0), z(0)). In terms of w and z, the solution is
S(tv w, Z) = S()(w(), ZO) (363)
20(t,2) = ze PV (36b)
wo(t, w, ) = we PO 4 zn(t, (1)) (36¢)

where
t
n(t. B (1)) = o= BN _e—ﬁ¢(t)+(ﬁ+y)e—(ﬂ+y)t/ BT g1 (37)
0

We have found the general solution to the system (26) in terms of ¢ and 5. In the
following subsection we determine ¢ and 7, and show that this solution is unique.

4.2 Existence and uniqueness

Aslong as ¢ and n are unique, then wy given by (36¢) is unique, and hence the solution
to the system (26) is unique. The solution (36) to the PDE (26) was derived assuming
that ¢ () was a known function. However, this is only a solution if ¢ (¢) satisfies the
compatibility condition

) Swe(t,1 =, 1—T)
1) =
PO = o=

(38)
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By taking partial derivatives of (36a) and a time derivative of (37) the compatibility
condition becomes

(¢’<r)) _ (f(r,qﬁ, me=FH - h(t, ¢, mn ) (39)
n'(t) ft, o, mBe” BB L [n(t, ¢, mPe P — B —yIn

where ¢ (0) = 0 and n(0) = 0 by definition, and

9289

_ dwpdzo
f(tv ¢9 T}) - @ (w()’ ZO)
dwo w=z=1-T"

(40)

989
dw?
h(t, . m) = <5 (wo, 20)
Jwo
w=z=1-I"
From here on, we will assume the following is true:

Assumption 1 Sp(w, z) is biologically relevant, Sy € C3(R), and % # 0.
Lemma 2 Under assumption 1, ¢'(t) > 0, where ¢'(t) is given by (39).

Proof First, under the assumption that S is biologically relevant, the functions f, h >
0 for all time, where f and & are given by equation (40).

To see this, notice that since Sy is a biologically relevant initial condition, it has
a power series with positive coefficients, and thus its derivatives will also have this
property. The functions f and & are quotients where the numerator and denominator
are derivatives of Sy evaluated at a point. Hence, if the point that these functions are
evaluated at is greater than or equal to zero, then f and & are quotients of power series
with positive coefficients evaluated at a positive point, i.e. f, 2 > 0. Thus it suffices
to show that

(wo, zo)‘
w=z=1-I"

t
=1-1) <e—(ﬁ+)’)t + B+ y)e—(ﬁ-FV)t/ e BFY)s=Bo©) g e—(ﬁ+y)l> > 0.
0

41
Indeed, each coordinate is positive, as I" < 1, and the remaining terms are non-
negative.

Next, we want to show that ¢’ > 0. From the system (39), it suffices to prove that
n(t) > 0. Notice that at r = 0, we have 1(0) = 0 from (37), and

n'(0) = f(0, . mB. (42)

Since f, B > 0 there are three possibilities:

i. nis zero for all 7.
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ii. 7 increases away from zero initially.
iii. ’(0) = 0, and 7 is zero until just after some time #; > 0, where it increases away
from O because

n'(n) = f(n, ¢, mpeFHIN=F? (43)
In any case, n(t) > 0, and so ¢’(¢) > 0. O

Lemma 3 If assumption 1 is satisfied, then characteristic curves given by (36b)
and (36¢) flow out of the square R = [—I", 1 — I'|? in finite time. This implies
that (wo, z0) € R forall (w, z) € R.

Proof We first observe from the (34b) that z grows exponentially in time, and thus the
characteristic lines hit the boundary of R in finite time. We then show that, once hit
the boundary, the characteristic lines flow out by calculating the normal component p
of the characteristic flow through the boundary of the square R as

o dw dz (44)
P= de " de )’
where n is the outward unit normal. For example, along the left boundary w = — 1,
z€ (—I,1—TI) we have
/ ’ dz
p=L0)-(Bo()(=T) — B (1)z, E) (45a)
=po' (1) (z+1T) (45b)
>0 (45¢)

because ¢’ > 0 by lemma 2 and z > —I". Thus the characteristic lines flow out of
this boundary.
The idea is similar for the remaining boundaries. O

Remark 5 Thanks to this Lemma, our PDE model (31) does not need a boundary
condition. This is because, for any time ¢ > 0 and w, z € R, the solution to the PDE at
(t, w, 7) is defined by the initial condition Sy at the point (wg, zo) traced back along the
characteristic line passing through (w, z). This lemma guarantees that (wg, zg) € R,
and thus the solution is defined at (¢, w, z).

Theorem 1 If So(w, z) satisfies assumption 1, then the system (39) has a unique solu-
tion defined for all time t € [0, 00).

Proof Since Sy € C3(—I", 1—I"), we have that f and 4 are continuously differentiable

int, ¢, and n, for all (¢, ¢, n) such that wo(¢, 1 — ', 1 = M and zo(t, 1 — ", 1 — I)
are in the square R. Rewrite the system (39) as

Y =F(t ). (46)
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For F (¢, y) continuous on the closure E of an open (¢, y)-set E, ODE existence and
uniqueness (Picard-Lindelof) and extension theorems (see for example Hartman 1982)
give the existence and uniqueness of the solution y(¢#) on some maximal interval J
given by one of the following

1. J = [to, 8] with § < oo and (8, y(§)) € IE
2. J =[t,d6) with§ < ocoand |y(¢)| > coast — &
3. J =[ty, >0)

Eliminate the first possibility by recognizing that the only way to hit the boundary 0 E
is for (wo, zo) to be outside the square R at some time 7. Lemma 3 guarantees that this
cannot happen.

To eliminate the second possibility, Sy € c3(-r,1-ro) gives f and A in (40)
as continuous, and defined on a compact set. Hence f and h are bounded. Let
M := max(| f|, |h|), then by considering (39), we get the bounds

MBt
(1) = 5 (47a)
n(t) < eMP — 1. (47b)
The only remaining possibility for the interval of existence is J = [0, 00). O

5 Reduction to the Volz model

The goal of this section is to show that by assuming solutions given by a multinomial
distribution, the effective degree model reduces to the Volz model (Volz 2008).
Assume a generating function solution to (26) of the form

(w2 =Y peSe®) (psw + T = D)+ pr)+ T — 1)+ DF (48)
k

where S (¢) is the proportion of susceptible nodes having degree k attime f, k = s+ is
the effective degree of anode, and pg(¢) and pj (¢) are the probabilities of a susceptible
node having a susceptible/infected neighbour at time 7, respectively.

Our goal now is to show that there exist solutions of the form (48) satisfying the
PDE (26). Substitute (48) into (26),

o0
D kS (psw+ T = 1)+ prz+ T =D+ D!
k=0

X (w+T = 1)ps+ @+ —1)ph)
+ S (psw+ T = D)+ prz+ T = 1) + DF

o0
=—B+V2Y_kpeSk(psw+ T =D +prz+ T =1+ 1" py
k=0
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Yoreok(k — 1) piSkprps
Y ko kP Sk ps

+p1z+T = 1)+ D pg.

+ B

k=0

Compare coefficients of (ps(w + 1" — 1)+ p;(z+ 1T — 1)+ Dk

kSkps + Spps)w + (kSkpy + Sppr)z + (I — DkSe(ps + p))
+(I' = D)Si(ps + pp) + piSy

Z,fio k(k —1)S;
Z/fio kS

Now compare coefficients of w, z, and constant terms

=—(B+y)zkSkpr + B (z — w)kSkpspr.

Y i kk — 1) pi Sk

kSkps+ Syps = —B kSkpspr
S k0 kP Sk
oo k(k — 1) piSi
kSkpy + Spr = —(B + v)kSkpr + B Zk‘ooo kSkpspi
Zk:o kpi Sk

(I = DSi(ps + pr) + (I = DkSe(Ps + p) + S, = 0
Add equations (51a) and (51b) to find
kSi(ps + pp) + Sp(ps + pr) = —(B + v)kSkpr.
Divide (51c) by (1 — I'), and add it to equation (52) to get an ODE for Sg:
Sp(t) = —BkSk(t) pr (1)

which has a solution
‘ k
Sk (1) = exp {—/ Bpi(7) dT} ,
0
or
Sy = Sf.
Replacing S,’( in (51) with (53) and S with (55) gives

YiZok(k = DpeS}

pr=Bpi—B+y)pi+8

Z/fio kPkS{C
Sesoklk — D piSt
I =
ps = Bpips — B sPI
Z/iio kPka

(1) = =BS1)p1(1)
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@—w) Y kpiSi (psw + T — 1)

(49)

(50)

(51a)

(51b)

(5lc)

(52)

(53)

(54)

(55)

(56a)

(56b)

(56¢)
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Comparison with (Volz 2008) shows that we have reduced the PDE effective degree
model to the Volz model (S1 = 6 in their formulation). This computation leads to the
following theorem

Theorem 2 A function given by (48) is a solution to the PDE (26) if and only if ps,
p1, and Sy satisfy the Volz model (Volz 2008).

6 Discussion

Using a generating function approach, we derive a single partial differential equation
from the system of ordinary differential equations for the network effective degree SIR
model. The power series coefficients of solutions correspond to the compartments of
the original model. This new approach extends the effective degree SIR model to be
able to include networks having infinite degrees, e.g. theoretical Poisson and scale-free
networks.

The resulting PDE (7) or (26) is a transport equation governing the probability
distribution of the number of susceptible and infectious neighbors of a susceptible
node. Mathematically, this PDE is interesting for two reasons: its lack of boundary
conditions, and its non-local non-linearity coming from the term %11]1) on the RHS
of (7). We’ve shown the existence and uniqueness of solutions to the model (for fairly
unrestrictive initial conditions) by consideration of the compatibility condition.

If the infection status of a neighbor of a susceptible node is initially independent
to that of other neighbors, then the numbers of susceptible, infectious or recovered
neighbors of a susceptible are multinomially distributed. If this independence is ini-
tially true, the effective degree model guarantees that this independence holds for all
future time, because the multinomial generating function is a solution to the PDE.
We’ve also shown that, under this assumption, the effective degree model reduces to
the Volz model (Volz 2008).

The results of this paper setup the PDE effective degree SIR model for further study.
As a future research direction, we will consider the linear and nonlinear stability of the
disease-free equilibrium, and will show that the stability of the PDE model is governed
by the same disease threshold condition as the ODE model.
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