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EFFECTS OF HETEROGENEITY AND GLOBAL DYNAMICS OF
WEAKLY CONNECTED SUBPOPULATIONS

DERDEI M. BICHARA'®, ABDERRAHMAN IGGIDR**
AND SOUAD YACHEUR?*?

Abstract. We develop a method that completely characterizes the global dynamics of models with
multiple subpopulations that are weakly interconnected. The method is applied on two classes of models
with multiple subpopulations: an epidemic model that involves multiple host species and multiple
vector species and a patchy vector-borne model. The method consists of two main steps: reducing the
system using tools of large scale systems and studying the dynamics of an auxiliary system related the
original system. The developed method determines the underlying dynamics and the “weight” of each
subpopulations with respect to the dynamics of the whole population, and how the topology of the
connectivity matrix alters the dynamics of the overall population. The method provides global stability
results for all types of equilibria, namely trivial, boundary or interior equilibria.
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1. INTRODUCTION

Mathematical models in population dynamics that incorporate age, group, or spatial heterogeneities use
network to describe the interactions between the units of the model. The overall dynamics of these models
is, naturally, driven by the interconnectedness of the sub-populations. For instance, the effects of mixing and
connectivity patterns of populations on the spread of infectious diseases have long been recognized in literature
[1, 26, 27]. The complete or partial dynamics of these types of models have been investigated in [3-5, 8, 10, 11,
19, 20, 24, 29, 34], and the references therein. However, a common point in these papers is that, a rigorous and
complete mathematical analysis of these models requires the subpopulations to be strongly connected. That is,
an irreducibility hypothesis on the network configuration is assumed in these studies [8, 9, 11, 12, 23, 29]. This
hypothesis synchronizes the dynamics in each of the involved subpopulation or patch. For instance, for epidemic
models, typically the disease dies out in all subpopulations, when the basic reproduction number is less than
one, and persists in all of them otherwise.

However, in most cases the graph that represents the connections between the subpopulations is not strongly
connected and the dynamics is not well-understood. Although it has long been assumed in the literature of
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ecological and epidemiological models of dispersal, that when the connectivity (between patches or groups)
is reducible, the dynamics in these patches or groups will be somewhat independent, a clear mathematical
formalism has been lacking. It has been pointed out in [2] the possibility to have mixed equilibria, with some
patches disease free and others with persisting disease when the patches are weakly connected. This has been
formalized in [16]. In this paper, we propose a method that gives a complete characterization of the dynamics
of a class of mathematical models that captures the interactions between subpopulations, regardless of the
topology of their connectivity matrix. Indeed, although the effects of mixing and connectivity patterns on the
dynamics of populations have long been recognized in literature [1, 2, 21, 26, 27], the extend to which these
impact the outcome is not well-understood. The method we provides answers to questions such as: What is the
underlying dynamics of each subpopulations? What is the “weight” of each subpopulations with respect to the
dynamics of the whole population? Which subpopulation is connected to which? And how the topology of the
connectivity matrix alters the dynamics of the overall population?

As a template, we use the proposed method on investigating the dynamics of two of the most complex
class of diseases with multiple subpopulations: zoonoses —infectious diseases caused by pathogens transmissible
under natural conditions from vertebrate animals to humans and vector-borne diseases models in a patchy
environment. Zoonoses represent 75% of emerging and re-emerging infectious diseases, of which 40% are vector-
borne [25]. Moreover, a class of these zoonoses is multi-host and multi-vector. That is the pathogen shared by
multiple definitive or intermediate host species and transmitted by multiple arthropod vector species. These
multifaceted aspects challenge our ability to understand and control zoonoses [36], a class of diseases that cause
over 20 billion USD of direct economic burden worldwide [25, 37]. A key factor in controlling these multi-host
and multi-vector model is assessing the contribution of each host and vector species in the disease dynamics.
Indeed, designing control programs for zoonoses that target only some host species (humans for instance) may
lead to ineffective control effort [36]. Moreover, for many zoonoses, all hosts or vector species are not created
equal [17] as different host and vector species differ in their propensity to infect or acquire infection due to their
ecological habitats or behavior. Similarly, humans and arthropods are often heterogeneously distributed across
space making the risk of malaria and other vector-borne diseases transmission highly variable [18, 31]. This high
variability leads to some areas with stable transmission and others wit unstable transmission [18]. Moreover, the
risks of transmission in areas or patches is not only tied to the clusters of mosquitoes and humans, but also on
the mobility from and to these patches [29, 31]. When the patches are weakly connected, determining the sinks
and sources of these vector-borne diseases allows informed intervention strategies that target the more prolific
patches and therefore a cost-effective control strategies.

The choice of these two types of models is also motivated by the fact that the dynamics of these models
have been well understood if the network is strongly connected [8, 11, 24, 29], a necessary step to determine the
behavior of models with weakly connected subpopulations.

In this paper, we investigate the dynamics of these two classes of model when the network connectivity is not
necessarily irreducible. Particularly, we propose a method that completely characterizes how host heterogene-
ity, vector heterogeneity, and connectivity patterns among subpopulations alter or mitigate disease dynamics.
Although we illustrate our method using epidemic models with multiple subpopulations, the framework is
applicable for all systems involving mixing of multiple subpopulations, including immunological and ecological
models. The punch of our method consists of distinguishing which group or patch acts as sink or source of
the infection, thereby providing a road-map for control strategies. Our framework also identifies the classes of
populations that are futile to target for control, unless some other group of populations have been mitigated.

The paper is organized as follows: Section 2 presents the overall method using a general model. In Section 3,
we illustrate the method on two classes of models: multi-host and multi-vector zoonoses models (Sect. 3.1) and
vector-borne models in a patchy environments (Sect. 3.2). We briefly revisit the derivation of these two models
and the basic properties before presenting the main result, which is the global stability of equilibria, regardless
of the structure of the network configuration. These equilibria could be interior (all positive components) or
mixed (nonnegative components). Section 4 provides an illustration of the method for a lower dimension system
and Section 5 collects our concluding remarks.
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2. MAIN RESULT

Many problems in population dynamics such as metapopulations, multi-groups can be written as:

&1 = fi(x1,x2,..., %)
&g = fa(x1, T2, .., %0)
. 2.1
T :fk(x17w27"'7wn) ( )
djn = fn(mlvm%"'axn>

where x; is the vector of each subpopulation and f; is the function that describes how the subpopulation
evolves for itself and how it is connected with the other subpopulations. Many advances have been made in
an attempts to understand the dynamics of these types of models in different settings. The dynamics of these
models naturally depends on how these populations are interconnected. The global stability of steady states for
these models has been partially or completely investigated [5, 8, 9, 11, 14, 19, 20, 23, 24, 27, 29, 30] when the
matrix that represents the connectivity between the subpopulations, groups or patches is irreducible. Typically,
if the irreducibility hypothesis holds, there are only two equilibria, namely the trivial equilibrium and the interior
equilibrium and the trajectories either converge to the trivial equilibrium in all patches or converge towards the
interior equilibrium in all of them depending on a threshold condition. The goal of this section is to provide
a method that paves the way in understanding the global dynamics of models when the populations involved
are weakly interconnected, if the dynamics is well-understood when the network is irreducible. Suppose that
System (2.1), as a model that describes the evolution of multiple populations, is biologically grounded. That is,
the trajectories of System (2.1) remain positive and bounded.

Let M the matrix that describes the interactions between the subpopulations in (2.1). It is well known [6]
that the matrix M is irreducible if and only the corresponding directed graph is strongly connected. That leads
to our main hypothesis:

H: The global dynamics of Model (2.1) is known if M is irreducible.

If M is reducible, the corresponding graph of the network connectivity is not strongly connected. However, it
can be partitioned into connected components. Particularly, by a suitable permutation of the subpopulations,
the matrix M can take the form:

My 0 .. 0
M21 MQQ 0

M = . . . . y
Msl M52 e Mss

where each block M;; is square and is either irreducible or a 1 x 1 matrix. The graphs corresponding to these
M;; are called irreducible components. Notice that some or all of the M;; with ¢ # j =2,...,%— 1 can be equal
to 0. If M;; = 0, for all ¢ # j, then the different irreducible components M;;, for 1 <4 < s, are disconnected
and, using H, the global dynamics System (2.1) is straightforward. Now, suppose that some of the M;; with
i 7 j are non zeros.

Throughout the rest of this article, we will use the following notations. For two real matrices A and B, we
will write A < B if A(4,j) < B(i,j) for all i and j, A< Bif A< Band A+# B, and A < B if A(i,5) < B(4,))
for all ¢ and j. In a similar way, we will use the same notations for real vectors.
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The key of the method consists of studying incrementally the dynamics of the model, starting with M.
With the re-arranged graph, System (2.1) can be written as:

&1 = fi(z1)
&y = fa(@1, 2)
. 2.2
& = fp(z1,22,. .., k) (2:2)
¢s = fs(w1>w27 cee 7ws)7

where the x; are of appropriate dimensions. Notice the dynamics of x; is independent of xo, x3, ..., xs. More-

over, since Mj; is an irreducible component, its dynamics is known, by H. Let Z; the corresponding globally
asymptotically stable equilibrium. Now, we use a result of large decomposition system to determine the dynamics
of &5. The outcome of this system is given by the following theorem.

Theorem 2.1. Let Cy be the strongly connected graph corresponding to the irreducible component M, and
dy > Ora. If the global dynamics of the system

&y = fa(dy, x2)

1s known, then the dynamics of the system

{ x = fi(x1) (2.3)

o = fox1,x2),

1s completely characterized.

Proof. Since C; is a strongly connected graph, its corresponding matrix Mi; is irreducible. Hence, by using
H, the global dynamics of the sub system @&; = fi(@1), as a projection of System (2.1) on My, is known.
Let dy a corresponding equilibrium which is globally asymptotically stable (GAS), potentiality under some
conditions, denoted by H;. Now recall that the trajectories of (2.3) are bounded and that any equilibrium of
o = fo(dy, x2) is globally asymptotically stable for any dy > Ors (potentiality under some conditions, denoted
by H2). By using a result of Vidyasagar [35] (Theorems 3.1 and 3.4), we conclude that the equilibrium (d1, d2)
is GAS for System (2.3), where ds is the equilibrium of &3 = fa(dy, x2) that is GAS. This ends the proof. [

By successively applying Theorem 2.1 on System (2.2), a complete characterization of the equilibria of
System (2.2) will be obtained.

The most challenging part in applying Theorem 2.1 and thus characterize System (2.1), regardless of the
network configuration is the study of the global stability of equilibria for the auxiliary system

xj = fi(di,ds, ... ,dj_1,x;).

In the following section, we apply this method to two special models — namely a multi-host and multi-vector
model (Sect. 3.1) and a patchy vector-borne model (Sect. 3.2). In these two cases, we assume that the network
is weakly connected and investigate the global dynamics of their equilibria using the method described in
Theorem 2.1.

It is worthwhile to note that earlier, we assumed WLOG that, for any 7, M;; # 0 for some j =2,...,7— 1.
If M;; = 0 for some j = 2,...,7— 1, then we define maximal and minimal irreducible components of the graph.
Indeed, if the network is weakly connected, it is always possible to shrink the graph into a condensed graph
with meta-nodes (see Appendix A). The edges from one meta-node to another describe the edges between the
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irreducible components. The matrices M;; for ¢ # j describes the edges between the meta-nodes. An irreducible
component C; is said to be minimal (or source) if it may influence the dynamics of other C;, with j # 4, but not
itself influenced by these C;, with j # ¢ (see Appendix A). In other words, an irreducible component is said to
be minimal if it has no incoming edges. Otherwise, the irreducible component is called maximal. For instance,
in Model 2.2, only C; (or Mj;) is minimal, since x; influences the dynamics of @y, @3, ..., x5, but these do
not influence the dynamics of 1. They are called maximal irreducible components. The case where there may
be more than one minimal or maximal irreducible components is treated in the following section.

3. APPLICATIONS

In this section, we apply the general method to two specific cases, namely on zoonoses model and vector-borne
diseases in a patchy environment. These class of models involves the interactions of multiple subpopulations
and their global dynamics are known when their connectivity matrices are irreducible. In the following two
subsections, we successively determine the global dynamics when the network configurations are not irreducible.
Particularly, we provide the complete global dynamics of the corresponding auxiliary systems that leads to the
characterization of the general systems.

3.1. The multi-host and multi-vector model

Multi-vector zoonoses are diseases whose pathogen is shared by many host species and transmitted by one or
multiple arthropods. Hence, capturing the dynamics of these types of diseases must account for the dynamics of
all host and vector species involved, along with the infection processes. For generality’s sake, we assume that the
zoonoses’ epidemiology follows an SEIR — ST structure. Moreover, we consider m host species and p arthropod
species. The infection process is captured as follows. Susceptible hosts of species i (1 < i < m), denoted by
S;, are infected by infectious arthropod of species j (1 < j < p) through biting or landing, at a rate of a;;

p
I .
and an infectiousness of 37 ;. Thus the host species i’s infection rate is Z ai ;B; jSiﬂ where N; is the total

N;’
j=1
population of host of species i. The susceptible arthropod vectors of species j, denoted by .S, j, are infected by

m

infectious host of species i. Hence, the rate of infection of 5, ; is am%. Susceptible hosts of species
i=1 i

i and vectors of species j are recruited at a rate A; and A, ;, respectively. Taken together, these assumptions

lead to the system

S = Ay, — diag™ ! (N},)diag(S)A o B°I,, — diag(p)S

E = diag™ ' (IN},)diag(8)A o B°I,, — diag(u + v)E

I = diag(v)E — diag(y + p)I

R = diag(y)I — diag(u)R

S, = A, — diag(S,)(A o B) diag™* (N, I — diag(p, + 6,)S,
I, = diag(S,)(A o B)Tdiag " (N,)I — diag(pty + 6,)1,

(3.1)

where o denotes the Hadamard product, S = [S1,Ss,...,8]7, E = [E1, Ea, ..., E,]T are the vectors of sus-
ceptible and latent host of all species and I = [I1, I, ..., I,]T is the vector of infectious for all host species. For
arthropod vectors, S, = [Sy.1,S0.2,--+5Sup|T and I, = [I,1,12,...,1,,]T denote the vectors of susceptible
and infected respectively. To ease the notations, we denote o = v + p. The matrices A, B® and B are given by
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TABLE 1. Description of the parameters used in System (3.1).

Parameters Description
Ap =[A1, Ao, .. AT Vector of recruitment of the hosts;
Ay =[Ay1,Ap2, ..., Ay p]T Vector of recruitment of the vectors;
aij Biting rate of vector j on Host ¢;
S Vector of species j’s infectiousness to Host i per biting;
o= [, pay s )T Hosts’ death rate;
v=v1,ve,...,um]" Hosts’ incubation rate;
a=lap, e, ... )T Hosts’ total infectiosity duration;
v =172, s Y] T Hosts’ recovery rate;
Bij Infectiousness of Host i to vectors of species j per biting;
o = [fo1s o2y - ooy fop) T Vectors’ natural mortality rates;
Oy = [0p,1,00.2, .-, Oup T Vectors’ control-induced mortality rates.

Vector p

30

Pm,p

o
1p

FI1GURE 1. Flow diagram of Model 3.1. The dashed, dotted and dash-dotted lines capture the
infection routes of vectors from all the infectious hosts. The solid lines capture the infection
routes of hosts from the vectors.

a1 a2 ... ai, Bii Bia o B, Bra Bz - Bip

a1 G2 ... G2p Bs1 Bsa - B3 Bo1 Ba2 .. Bap
A= T T So.B=| o .= A .

am,l am,2 e am,p 21,1 21,2 .. ﬂfnm ﬁm,l ﬁm,Z e Bm,p

These matrices capture the biting rate, vector-to-host transmission, and host-to-vector transmission, respec-
tively. The description of parameter vectors are summarized in Table 1, and a schematic description of flow of
the model is captured by Figure 1.
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System (3.1) is the model considered in [8], for a single stage of infection. The dynamics of the total host
and vector populations are given by Nj, = A, — uNj, and N, = A, — (1, + 6,) N ». And so, these populations

are asymptotically constant as N — % := Ny and N, — #1:1)5 := IN,, when t — oo. By using the theory

of triangular systems, System (3.1) is equivalent to System (3.1) when N}, = N, and N, = N,.
The set

1 1
Q0= {(S,E,I,SU,IU) eRim+2p‘s+E+I§Ahof, S,+1I,<Ayo0 5 }
12 Moy v

is a compact attracting positively invariant set for System (3.1), where o denotes the Hadamard product.
Therefore, the solutions of System (3.1) are biologically substantiated. The trivial equilibrium of System (3.1)
is the disease-free equilibrium (D.F.E) and is given by Ey = (S, 02,,,, Sy, 0p) where

The basic reproduction number R, defined as the average number of secondary cases produced by an infected
individual during its infectious period while interacting with a purely susceptible population, can be computed
using the next generation method [15, 33]. The basic reproduction number of System (3.1) with m hosts and p
vectors is given by:

R§(m,p) = p(N")

where
NV = diag(N,) (Ao B)"diag(v)diag ™" (1 + v) o ) diag ™" (N1) A o B°diag™" (1 + 6,),
and
N = Ao B°diag™" (11, + 6,)diag(N, ) (A o B)" diag(v)diag ™" (1 + v) o a)diag ™ (N).

Indeed, by decomposing the infected compartments of (3.1) as a sum of new infection terms and transition
terms,

E
I |=rET11,)+V(EII,)
I,
diag™' (N},)diag(S)A o B°I, —diag(p +v)E
= 0 + | diag(v)E — diag(a)I
diag(S,)(A o B) diag™ ' (N,)I —diag(j1, + 0u) 1,

The Jacobian matrices at the D.F.E (Ey) of F(E,I,1I,) and V(E,I,1,) are given by:

Om,m 0m7m A (¢] .B<>
F=DF(E,I,I,)] =| Omm B 0rm,m B 0 ,p
Eo 0, diag(N,)(AoB) diag"" (N,) 0,,
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and,

—diag(p + v) 0 0. p
V=DV(E,II,)| = diag(v) —diag(a) 0.
Eo 0p,m 0p,m —diag (g + 6y)
Hence, we obtain
diag™ ! (u +v) 0:,m 0r.p
~Vt = diag(v)diag ' ((u+v)oa) diag ' (a) O p
0p.m 0p.m diag_l(ﬂv + 0y)

The basic reproduction number is the spectral radius of the next generation matrix

Om,m Om,m thdiag_l(ﬂv + (;71)
*FV71 = Om,m OM,m Om,p !
Zypdiag(v)diag™ ' (u+v)oa) Zp,diag(a) 0p.p

where Z,, = diag(N,)(A o B)Tdiag"'(N},) and Z,, = A o B°. Thus, the basic reproduction number is

Ro = p(Znodiag(v)diag™ (1 + v) 0 a) Zyndiag™ (p + 0,))

= p(ZUhdiagfl(,uU + 5U)Zhvdiag(y)diagil((:u + V) o Oé))

The dynamics of the multi-host and multi-vector is tied on how the different units of the model are inter-
connected. That is, the connectivity between host species and vector species. For Model (3.1), the host-vector
configuration network is given by A/, where:

02/, 2m Ao B° )
(o |
(Ao B)T Omtp,p

Indeed, it has been shown in [8] that, for System (3.1), the disease either dies out or persists in all hosts
and vectors, under the assumption that the Host-Vector network configuration is strongly connected. For the
convenience of the reader, we recall the following theorem that summarizes the results in [8].

Theorem 3.1 ([8]). If the Host-Vector connectivity configuration N is irreducible, the following hold:

1. If RE(m,p) <1, the DFE is GAS.
2. If R3(m,p) > 1, a unique interior endemic equilibrium exists and is GAS.

The connectivity matrix A is irreducible if, and only if (Ao B)T Ao B® and Ao B°(Ao B)T are irreducible.
However, for zoonoses this irreducibility assumption is not always satisfied as many host species and vector
species, though share the same pathogen, have their natural habitats far away from each others, for a direct
infection to take place. Therefore, it is important to investigate the dynamics of the disease when the network
configuration between hosts and vector species is not strongly connected.
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FIGURE 2. Digraph of V(C). This is the same as Figure 1, with n = p = 7, and the missing
arrows between host and vector species means the infectiousness rates between them is set to
be zero. The graph is re-arranged in terms of connected components C;.

Throughout the rest of the paper, we consider System (3.1) in its component-wise form. That is, for i =
1,....mand j=1,...,p,

»
. I,
Si =N\ — Zai,jﬂﬁjsi NJ — 1S

i=1 ’
. I
By =301 ai B85S ;([] = (pi +vi)E;
I = v;iB; — i (3.2)
. m I
Svj =N — Zai,jﬁi,jsw,jﬁ — (Ho,j +00,5)Su,j

i=1 v

. m I
Io; = Z“i,jﬁi,jsv,jﬁ = (Ko, + 0v,5) 10,

i=1

The following theorem gives the main result of the paper, which characterizes the dynamics of System (3.2),
regardless of the network configuration.

Theorem 3.2.
1. If R3(m,p) < 1, the DFE is GAS.

2. If R&(m,p) > 1, a unique endemic equilibrium, potentially mized or interior, is GAS.

Theorem 3.2 provides a global result of equilibria of System (3.2). Particularly, Theorem 3.2, Item 2 arises the
possible existence of boundary equilibria and determines their global behavior. This result is obtained without
any hypothesis on the structure of the host-vector network configuration and thus generalizes the result in [8]
where host-vector configuration is irreducible.

In our model and with vector-borne diseases in general, an infection takes place if at least there is an
interaction between a vector and host. So, we define a node as unit with at least one host and one vector.

With the relaxation of the irreducibility hypothesis in mind, let us re-organize the host-vector network in a
way that makes it as a set of strongly connected component (see Fig. 2). Suppose that there are [ strongly
connected components C;, for ¢ = 1,2,...,1. If [ = 1, the host-vector network is irreducible, which is dealt
with in [8] and the dynamics of the model is completely captured by Theorem 3.1. We assume that [ > 2.
Let V(C) = {C;, i = 1,2,...,1}, the set of all C;. It could be shown that the basic reproduction number for
System (3.1), is:

Ri(m,p) = max{Ric,, Ci€V(C)}
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FIGURE 3. Directed graph of the condensed network V(C).

— An element C; of V(C) is called minimal if it may influence the dynamics of other C;, with j # ¢, but not
itself influenced by these C;, with j # 7. For instance, in Figure 2, C; and Cs are minimal. The elements C;, with
j # 1 and j # 5 are called maximal.

The following theorem provides a building-block to prove Theorem 3.2.

Theorem 3.3. Let C be a strongly connected component with m' hosts and p' vectors, m' < m and p’ < p.
Then, for any vector (d,d)” >0, the System

P’ P

. I d.
Si =N — Zai,jﬁzj‘sz Loy ai,jﬂijsiﬁ — Wi

j=p'+1 '
E Z aZ,jﬁ ; ,j + Z a;, jﬁ (Mz + Vz)Ez

Jj=p'+1
I = VzEz azIz (33)
d;
S, vj = Noj Zamﬂm JN Z @i, ;53,5 5,5 N, = (Bw,j + 00,550,
=1 i=m’+1
d;
Ly = Zawﬁw JN + Z @i, Bi,j S JN = (Bo,j + 60,5 1u,;
=1

i=m/+1

has the the following behavior

~ I RE( )33y > 1 or (d,
- If R§(m/,p')|(3.3) < 1 and (

YT > 0, there is a unique interior endemic equilibrium that is GAS.

d
d,d)T =0, then the DFE is GAS.
System (3.3) is called the restricted system on C at (d,d)7.

Remark 3.4. By denoting R%(m’,p’)|(343) the basic reproduction number of (3.3), it is straightforward to show
that:

’
,0
m—m’ Ogp—p')

Ry, )3y == Ry, 0)|3.3) 5y o
R

where (3.3)(d~ HT=(0 ,) is System (3.3) evaluated at (d,d)” = (Ogm—m’> Ogo—yp’)-
’ R™ Rp—p
The following result links the dynamics of System (3.3) to that of System (3.2).

Theorem 3.5. The asymptotic behavior of System (3.3) is isomorphic to that of System (3.2).

Proof. We re-arrange V(C) so that there are k minimal elements C;,Ca,...,C; and r — k maximal elements
Ck+1ack+27 s 7C’N with r = |V(C)|
Let Ty = (Sl, So..., Si(q),El,Eg o ,Ei(q),fl,fg . ,Ii(q), Sv,l, Sv,g ey Smj(q)vL},l;L},Z . ,Iv)j(q))T S Cq.
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Here i(g) and j(¢) are the number of hosts and vectors in C,, respectively. Therefore, given that C,, for
1 < g <k, are minimal, System (3.2) could be written as:

1 = fi(x1)

Xy = fo(T2)

;L‘k = fr(zk) (3.4)

dsk+1 = fk+1(w1,...,wk,wk+1,...,:cT)
:.E'r‘ = f’r‘(wlw'~7wk7wk+17"'7w’r>

The first k subsystems of System (3.4) are independent of each others’s variables and the variables of the
remaining r — k subsystems. Moreover, for each ¢ € {1,...,k}, C, is strongly connected and thus the corre-
sponding host-vector configuration is irreducible. Therefore, the dynamics of the subsystems &, = f,(x,), for
g €{1,...,k}, are known (see Thm. 3.2) as follows:

- If R%ch < 1, the corresponding disease-free equilibrium, DFE,, is GAS.
- If R(Q),Cq > 1, a unique positive endemic equilibrium z, is GAS.

Denoting z; (x;; = (ltg if the equilibrium is the DFE, or @} = &, if the equilibrium is endemic) the unique GAS
equilibrium for &, = f,(z,) (for 1 < ¢ < k), the asymptotic behavior of System (3.4) can be obtained, using

Vidyasagar’s decomposition techniques [35], by studying the system

Tpp1 = frp1 (], L, g, .-, Ty)
(3.5)

T, = fr(sc}cv"'vw]tvwk-‘rla"'aw’!‘)

Now, we consider System (3.5) as a new system, which is an autonomous system whose state variables are
Tpy1,--., T (the T;, ..., @) are constant). System (3.5) is associated with a new network configuration V(C)
—where the input connexions from the minimal elements of V' (C) have been cut.

If the new network configuration associated with System 3.5 is strongly connected, then it is equivalent to
System (3.3). Otherwise, we repeat the process. For example, this case is illustrated in Figure 4, after the first
iteration of the method on the network given in Figure 2. Indeed, in the network configuration of Figure 2, C;
and Cs are the minimal elements, and so after the first iteration, the network associated with the corresponding
System 3.5 is illustrated in Figure 4.

We identify the minimal elements (C3 in Fig. 4 is a minimal element and C4 is decoupled from the rest of
the system) on the new network V(C) and we reiterate the method. Repeating this process leads to reduce the
study of the dynamics inside one irreducible component, say s. We obtain the system:

G NES L C R R . MR I - I g B
which is System (3.3) with (cii, d;) being the corresponding coordinates of x;, ¢ # s. This ends the proof of
Theorem 3.5. O

Proof of Theorem 3.3. If ((i7 d)T = 0, the global asymptotic stability is known thanks to Hypothesis H. Partic-
ularly, if Rg(m’,p’)kg.g) < 1, the DFE is GAS. If R%(m’,p’)\(&g) > 1 and (d,d)T = 0, then it exists an interior
equilibrium that is GAS, by Hypothesis H.
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N\ 'd
CQ C3
N
N
7 N N |
7 \» AN | IBO |
4
83,3 B3,4 ‘ oBgs ) BS
o N B4,5 o, 6,6
! 3,3 BO \ N .
I 3,4 \
' B35 N B5.5
Ay N -
\ /
N
\ J N J

FIGURE 4. Network configuration after the first iteration of the reduction method on Figure 2.

The compact convex set ) is positively invariant for System (3.3). Therefore System (3.3) has an equilibrium
(S*, E*, I*, S, I¥) in Q thanks to Brouwer fixed-point theorem. It is clear here that S* > 0 and S} > 0. For

v Tv

1—1,2,...,m,wehave:

sr (& . .
N; Zamﬂfjjva"_ Z aijB7d; | = (wi +vi) E7.
K2 j:1

Jj=p'+1
v
It then follows that E; > 0 if at least one d; is non-zero. Therefore I} = —E} > 0. The same reasoning shows
o

that I7 > 0. Z
We consider the following candidate Lyapunov function:

V= i UiVi,
i=1

where

S, E: I; p
Sy ’ E; vitpi [T I
, = 1- 2 — AT 1- Vo
v /*< w)d +/f< x)dx+ ” /;< x)dx+2;wVJ

i i

with

*

I
U7
am,@’o S* J

Sy,j 9* I, I* . 59 :
Vv,j:/ (1_w> dﬂH—/ <1—”’J) dr, wi = Ni 7
0 x o3 € m’ 1
>

v.d v 1=1 1,5 51,55, i,

The derivative of the “Host” part of V; is given by:

__— SF EXN - Vi + I?
V;L71—<1—SZ)S+<1—EZ>E+ ; (1_L>I"

S*~ Ef . vi + 1 I\ .
bt = () By Sy = Ty ( L—) (3.6)
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By using the endemic relation stemming from the equation of S, and some re-arrangement, equation (3.6) leads
to:

o Sz R Sr Sl Ef
m%_m&@ .>+me35 G S $F >

P
L d; Sy S, Ef W
+Z CliJijSlN ( —S,Z—) Za’l,jﬁo S
J=p'+1
—&Jr( i+ i) B (3.7)
I, Br T RS :

7

—(vi + i) B = I — (Vi + i) E;

Moreover, by using the endemic relationship that stem from the equation of E:

(N1+Vz E *Zazgﬂo S* vJ + Z aljﬁo S*

Jj=1 Jj=p'+1

and some careful combinations, we obtain, from equation (3.7),

’L

o N S o ok UJ SF Si I,; B I E;
Vh,i = piS; <2) Z“Uﬂ 5 ( S, SrI*.FE;, I, E*

E ; S S* _71_7171_7 A . o gx v,j
+] p+1ad51] ' N; ( Si S* B, I; E* IT")—’—ZG’JB,J i'N,

* v, Ii
Zawﬁﬁjsl ? B (3.8)

Now, we will determine the derivative of vector part of V;. That is, V, ; where

Suv,j S:j Iy, j I;r
vv,j:/ 1— =% dw—i—/ 1— dz.
. T . T

We obtain,

b= (1 550 Y 8 (1 50 ) 1y = (80— S8, )
v,J S’[}J 7.7 I v, v,J v,J] v,J] SUJ v,J I’U,j v,J

Sr.S, m I Sy Ir.S,
9 _ Zui _ Puj * 1— %) v Tv) 7t
= (fov,j + 0 ’J)S < S, S* ) + E @i, B35Sy JN < S, I 'S*’» ]f*)

> i=1 v,J v, Mu,g 1
vj  Tu,g Pu,j
+ Z azj/B’L] vjN ( Sv] I»U]S*>
i=m’+1 § § vsJ
, * I’L *
~(proj + Gu ) og + Y ai,jﬁi,jSv,jﬁi + (ko + 00,515 (3.9)

i=1
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/ I? d;
However, we have (p, ; + 5v7j)I;}")j = > ai ;B Sk I +yr i1 @i B Sy N
Therefore, equation (3.9) gives:

. S;‘j’. Sy m’ o S;y- [;’. S, I,
V _(IU’UJ—*—(SWJ)S ( Sv,j’ - S*]> +Zai7jﬁi,jsv,jNi <2_J._jj.>

* v,J v,J Pv,g * vJ
* Z R ( ©Se; L Sr. T ) Za”@”s ’JN 4

T*
i=m/+1 v,J

I;
+Zazgﬂz,j ’Jﬁ

Now, the overall derivative of the Lyapunov candidate is, using (3.8) and (3.10):

m

V= Z vV = Z Vi Vh it Z wu v,J

1,71 NZ

m S5\ & I S* S, I,.E* I'E;
= i |wSF (2 — 22 — =22 PN S i R [ S B LY R Rk B
Soofust (o - §) e S amsr e (58 - )

Ap,i

; Sy S, EBf IfE; I 2 s
+ Z az,JBﬁ]S;*N ( —f—l—’—)+zamﬁ°s 2

1,7~ i
Jj=p'+1 [ i j=1 N;
&
p / *
. I . St S,
Zazﬁﬁo,]sz U’_] I* + sz] Ho,j + o J)S <2 - % - S*,j)
j=1 Y v,J

+Z’LU1JZC%]5@,3 y]N ( _Sj»_jj>

: Sk IF .S, . I, :

+ZUJU Z az,]/B’Lj U]N ( —’?—’?’{_0>
> v,J

1=m’+1

' m’ I* .
- le al:‘]ﬁldsv,j N. + wZ] az,]ﬁz,]s v,J N

. . 1

7j=1 =1 1=

’U,_]

(3.10)

(3.11)
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The terms 2y ;, Ay 5, €5 and éij are negative definite. So, we focus on other terms in (3.11). Moreover, by
using the expression of w;; given at the beginning of the proof, the terms in I, ; cancel in (3.11); and thus:

V sz mhz"’ Z @134’2911;]4’21013 Z Q:'L_]

Jj=p'+1 i=m/+1
Sy S I,; Ef If d I\ I
© *UJ 32 v ivg i Zd o axvg | Li
+Za7,J6 S ( S,L S: I:J E’L I E*) ; 7]6 S i I;k
Ir Sjjj I;‘jj v’ m .
+szg Zaz J/BZ,] v,j N -5 - TSTF + wa Zawﬂm 0. N (3.12)
v’j

Now, we claim that the linear terms in I; cancel in (3.12). That is:

+Zw”2amﬂm ”JN =0.

/

m/
3 * UJ
E U E aZ,jﬂ S 7‘
Z

=1 =

<.

or equivalently,

l

S - (St eSS | <o @
i=1 =
However, note that:

p/ m/ I p m/ p/ 1
* l *

g W;j E az,jﬁl,jsv,jﬁ = E g wijar B,y ”JN = E I E wijal,jﬁl,jsv,jﬁ

= = ! =1 \j=1 !

m m’ m’ m m m
§ (% E wzg§ al,jﬁl,] UJN —E Vi E Loy :§ U § Ly :E § vy | 1
7j=1 i=1 =1 =1 i=1 i=1 =1

JN

I
Ms
]
M=
g
:@
S
<,
",2
]

Hence, to show (F), we need to show that:

*

*
i I;

I‘ m/ m/ p/
o * U7J v * i
Z”% Zawﬁ,asz == Do wd wiyaiBiSh |

i=1 \I=1 j=1
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or equivalently,

* *

m’ p’
Z I I ,
Vi a; jﬁi‘]s: .J E (Y E wljai7jﬂi,j51f7jﬁ, for all 1 (E)/

=1 j=1
The v; are then solutions of Bv = 0 where
* * * *
s o a1,;b1,;5; ;11 o a1, 51,555 ;11
1 2o Wa N D Wit - N
* * * *
Zp/ w a27j62,j5v,j12 & Zp’ w a2yj527j51),j]2
i—y Wiy — 7 22 s i=1 Wm'j
B= J Ny J No
*
Zp/ w (07 jﬂm/dsv jI;;l Zp w Qo j/Bm’,ij ]Im *
j=1""1j 1 W25 cee m/m!
J Nm’ Nm’
where

’ ’
p m
ok = Wi 017]5,0 jﬁld 4
& = g j — E -
; N;
j=1

i=1,i#£k

Hence, Relation (F)’ is satisfied given that the v; are the components of the solution of Bv = 0. Given the
expressions of w;;, the entries of B, for i # j, can be written as:

/

I I*S* Q5 k ;?kai kﬁz kI:k
&ij N ijka1 kﬁz kSy k= N, NJ Z I* s (314)
k=1 k=1 Zz1alkﬂlk

and (Ao B°.(AoB)1);; =Y0_, j kB @i kBik, for i # j.
The component C is a strongly connected component with m’ hosts and p’ vectors. Hence, the matrix
AoB®(AoB)T and (Ao B)T Ao B are irreducible. This implies that, by construction, the matrix B is irreducible

(see Relation (3.14)).

The matrix B represents the Laplacian of the network connectivity on C and thus the positivity of v such that
Bv = 0 follows using can be proved using Gershgorin’s theorem and Perron-Frobenius Theorem for irreducible
Metzler matrices ([32], Chap. 4, Cor. 3.2). Moreover, v; = Cy;, where Cy; are the cofactors of B.

Therefore, equation (3.12) reduces to

:Zvi thz“” Z QZ]+ZQ[U]+ZU)’LJ Z Q:U
=1

j=p'+1 i=m'+1

S S;I,; Ef IfE;

. OS* U»J 7717711”]7",7171
+§ ai;i By < S, S*I*. E, I,E

P’ m’ * *
LI Svg 155 v L
+Zwijzai’jﬁiaj5v’jﬁ (2_ S . 1 iS5 F

= 1 i v,
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To avoid confusion, we switch the index ¢ by [ in the third term of the previous equation. Hence,

V= Zvl Ap.i + Z QZJ—I—ZleJ—i-ZwU Z <;j

j=p’+1 i=m/+1

: S* S I,,Ef I'E,
+Zaz,gﬁf]b’i‘ ’7( —1_—’]1—?>

1 T,] 7
P A
v,J v, Mv,g
+Zwmzal,36l] 'UjN ( *Q*HSTJTI* (3.15)
Jj=1 »” ) Mo,

By using the expression of w;;, (3.15) becomes:

V= Zuz Ap, i + Z ¢”+va,+sz Z ¢ij
i=1

Jj=p'+1 i=m’+1
m P/ m’ * *
Iy Sy S I,;Ef I*E; S;; I;S,;1I
E 21211’ B .8 L 5_71_71&71_714_&_7&7
+. 2 ’U’IUJCllJBlJ v N, ( S; S*I* . E; 1. E* S . I S* *>

:ivi [Q(h, + Z %*ZQ‘M*Z“’W Z Cij | + Hur, (3.16)

j=p’+1 i=m/+1
where

’m/ p/ m/ * *
= S Si L, ; B I E; Sy IS, I
H,, = E E inijﬁl,j (5—1__"3_'*_73-_73’]l>,

1 1

~

i=1j

I*
with ﬁl] —aldﬂld ’JNill'

Now, since the matrix B is irreducible, using the arithmetic mean-geometric mean Inequality, we have that
H,, is definite negative [20]. Hence, it follows that (3.16), as a sum of definite-negative terms, is definite-negative.
This ends the proof. O

3.2. Vector-borne models in patchy environments

Mathematical models that describe the evolution of vector-borne diseases where the environment is structured
in patches have been investigated in different settings. However, only recently the global dynamic of these models
have been established [11, 24, 29] under some hypotheses. For these models, an irreducibility hypothesis is
required to prove the uniqueness and global stability for the interior equilibrium. In [11], numerical simulations
have been used to indicate the existence and potential stability of a boundary equilibrium when the mobility
matrix is not irreducible. However, a theoretical assessment of the dynamics when the network is reducible
has been an open problem. In this subsection, we establish the global asymptotic stability of the equilibria
when the network is reducible, using the method described in Section 2. A particular case of this result is
that the irreducibility hypothesis is a sufficient but not necessary for the existence of an interior equilibrium.
Let us consider a spatially heterogeneous environment with n patches, within which there are human host and
mosquito vectors. The host populations travel between patches following a Lagrangian approach [11, 13, 28],
for which residence times is used to model human mobility. We consider an SIR-SI epidemiological structure.
Particularly, we consider the model:
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Si — Ah,i — Sh,i Z lijfv,j - Mh,iSh,i

=1
Ini = Shi Zlijlv,j — (fni + i) Ini
fori=1,...,n, =t (3.17)
Svi =Ny — Sui Zmijfh,j — (fo,i + 00,i)Sv,i
i=1

Ioi=Sui Zmijfh,j — (Powi + 0v,i) v 4,
=

This model is equivalent to the models considered in [11, 24]. In this case, the matrices M = (m;;) and
L = (l;;) are compound and the values of their entries represent a complex biological cascade of events leading to
the infection, including the biting rate per patches, probability of infectiousness, infection force and the mobility
patterns of the hosts. For convenience, we recall the results when the connectivity matrix is irreducible. In this
case, the model has a sharp threshold property whether the disease either dies out from all patches or persists
in all of them depending on whether the threshold known as the basic reproduction number is below or above
unity. The basic reproduction number of System (3.17) is:

Ry = p(diag(S?,) M diag™" (pn + vn) diag(Sy) Ldiag™" (u, + 5)),
where

S§ = diag™ " (pun)An, SO = diag ™' (1 + 0) Ay, M = (myj), L = (L),

v

and p(.) the spectral radius operator.
Theorem 3.6. [11, 2/] Under the assumption that the network is irreducible, we have that

1. If Ry <1, the DFFE is globally asymptotically stable.
2. If Rp > 1, the DFE is unstable and it exists a unique interior equilibrium that is GAS.

Now, our goal is to investigate the dynamics when the network is reducible. In this case, we can re-structure
the network into smaller irreducible components. The components could be either maximal (i.e., sink) or minimal
(i.e., source). If the component is minimal, then its dynamics is not influenced by the rest of the network and
its dynamics is equivalent to that of Theorem 3.6. Let C, an irreducible component that has n’ patches (with
n’ < n) and that is maximal. Let us consider the dynamics of the auxiliary system on that component:

Si = Ani— Shi Zlijlv,j — Shi Z Lijd; — ttn,iSh.s
i=1 J=n 41
Ini=Sni Zlijlv,j + Sh.i Z Lijdj — (pnyi + Yni)Ini
J=1 ) j=n'+1 (3.18)
Sv,i = Av,i — Su.i Zmiﬂh,j — Sv.i Z mijd~j - (,uv,i + 5v,i)Sv,i
=1

j=n'+1

fori=1...7n,

’
n

Ii= S, Zmijlh,j + Sy, Z mijdj — (fo,i + 0pi) v
j=1 j=n/+1
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Theorem 3.7. Let x* an equilibrium for Model (3.18). Then, =* is GAS for all (d, d) > 0. Particularly, «*
an interior equilibrium if Roc > 1 or if (d,d) > 0.

The equilibrium x* can be a boundary or an interior equilibrium depending on its R, and the equilibrium
of states of the other irreducible components affecting the dynamics on C. That is, on the value of the vector
(d,d). If (d,d) := 0, System (3.18) has the same dynamics as System (3.17), which are provided by Theorem 3.6.
If (ci, d) > 0, the trajectories of System (3.18) converge toward an interior equilibrium, regardless of the value
of the basic reproduction number of System (3.18).

Proof of Theorem 3.7. Let us consider the following Lyapunov candidate:

n n’
V= Zgh,i (Shi— Sk iInShi+ Ini — Ij; ; In I, ;) + Z Gu,i (Svi — Sy, nSy i+ 1 — I ;Inl,;),
i— i=1

where g, 1, for k=1,...,n are given by

v,k = I Zgh zSh 7 ’LkI’:,k‘

n/
ukz =1 Mkjlp ; =1

Since C is an irreducible component with n’ patches, the coefficients g, ; are well-defined. The coefficients gy, ;,
for i =1,2,...,n" will be defined later. The derivative of V" along the trajectories of System (3.18) is given by:

Vet as S (si 3w ) (3 S S )
i=1 j=n'+1 h,i h,i thi

S* n’ n’
+Zgh 1Shzzllj v, ( S:71> +Zgh,is}t7izlijjv,j
ot i=1 j=1
n’ ) n’ I+
_Zgh,iﬁ?f Shzzlz] v, _Zgh,il—zﬂ_ Shzzlzgl v,j +Zghz Shzzlu v,j
i=1 a i=1 ot

n’ n B S* I*
+9uiSsi D migd; <3 - 75 - — %;z M_ - Im) + ng ZSMZm”IW
i=1 v, v,1 T U0

j=n'+1

a Lo | ox a N u . a . Soi Seilyiln;

_ Go,i— Sv,i mijlh’j + gv,iSv’i mijlh’j 22— — — T T (319)
297 2 2 2 Sos S Toa I
=1 v, j=1 i=1 j=1 v,i U Th,j

=1 Sv i S* i=1 Shﬂ S;;.,z
Now, given the expression of g, ;, equation (3.19) can be written as:

n' S;’; S n' Sﬂ;l S i
where Av = ng,i(,uv,i + 51},1‘)5;11‘ (2 - and Ah = Zgh illh, 7Sh i (2 _ h, ) .

; a R Shi  Snilhi I
ettt S (S5 3 o) (3 St Sl )
i=1 j=n'+1 hi hyi “hii hyi
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h,i Ih,z

S T n’ .
+Zgizzsh12l1] v,j ( Szﬁz - S ot Uj) _Zgh7i§gz, Shzzlw v,
’ s =1 s
n’ n ~ S* I*
+ ng7iS;7i Z mijdj (3 — S— — %ﬂ _ I) + ng 151) i Zmulh,]
i=1 v, v,t U,

j:n’+1

S* . S . I*. I,
vi Y I R vt vt I 3.20
+Zg Zm] h,j ( Sv,i S’:J I’u,i I;,j) ( )

We choose gn, = (gn,1,9n,2; - - - ,gn.n)T to be solution of the system Bgj, = 0, where:

n’
—> by ba b
j=2
n/
b — Y by ... buro
B = j=1i%2
n'—1
bins b —an,j
j=1

where, for 1 <7 k <n’ and r # k, we have:

Shrzl”

Since C is irreducible, then the matrix B is also irreducible, and therefore the system Bg; = 0 has a positive
solution gj, > 0. Particularly, for any k € {1,2,...,n'}, gn 1 satisfies the relationship

mzklhk
Z] 1 mwlh]

mzkIh k

. n/ ) Z / ml
_gh,kSh’kZlkin,i < d ilﬁék i Z Ih TSherM =0. (3.21)

i=1 Z] 1mZJIZJ r=1,r#k Z] 1me;;]
By using the expression g, ;, equation (3.21) can be written as:
'n., TLI
7gh,]S;<L,J Z ljl[;:l + qu)7jss7imijl}t7j =0.
1=1 i=1
Therefore, equation (3.20) leads to:

: a RS Shi  Snilhi I
V= A At Yo [ S D b (511)
TS |

i=1 j=n/+1

n’ n _ Sk Syadlr. I
+ng’i5>vk,i Z mg;d; (3 — S— — STT _ I*)
=1 s v,0

j=n’'+1
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Shi Snailnil,
+ngShzZlu w< —Sf—ﬁmm

hyi

a - Syi S I
» * ’LI* 9 _ v,1 vt 'uz th,j 929
+;9 s Sv,z;mj h,j ( Sv,i S:,LI I* ) (3 )

The first four terms of (3.22) are definite-negative. Let us denote by N the last two sums in (3.22). By replacing
gv,i by its expression and switching the indices [ and ¢, we obtain:

hi Snilnily;
N = ngShzZlu w( Sththhzvg>

3 Ser Seu s In
+ —n e gthHz myi L3 9 _ Zul _ Pul vl fhy
; Zn lmlJI* Z " ZZ I Svl S Ileh

h,j i=1 N
- Shi  Swaliilu,
= hZShl lij1 v 77’7T)7777j
; z_: e [( Shi Sh,i In.i Iv,j
Sei SegdeiIng
e S, ( Ty Sualishe
Zr 1mJ7"I;;T k=1 Svj S5 1uj Ihk
:Zmﬂz% Zek=t Mkl (0 Sk Snidiidvg vy Seglog Ik )
i=1 ’ Zr 1 JTI;: r Sh,i S;,i Ini 13 Svj Syl Ih g

which is definite-positive since the network with n’/ patches is irreducible. This implies V is definite-negative
and therefore the equilibrium x* is GAS that ends the proof. O

Theorem 3.7 provides the global dynamics of the auxiliary system (3.18) and therefore by using Theorem 2.1,

a complete global characterization of equilibrium of System (3.17) is obtained, regardless of the topology of the
connectivity matrix.

4. ILLUSTRATIONS

In this section, we illustrate the method provided in Section 2 and Section 3.1 with a particular case and
provide some numerical simulations to highlight the previous results.

4.1. Case study

We consider a model with 7 hosts and 7 vectors where the host-vector network configuration is captured
by Figure 2. For this case, Model (3.1), disregarding the equations of R that do not impact the remaining
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equations, can be written as:

S = Ay, — diag™ ' (N},)diag(S)A o BT, — diag(1)S

E = diag ' (N},)diag(S)A o B°I, — diag(u + v)E

I = diag(v)E — diag(a) I, (4.1)
8, = A, — diag(S,)(A 0 B) diag™ (N},) I, — diag(ju, + 6,)S,

I, = diag(8,)(A o B) diag™ ' (Nu)I), — diag(p + 6u) Lo,

where
Bii 0 0 0 0 0 0 Bia1 O 0 0 0 Bis O
Bs1 B, 0 0 0 0 0 B21 B2z O 0 0 0 0
Bsy 0 BS3 B3y O 0 0 0 0 B33 B34 O 0 0
B°=| 0 0 0 0 B 0O 0 |,B=| 0 0 0 0 fBss 0 0
0 0 0 0 B 0 0 0 0 0 0 fss 0 0
O 0 0 0 0 pgg O 0 0 0 0 0 fBs O
0 0 0 0 0 0 B 0 0 0 0 0 Bre s

Assuming the elements of the biting matrix A are positive, it could be shown that the matrices (4o B)T Ao B®
and Ao B°(Ao B)T are not irreducible. However, as stated earlier, we can structure the network into irreducible
components as in Figure 2. Moreover, we can notice from Figure 2 (or the condensed digraph Fig. 3), that C;
and Cy are sources of the condensed graph. That is they are nodes without incoming edges. Thus, the dynamics
in these components are independent of variables other than their own. We perform the study on these two
sources C; and Cs:

— On Cy, the dynamics is given by, for i = 1,2 and j = 1,2,

2

. I’U,j

Si =AM\ — Zlai,jﬂijsiﬁ — WiSi
]:

2
: Lv,j

E;= jz:;amﬁf,jsi N, (i +vi) E;

I; = v;E; — o] (C1)

2
. I
Sog=Moj— ) ai,j,BmSU,jﬁf — (Hv,j + 60,5) S5
i=1 v

2
. I,
Lyj=> @i Bi v 7 = (g + 0vg) o

i=1

The basic reproduction number of Model C is Rf ¢, = p(Ne,) where

Ny1 a?1ﬂ1,13f,1111 aglﬁz,lﬁgylw Ny ai1a1,261,167 51 az1a2,262,185 vz
N = fo,1F0u,1 \ (r1t+p1)ar Ny (va+p2)aaNa Ho,2+00,2 (v14p1)a1 Ny (v2+p2)az Ny
Ci - Ny 2 (a1,1a1,2ﬂ1,23f,11/1 a21a2,2,@2,233,1112) Ny.2 (afzﬁl,zﬁlefl a§252,2ﬁ§,2l/2>

Mo, 1001 (v1i+p1)a1 N1 (va+p2)azNa Ho,2+0y,2 \ (V1t+p1)ar Ny (va+p2)aa Na
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— On Cs, the dynamics is given by:

) I,
S7 = A7 — a1,75<1>,757f’77 — p7S7
- Iq)
E; = a7,75§,75‘7?’: — (w7 +v7)Ey
It = viBr — arly (Cs)
. I
Sor=MNy7— a7,7ﬁ7775v,7ﬁz — (v, 7 + 00,7)S0,7
. I
I = a7,757,75v,7]\77 — (po,7 + 00,7) L0 7
7

The basic reproduction number for the irreducible component Cs is:

a2 787,783 7v1 Ny 7

Ric, = :
w5 (0,7 + o,7) (7 + vr)ar Ny

Remark 4.1. If R&cl > 1 and R(z),Cs > 1, then we could anticipate that the endemic equilibrium in the whole
network is strongly endemic.

Suppose that R(Q),Cl < 1 and RaCS > 1. Hence, the trajectories of Model (C7) converges to the DFE¢,,
which we denote by z? = (5Y,59,0,0,0,0,S5,.1,S,.2,0,0). Similarly, a unique GAS endemic equilibrium Z5 =
(5’77 E7, 1_7, S’U77, S'Uj) for Model (O5)

Thus, applying the reduction method of Section 2, the dynamics of System 4.1 is equivalent to the model
represented by the network illustrated in Figure 4. Given the dynamics on C; and Cs, the dynamics on the the
remaining irreducible component is as follows:

— On Cy4, the dynamics is given by:

) I,
Se = A — CLG,GB&GSGW’G — 14656
6

. I’u
E¢ = ae,eﬁ&(jS@W’ﬁ — (p6 +v6)Es
) 6
Is = vg g — gl ~ (Cy)
: Ig I
Sv6 = No6 — a6,636,65,6— — a7,6087,650,6 — — (Hv,6 + 0v,6)Sv,6

Ng _ Ng
. I I
Ig = a6,6ﬁ6,65v7676 + a7,657765v,677 — (pw,6 + 9v,6) L6,

Ng Ng

since 1871 = 0 (the infected vector at equilibrium from C;). Using Remark 3.4, the basic reproduction number
on C} is:

2 a§ 686,688 676 Nu6

0:Ca ™ (6 + v6) (Ou,6 + fho.6) N

However, it is worthwhile noticing that, regardless of the values of Rg,au the disease will be endemic in this
component. That is because the system behaves as if there is a continuous influx of infected (I; > 0) into
the system (see [7]). Moreover, System (Cy) has the same form as System (3.3) given in Theorem 3.3, where
d7 =0 and d7 = I. Thus, according to Theorem 3.3, the unique endemic equilibrium of Model (Cy), &4 =
(S6, Es, I, Sv 6, Su.6), is GAS. Moreover, the component Cy is decoupled from the rest of the system (see Fig. 4).
Thus, it remains to study the system given by the following network (Fig. 5):
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g N\ g N\
Cy Cs
N
N
s N N |
‘/ \A \\ | o> I
£3,3 3,4 ‘ oosgs )
B N Ba,5 ,
I 3,3 go \ .
| 3,4 \
: 83,5 \ Bs5,5
\\ \{ /'
N
\\_ —_—
\§ J \§ J

FI1GURE 5. Connected part of Figure 4.

Now, we apply the reduction method on the network configuration of Figure 5. Indeed, in Figure 5, C; is the
minimal element and the dynamics on it is given by:

4
) I
Sz = A3 — Za3,j/8§7js3;]7’3j — H3S3
—3
. .’ I
Es = Zas,jﬁg,jszsﬁ — (u3 +v3)Es
. =8 ’ (C2)
I'g, = I/3E3 - Ckg[g

. I

Sog = Aog = a8, 8570 = (foj +00,3)S.4

. I

Lug = 3,383,380, 57 — (Hog + 0o ) Lo,

3
for j = 3,4, since I}, = 0 (the infected vector at equilibrium from C;). The basic reproduction number of
Model (Cs) is:
R2 2 a3 383,385 5Nos | a3 483,455 4Nv,a
0:C2 ™ (g + v3) N3 0v,3 + o3 Ov,a + o a

The dynamics of System (C3) is completely determined by ’Racy per Theorem 3.3. For our illustration, we
choose parameters such that R%,cg > 1. That is, a unique strongly endemic equilibrium

iQ = (537 E37 j37 gv,?n SU,43 jU737 ju,4)

exists and is GAS. Hence, by applying our reduction method on Figure 5, the only irreducible complement left
on the network is C3, which is dealt in the next point.
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— On Cs3, the dynamics of disease is captured by the system:

. Iv,5
Si=N; — ai5B755 N, HiSi

1
. I 5
E; = a; 58559~
,0M7,5%1
N;

ji = ViEi — OéiIi

— (u; + v4)Ep

7 (C3)

5
. I; I
Svs = N5 — ;aiﬁﬂibsvﬁﬁi - as,sﬂ:&,s&,&sﬁz — (fw,5 + 00,5)50,5

5 _

. I; I

Iys = E ai,5ﬂi,55v,5ﬁ + a3 503,555 7]\;3 — (fo,5 + 0u,5) 105,
i=4 v

for i = 4,5. The corresponding basic reproduction number is:

2 Nys ai,5ﬁ4,55§f,51’4 a§,555,5ﬂ§,5V5

8v5+ pos | a(pa +va)Ny  as(ps +v5)Ns |

0,C3 —

As started earlier, a strongly endemic equilibrium is GAS, regardless of the value of R%,Cs' We denote this
equilibrium by &3 = (S4, S5, E4, Es, 14, I5, Sy 5, I, 5). This completes the asymptotic study of System (4.1). The
overall equilibrium of System (4.1) is

* 0 = =_ = =
x" = (xy,Zo, T3, %4, Ts),

which is a mixed endemic equilibrium and is GAS.
To summarize, Figure 6 provides the different scenarios that would lead to different types of equilibria.

Remark 4.2. After the first iteration of the method, the local reproduction number on each irreducible com-
ponents, R?),cq7 may not always determine the outcome of the infection in that particular component. Indeed,
that was the case with R ¢, and Rf ., where they may be below one while the disease is still endemic in their
respective irreducible components.

The green path in Figure 6 showcases the case where ’R%)Cl > 1 and ’R%)CS > 1. In this occurrence, the
other basic reproduction numbers of other local population are irrelevant and the disease will persist in all
populations. Identifying these type of scenarios, allows to allocated the limited resources where it matters the
most. For instance, in this particular case, targeting populations of Cs, C3 or C5 would have been a fruitless
effort in mitigating or eliminating the infection. Similarly, if R(Z),Cl > 1 and Rg,Ca < 1, the basic reproduction
numbers of other local populations in Co and Cy are irrelevant and the disease will persist in these components.
Only R§ ., matters in terms of the overall outcome — red-dashed paths if R§ ., <1 and blue-dashed paths if
Rie, > 1.

4.2. Numerical simulations

As highlighted in the Section 4.1, if the network connectivity is reducible, even a relatively low dimen-
sional system may lead to a rich overall dynamical behavior. Depending on the basic reproduction numbers of
some strongly connected components, the globally asymptotically stable equilibrium for the system may be a
disease-free, a boundary or an interior equilibrium, as seen in Figure 6. In the following, we run some numerical
simulations to illustrate the existence of a globally asymptotically stable boundary equilibrium, when the net-
work connectivity of the subpopulations is reducible. To that end, we consider the case studied in Section 4.1,
with seven host and seven vector subpopulations. Unless otherwise stated, the baseline parameters of the model
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M ()_(17)_{27)_(37}_(47}_(5)

(X(1)75(275(37)_(47)—(5)

B4
Co > 0 .0 = = =
N Il» (Xl,xz,X3,X4,X5)
Ric, Slese—7) 7
N4
R(Q),Cl > lefs \\\\ /'~i (X(l)axgaxgviéh)_(S)

|
:‘ R =7
2 |
< 0,C \ _ _
Lo H ? h %/ ° (X?’X(2)7X37X47Xg)

\: C(3 g [3(
! R2 ., < :
| = ),
\‘ y
I S/
|
|
|

RO,Cl =

0 0 0 & 0
R%C (X17X27X37X47X5)
,Cs

2
RO,C5

0 0 0 0 L0
(Xla X9 X37X47X5)
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FI1GURE 6. Effects of local basic reproduction numbers on the nature of the equilibria of the
overall system.

are chosen as follows, with the corresponding units:

000 0 0 0 0 0 0 002 0 0 0 0 04 0
003 000 0 0 0 0 0 000 000 0 0 0 0 0
000 0 00l 000 0 0 0 0 0 00l 001 0 0 0
B=| 0o o o o o001 0o 0 |,B=| 0o o o 0o o001 0o o0
O 0 0 0 00l 0 0 O 0 0 0 00l 0 0
O 0 0 0 0 00l 0 O 0 0 0 0 00l 0
o 0 0 0 0 0 005 O 0 0 0 0 00l 005
2 1 1 31/1500 500
3 1 1 31/1500 1000
1 E K 7/6000 3000
M= 1|, 0= 1 {,v==]| 5|, a=| 1/600 |,A,=] 1000 |,
1 15001 55 1/375 1000
3 1 5 2/1875 200
1 1 5 11/1500 1000
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RO,CH < 1, 'R,o’cs > 1, RQ@ > 1, 7?/0’03 > 1 and RO,C4 <1
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FIGURE 7. Simulation of the dynamics of the infectious host populations.

1 10
1 10
1 1 .\ 1
o = 17 1 |,0,=10 7 and a;; =1, forall 4,5€{1,2,...,7}
1 3
1 4
1 5

With these values, and the expressions of the basic reproduction numbers obtained in Section 4.1, we obtain
the following inequalities: Ro ¢, <1, Roc, > 1, Roc, > 1, Roc, > 1 and Ro¢, < 1. Figures 7 and 8 show the
trajectories of the solutions representing the infected host and vector subpopulations, respectively. As predicted
by the analysis done above, the solutions converge to a boundary endemic equilibrium. It can be noticed that the
disease is endemic in the component C4 (I(t) — Is > 0 and I, (t) — I,, > 0) despite the fact that Roc, < 1.
In this case, the mixed-equilibrium obtained coincides with the type of equilibrium obtained in the study case.
Indeed, with these conditions on the basic reproduction numbers, the method leads to the second equilibrium
from the top on Figure 6: z* = (x¥, %o, T3, X4, Ts5).

5. CONCLUSION

In this paper, we presented a procedure that provides a complete analysis of a class of large dynamical systems
that model a disease that involves the interactions of multiple populations. Indeed, typically the dynamics of
an epidemic models that incorporates multiple populations is expressed in terms sharp threshold property.
That is, a trivial equilibrium, or the disease-free equilibrium is globally asymptotically stable (GAS) and a
unique interior equilibrium exists and is GAS when the basic reproduction number is less or greater than unity,
respectively. However, all of these results, particularly that of the stability of the endemic equilibrium, required
an irreducibility of the matrix that connects the populations. Here, we provided a method that characterizes
the global dynamics of these types of model regardless of the nature of the network configuration. Particularly,
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RO,CH < 1, IR’O,C% > 1, RQQ > 1, RU,C’:; > 1 and R07C4 <1
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FI1GURE 8. Simulation of the dynamics of the infectious vector populations.

we show that the dynamics of the these weakly connected subpopulations is tied to the dynamics of auxiliary
systems and the dynamics when the network is irreducible. As a template, we considered the dynamics of two
mathematical models that describe the interaction between multiple subpopulations, for the global stability of
equilibria are known if the connectivity matrices are irreducible. For these two classes of model, we analyze the
asymptotic behavior of the the corresponding auxiliary systems, there by completely characterizing the overall
dynamics of these models. The method consists of decomposing the network into a collection of irreducible
sub-networks and investigate the dynamics of an auxiliary dynamical system witch accounts for the dynamics
on each irreducible subnetwork as well as the effects of the other subnetworks connected to the latter.

More importantly, we presented the procedure along with the natural links between the “local” basic repro-
duction numbers and the dynamics of the subnetwork with which they may be connected but not strongly
connected. The method allows also to pinpoint whether a subnetwork constitutes a source — where the infection
not only persists, but also triggers infection in other subnetworks— or a sink —where the infection is maintained
only because of its connectivity with other sources. The method consists of two main steps. The first step studies
the dynamics of the model on one irreducible component of network, which is a modified system from that of
when the network is decoupled from the rest. This auxiliary system is the reduced system on one irreducible
subnetwork. The second step consists of using a Vidyasagar’s result on triangular dynamical systems to reduce
the overall system. By successive incrementation, we complete the analysis of the system. By our method, it is
possible to show an interior equilibrium could be GAS even the connectivity matrix is reducible. Moreover, it
is also possible to show a boundary equilibrium is also GAS. We applied the method on two complex epidemic
model with multiple subpopulations (Sect. 4.1). In these models, we derived the complete dynamics of the cor-
responding auxiliary systems and deduce the overall dynamics of the initial systems, regardless of the structure
of the connectivity between these subpopulations. These results characterizes the overall global dynamics of all
types of equilibria. Although a similar result has been presented in [16] and applied in the context of SEIR
multi-group models for directly transmitted diseases, our method is simpler to implement.
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APPENDIX A.

In this appendix, we briefly introduce some basic elements of graph theory used in the manuscript in order
to make it as self-contained as possible.

Definition A.1. A graph is a pair G = (V, ) that consists of a set of vertices (or nodes or points) V and a set
of edges (or lines) £ CV x V:

— Vertices: v; € V,

- Edges: €ij = (vi,vj) eé.

For instance, in Figure A.la, we have:
V = {v1,v2,v3,v4} and € = {(v1,v2), (v2,v1), (V2,v4), (Va, v2), (v3,v4), (v3,v1)}. A graph G is called undirected
ifeij et — €44 eé.

A path is a sequence of edges (v;, vy, ), (vi,,v1,), - - -, (vi,_,, v;), which leads form v; to v;. An undirected graph
G is called connected if there is a path between any two distinct nodes of G.

Definition A.2.

— A directed graph (digraph) G is strongly connected if for any ordered pairs (v;, v;) of vertices of G, there exists
a path which leads from v; to v;.

— A digraph is called weakly connected if there exists an undirected path between any two distinct vertices of

g.

A graph can have a matrix representation and the structure of a graph can be determined using the properties
of the corresponding matrix. A graph G(A) of A is defined to be the directed graph on n vertices {vy, va,...,v,}
in which there is a directed edge leading from v; to v; if an only if a;; # 0. For instance, the matrices A and B
that represent the graphs G(A) in Figure A.la and G(B) in Figure A.1b are:

0200 02 70
300 4 30 0 4
A=160s 1| 2 B=1g 5 g 1
0500 05 0 0

Definition A.3. A matrix A, «.,, is said to be reducible if there exists a permutation matrix P such that

T, (XY
par- (X %)

where X and Z are both square. Otherwise A is said to be irreducible.

The irreducibility of matrices can be characterized using associated graphs that represent the corresponding
matrices.

The following theorem links the irreducibility of matrix to the connectedness of its graph. Its proof can be
found in any standard textbook on matrix analysis (see [22], for example).

Theorem A.4. Ann xn matriz A is irreducible if and only if the corresponding directed graph G(A) is strongly
connected.

For example, the matrix A that represents the graphs G(A) in Figure A.la is reducible, whereas the matrix
B that represents the graphs G(B) in Figure A.1b is irreducible.

Per this theorem, if a matrix A is irreducible then its corresponding directed graph G(A) is strongly connected.
However, if G(A) = (V,€) is not strongly connected, it is always possible to partition V into a disjoint sets of
vertices called strongly connected components of the graph.



30 D.M. BICHARA ET AL.

FI1GURE A.1. Examples of graphs.

R § 1
9 4

3 Cao

C2
(A) Irreducible components of the graph in Figure A.la. (B) Condensed graph of Figure A 2a.
FIGURE A.2. Decomposition of non strongly connected graph into strongly connected

components.

Definition A.5. A strongly connected component of a directed graph G(A) = (V,€) is the maximal set of
vertices C C V such that for any ordered pairs (v;,v;) of vertices of C, there exists a path which leads from v;
to v;.

For instance, the graph G(A) in Figure A.la is not strongly connected as its corresponding matrix is not irre-
ducible. However, it is possible to decompose G(A) into a set of irreducible components as shown in Figure A.2.
Particularly, Figure A.2a decompose the vertices of Figure A.la into two irreducible components C; and Cs
(shaded sets of vertices). Figure A.2b shows the condensed graph in terms of the irreducible components. The
irreducible component C; is called source (a node without incoming edges) and Cs is called sink (a node without
outgoing edges).
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