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ABSTRACT. In this paper, an age-structured epidemic model is formulated to
describe the transmission dynamics of cholera. The PDE model incorporates
direct and indirect transmission pathways, infection-age-dependent infectivity
and variable periods of infectiousness. Under some suitable assumptions, the
PDE model can be reduced to the multi-stage models investigated in the litera-
ture. By using the method of Lyapunov function, we established the dynamical
properties of the PDE model, and the results show that the global dynamics
of the model is completely determined by the basic reproduction number Ro:
if Rop < 1 the cholera dies out, and if Rg > 1 the disease will persist at the
endemic equilibrium. Then the global results obtained for multi-stage models
are extended to the general continuous age model.

1. Introduction. Several recent studies have focused on modeling the cholera dy-
namics ([1, 22, 23, 26, 27, 28]). In 2010, Tien et al [28] formulated a SIRW model
to describe the cholera dynamics. In the SIRW model, all contaminated water or
infectious individuals are assumed to be equally infectious during their periodic in-
fectivity. Actually, laboratory studies suggest that the infectivity of Vibrio cholera
existing outside the host decays in time [22], and the infectivity of infectious individ-
uals is also different at the differential age of infection. The age of infection models
are often formulated to describe the heterogeneity in infectious individuals. Recent
studies on age of infection models show that the age of infection may play an impor-
tant influence on transmission dynamics of infectious disease [13, 14, 21, 25], and
consequently we should incorporate age of infection into the modeling transmission
dynamics of cholera.

Variability of infectiousness in time had been described in the literature by multi-
stage models if age of infection is considered as multiple discrete infection stages.
Based on the existing multi-stage cholera models formulated in [22] and [28] , in
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TABLE 1. Definitions of frequently used symbols

Parameter Description

a age of infection, i.e., the time that has lapsed since the individual
became infected
0 age of infection, i.e., the time that has lapsed since the cholera
pathogen has penetrated into water
S(t) the numbers of individuals in the susceptible class at time ¢
i(a,t) the infection-age density of the infected individuals with age of
infection a at time ¢
w(f,t) the concentration of the cholera pathogen with age of infection 6
at time ¢
A Recruitment rate
W Per capita natural death rate
B(a) transmission coeflicient of the infected individuals at age of infection a
a(0) transmission coeflicient for per concentration of the cholera pathogen
with age of infection 6
&(a) the pathogen production rate of an infected individual with age of
infection a
6(0) the rate that the cholera pathogen with age of infection 6 loses the
infectivity
~(a) the rate that an infected individual with age of infection a recovers or

dies from the disease

this paper we develop more general model to study the cholera dynamics, where the
age of infection is considered as a continuous variable. The model presented here
takes the following form:

‘fo —A- (/Ooo B(a)i(a, t)da + /Ooo a(8)w(6, £)d6)S — S,

0D L D (ut @))ifa), )
ow(0,t)  Ow(d,t)
i+ = —0(O)w(o,1)

with the following boundary and initial conditions
1(0,t) = (/ B(a)i(a,t)da +/ a(0)w(6,t)de)s,
0 0

w(0,1) = / £(a)i(a, t)da, 2
0

S(0) = So,i(a,0) =ig(a),w(d,0) = wy(0),
where ig(a),wo(#) are given non-negative functions. All the parameters in the sys-
tem (1) are positive. The functions 3(a), «(#) and £(a) belong to L ((0,400),R) \
{0g=}, and §(6),v(a) belong to L}, .((0,+00),R),5(8),v(a) > 0 in (0,+00). We
further assume that there exists d,, > 0 such that

5(6) > b,

for almost every 8 > 0. The definition of the different parameters in the system (1)
are listed in Table 1.

Assume that the infected individuals are partitioned into n infection stages de-
fined by the infection age intervals [a;—1,a;], where 0 = ag < a1 < -+ < a1 <
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an, = o0, and the contaminated water is categorized into m levels defined by the age
intervals [6;-1,0;], where 0 = 0y < 01 < -+ < O,_1 < 0, = 0. For a € [a;_1,0a;)
or 6 € [0;_1,0;], we also assume that the parameters 8(a), v(a), (a), 6(0), () are
constant with

Bla) = pi, &la) =&, (a) =7, o) =a; 6(0) =07 (3)
Let Ii(t) = [ i(a,t)da, Wi(t) = f;j_l w(0,t)dl. Integrating the second and
third equations of system (1) on the age interval [a;,_1, a;) and [0;_1, 6;), respectively,

yields

i) — o, t)+ T — )
w(&i, t) - w(Gi_l, t) + dWth(t) = —5iWi(t).

We use ¢; to denote the transfer rate constants of the infected individuals between
the age groups [a;—1, a;) and [a;, a;11), and d; to denote the transfer rate constants
of the pathogen between age groups [0;—1,6;) and [0;,0;11), then it follows that
i(a;,t) = ¢ L;(t),w(0;,t) = d;W;(t), where ¢, = 0 and d,, = 0. By using the
boundary conditions in system (1), we can obtain the equations for S(t), I;(t), W;(t):

dS n m
o A O Bl + Y arWi)S — uS,
k=1 k=1

dI n m
ditl = (Zﬂklk + Zaka)S - (M+’}/1 Jrcl)fl,

k=1 k=1
dl; .
E :ci—lli—l *(,LL+’)/1+01)IZ, 2:2737"' y 1y (4)
dWi(t) &

7 ;fk k — (61 + dy) W,

dW; .
th = j_1Wj_1 —(5j+dj)Wj, j=2,3,---,m.

Based on the above assumptions that parameters are constant within age groups,
the PDE model (1) can be reduced to the ODE model investigated in paper [22] and
[28]. The global properties of the ODE model (4) have been investigated in paper
[22], and the results show that the global dynamics of the ODE model is completely
determined by the basic reproduction number. The main objective of the paper is
to prove that the global results are also true for the continuous age case. Because
the continuous age model is described by first order PDEs, it is difficult to analyze
the dynamics of the PDE models, particularly the global stability. In this paper,
by using a class of global Lyapunov functions we prove that the dynamics of the
age of infection cholera model are completely determined by the basic reproduction
number Ry: if Ry < 1 the disease-free equilibrium is globally asymptotically stable;
if Rp > 1, a unique endemic equilibrium is globally asymptotically stable. Thus the
global results obtained for ODE system are extended to the general continuous age
model.

The paper is organized as follows. In the next section we mainly present the
basic reproduction number, investigate the existence of the equilibrium, and then
state the main results of the paper. In the section 3 we mainly show that the
disease free equilibrium is globally asymptotically stable if the basic reproduction
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number is less than one. In order to prove the results on the global stability of the
endemic equilibrium of the system (1), in Section 4 we present some preliminary
results about uniform persistence and about the existence of global attractors. In
the section 5 the proof of the results on the global stability of endemic equilibrium
is strictly proved when the basic reproduction number is greater than one. We
summarizes our results and outline some future work in the final Section 6.

2. Reproduction number and main results. Using standard methods we can
verify the existence and uniqueness of solutions to the system (1) (see [11] and [30]).
Moreover, we can show that all solutions with nonnegative initial conditions will
remain nonnegative and bounded for all ¢ > 0. In this section, we mainly present
the reproduction number for system (1), investigate the existence of equilibria, and
then state the main results of the paper.

In epidemiology, the reproduction number is one of the most useful threshold
parameters. It is generally defined as the average number of secondary infections
produced by a typical infected individual during the entire period of infection when
introduced into a completely susceptible population [2, 3, 29]. As will be shown in
the next section that the qualitative and quantitative behaviors of the model (1) is
completely determined by the reproduction number.

First let us derive the reproduction number from the biological meanings of the
model parameters. To simplify expressions, we introduce the following notations:

Ki(a) = e~ Ha=Jg ’Y(s)d‘g’

Ky (9) = e~ Jo 00)de,

Notice that 4+ v(s) is the rate at which an infected individual of infection age s
leaves the infectious class, it then follows that Kj(a) represents the probability of
remaining in the infected class for an infected case at the age of infection a. Then
the average number of secondary cases directly produced by an infected individual
can be expressed as

A (o]
&ZEA B(a)K1(a)da,

and the average concentration of the cholera pathogen produced by an infected
individual can be defined as

P. = /OOO &(a)Ky(a)da.

Similarly, Ky (6) represents the probability of remaining the infectivity for the unit
concentration of cholera pathogen with infection age 6 since 0(s) is the rate at which
the cholera pathogen with age of infection s loses the infectivity. Thus, the integral
of the production of a(f) and Ky () over all ages,

A o0
m:;A(wmw@m

gives the average number of secondary cases directly produced by the unit concen-
tration of cholera pathogen. Therefore, the average number of the secondary cases
indirectly produced by an infected individual can be expressed as

Rw =Re X Pe.
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In summary, if a typical infected individual is introduced into a purely suscep-
tible population, then the average number of secondary cases directly or indirectly
produced during the entire period of infection can be expressed as

Ro: = Ri+Rw
_ é[/ Bla)ere—J5 ¥(®)ds go 1
HtJo

/ a(g)e*foefs(S)dsdg/ g(a)efua*fo”v(S)dsda].
0

0
We can easily see that Ry is the basic reproduction number for system (1). Now
we are able to state the result on the existence of equilibria for system (1).

Theorem 2.1. The system (1) can have up to two equilibria. More precisely, we
have

(1) The disease free equilibrium EO( ,0,0) always exists.

(2) If Ry > 1, there exists a unique endemic equilibrium E*(S*,i*(a),w*(0)),
where

. A1
1 Ro’

Ro—1

i*(a):AgT

w*(a) _ ARO —1 / g(a)efﬂaffga'y(s)dsda < e~ foe 4(s)ds
Ro Jo

e—ma—[fg v(s)ds

A
Proof. Tt is obvious that the disease free equilibrium FEy(—,0,0) always exists

and is unique. Now we prove the second case. The endemic equilibrium E* =
(S*,i*(a), w*(#)) can be found by solving the following system:

A s/ B(a da+/ooa(9)w(9)d9)—u5:0,
—(p+(a))i(a),

dw(f)
) )

/ B(a)i(a)da + /oo a(6)w(8)d6),

_ /O ¢(a)ia)da

Integrating from 0 to a or € the second and third equations in (5) yields

i(a) = i(0)e~Ha= o v()ds,

w(f) = w(0)e” J 8(s)ds,
Substituting (6) into the fourth and fifth equation in (5) gives

i(0) = S(z’(O) /OOO B(G)ewaffo‘l V(s g 4+ 0(0) /Oo a(f)e” Iy 5(8)dsd0)’

o 0 (7)
w(0) = i(0) /0 £(a)e—ra—Js V(s)ds g,
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It follows from (7) and the first equation in (5) that

S = éi = *’
© Ro
i(0) = Rgz; Ly i*(0),
-1 > a
w(0) = R(;QO A/O f(a)e_“a_fo v($)ds g = w*(0).
Thus,

AL

1 Ro’

*(a) = AR g Ji (0as

—1 0 «
w* () = AR(;QO /0 E(a)e oS0 1) g ¢~ J) 8(s)ds

It can be easily see from the expressions of S*,i*(a) and w*() that the endemic

equilibrium E* exists if and only if Ry > 1. This completes the proof of Theorem
2.1. 0

In order to state the main results of the paper, we set
o (o)
a =inf{a: / B(o)do = 0 and / &(o)do = 0},
0 = inf{0 : / afo)do = 0}.
0

Since the functions f(a), () and £(a) belong to L3°((0,400),R) \ {0z}, we have
a>0and > 0. Let

Mo = {( ! ) € L ((0, +00), R?) : /Oai(a)da > 0or /:w(e)de > o},

and define

(8)

MO = R+ X MO,
8./\/10 = R+ X L+((0, OO),RQ) \Mo
Now we are able to state the main results of the paper.

Theorem 2.2. If Ry < 1, then the DFE EO(%7O,O) 1s the unique equilibrium of
system (1), and it is globally stable.

A
Theorem 2.3. Assume that Rg > 1, then the DFE EO(E,O,O) is globally asymp-

totically stable in OMy, and the unique endemic equilibrium E*(S*,i*(a), w*(0)) of
system (1) is globally asymptotically stable in M.

3. The proof of Theorem 2.2. In this section, we mainly prove Theorem 2.2.
First, let us consider the local stability of the DFE Ej, and we have the following
Theorem 3.1.

Theorem 3.1. The DFE Eo(%, 0,0) is locally asymptotically stable if Ro < 1, and
unstable if Rg > 1 .
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Proof. Introducing the perturbation variables
A .
xl(t) = S(t) - Z?xQ(aat) = Z(avt)a xB(Qvt) = w(aat)v

and linearizing the system (1) about Ey we obtain the following system

dL():— ——/ B(a xgatda——/ 0)x3(6,t)do,

dt
8:526(?,75) &U%(Z b _ —(u+~(a))x2(a,t),
am?’gte’t) T 89633(370 = —06(0)x3(0,1), (9)

A [ A [
:ﬁ/o ﬁ(a):ﬂg(a,t)da—k;/o a(f)xzs(0,t)do,

23(0,1) = /0 ~ €(a)wa(a, )da

Let
xl(t) = x(l)eAt .TQ(CL, t) = xg(a)eAta .I‘g(@, t) = xg(e)e)\t7 (10)
where 29, 29(a), 23(0) are to be determined. Substituting (10) into (9), we obtain
Al = —pz — é/ Bla)z(a)da — é/ a(0)z(a)da, (11a)
K Jo M Jo
dzd(a
(@) + 2 — (g (@),
(11b)
/ B(a)zy(a)da + —/ 0,
0
Az3(0) + dwi"(g) = —5(0)23(0),
(11c)
/ &(a)zy(a

Integrating the first equation of (11b) from 0 to a yields
() = a§(0)e~ O o), (12)
Substituting (12) into (11c) and solving (11c), we obtain
(Eg(@) / f 7(/\+;L)a Jo s)dsda « e~ AN0— fo &(s)d s (13)

Substituting (12) and (13) into the second equation of (11b) gives the characteristic
equation

_A /00 B(a)e N[y v (s)ds g 4
0
é /C>O a(@)e—ke—fog 8(s)ds g /OO f(a)e_(“+>‘)a_foa v(s)ds g,
B Jo o

Let s#()\) denote the right hand side of (14) . Then J#()\) is a continuously
differential function with /\lirf H(N) = O,/\lim J€(N) = 4o00. Furthermore, it
— 400 ——00

(14)
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can be checked that J#’()\) < 0, which implies that .7 (\) is a decreasing function.
Thus the equation (14) has a unique real root A*. Noting that

Ro = H(0)
we have \* < 0if Rg < 1, and A* > 0 if Rg > 1. Let A = £ 4+ ni be an arbitrary
complex root to equation (14). Then
L= (\) = [A(§+m)| < H(C),

which implies that A* > £. Thus, all the roots of the equation (14) have negative
real part if and only if Rg < 1. Therefore we have shown that the DFE is local
asymptotically stable if Ry < 1 and unstable if Ry > 1. This completes the proof
of Theorem 3.1. O

The result in Theorem 3.1 states only the local stability of the DFE FEy. Now we
are able to give the proof of Theorem 2.2.

Proof. of Theorem 2.2. We know from Theorem 3.1 that the DFE Ej is locally
asymptotically stable when Ry < 1. It suffices to show that E is a global attractor.
For convenience, let

At) = [ Bla)i(a,t)da + / ~ a(0)w(0, )6, -
0 0 15

0
Integrating the second equation in system (1) along characteristic lines we get
At —a)S(t —a)e re=tov()ds p s g

i(a,t) = ) (16)
io(a —t)e” Ja—eutr(s)ds t <a.

Similarity, integrating the third equation in system (1) along the characteristic lines
yields

x(t—0)e” I 8(s)ds t>4,
w(f,t) = (17)
 (5(s))d
wo (0 —t)e” Jo@Gnds =y g,

From (16) and (17) we obtain the inequality
A)S(t)

IN
\

A { Ot Bla)A(t — a)S(t — a)e—ua—foa Y(s)ds gy 4 /too B(a)i(a, t)da}

[ a(0)x(t — 0)e” Jo 8(s)ds g 4 /00 a(@)w(8, t)de}
0 t
(18)

[
% |:/Ot a(@)e_ foe d(s)ds ( /Ot—9 f(a))‘@ —0— G’)S(t -0 CL)X

e~ Ha=J5 v(s)ds g 4 &(a)i(a,t — G)da) df + / a(0)w(8, t)d@} .
t—0 t
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Taking the lim sup when ¢ — 400 of both sides of inequality (18) and using the
Fatou’s Lemma yield
T: = limsup A(¢)S(¥)

t—o0

A ° a
< 2 [ sayremme S oegay
HLtJo

- - (19)
/ a(f)e” 15 5(5)d5d9/ {(a)Te_““_ft;l W(S)dsda}
0 0
= TR().
From (19) that 7 = 0 if Ry < 1. This implies that
t_l}gl i(a,t) = O,tlggloow(ﬁ,t) =0. (20)

Then from the first equation in (1) we have S(t) — % as t — +oo. This implies
that the DFE Ej is global attractor. The proof of Theorem 2.2 is completed. [

4. Preliminary results and uniform persistence. In this section, we first re-
formulate the system (1) as a Volterra equation and as a non-densely defined semi-
linear Cauchy problem in order to apply integrated semigroup theory, and then
by using the persistence theory for continuous dynamics system we present some
results about uniform persistence and about the existence of global attractors.

The Volterra integral formulation of age-structured models has been used suc-
cessfully in various contexts and provides explicit (or implicit) formulas for the
solutions of age-structure models [19]. The system (1) with the boundary and ini-
tial conditions (2) can be rewritten as the following Volterra type equations

% A- (/ B(a)i(a, t)da +/ a(8)w(6, 1)d6)S — S,
0 0
At —a)S(t —a)e e o1 ds 45 g
a,t) =
(a9) iola —t)e” fa{t(wy(s))ds’ t<a. (21)

x(t—0)e” I 3(s)ds t>0,
w(f,t) =

wo (0 —t)e” Jo- o(s)ds < g,

where A(t) and x(t) are the unique solution of the following system of Volterra
equations:

/B At —a)S(t — a)e oo s)dsda—F/ Bla)ig(a — t)x
o I s ds gy /Ota(Q)x(t e I 5o gg
+ /t h a(0)wo(6 — t)e™ Jr-(5Nds gy,
/ E(@)A(t — a)S(t — a)e eI V(s g4

o0
/ &(a)ig(a —t)e™ f;,t(MJr“/(S))dsda'
t

We now use the approach introduced by Thieme [24] to reformulate the system
(1) with the boundary and initial conditions (2) as a semilinear Cauchy problem.
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In order to remove the nonlinearity from the boundary conditions, we enlarge the
state space and we consider
X =R x R? x L*((0, +00), R?),
endowed with the usual product norm, and set
Xy =R x {0} x {0} x L'((0, +00),R?),
Xy =Ry x RY x LL((0, +00), R?),

and
KXot = Xo N Xy
We consider the linear operator A : Dom(A) C X — X defined by
S —pS
0 —i(0)
A 0 = —w(0)
i —i' — (p+7(a))i
w —w' —§(0)w
with

Dom(A) = R x {0} x {0} x W'((0, +00), R?),
where W1 is a Sobolev space, and we define F : Xy — X by

S A— (/0 B(a)i(a)da+/() a(f)w(0)d6)sS
o S( /O B(a)i(a)da + /O (0)w(6)do)
0 = o0 )
i /0 &(a)i(a)da
w OLl
01
Then by defining
S5(t)
0
,U(t) = O 9
i('at)
w(-, 1)

we can reformulate the system (1) with the boundary and initial conditions (2) as
the following abstract Cauchy problem
dv(t)
dt

for t > 0 and v(0) = vg € X+

By using the result in Thieme [24] and Magal [15], we derive that the existence
and the uniqueness of the semiflow {U(t)};>0 on Xpi. By identity (S(t),Ogz, (-, ¢),
w(-,t)) with (S(¢),4(-,t),w(-,t)), it can be shown that the semiflow coincides with
the one generated by using the Volterra integral formulation. By setting

() = /OOO i(a,t)da, W (1) = /Ooc w(6, )0,

= Au(t) + F(v(t)) (22)
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and
N(t) =5(t) +1(t),
we deduce that N(t) and W (¢) satisfy the following ordinary differential inequalities

d]zlft(t) <A — pN(t),
and d ) o'}
I/Zt(t) _ 0 (a)i(a, t)da — ; 5()w(b,t)do

S gmax-[(t) - 5wW(t)a
where &0 = ess sup £(0). By using the comparison theorem, it follows that

0€(0,00)

A gma:cA

N(t) <=, W(t) <
(1)< 5w < S

as t — +o00. Furthermore, if

A gmazA
Nit) < — W) < >——
(1)< 5 W) < S

are satisfied for some t = ¢y then they are satisfied for all ¢ > t¢. Thus, the system
(1) leaves the set

{(S,i,w) € Ry x L} ((0,00),R) x L1 ((0,00),R) :

S’+/ zada§—7/ w(0)do <
0 (@) K Jo ©) ﬂ5w}

positively invariant. Consequently, it then follows that the set

S

B= 0 € Xog : S—|—/ i(a)da < —,/ w(0)df < 2E
i 0 K Jo 110
w

is positively invariant absorbing set under the semiflow {U(t)}1>0 on Xoy, i.e.,
U(t)B C B and for each = € (Sy,0,0,i,w) € Xy,

dU(t)z, B) = inL [U{t)2 —y[| -0

as t — +o0o. This means that the semiflow {U(¢)};>¢ is bound dissipative on X4
(see Hale [7]). Furthermore, it follows from [16, 30] that the semiflow {U(t)}+>0 is
asymptotically smooth. As a consequence of the results on the existence of global
attractors in Hale [7], we have the following theorem.

Theorem 4.1. The system (22) generates a unique continuous semiflow {U(t)}1>o0
on Xoy that is asymptotically smooth and bounded dissipative. Furthermore, the
semiflow {U(t) }+>0 has a global attractor A in Xo; which attracts the bound sets of
XO+ .

In order to define the invariant sets for the uniform persistence analysis, we define

Mg =Ry x {0} x {0} x My,
8M0 = XOJ,_ \.A;lo
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Theorem 4.2. M is positively invariant under the semiflow {U(t)};>0 gener-
ated by (22). Moreover, the DFE Eo(é,O,O,0L1((0’OO)R1),OLl((O’OO)’Rl)) is globally
asymptotically stable for the semiflow {uU(t)}tZO restricted to OM.

Proof. Let (So,0,0,i0,wo) € M. Then (ig,wo) € Ly ((0,+00),R2)\ My and we

have Bilat dila.t
H0l) 4 208D ()i ),
ow(6,t) 8w(9 t)
20 + —0(0)w(0,1),

i(0,1) / B(a
w(0,1) = /0 £(a)i(a, t)da

i(a,()) = iO(a)’w(eao) = wO(e)

A
Since S(t) < n it follows that
i(a,t) < i(a,t),w(0,t) < w(0,1), (23)
where ) )
di(a,t)  Oi(a,t) A
at + 8@ - (lu + v(a))z(aﬁ t)?
ow(o,t) 871)(9 t)
= —§(0)w(0,t
L (©)i 0,1,
/ B(a)i(a, t)da +/ a(0)d(0,£)d6), (24)
w(0,t) = / (a)i(a,t)da
0
i(a,0) = ig(a),w(0,0) = wy(8).
The equation (24) can be rewritten as the following Volterra type equation
A a
. ZMt —a)emraelo (s s g
ia,t) =4 M
io(a _ t)e* ffft(HJr’Y(S))dS’ t <a. (25)

Wt — e Joods 45 g
W(0,) = 9
wo(0 — t)e” Jomid®)ds -y < g,

where A(t) and x(t) are the unique solution of the following system of Volterra
equations:

/ Ba)A(t — a)e "~ Jo' (s dsda+/ B(a)io(a — t)e =i utr(s))ds g

/ a(O)X(t = )™ I3 7y / a(@)wo (6 — t)e™ 17O g,

t

/ 5 t—a 8 —pa—[g (s deda+/ g Zo(a—t) = Jo_ (ut(s) dsda
(26)
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Since (ig, wo) € Ly ((0,+00),R?)\ Mo, we can easily deduce that
/ h Bayig(a — t)e™ Ja—elntr(ds g, 4 / h a(0)wo (6 — t)e™ Jo—O6Dds gg —
t ¢
/ " E(@)ioa— t)e= SN g, ¢
¢
Then the Volterra equation (26) becomes

t t
A(t) = % / B(a)A(t — a)e HeJo 1 ()ds gy 4 / a(0)%(t — 0)e= Jo 3(=)ds gp.
0

0
AT a
() == / E(a)A(t — a)e o Jo v()ds gq,
K Jo
(27)
which has a unique solution
A(t) = 0,%(t) =0, V> 0.
It now follows that i(a,t) = 0, w(9 )—Ofor0<a9<t Fort >aort >0, we
have . .
lia, )l = llio(a — t)e™ JameBFrENE| Ly < em g 1,
6
(0, )| 1 = [|wo(0 — t)e™ To=e 5090 11 < e 0ut g |

for all t > 0. We can easily see that i(a,t) — 0,@(6,t) — 0 as t — +oc0. By using
(23) the results follows. This completes the proof of Theorem 4.2. O

By combining Theorem 4.2 in Hale and Waltman [8], and Theorem 3.7 in Magal
and Zhao [17], we are able to prove the following theorem

Theorem 4.3. If Ry > 1, the semiflow {U(t)}+>0 generated by (22) is unifomly
persistent in Mg with respect to the decomposztwn (3./\/[0,./\/[0) i.e., there exists a
£ > 0 such that for each (S,0,0,i9,wo) € Mo,

o > - Timing . > ¢ lim . S
liminf S(t) > E’ltlin-rlgof li(-, )| > €,lt1£>n_g10f lw(, )| > e.

t—+oo

Furthermore, the semiflow {U(t)};>0 has a compact global attractor Ay in My, and
there exists a € > 0 such that for each (5,0,0,i,wo) € Ao,

S>e/ Bla da+/0 a(f)w d9>e/£ a)da > .

A
Proof. From Theorem 4.2 we know that the DFE EO(;,O7O,OL1((O,OO)’R1)7

071((0,00),r1)) 18 globally asymptotically stable in OM,. First let us show that
W#(Eo) N Mgy = 0. Since Ry > 1, there exists ¢ > 0 such that

(é —9) {/ Bla)ero=Jo V()ds g1
o 0

/ a(0)67f095(5)d5d0 E(a)e e Jo v g | > 1,

0 0

(28)

Assume that there exists (Sp, 0,0, g, wo) € M, such that

) A
||(S(t),0,0,2(~,t),w(-,t)) - (E?O7O’OLl((O,oo),]Rl)>OLI((O,oo),Rl))H <g (29)
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for all t > 0. Then we have

A
S(t)>——¢
(t) .
for all ¢ > 0, and hence
di(a,t) = Oi(a,t) .
8t + aa - _(:LL + V(a))l(a’? t)?
ow(0,t) n ow(0,t) — 5(0)w(6, 1),

08 ot
| A o =
z(O,t)Z(ﬁ—g)(/ B(a)z(a,t)da—i—/o (0)w(0,1)d0),

w(0,1) i(a,t)d
/5

i(+,0) = ig, w(-,0) = wo, (ig, wo) € M.

By the comparison principle we have

i(a,t) > i(a,t),w(0,t) > @ (0,1),
where (i(a,t),w(0,t)) satisfies the following auxiliary system

L alg; D _ (4 1(@))ia ),

ou(0.1) , 9 (6,1)
90

ot
~ A e ~ e ~
z<o,t>:<;—<></ B(a)i(a, t)da + / o (0)@(0, t)d6),

w(0,1) /§ i(a,t)d

('70) = Zo»w( »0) = Wo, (lo,wo) S Mo

— —5(0)i(6, 1),
(30)

Similarly to the proof of Theorem 3.1 we can derive the characteristic equation
for system (30)

=H(N), (31)

where
HO) = () =) / Blajem e lin (It da
0

A g / " a(@)e - I 3 gg / " e(a)em VeI Ao gy
H 0 0

and the equation (31) has a unique real root A* > 0 since the inequality (28) holds.
Moreover, if A = £ 4+ 7i is an arbitrary complex root to equation (31), then we have
€<\
For ease of notation, let us rewrite the linear system (30) as the following form
du(t)
dt

= Au(t) (32)
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where u(t) = (i(-,t),w(-,t))T and

di
due | Tda” (1 +(a))i |
di )
7d797 *5(9)’[0 A
D(A) = {( : ) € WH1((0, 4+00),R?) : 5(0) = (; —¢)x

/ B(a da+/wa(9)w(a)d9),w(0):/Ooog(a)%(a)da}.

By using the Hille-Yosida theorem, the operator (A,D(A)) generates a strongly
continuous semigroup, denoted by (T'(t));>0. Let II5. be the eigenprojection corre-

sponding to A*, then by using the Proposition 3.1 in paper [12] and after extensive
algebraic calculations, we can obtain

O io _ At [ o
H/\*T(t)( wo ) = e "5, ( wo )

— M lim (A—X*N”‘A)_l(io )

A= * Wo

- (1),

where 1(a), ¢(0) can be expressed as

A 1 > ¢ — [ s))ds ;
Y(a) = [_ (ﬁ _§>dH(>‘(/o 5(0,)/0 e~ S5\ Hpty(s))d: io(r)drda+
A=A*

+oo 0 Lo i
/ a(&)/ e [T +5(s))dst(T)deg+/ a(f)e™ -5 3(s)ds g
0 0 0

+ - <
x/ 005(@ /ae—f:(A*+u+w<s>>dsi0(7)d7da)]e—(A*+u)a—f0"w<s)ds;
0

0

#(0) de[(l(i g)(/oc’oﬁ(a) /O“e I 4D () drdat

|,\:Z\*

A
| a0 [ e R s ryaran)) [ ega) [T O
0 0 0

0

deaJr(i,g)/ g(a)effoa(i*+u+v(s))dsda(/ g(a)/ e [E (N Hutr(s))ds o
K 0

0 0
oo 6 - -
io(T)dea+/ a(ﬂ)/ e 17 +5(S))dsw0(7)d7d0>]64‘ 0—Jy d(s)ds
0 0

Since (ig,wp) € My, after extensive calculations we can obtain that ¢(a) >
0,¢(0) > 0 for all @ > 0,0 > 0. Note that A* > 0, it then follows that

. o io B
Jim ||HA*T(t)( - ) 11 = +o0.

Therefore, ||(i(-,t),w(-,t))T |1 — 400 as t — 4o0. This contradicits (29) since
i(a,t) > i(a,t), w(d,t) > w(6,t). Thus, W*(Ey) N Mg = 0.

From Theorem 4.1, it then follows that the semiflow {U (¢)}+>0 is asymptotically
smooth, point dissipative and that the forward trajectory of a bound set is bounded.



656 JIANXIN YANG, ZHIPENG QIU AND XUEZHI LI

Furthermore, the DFE Ej, is globally asymptotically stable in dMy. Thus, Theorem
4.2 of Hale and Waltman [8] implies the semiflow {U(t)}+>0 is uniformly persistent
with respect to (3M0, MO). This completes the proof of the first result.

Next, let us prove the second result. Since

/ atda<—/ 9d9<£maz ,
0 :u(sw
gmawA

/0 B(a)i(a,t)da <[ B(a) = 7 / (0w (0)a8 < a(9) [ 22

Therefore,

it then follows that

where

fmamA
pl

A
fi= p [ Bla) llee 21 a(6) [l

Then for sufficiently large ¢ we have

S(t) >

tl\>

Let (S(¢),0,0,i(-,t),w(-,t)) be the solution to the system (22) with initial con-
dition (Sp,0,0,4,wo) € Ag. Then for sufficiently small ¢ > 0, we have S(t) > ¢ for
all ¢ > 0. Furthermore, since the solution (5(t),0,0, (-, t), w(-,t)) is in the attractor
Ao, we have

7’( t) 2 %('7t)7w('ﬂt) > w('vt)
for all t > 0, where (i(a,t), (0, t)) satisfies the following auxiliary system

di(at)  di(at) _ (4 (a))i(a,t),

ot da
Ow(0,t) 812)(9 t)
20 + = —40(0)w(6,1),

/ Bla atda+/ (60, 1)d6),

w(0,t) 1(a, t)d
/5

- ZOa a = Wop.

Similarly to the discussion of system (30), we obtain

lim efj‘*tT(t) ( ‘o > = II;. ( ‘0 >
t——+o0 Wo Wo

¢
where T'(t) is the semigroup generated by the linear system (33) and \* is the
unique real eigenvalue of the system (33), and ¢(a) > 0,¢(8) > 0 for all a,0 > 0
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since (ig,wp) € Mo. Thus there exists T > 0 such that i(a,t) > 0,w(,t) > 0 for
all @,0 > 0 and ¢ > T Tt then follows that

o e}

B(a )z( )da—i—/ a(@) (0,t)do
> fo (a)i(a,t) da+f0 Yw(6,t)dd > 0,

/O &(a)i(a,t)da 2/0 £(a)i(a,t)da > 0

forall t > T, a,0 > 0.
Recall that the mapping (¢, (So, 0,0, 99, wo)) — U(t)(So, 0, 0, ig, wo) is continuous.
Also, the mapping

( ) ? B(a)io(a)da + / a(6)wo(6)d "
(a)io(a

is continuous in the L' norm. Using the compactness of Ay and Ay is invariant
under the semiflow {u(t)};>0, it follows that for each (Sp,0,0,ip,wp) € A we have

/000 B(a)io(a)da + /OOO a(B)wo(0)do > 0, /0OO &(a)ip(a)da > 0.

Using the continuity of the map (34) again and the compactness of Ay, the second
result follows. This complete the proof of Theorem 4.3. O

5. Proof of Theorem 2.3.

Theorem 5.1. Assume that Ro > 1, then the unique endemic equilibrium E*(S*,
i*(a),w*(0)) of system (1) is locally asymptotically stable.

Proof. Introducing the perturbation variables
y1(t) = S(t) — S*, y2(a,t) = i(a,t) —i*(a),ys(0,t) = w(d,t) — w* (),

and linearizing the system (1) about E* we obtain the following system

dy;t(t) = —uRoys(t / Bla)ysz(a,t) / a(0)ys(6,t)do)S*,
6y2(§?,t) + ayifa(z t) —(p+~(a))ye(at),
8y3a(f,t) . 31/38(2,75) 500,10,

(0.0 = i(Ro = 1)+ ([ Baluala o+ [ al0pae.000)5°

ya(0,1) = / " e(a)ys(a,t)da

yi(t) = yie™, ya(a,t) = y3(a)e™, ys(0, 1) = y5(0)e™, (36)

(35)
Let
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where y?,49(a), y3(0) are to be determined. Substituting (36) into (35), we obtain

6P = —uRoyfd — ([ Bla)laida+ [ @)@, (37a)
0 0
dyd(a
M@ + 2 a)8a)
oo oo (37b)
80) = u(Ro - D + (| Sla(@da+ [ a@)u©)d0)s",
0 0
dyd(0
2(0) + O — siop00).
o (37¢)
80 = [ elanla)da
0
Integrating the first equation of (37b) from 0 to a yields that
y3(a) = y3(0)e” Armamin()ds, (38)
Substituting (38) into (37¢) and solving (37¢), we obtain
yg (9) — yg (0) / g(a)e—(k+,u)a—f0” ’y(s)dsda > 8_>‘9_f09 5(5)(15. (39)
0

Substituting (38) and (39) into the (37a) and the second equation of (37b) gives
the following characteristic equation

( n(Ro—1) Hi(A) -1 )
det =0,
At uRo  Hi(\)

H(A) == (A4 p)Hi(A) = A = pRo =0, (40)

where

Hl(/\) = S*( i B(a)ef(AJr,u)a—fo“'y(s)dsd(H_

/oo g(a)e—(k-i-u)a—foa ’Y(s)dsda /Oc a(e)e—/\a_foﬂ §(s)dsd9)_
0 0

It can be easily check that H; () is continuously differential function and Hy(\) < 0,
which implies that H;(\) is a decreasing function.

We claim that the equation (40) has no root with non-negative real part. Suppose
not. Then the equation (40) has a root A = x + iy with > 0. It then follows that

(x+p+iy)Hi(x+iy) — 2z — iy — uRo = 0. (41)
Separating the real part of the expression in (41) we get

(x4 pRo) (= + p) + 3
(@ + p)? +y?

RH; (x +iy) = > 1. (42)
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Notice that
o0
H(0) = 8'([  ple Ty
0

/ f(a)efua*fo”W(S)dsdaX/ a(g)effo%(S)dadg)
0 0

«HRo
g+ M0
A

=1

and

RHy (2 + iy) < |Hy(2)] = Hi () < Hy(0) = 1.
This contradicts the equation in (42), implying that (40) cannot have a root with
nonnegative real part. There we have shown that the unique endemic equilibrium
FE* is locally asymptotically stable. This completes the proof of Theorem 5.1. [

Proof of Theorem 2.3. We only need to prove the second results because the first
result can be easily seen from Theorem 4.2. If Ry > 1, it then follows from Theorem
2.1 that the system (1) has a unique positive equilibrium E*(S*,i*(a),w*(0)), and
S*,i*(a), w*(0) satisfy the following equations:

A = pS* +i%(0),

WD (b @) (a), (13)
WA 5oy o),

and
oo

do
0= 8 [ Bla)it(@)da+s* [ a(@yw (©)do,
J ! "
w*(0) = /O £(a)i* (a)da.

From Theorem 5.1 we know that the unique endemic equilibrium E*(S*,i*(a),
w*(0)) is locally asymptotically stable. In the following, we only need to show that
the unique endemic equilibrium E*(S*,i*(a),w*(0)) is global attractor in Ry X
LL((0,0), B) \ OMo, icc.,

Ao = {E*}.
For ease of presentation, let us define
G(x) = z—1—Inuz;
p(0) = elo 5(5)‘15/ a(s)e” I 5(<)d§d8;
0 (oo}
n(a) = ehat [ 7(8)d8< 5(s)e—us—f$v(c)d<ds

+p(0) faoo f(s)ef“sffos 7(<)d§d3).

We can easily check that

1 e 0 )
00) = gpl0) = [ a(@)e 5 ap (45)

and the function G(x) has the global minimum at z =1 and G(1) = 0.
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Let u(t) = (S(¢),i(-,t),w(-,t)) ba a complete solution to system (1) that lies in
the attractor Ag. From Theorem 4.3, we know there exist d1,d2 > 0 such that

S(t) i(a,t) w(6,t)
0 < < o,01 < < do,01 <
1= S* >~ 02,01 > Z*(Cl) >~ 02,01 > ’U}*(e) =
for all t € R and a,0 > 0. Now let us define the following Lyapunov function

0 = S [T

15 /0 h p(e)w*w)g(fv(f(’;)))de.

From (46) we can easily see that the function V is bounded when restricted to Ag.
Since the function G(z) is nonnegative for all z > 0, and has the global minimum at
x = 1, it then follows that the function V' (¢) is nonnegative and the point E* is the
global minimum point. We can also easily see that the function V'(¢) is continuously
differentiable. Differentiating V'(¢) along solutions to (1) in Ay, using (43),(44) and
collecting terms, we obtain

Tl = (SO =SV (- S0 - i0.0)-

t)
S*/O n(a)(1 - :(a(flt))(afa (11 +7(a))i(a, ) da—
e 0) . ow(6,t)
S/O p(

)(1- 2 (g
Lo(15) - (1- 519) (st 50
9i(0.t) ) _ (0
8a +a da

(1 729 200 —iv(a) o0 () o+ (@) @) — i)

Thus, by using integration by parts we have

/OOO (@) (1~ z'(a(, 2)) 82(52 i

N

b2 (46)

(47)

s

+ 6w(6,1))d6.

(48)
Noting that

where i4(a,t) = , by using (43) it then follows that
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Here, we have used the second equation in (43) and the equation that

D) _ (44 5(a) m(a) ~ (B(a) + p(0)e(a).

Substituting the equation (49) into the second term in equation (48) gives

5[ @)= 2D (o a)ilan ) da = Sn(a)
i(a

g (L8[ 5 [ 680 e+ )

Similarly, by using the third equation in (43), the second equation in (44) and
the equation that
dp(6) _ s

a0 =0(0)p(0) — (0),

the third term in equation (48) can be expressed as
9) w(0, )

S* / 5.1) ( 28—+ §(0)w(0,t))do
_ w( 0 [T oty .
S p(O)w (9)g(w*(0) )\H v 5 /0 g(w*(e) ) (©)a(6)de.

Substituting (50) and (51) into (48) yields that
v (t)
a |
S*

=g (S =5 +(1 —%)(l (0) = i(0,¢)) — S™n(a)i* (a)Gx

S(0)
a t) ) .
i*(a)) - *S/ )) ﬁ(a)+p(0)£( )) (a)da—
s p(O)w" )5 (% “ 0

Putting the equations (40) into (52) using (2) and (44) and rearranging the terms,
we have

d‘jlit) 1) = *%(S(t) —S§*)? - S*P(e)w*(e)g(

*(0)
v (S ox (- 55w

i(0,0)) yoorie N A (%) BN (X)
+1In i*(a))ﬂ(a)z (a)da+S/0 (1 55 " ! w*(e))x

. . . w(0,) | o oL iat) o
w*(0)a(0)dd — S*p(0)w*(0) In w0 (0) +S p(O)/0 In (0 &(a)i*(a)da.
Notice that

p(0)w*(0)1 — p(0) /O £(a)i*(a) In "1"0(*0(’0 t)) da
Straight forward computation yields that

o)1 200 )
S o0 O D5 +5700) [ S ey (@)a

(50)

(51)

(52)

)au(6)df.

w(&,t))

=00

(53)

(54)
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Observe also that

zs(o) _ i*(O)S(t) /“5 -atda+/wa(9)w(e,t)d9)

B SWitat) [T EOSHuE.Y
- / fla S0 et [ 0w O g e

By using the first equatlon in 44) we have

/ Bla da+/ a(@)w*(0)do.

It then follows that

(0)S(t)i(a, t)
/ A0 01~ i ey )+

i (0)S()w(b,1)
Nw*(0)(1 — ————"-=1]df = 0.
/0 2Oy’ O (1~ 555 5oy )
Adding equation (55) to the right side of equation (53), the sum of the fourth term
and the fifth term in equation (53) can be expressed as

(55)

i(0,1) ( t)
S/ (0)+ ())()()da+
S/ 1— —1 (* w*
z()S(tz(

" i( ) i(a, t) )
=5 /0 (2_ S(t) ~ln zO(Ot) 1 z*(at) —S5%i(0, t)i* (a

N S* i0,8) . w(®,t) (0)S(t)w(d
=5 [ (o o v 0.0
s [ ool ) +o( L),

£)i*(

N O°° w*(0)a(0) [Q(Ss(t)) + Q(W)]d&. "
Substituting equations (54) and (56) into (53) gives
D)) =~ (50 - 5 - 50w 09 (L)

— S n(a)i" (a)g(ii(*“(’at))) I O g(;;t))+

g (ZS(OZ)(S(gz(c(zai) ] da — S* O°° w*()a(6) [g SS(;) n (57)

('S )= 500 [ 025 ) @

<0

since the function G(x) is nonnegative for all x > 0. Furthermore, we can easily see
dv . .
that E‘(l) = 0 if and only if
S(t) = 5%, i(a,t) =i*(a), w(8,t) = w*(H). (58)

We have shown that the function V is non-increasing along any complete solu-
tion u(t) in the attractor Ag. Consider a point P(S i wP) in the alpha limit
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set of u(t). We deduce that V is constant along any complete orbit uf(t) =
(ST (t),i"(-,t),w(-,t)) passing through P € Ag. By (58), applied to v (t), we
have
SP =5 i (a,t) = i*(a),w’ (0,t) = w* (0).
Therefore the alpha limit set of w(¢) is simply {E*}. Similarly, the omega limit set
of u(t) is also {E*}. Since t — V(u(t)) is non-increasing function , it then follows
that
V(u(t)) = V(E")

for all ¢t € R.. By (58), we can obtain that u(t) = E* for all ¢ € R. We have shown
that the arbitrary complete solution w(t) in the attractor .4y must be the endemic
equilibrium solution. Thus we have shown that

Ao ={E"}.
This completes the proof of Theorem 2.3. O

6. Discussion. In this section, we mainly summarize our results and make further
remarks.

Based on the existing multi-stage cholera models formulated in [28] and [22],
we first formulated more general model to describe the transmission dynamics of
cholera. In this model we include two pathways of infection, namely direct and
indirect via contaminated water, infection-age-dependent infectivity and variable
periods of infectiousness. The model can be not only used for modeling waterborne
disease transmission, such as Giardia, Cryptosporidium, and Campylobacter, but
also regarded as a general virus dynamics model to describe the in vivo infection
process of many viruses [22], such as HIV, HBV. Since in the paper age is considered
as a continuous variable, the more general model is described by first order partial
differential equations with nonlocal boundary conditions. We further discussed
the explicit relevance of model formulations between age-structured model and the
multi-stage ODE models, i.e., under some suitable conditions the age-structured
model can be reduced into the multi-stage ODE models. This means that the age-
structured model is a generalization of the multi-stage ODE models, and has greater
flexibility that may better represent the underlying biology of the infection process
[10].

We then derived the basic reproduction number R from the biological meanings
of the model parameters. We showed that the qualitative behaviors of the system
(1) are completely determined by the magnitudes of the basic reproduction Ry: if
Ro < 1 the disease-free equilibrium is globally asymptotically stable in the feasible
region and the disease always dies out; if Rg > 1, a unique endemic equilibrium is
globally asymptotically stable in the interior of the feasible region and the disease
will persist at the endemic equilibrium if it is initially present. The same results are
also obtained from analyzing the multi-stage models in many papers, such as [22]
[27] and references therein. Thus the results obtained from the multi-stage ODE
models are extended to the general age-structured model.

Because the age-structured model in this paper is described by partial differential
equations and the tools used for the ODE models can not be used for analyzing
the dynamics of PDE models, it is difficult to analyze the dynamics, particularly
the global stability, of the PDE models due to the lack of practical tools. As
far as we know, global studies of age-structured models are very limited due to
the lack of applicable theories [4]. The method of Lyapunov functions is most
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commonly used to prove the global stability of nonlinear dynamical systems. In
this paper, by constructed a class of global Lyapunov functions, and proved that
the dynamics of the age of infection cholera model are completely determined by the
basic reproduction number Ry. Lyapunov functions of this type has been widely
used for analyzing the ODE models in the literature (e.g., [5],[6],[9]) and was recently
rediscovered ([10],[19]) to study the global stability of endemic equilibrium for the
epidemic models with age of infection. We should point out that the techniques
used for the PDE models are quite different from the techniques used for the ODE
models, thus the process that we prove the global stability of the age-structured
model is not the trivial extension used for analyzing the multi-stage ODE models
in [22, 27] despite the conclusions are the same.

Finally, in this paper the modeling of cholera transmission dynamics is relatively
simple compared with the modeling of many other infectious diseases. Thus it is
necessary to improve the mathematical modeling for describing the transmission
dynamics of waterborne diseases, and analyze the qualitative behavior of the im-
proved models so that we can have a better understanding of the waterborne disease
dynamics. In addition, as we all know that the top priority of global public safety
is to prevent and contain the spread of infectious diseases, therefore we are also
interested in exploring the effectiveness and implication of various preventive and
control strategies on the transmission dynamics of waterborne diseases. We leave
these for future investigations.
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