- % MBE, 18(4): 3073-3091.
AIMS DOI: 10.3934/mbe.2021154
@ Received: 12 January 2021
Accepted: 22 March 2021
http://www.aimspress.com/journal/ MBE Published: 02 April 2021

Research article

Dynamical behaviors of a vector-borne diseases model with two time delays
on bipartite networks

Rundong Zhao*, Qiming Liu and Huazong Zhang

Department of Science and Culture, Shijiazhuang Branch, Army Engineering University of PLA,
Shijiazhuang 050003, China

* Correspondence: Email: zrdmath @outlook.com.

Abstract: In order to study the impact of the incubation periods of humans and vectors on diseases
transmission, a novel vector-borne diseases model with two time delays on bipartite networks is pro-
posed. The formula of the basic reproduction number Ry is given, which is dependent on time delays.
Moreover, the globally asymptotic stability of the disease-free equilibrium and the endemic equilib-
rium is proved by constructing appropriate Lyapunov functions. Finally, numerical simulations are
carried out to verify the analysis results and reveal the influence of the structure of bipartite networks
on the basic reproduction number.
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1. Introduction

In history, vector-borne diseases such as malaria, yellow fever, plague, Lyme disease and dengue
fever caused a large number of human diseases and deaths. In the early to mid-20th world, people con-
trolled most of the vector-borne diseases through measures such as improving sanitation and reducing
the number of vectors. However, over the past four decades, due to climate change and other rea-
sons, many vector-borne infectious diseases that have been “eliminated” have shown a resurgence [1].
According to statistics, nearly half of the world’s population has been infected with at least one vector-
borne pathogen [2]. Considering that vector-borne infectious diseases pose a huge threat to human
health and social economy, it is urgent to study the characteristics of their transmission and how to
prevent and control them.

Mathematical models of vector-borne diseases play an important role in understanding and studying
epidemiological characteristics and transmission laws. In 1911, Ross-Macdonald first established a
model of malaria disease, which used differential equations to describe mosquitoes and humans [3], and
his study methods laid the foundation for subsequent research. In recent years, many research results in
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this area have continuously emerged. For example, Traoré [4] proposed a vector-borne disease model
with human and vectors immigration, which considered the influence of long-distance migration of
wind-borne vector and the influence of human migration. Nyang’inja et al. [5] and Abiodun et al. [6]
investigated the impact of vaccination and climate change on the vector-borne disease, respectively.

It is worth noting that above researches for vector-borne diseases were based on the assumption
that the contact between humans and vectors is uniformly homogeneous. In fact, real networks un-
derlying disease transmission are highly heterogeneous [7-9]. Similarly, due to the heterogeneity of
the population and the distribution of vectors in different regions, the contact between humans and
vectors is also heterogeneous [10—-12]. To study this spreading characteristic, many researchers have
been studying vector-borne diseases model on bipartite networks. Yang et al. [13] studied a modified
susceptible—infected—susceptible model with an infective medium on bipartite networks, and compared
it with the standard SIS model. Wang et al. [14] established a modified SIS model with an infective
vector on complex networks, which included not only transmission through the vectors, but also trans-
mission through direct contact between people. Wang et al. [15] proposed a more concise method to
investigate the global dynamics of a mean-field vector-borne diseases model on bipartite networks. It
is worth noting that in 2020, Zhang [16] established the following malaria disease model on bipartite
networks,

dy(t)  abVk
e N(k),
dx(1)
dr
where y; and x; represent the relative density of infected humans with degree k and infected mosquitoes
with degree [ respectively, ©, = % and O, = %
link points to an infected human and an infected mosquito respectively, (k), is the average degree of
humans, y is recovery rate of humans, u represents mortality rate of mosquitoes, a is the biting rate on
humans by a single mosquito, b and ¢ represent probabilities of infected bites that produce an infected
human and an infected mosquito respectively, N and V are the total number of human population and
mosquito population respectively. According to the description of the parameters, 1{,‘3{‘;). can be regarded
as the linear transmission rate from infected mosquitoes to susceptible humans, and ac represents the
linear transmission rate from infected humans to susceptible mosquitoes. The author obtained the basic
reproduction number R, and studied dynamical behaviors of the above model.

Most of researches for vector-borne disease model on bipartite networks only consider the two
states of humans and vector populations: susceptibility and infected. In reality, many vector-borne
diseases have incubation periods in both vectors and humans. For malaria [17], during the incubation
period of mosquitoes, there are no sporozoites in the salivary glands of the ’infected” mosquitoes, and
the disease cannot be transmitted to humans through bites. Similarity, during the incubation period of
humans, the malaria parasites lie dormant in the liver or there are not enough malaria gametocytes in
the human blood. At this time, mosquito cannot take up the gametocytes by sucking up blood and be-
come infected. Furthermore, due to the incubation period of different forms of parasites, the feedback
dynamics from mosquito to human to mosquito has a considerable time delay. The prolonged delayed
onset of the disease brings huge risks to the prevention and control of the disease [18]. However, there
are few researches about vector-borne disease model on bipartite networks with time delay [19].

Based on Zhang’s work [16], to study the impact of the incubation periods of humans and

(1 _)’k)®x_7)7k,k: 1,2,...,”,
(1.1)

=acl(l1 -=x) O, —ux,1=1,2,...,m,

represent the probabilities rate that any

Mathematical Biosciences and Engineering Volume 18, Issue 4, 3073-3091.



3075

Table 1. Description of parameters.

Parameter Description

The biting rate on humans by a single vector

The probability of infected bites that produce an infected human
The probability of infected bites that produce an infected vector
The mortality and birth rate of humans

The mortality and birth rate of vectors

The recovered rate of humans

The disease incubation period of humans

The disease incubation period of vectors

The total number of human population

The total number of vector population

ke The average degree of humans

(), The average degree of vectors

< ZL AT oo T

mosquitoes, we construct a novel vector-borne diseases model with two time delays on bipartite net-
works. In this paper, we will study the effect of the incubation periods on the basic reproduction
number and the dynamical behaviors of the novel model.

The remaining parts of this paper are organized as follows: The vector-borne diseases model with
two time delays on bipartite networks is presented in Section 2. The dynamical behaviors of the model
are discussed in Section 3. Numerical simulations are offered to demonstrate the main results in Section
4. The conclusion is given in Section 5.

2. Model

vectors /\;{\ /\;{\ /\;/.2\ /\;/.2\ e & o A

humans

Figure 1. The bipartite network between humans and vectors.

We suppose the contact patterns between humans and vectors form the bipartite network. The edge
between a human and a vector represents contacts between the human and the vector. Since the adding
and removal nodes and edges only take a small proportion in the network and will slightly change the
structure of the network [20], we assume the human birth rate is equal to the human mortality rate,

Mathematical Biosciences and Engineering Volume 18, Issue 4, 3073-3091.



3076

denoted by d, and the birth rate of vectors is equal to the mortality rate of vectors, denoted by u. Thus,
the total number of human population is a constant N, and the total number vector population is also
a constant V. Therefore, we construct the bipartite network between humans and vectors, as shown in
Figure 1.

Let p(k) (k = 1,2,...,n) and g(I) (I = 1,2, ..., h) represent the human degree distribution and vector
degree distribution respectively, which can reflect contact patterns between humans and vectors. n and
h are the maximum number of vectors contacted by humans and the maximum number of humans con-
tacted by vectors respectively. Ny = Np(k) are the human groups in which each human contacts with
k vectors. V; = V¢q(l) are the vector groups in which each vector contacts with / humans. Suppose the
degree of each human and each vector is time invariant. Human population are divided into four cate-
gories: susceptible, exposed (infected but unable to to spread disease when in contact with susceptible
vectors), infected (infected and able to spread disease when in contact with susceptible vectors) and
recovered (recovered and acquired full immunity). Vector population are divided into three categories:
susceptible, exposed (infected but unable to to spread disease when in contact with susceptible hu-
mans), infected (infected and able to spread disease when in contact with susceptible humans). Then,
S«(®), Ex(1), I(t) and R, (?) represent the relative density of susceptible, exposed, infected and recovered
humans with degree k (k = 1,2, ..., n) at time 7 respectively. S7'(7), E}'(¢) and I}"(¢) represent the relative
density of susceptible, exposed and infected vectors with degree [ (I = 1,2, ..., h) at time ¢ respectively.

In order to reflect the impact of incubation periods in disease transmission. Let 7 and w represent
the disease incubation period of humans and the disease incubation period of vectors respectively. That
is, the exposed human becomes an infected human after 7, and the exposed vector becomes an infected
vector after w. Thus we can establish the following vector-borne diseases model with two delays on
bipartite networks:

dSu(n) _ , abVk e

m =d N<k>k5k(t)® (1) — dS (1),

dE(1) _ abVk e abVk oo

G N, SHOO" (0 = s Su(t = DOt = e = dE@),

dii(t) akaSk(t —1)0"(t — e " = (d + VD),

e Nk
dlzct(t) = ’y]k(t) - de(t)’ (21)
s
Cllt( ) _ p = aclS(O(t) — uS (),
D _ el p00() - aclS (¢ - O - e - uEF (),
dlfir( 0. aclS}' (1 — w)O(t — w)e™ — ul}' (1),

in which the descriptions of parameters vy, a, b and c are consistent with the system (1.1). (k);, =
Yiet kp(k) and (1), = ;’:1 lq(k) are average degree of humans and vectors respectively. Therefore,
N{(k); is the total number of edges of humans, furthermore, we obtain ;g’k‘;k represents the infection
probability of each edge from infected humans to susceptible vectors, and ac represents the infection

probability of each edge from infected vectors to susceptible humans. ®@(¢) and ®(¢)" are the probability
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rate that any link points to an infected human and an infected vector respectively, and

1 < I i
0 = 7 kZ; PROPIRID.  O"() = ; w(Dg(DI' (1),

where ¢(k) and (/) are infectious of occupied edges which can transmit the disease from the infected
human with degree k and the infected vector with degree [/, respectively. There are many forms of
@(k). The simple forms are ¢(k) = Ck [21] (O < C < 1), which represent the infectivity of each
node is proportional to its degree, and ¢(k) = A [21] (A is a positive constant), which represents each
node generate A contacts. The more suitable form is nonlinear infectivity ¢(k) = ak®/ (1 + bk®) [22]
(0<c<1,a>0,b>0), which can be divided into different cases: whenc = 1 and b = 0, ¢(k) = ak;
when ¢ = 0, p(k) = a/(1 + b); when b # 0, ¢(k) = ak®/ (1 + bk®) is monotonically increasing with &,
and it has an upper bound, lim;_, ., ¢(k) = a/b, which means that the infectivity of the node reaches the
maximum. The form of (/) is similarly to the form of ¢(k). For clarity, we introduce the description
of the parameters in Table 1 and the disease transmission diagram in Figure 2.

S éfi/w
™~

ﬁk\x
T — T T
/ S K E X I \

Figure 2. Flowchart of the vector-borne diseases model.

It is clearly that the normalization condition of system (2.1) is
SO+ Ex)+ L(O)+R() =1,k=1,2,....,n, SO +E'®)+['®)=1,1=1,2,...,h. (2.2)

S« = k@), Ex(n) = ¢5(p), L(p) = 5(p), Re(p) = ¢5Gp), ST'Gp) = 45 (),
E"(n) = k), I"(p) = ¢4(n), n € [-T,0],T = max{r,w},k=1,...,n,01=1,...,h,

where ¢ = (¢(1), ... 1(1), §3(11), ... B3 (1), D311, -.es B3(1), D1 (D), -.es 3 (1), D3 (1D, . Do), DG (1D, ..o (),
i), ... di(m) €  C(-T,0],R{"*>") are non-negative continuous on interval [-T,0].

C([-T, 0], R¥"*") denotes the Banach space of continuous functions mapping the interval [-7, 0] into
R+ and it equipped with the norm

(2.3)

1/2

n h
gl = | > (5P + 185l + 185l + g5y + > (g5l + Igetl + Igh) |
k=1 =1

where |¢(17)| = sup_r,, [¢()]. We can prove through the fundamental theory of functional differential
equations [23] that system (2.1) has a unique solution satisfying the initial condition (2.3).
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3. Dynamics

Note that the second and sixth equations of system (2.1) can be further transformed into the follow-
ing integral equations.

abVk ft —d(i—
E.(t) = S (5)0™(s)e =9,
«(?) NGO . ()0 (s)

f
E"(1) = acl f S7(s)O(s)e " ds.
t

Thus, in order to study the dynamical behaviors of system (2.1), we only need to study the following

system:
dS (1) iy abVk

SHO"(1) — dS «(0),

e Nk
dlg? ) _ ;ZZZ;Z Set — DOt — D)e T — (d + Y1),
B~ 1) - dRu(), (3.1)
T i aelsp o) - usy,
dlg:t) = acIST(t — W)O(t — w)e ™ — uIl' (7).

Now, we mainly analyze system (3.1).

Theorem 3.1. If any solution (S ((?), ..., S (), 1,(1), ..., [,(1), R\ (), ..., R, (1), ST'(1), ..., S} (), I]' (1), ..., I} (1))
of system (3.1) satisfies the initial condition (2.3), then all solutions of system (3.1) are non-negative
fort > Q.

Proof. Firstly, we prove S(¢) > O for ¢ > 0. Suppose it is not true, there would be at time 7" such that
S«(t) = 0. From the first equation of (3.1),

dSu(n)

d>0.
ar >

This means that there is a positive constant € such that S;(r) < O when ¢ € (T — €, T). This leads to a
contradiction, i.e., S;(7) is always positive. Similarly, $7"(7) has the same conclusion.
Secondly, we consider I;(¢) and I;"(¢). From the second and forth equations of (3.1),

" abVk
o N{k

I() = [(0)e™ " + e S (s — T)O"(s — T)e (s,

and t
I;n(t) = [lm(o)e—ﬂt + f acle‘”‘“S;”(s — w)O(s — w)e ™ ds.
0

It is easy to see that I;(¢) and I;"(¢) are non-negative.
Finally, from the third equation of (3.1),

Ri(7) = Ry (0)e™ > 0.
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Therefore, this completes the proof.
From Theorem 3.1 and the normalization condition (2.2), the following set € is the positive invariant
for system (3.1),

Q={(S1. xSt by Ris oo Ry ST SPLIT I € RI 0 <S4 [ R < 1,
k=1,2,...,n, 0<S™I"<1, [=1.2..,h}.

Now, we consider that dynamics of system (3.1) on the region Q.

Theorem 3.2. Denote
_ @b V()i (D)) e Te
NSk Dip(d + )
where (kg = Ty ke()p(k), <Ky = Ziy kpk), (D) = iy WDg(D) and (D = 3i, lg(D).
Then, we have the following assertions.
(1) System (3.1) always has a disease-free equilibrium E°, where

E° = (S0, n SO0 I RY, RO (ST s (S0 (I, (1))

=(1,..,1,0,..,0,0,..,0,1,...,1,0,...,0).
(2) System (3.1) has a endemic equilibrium E* when Ry > 1, where
E*=(ST, S50, IRy, . R (ST s (ST, (Y s (D))

ces Ly

Proof. Obviously, system (3.1) always has a disease-free equilibrium

E®= (89, S0 1, IRy, RO (ST (S0 (I ()
=(1,..,1,0,..,0,0,..,0,1,.., 1,0,...,0).

Then, we suppose that system (3.1) has a endemic equilibrium
E =(ST,..8, I, ... R}, ... R, (ST)", ... (ST, (I])"s ooes (1)),

and E” satisfies the following equations

abVk

d———8;0™)" -dS; =0,
Ny - ¢

abVk

——— SO e —(d+ ) =0,

yI; —dR; =0,
p - acl(S}y' 0" - u(Sy) =0,
acl(S}") @ e™ — u(l")" =0,

where

1 < 1 <&
0 = — Dg(DIM*, O = — KplkI;. 3.3
CR) @l;w()q(xn <k>k;w<>p<>k (3.3)
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By a simple calculation,

o _ ANk - dabVk(@™) e
KT abVk(@my: + NGkwd™ 5 N (abVk(©™)* + N{kyd)(d + )
(3.4)
. yabVk(@™) e . u e pacl®*e
= No@b Vi@ + avod+ ) O T ae v T e v

From (3.4) and (3.3), we obtain

uacl®* e “H L L dabVk(@™) e~ 9"
o +n’ O T o kZ_; PR G @b V@™ + Ndd T 7)

1 h
0"y = — >yl
©" =7 2 w(Dg(D)

Substitute (®™)* into O,

uacl®* e “H
L dabVke " Y y(Dg()—o——
0" = —— > @(k)p(k) — g = F(©). (3.5)
<k>k T N pacl®@ e ¢
NGy | abVk Sy p(Dg()——=———+ NCkyd(Dy | (d +7)
acl®* + u

Obviously, ®* = 0 is a solution of equation (3.5), i.e., system (3.1) always has a disease-free equilib-
rium E°. Then, we take ®* > 0 to ensure equation (3.5) has a nontrivial solution. Taking the derivative
of F(®"), we get

aclue "

2 2 —dt( 2 - - @@
N*(ky2dabVke " (d® + dy){Iy 31 1¢f(l)q(l)( 10" + 1)

> 0.

) 1 <
F(O®) = — K p(k
©) <k>k;¢< )p(k)

c 2
xew,u

uac
Nky | abVE S, W(Z)Q(Z)m + N<k>kd<l>l) (d+7y)

Denote
Fi(©) = Z w(oq(l)m,
cl@* e wH
Fy(©") = Nk (abwc >, w<l>q<l>—ﬂ * N<k>kd<l>,) (d+7).

Since F;(®*) < 0 and F»(®*) > 0,

N*(ky;dabVke " (d” + dy){D(F\(@")F»(®") — 2F(© )F2(®*))
(F2(©9))°

.. ] —
F(O®) = — Kp(k
(©") <k>k;¢< )p(k)

Thus, equation (3.5) has a nontrivial solution if and only if

a*beV{kg(k)llp(D)e e

Foy= NCGXDyua(d + )

> 1.
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Therefore, we define the basic reproduction number

a*beV{kp(R)lp(D))e™Te
Ny Dp(d +y) .

Based on the above analysis, when Ry > 1, system (3.1) has a endemic equilibrium E*. O

(3.6)

Remark 3.1. Zhang has obtained the basic reproduction number from the model in Ref. [16] formed
a?beV{k* ) (7Y,
Nyu(X0).
In our work, when ¢(k) = k and (1) = 1, the basic reproduction number R of system (3.1) becomes
- a’bcV (k) () e e e
T NG + )

Comparing the two basic reproduction numbers, we find that

4 —_—

R()—R€ e He,

That is, the influence of time delays causes a change in the basic reproduction number, and R, decreases
as time delays increase.

Theorem 3.3. If Ry < 1, the disease-free equilibrium E° of system (3.1) is globally asymptotically
stable for t > 0 and w > 0.

Proof. Denote the following Lyapunov function

n ! n n h "
V() = uO@) + Z ur f S ()0 (s)ds + Z O™ (1) + Z Mk Z & f ST (s)O(s)ds,  (3.7)
k=1 T k=1 =1 =1 Y

where
_ p()p(k)abVk _,. _yg)
Me=——"—3>5—"¢€", = acle™¢.
Nk, I
Taking the derivative of V() along the solution of system (3.1), we obtain
dv(r) o(k)p(k) (aka g )
T St—1)O"t —1)e " —(d + y)(t
o ; NG, SH = DOt = D = (d + P

+p Z M (Sx(DO" (1) = S 4(t = O (1 = 7))

>~
—_

SRR AUTOY
k; B, (aclST = 0O — W (1) (3.8)

= l

h
M ) & (ST (DO — S}t — WOt - )

1 =1

1 ) SO (1) - p(d + )0 + Z M Z &S 7 (DO - Z M@ (0).
k=1 I=

k=1

=+
- 11

+

[

=T
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Note that 0 < §;(1) < 1and 0 < §7'(1) < 1,
! Z S DO (1) = pd +7)O) + Z M Z &S 7 (HO() - Z M@ (1)

k=1 =1
< anZ&—u(cHy) o)
k=1 =1

=u(d +y)(Ro — DO®).

(3.9)

Thus, Ry < 1 follows that £ |5 )< 0. Simultaneously, 4 |5 ,= 0 if and only if () = 0. From (3.1),
we have lim,_, .. S(?) = 1 hmt_,Jroo Ri(t) = 0, lim; ;00 S ”’(t) = 1 and lim;, o I}"(#) = 0. According
to the LaSalle Invariance Principle [24], we conclude that E° is globally asymptotically stable when
Ry<1. O

Theorem 3.4. If Ry > 1, the endemic equilibrium E* of system (3.1) is globally asymptotically stable
fort>0and w > 0.

Proof. Define the following Lyapunov function

Vi = o Z w(Dg(Dacle™(S}) O Vi(r) + W N<k> Ketrsi @y v, (3.10)
where
Vi) = % Z ek p(k)e™ " Ws (1) + Wen (1) + <k— N < k> K e tru o, (3.11)
k=T
&
Va0 = o ; W(Dg(De ™ Wp(0) + Wo(0) + W Z w(Dg(Dacle™™ Ux(1), (3.12)
in which

t

Ul(f):f (Ws,on(s))ds, Uz(f)=f (Ws;"(a(s))ds

—w

W (t) = x(t) — x* — x" In x(?).

It is obviously that W,(¢) > O for x(¢) > 0, and W,(¢) = 0 if and only if x(¢) = x*.
From the first equation of (3.2), we get d = }ﬁ’le‘(/)kS (O™ +dS7. Differentiating Wy, () along the
solution of (3.1), we obtain

dWs, (1) _ (1 5 )dskm

dt Sy dt
B St \|abVk . . . moay s
= (1 — Sk(l‘))[m (Sk(® ) =S:(HO (t)) d(S (1) Sk)] (3.13)
abVk ., (. S(0@"@®) S; @mm) d ( S; )2
= SHO™ (1 - - - 1-
Nor K )( S} @) S«n @) Sio\ S0
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From the second equation of (3.2),
1 © abVk
d+7)0" = — (k) p(k)——S8 1(@™) e ".
7T o ;"” PO NG

Differentiating We(f) along the solution of (3.1), we have

dW®(t) ( ) dO(r)
®(t) dt
—d‘r _ mee S*HE™ *G)(Z)
( ) 2y P e (s mee- ) -sieny )
_ (t-7O"t—-1) O S(t-1O"(t-10O"
(k) k G)m * dT( k - _ _ - 1)
]Z p( )N(k> 5i(@")e S (Om) e $,(@)*0O(r) -
(3.14)
Moreover,
dUL(1) _ ooy [SK(DO™(1)  Si(r = D)O™( — 1) St —71)0"( - 1)
P S (O™) ( S @) S @) +In S.(00"(0) ) (3.15)

Combining (3.13), (3.14) and (3.15), we obtain

dvi(»)
dr

e d (i S Y abVk m*_dr[_ (S;
- ZsO(k)p( )e sg)(l Sk(t)) o Zw( PR3-S @™ e |-G =

) (- DO - DO\ (@) @ma)_@(r)_ o)
G( 7O () )” i ]

(3A1)

"o Ty o e

(3.16)
where G(x) = x—-1—-1nx.
Through the above similar deduction process, calculate the derivative of V,(f) along solution of (3.1)

dVi (1)
dr

Dg(hHe™ 1- — Dg(Dacl(S]) @ e ™ |-G
- Zwoq() m(t)( 0 +<l>l;w(>q(>ac( )@ 0

;"(t - w)O( — w)(O™)" @M @™ 0@ o)
—G( (S;")*(E)*G)’"(t) ) —1In - +1n ] .

3.1)

@m(t) (@m)* + OK O%
(3.17)
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Combining (3.16) and (3.17),

av@ o AV 1 v 4V20)
ar Lo, >Zlﬁ(l)61(l)acleﬂ SO kz w(k)pik )—N<k> sien =2
= Dg(Dacle™(S]) O — kded1SZ2
i <I>Z‘”()C’()“” AR Zw()p()‘f ol (o)
Z (k) p(k ) —dTS (®m) Z (Dg(De ™ —— (1 (Sm)*)2
"k L P N<k> @y 2010w\ e

h
o " my* —dt &
D la(acte (S " Zw T, Siee [ G(Skm)

_>
( Kt —1)O™(t - T)@*)
$:(@™)*0O(r)

—d‘r myk ® =W (S;fl)*)
(k) ZSD( P N(k) S (@) o, Zlﬂ(l)CI(l)acl(S ) @™ [ G(S;"(t)

~ G( }"(t w)O(1 — w)(O™)" )]
(§7)0°0"(1) '

(3.18)
Note G(x) = x— 1 —Inx > 0 for all x > 0 and G(x) = 0 if and only if x = 1. Thus, % l3.n< 0, and
0 |5.=0if and only if S(f) = St —7) = S, S7(1) = STt — w) = ()", O@) = Ot — 7) = O and
@’”(t) O"(t — w) = (@™)". According to (3.1), we obtain lim,_,, lx(t) = I}, lim,_,,, Ri(f) = R} and
lim;, . 1]"(t) = (I]")*. By the LaSalle Invariance Principle [24], the endemic equilibrium E* of system
(3.1) is globally asymptotically stable when Ry > 1. O

4. Simulations

In this section, we present some numerical simulations to verify the correctness of our main results,
discuss the impact of the incubation periods on transmission scale and reveal the influence of network
structure on the basic reproduction number R.

Since the model (2.1) is suitable for malaria, the vector population is mainly mosquito population,
and we select the following parameter values based on the pioneers’ research. The biting rate on human
by a vector a is about 0.193 to 0.421 per day [25]. The probability of being bitten by an infected human
is equal to the probability of being bitten by an infected vector, i.e., b = ¢ = 0.5 [26]. The recovered
rate of human 7 is about 0.01 to 0.05 per day [26]. The mortality rate of vectors u is about 0.006
to 0.1588 per day [25]. According to the World Health Organization, the average life expectancy of
Africans in 2019 is 56.4 years [27]. Since most malaria outbreaks occur in Africa [28], wo choose
the mortality rate of humans d = 1/(56.4 x 365) ~ 0.000048 per day. Similar to the assumption in
Ref. [15], the total number of human population is N = 10° and the total number of vector population
is V = 7.0 x 103. The disease incubation period of humans 7 is about 10 to 100 days [26], and the
disease incubation period of vectors w is about 6 to 19 days [25]. For clarity, the parameter values are
listed in Table 2.
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Table 2. Values of parameters.

Parameter Value Reference
a 0.193-0.421 [26]
b 0.5 [26]
c 0.5 [26]
d 0.000048/day [27]
u 0.0006-0.1588/day [25]
0% 0.01-0.05/day [26]
T 10-100 days [26]
w 6-19 days [25]
N 10° [15]
1% 7.0 108 [15]

Assume that the bipartite network is a finite network. The degree of humans and degree of vectors
in the network are k = 1,2,...,nand [ = 1,2,..., h, respectively. The power-law distribution of the
human population and vector population are p(k) = C k™" and g(I) = C,I™* respectively, where a; €
[2,3),a; € [2,3), and C,, C, are both positive constants satisfying };_, C,p(k) = 27:1 Cyq(l) = 1. The
nonlinear infectivity ¢(k) and ¢(l) have the same form, and ¢(k) = ak®/ (1 + bk®), ¥ () = al°/ (1 + bl°),
in whicha = 0.5, ¢ = 0.75, b = 0.02. Denote I(¢) is the average density of the infected humans at time
t, and I"(z) is the average density of the infected vectors at time ¢,

n h
10 =" pll(n, 1"(0) =" g1,
k=1 =1

First, we perform some numerical simulations to illustrate our theoretical results. We choose the
initial values are I;(0) = 0.01,k = 1,...,100 and [/"(0) = 0.01,/ = 1,...,100. Let a vary, the other
parameters are u = 0.08, vy = 0.04, 7 = 20, w = 10 and a; = a; = 2.8. When a = 0.2, the basic
reproduction number Ry ~ 0.8370 < 1. Figure 3 shows the time evolution of (), I(t), I5o(t), Iso(t),
and Figure 4 shows the time evolution of I"(z), Iy (?), I5,(2), Ig,(r). We find that the infected humans
and vectors are both tend to zero, i.e., the infection eventually disappears, which is consistent with
Theorem 3.3. When a = 0.4, the basic reproduction number Ry ~ 3.3482 > 1. From Figure 5 and
Figure 6, the infected humans and vectors are all converge to positive constants as t — +co, which is
consistent with Theorem 3.4.

Next, we focus on the influence of the two time delays on the scale of disease spread. Let 7 and w
change separately, the other parameters are fixed as a = 0.4, u = 0.08, ¥ = 0.04 and | = a, = 2.8.
Figure 7 and Figure 8 demonstrate that as 7 increases, both /(¢) and I"'(¢) decrease. We also find that
as w increases, both I(¢) and I"(¢) decrease in Figure 9 and Figure 10. Moreover, Figure 11 shows the
influence of 7 and w to the basic reproduction number R,. It can be seen that R, decreases as 7 and w
increase, which is consistent with Remark 3.1. From these phenomena, we obtain that the larger the
two delays, the slower and less widely the spread of disease.

Last, we concentrate on the relationship between the basic reproduction number R, and the network
structure. Since the contact bipartite network has two states, it is reasonable to consider the human
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population structure and the vector population structure, respectively. We discuss the impact of the
following three cases: the heterogeneity of network, the maximum degree of node and the average
degree of node.

Case 1: The power-law distribution index can reflect the heterogeneity of the network. Let the
power-law index of humans «; and vectors a, change separately, the other parameters are a = 0.2,
u=0.08,v=00471=20,w=10k=1,...,100, and [ = 1,..., 100. Figure 12 shows R, decreases as
a; and a, increase. That is, the smaller the heterogeneity transmission between humans and vectors,
the more difficult it is to control the disease.

Case 2: Since the range of nodes degree are k = 1,2,....,.nand [l = 1,2,...,h, let n and h change
separately, and the other parameters are @y = a, = 2.5, a = 0.25, ¢ = 0.08, v = 0.04, 7 = 20 and
w = 10. Figure 13 shows R, increases as n and 4 increase, and the rate of increase of R, continues to
slow down. In other words, the larger the maximum number of contacts between humans and vectors,
the more difficult it is to control the disease, but the impact continues to decrease.

Case 3: The average degree of the node represents the average number of connections of the node in
network. We use the range of the node degree control the change of the average degree. Let the average
degree of humans (k) and vectors (/) change separately, the other parameters are the other parameters
are @y = a; = 2.5,a =0.25, u=0.08,y =0.04, 7 = 20 and w = 10. Figure 14 shows R, increases
as (k) and (/) increase. That is, the more the average number of contacts between humans and vectors,
the harder it is to control the disease.

From above three phenomena, we conclude that the network structure has a great influence on
the basic reproduction number, and the vector population structure has a greater impact on disease
transmission than the human population structure. In other words, controlling the vector population
can effectively curb the spread of vector-borne diseases.
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5. Conclusion

Due to the connection between humans and vectors in vector-borne diseases is heterogeneous [12],
in this paper, we concentrate on the impact of incubation periods of humans and vectors on diseases
transmission and propose a novel vector-borne diseases model with two time delays on bipartite net-
works.

For this delayed model, we identify the formula of the basic reproduction number R, which de-
pends on the two time delays. By constructing appropriate Lyapunov functions, we prove that when
Ry < 1, the disease-free equilibrium E° is globally asymptotically stable; when R, > 1, the endemic
equilibrium E* is globally asymptotically stable.

Based on the pioneers’ researches on real data, we present numerical simulations to verify the
correctness of our results and discuss the impact of the incubation periods. The results show the
incubation periods of humans and vectors can constrain the diseases transmission. That is, the longer
the incubation periods, the slower and less widely the spread of diseases. Moreover, we reveal the
influence of the structure of bipartite network on the basic reproduction number. It is shown the power-
law distribution index of networks is negatively correlated with the basic reproduction number, and
the maximum degree and average degree of node are positive correlated with it. We also find that
compared with the human population structure in bipartite network, the vector population structure has
a greater impact on disease transmission.

These results can help us understand the dynamics of vector-borne diseases on bipartite networks,
and the analysis of the incubation periods and the network structure could provide a reference for
taking measures to control vector-borne diseases.
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