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Abstract

A mathematical system of equations using the concept of fractional differentiation with non-local and non-singular kernel
has been analysed in this work. The developed mathematical model is designed to portray the spread of Zika virus within a
given population. We presented the equilibrium point and also the reproductive number. The model was solving analytically
using the Adams type predictor-corrector rule for Atangana-Baleanu fractional integral. The existence and uniqueness exact
solution was presented under some conditions. The numerical replications were also presented. (©2017 All rights reserved.
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1. Introduction

Recently the world has faced a great challenge with the spread of Zika virus within the continent of
South America precisely in Brazil. It is believed that, the Zika virus Zika forest in Uganda, this virus
belongs to the family of Flaviviridea and spread by daytime via a vector known as Aedes mosquitoes
[7, 12, 13]. One most note that this virus is connected to the fatal one known as dengue, yellow fever,
Japanese encephalitis and West Nile virus. The virus is known to be transmitted by the female Aades
aegypti mosquito. We must mention that this vector is active only in daytime. Some studies reveal that,
the virus could also be transmitted via sexual intercourse or via blood transfusions. In the work done
in [10] revealed that, the reproductive number of Zika virus is between 1.6 and 6.6. Fewer researchers in
the literature have done some researches related to mathematical modelling see for instance [6]. However
the study done recently have used the approach of local differentiation without any justification. It is
important to note that the local differentiation has failed to portray real world problems due to the lack of
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non-locality effect into mathematical formulation. In the real world explanation, the local differentiation
does explain the rate of change between two points not necessary the same, in this case one will ask the
question to know what is happening between the two point. The failure of this answer by the concept of
local differentiation leads some eminent researchers like Riemann and Liouville to introduce the concept
of differentiation with non-local operator [2, 5, 8, 9, 11]. The concept of differentiation with non-local
operator is also known as fractional differentiation has been recognized a very powerful mathematical
instrument able to give meaning and answer the question “what happen between the two points” as they
are able to describe or include into the mathematical formulation the history of the moving object of the
spread of a given virus. In this paper therefore we will use the concept of fractional differentiation to
analyse the spread of Zika virus.

2. Atangana-Baleanu derivatives in Caputo sense
In this section, we present the definitions of the new fractional derivative with no singular and nonlocal
kernel [1, 3, 4].

Definition 2.1. Let f € H!(a,b), b > a, a € [0,1] then, the definition of the new fractional derivative
(Atangana-Baleanu derivative in Caputo sense) is given as:

t
ABCDE (£ (1)) = meI(X)Ea [—a

(t—x)
T } dx.

Definition 2.2. Let f € H'(a,b), b > a, « € [0,1] and not necessary differentiable, then the definition
of the new fractional derivative (Atangana-Baleanu fractional derivative in Riemann-Liouville sense) is
given as:

ABRD (£ (1)) = )jjf(x)E(x {—a(tl__";} dx.

a

Definition 2.3. The fractional integral associate to the new fractional derivative with non-local kernel is

defined as: .

o | fe-yetay

a

ABIX{f(t)) =

The initial function is recovered when the fractional order turns to zero. Also when the order turns to
1 we have the classical integral.

3. Equilibrium points of system

In this section, the model based of Zika based on the classical differentiation will be extended to
the scope of fractional differentiation with non-local and non-singular kernel. The model with fractional
differentiation is including the effect of memory and also the heterogeneity of the dynamical system. The
new model is given below. In particular we will provide the analysis of equilibrium points. This will be
done using the properties of Caputo fractional type of definition.

In this paper, Zika model has been analyzed. Model is given with system as below:

0 PCDE[MS(W)] = A — (1 =) Br 'S (VI+0 M) — i S,
FEEDY M) = (1— ) B S (VI+ 0 MD) — (uH+v+nH W) 1,
(v +1u p2) HT—uy "R, (3.1)

OABCD(X [VS t
ABCDCX [VI t

=Av—(1—p) By VS I~ (uv +1v 3) VS,

(t)
(t)] =
(/)RBCD(X [HR(t)
(t)
1] =1 —w) Bv VS HI— (v +nv pua) VL
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At the model, while human population at time t is stated by "N(t) =M S(t) +" I(t) +" R(t), mosquito
population at time t is stated by "'N(t). Mosquito population is sub-classified with susceptible mosquitoes
VS(t) and infectious mosquitoes VI(t). HS(t) is individual with Zika symptoms and infectious MI(t).
HR(t) is individual recovered from Zika. Also By is the transmission rate from humans to mosquitoes,
By is the transmission rate from ZIKV from the mosquitoes to humans. Natural death parameter is
given by uy, the recruitment rate in susceptible population is given by Ay, natural death parameter of
mosquitoes is given by wy. Finally Ay is the recruitment rate in susceptible mosquito population and ny
is the mosquito death rate from insecticide. In model, p; is prevention control, y, is treatment control
and g3 is insecticide control that are bounded with Lebesque integrable. Detailed information about Zika
model can be found in [6].

Now we will consider the equilibrium points of system with Atangana-Baleanu derivative in Caputo
system. The equilibrium points are obtained by equating the right-hand sides of (3.1) to zero as below:

A= (1 =) B 'S (VI+0 M) — i MS =0,
1—p1) B S (VI+ 0 ") — (r+v+nnm) HI=0,
(y+nn m2) "T—pn "R =0,
Av—(1—p1) By VS "I— (v +nv u3) VS =0,
(1—p1) By VS "I — (v +nv ps) VI=0.

Zika system has Zy = (%,0, 0, %) and endemic equilibrium point is Z; = ("$*H1*HR*V $* VI¥)

where

Hgs _ —YBvAYV — BvAviH + ByvAnky + VIR, 4 HHE,

Bvirpy
Hpx _ BvAv — 13
Bviy
HR*::Y(BvAv-—MQ)
, " BvHvHH
S* = B—v,
Vs ur (v 4 pn) (BvAv — 1)

B (YBVAY + BvAVHH — ByvAnpy —Yiy, — k)

3.1. The reproduction number of model

To find the reproduction number of model, Okosun and Makinde found F and V by using the next-
generation operator approach [12, 13]. Here

OBHAH  BrAKH
e OO
wv

and

V:[vﬂm 0 ]
0 Ky

So the reproduction number of model is given as below:

dyw, BvAv ) 2
A " +0 A
. \/BH H < +02B AR, +4pd BvAy Pritnpy
Ro=p (FV7!) = _

2w, 1y (v + 1n)
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4. Numerical approximation

In this section, we present a numerical solution of the modified model. To achieve this, the system is
converted to the fractional Volterra type. The Adams type predictor-corrector rule for Atangana-Baleanu
fractional integral operator is therefore used to develop the numerical iterative formula.

Let we consider Zika model with new derivative to obtain more efficient result. Advantage of deriva-
tive is that has non-local and non-singular kernel.

FBEDE MS()] = A —(1— ) B 'S (VI4+ o HD) — M,

FECDE M) = (1 —w) B S (VI+ o MDD — (wn+y+Hnn ) ML
0 PCDY [MR(Y)] = (v +1n p2) M-y MR, (4.1)
FEEDE VS]] =Av — (1 =) By VS T — (uy +nv 1a) VS,

(t

0 PDE V1Y) = (1—u1) By VS MT—(nv +1v 1s) VL.
For convenience, we will take model as below:
GPDE Ms)] =F (MSHLHRYS VLY,
GECDE M) =R (MSHILHRY S, VI,
GFEEDY MR =F (MSHILHRYS,V L),
GPEDE[VS(t)] =Fs (MSHILMRY S,V t),
0ECDE VI =Fs (MSHLHRYS VLY.
Now we will consider system of Zika model with Atangana-Balenau integral as below.

(X

HS(1) = Mol + s

= F1 (MSHLHRYS VIt

B()
t
JFl MSHLHRYSY 1) (t—1)* dr,
0

Hig) = HIO(t)+}3((x)F MSHLMRYS VI

t

+ BT JFZ (MSHLHRYSY 1) (t—1)* dr,

1 _
HR(t) = HRy(t) + Tajh (MsHLHR VS,V 1Y)

Fs (MSHILHRYS V1) (t—1)% tdr,

+
o)
&
: 9
&
S

R

—Fy (MSHLHRY SV t)
(o
t
+ % JF4 MSHLHRYS Y1) (t—1)* 'dT,
0
1—
VIt) = VIo(t) + 7"‘&, (HsHLHRYVS,V 1)

Fs (MSHLHRY SV 1) (t—1)* tdr.

_|_
=
K
Slw
B
Se——
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Now we need numerical approximation scheme for Atangana-Baleanu fractional integral. For this we use
Adams type predictor-corrector rule for Atangana-Baleanu fractional integral. So we have

t
ABra _ 1—a & . ayo—14s
QPRI = o F0+ g | 06—
b
h:%r tlzhl (12011/2/31”' /N)/

where T is upper bound of the interval. Then the corrector formula of integral version of derivative is
given as below

(1—a)h*

m]: (tn+1/ fh (tni ))

fh (tng1) = fo (tng1) +

h(x
+ B()?W Z O5me1F (4, fn (1)) -

Here
netl —(n—a)(n+1)%, if =0,
Ojni1 =< M—j+2) "+ - —2m—j+1*", 1<j<n
1/ j:n+1.

Also the predictor ffl (tnt1) is given as follows:

£ (b 1) = Fo + ;SF (tn, i (tn))

sz’l n1F (4, fn (t))

j=0

+

X

h . . .
Sini = — (L+1=)*—(—))%), 0<j<n.
Using the above formula, we reformulated the system of (3.1) to the following iterative formula:

S (tni1) = "So(tni1)
(1—a)h®
B(o)T (o +2) al

n
h* «  p (Mg H[ HR Vg VI ¢
+ Zal,],nJrl 1( jr I]/ R]/ jr I]/t))/

Hsp

H IP
n+1’

H
n+1’ Rp

Vep
n+1’ S

\%
n+1’ I

P
n+1’tn+1)

B

52

Mo+2)Bla) &
Mk (tn1) = Mo(tnia)
o a2 (S L RV SRV )
+ 1“(2:2)1;2@ ; azjn1F2 (M85, 1,1 R,V S,V L ),
MRultn) = FRolten) + g (M I R Y SV IR )

M (x+2)
h* (04 Zn
Hyi Hp. Ve,V
+F o+ 2) B(TJ a31n+1F3 S)’f 7R Sy, Ij’tj)’

vsh(th) = SO(thrl)
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i m ! ( n+l/ nm+ly “n4lr In4ls n+1’tn+1)
" x vy Hq Hp Hp Vg V
+mmza4’]'n+ll:4 ( S)’ I]I R]/ S], I]/t))/
=0
VIh(tn+l) = VIO(tn+1)
(1 —a)h* H " y v v
WFS ( Sﬁ+1/ IFL+1, RE+1/ Sfurl/ IE+1/tn+1)
h* x

+77

H H H Vv Vv
r (OC+2) B(OC) aS,j,n+lF5 ( S)/ I]/ R]/ S]/ I]/t)) .

M=

)

Il
=}

Hsp

HIP
n+1’

HpP
n+1’ R

\Aq
n+1/ S

Vvip : .
it L4 are given below:

Also predictor terms

1—«
B(w)

n
x Hg Hy Hp Vg, V
+ r2 ((X,) B((X) j;)bl,]',nleFl ( S]/ I]/ R)/ S]/ I]/t]) 7

Hsp

n+1 Fl (HsnzH In/H Rn/V Sn/v In/ tn)

= So(t) +

11—«
B((X) FZ (HsnrH In/H Rn/V Snrv I'ru tn)

P =Tt +

n
o« n
H H H Vv Vv
+F2(oc)B(cx)j§b2’j’“HF2( S, L, TR, S L),

1—«
Hpp

R
B(«x)

n+1 = RO(t) +

FS (HSTL/H InzH Rn/V Snzv In, tn)

n
x He. Hy Hp. Ve, V
T (0B Zj_ObB,j,n+1F3( S;, " IR, S, L),

11—«
B(x)

VSP+1 = So(t) + F4 (HSTIIH IT‘L/l_l Rnlv Sn/v IT\./ tn)

n
o n
E H H H Vv Vv
+ r2 ((X) B((X) P b4;j;n+1F4 ( S]/ I]/ R)/ S)/ I)/t]) ’

11—«

TOC)F5 (HSnIH In/H Rnrv Snrv I‘rl/ tn)

VI =To(t) +

n

n
x He Hy Hp. Ve, V
+ 2 (o) Blo) j; bsjne1Fs (7S, LRV S, L ).

Finally
a1,jn+1,42,jn+1, A3, n+1, A44,jn+1, A5 n+1
netl —(m—a)(n+1)% ifj =0,
=< =i+ + (- —2m—j+ D, 1<j<n,
1/ ] =n-+ 1,
and

bijntt, b2in4+1,b35n1, bajnt1, bsjntt
o

h
= ((n+1-))%—m—j)%), 0<j<n
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Here, we present another numerical solution of the modified model using the numerical approximation
of the Atangana-Baleanu fractional integral using the Crank-Nicolson approach.

t
AR = G 10 + g [,
b
h:%, ty=hl (1=0,1,2,3,---,N).
S
° ABrox 1—« f(tn+1)+f(tn)
0 It [f(tn+1)] = B((x) { > }
tht
& x—1
+W l f(t)(thyer —T) dt
11—« {f(tn+1)+f(tn)}
"~ B(x) 2
Y11
n '’ f(ts f(t:
BT [ {0 -0t
)= t
11—« {f(tn+1)+f(tn)}
"~ B(x) 2
« = () ()
+B(a)r(a)§{ S
oo —(tnr1—t41) " + (tnp1 — )"
) o

The numerical scheme developed above is therefore used to provide a numerical solution to the modified
model in integral system form

Hsn+1 +H Sn

5 = S

1 — Hsn+1+HSn HIn+]+HIn
F 2 4 2 ’
T B L MR MRy VS 4VSe Vit Vin
2 2 ’ 2 7 In+1

4

1 n HSj+1+HSj HI]'+1+HIJ-
LY CoaFi | wg g s R
() B(a) B Ripit"Ry VSt VS TVl o ’
j=0 2 ’ 2 ’ 2 s Y+1

B Snrit"Sn Ml +MIn
+1 X 5 , 5 ,
B((X) 2 HRn+1+HRn Vsn+1+vsn VIn+1+VIn t
2 2 ’ 7 In+41

2

1 n HSJ‘+1+HS,' HIj+1+HIj
_ CnoF 2 1 ? ’
+ I (o) B(ox) )_Cnafa PRt Ry Y8 +VS; VLV ’
j 2 ’ 2 ’ 2 7 H+1

1—« Sn+12+HSn In+12+HIn
F ’ ’
+ B(cx) 3 HRn+1+HRn Vsn+1+vsn VIn+1+VIn t
2 7 2 7 2 7 n+1
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Hsiq+1s; 1+
Cn oF 2 4 ? g
n,al3 HRj+1+HRj ij+l+VSj VI)+1+ I) t 7
2 2 ’ 2 j+1

4

_l’_
_

B

m p—
B
L™=

VSTL+1+ S vgn
So (t)
2
17“ Sﬂ.+1Jr S Irl.+1jL In
F 2 ’ 2 ’
+ B((X) 4 HRn+l+HRn Vsn+1+vsn VIn+1+vIn .t
2 ’ 2 ’ 2 7 In+1
1 n HSJ+12+ S HI]+12+ L
+ ch ocF4 H H \% Q/ A% | ’
() B(x ’ Rjs1+"Ry VS +YS; VIja+V;
(o) B )j:O 2 ’ 2 ’ 2 Y4
VIn+l+ I _ VIn()
2 0

1 — HSn+1+Hsn HIn+1+HIn
F 2 4 2 4
+ B((X) 5 HRn+12+HRn vsn+1+vsn vIn+l+VIn’tn+1

4 2 4 2

1 n s q+1sy H+My
5 E Cn ch5 H H v2 ’v \/2
4 R'+1+ R;j S'+1 S; I; +1 I 4
r(o()B(oc)j 5 Sl g 2+ i L 2* Lt

where N o
— (tn+1 — tj+1) + (tn+1 - tj)
104

Cn,cx =

5. Existence of solutions of system with Atangana-Baleanu sense

In this section, we present a detailed analysis of the existence and uniqueness of the system solutions.
To achieve this, we consider the following general form of fractional integral equation. Let we show the
existence of solutions with linear Volterra equation.

P(t) = H{t) 44 P IML(t,7)P(T)}, 0<T<t<T, «>0. (5.1)

Here Volterra equation is given by
1 t
— o o _
AP () = sl + [ ftwte—y)* ey,
0

Also .
P(t) — [pli P2, P3, P4, PS} ’

H(t) = [hll th h3l h4/ hS]T/
L1 (t, T, P1, P2, P3, P4, P5

)
Lz (t, T, P1, P2, P3, P4, P5)
t,T,P1, P2, P3, P4, P5)
Ps5)

)

L(t,T,P(t) =] Ls
Ly (t,T,P1, P2, P3, P4, P5
Ls (t, T, 1, P2, P3, P4, P5
We will consider
IP(t)] = max pi(t)l,
and
L(t,s) = max Z ‘l” (t,s)

1<1<n
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So in the proof of theorem we can use iterative formula below.

Pn(t) = H(t) +0 8 IZ{L (t, T) Pnoa (1)},
PO(t (t)/

I
T

Theorem 5.1. Let assume that the system given in (4.1) has a unique solution P(t) in a < t < T, such that the
product of kernel L (t, T) and the function P(t) can be Atangana-Baleanu fractional integrable. Also inequalities are
satisfied as below:

H)[ <h(t), Lt s)

| <t s),
here h and 1 are continuous. If we have a continuous function such that
[P < plt),

than following is provided
p(t) =h(t) +¢° IF{L(t,7) (1),

Proof. Let apply norm on both sides of (5.1).
[P = [HE) 5% 1 {L (£, ) PeY],
PO < [IHEI+ [P L (8, ) P,
PO < IH®+6° I L8, DIHP(D)] -

So we have
IP(O)]| < h(t) +0 % IF 1L (&, D [[P()]].-

If we take absolute value of the exact solution and the function p(t), following is obtained with conditions.

p(t) — [P 8 IF (L (£, D) (p(T) — [P(D]]),

here
p(a)— [P(a)]| >0,

kernel L (t, T) is continuous and positive for all t < T then
p(t) —[[P(t)]| >0,

is satisfied. This completes the proof. O

6. Conclusion

Recently, a new concept of fractional differentiation based on a non-local operator with non-singular
and non-local kernel was introduced in order to better describe complex physical problems that follows at
the same time the power and exponential decay law. The concept has been used to model some physical
problem arising in the field of non-linear dynamic, thermal science, mechanical engineering, etc. This
concept is proven to be powerful mathematical tool to model many physical phenomena better than the
existing concept of fractional differentiation based on the power decay law. Very recently, the world wit-
ness a strange spray of a transmissible fatal disease known as Zika virus, in particular in Brazil, United
State of America and some fewer countries in Europe and Africa. Due to the fatal effect of this virus, some
athletes were frozen their reproductive cell in case they were infected during the Olympic Games Brazil
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2016. Many theoretical studies based on mathematical concepts have not been done intensively for this dy-
namical system. In this work, we have considered the model of Zika spread using the concept of fractional
differentiation with non-local and non-singular kernel to include into mathematical formulation the com-
plexity of the spread. The existence and uniqueness of a system solutions under some conditions were
established. The model was solved numerically using the well-known Adams type predictor-corrector
rule for Atangana-Baleanu fractional integral. Some numerical simulations are presented.
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