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Abstract: In this paper, a mathematical model for Streptococcus suis infection is improved by using
the fractional order derivative. The modified model also investigates the transmission between pigs
and humans. The proposed model can classify the pig population density into four classes, which
are pig susceptible class, pig infectious class, pig quarantine class, and pig recovery class. Moreover,
the human population density has been separated into three classes, these are human susceptible
class, human infectious class, and human recovery class. The spread of the infection is analyzed
by considering the contact between humans and pigs. The basic reproduction number (Ry), the
infectious indicator, is carried out using the next generation matrix. The disease-free equilibrium
is locally asymptotically stable if Ry < 1, and the endemic equilibrium is locally asymptotically
stable if Ry > 1. The theoretical analyses of the fractional order derivative model, existence and
uniqueness, have been proposed. The numerical examples were illustrated to support the proposed
stability theorems. The results show that the fractional order derivative model provides the various
possible solution trajectories with different fractional orders for the same parameters. In addition,
transmission between pigs and humans resulted in the spread of Streptococcus suis infection.

Keywords: Streptococcus suis; endemic disease model; stability analysis; Atagana-Baleanu—Caputo
fractional order derivative; numerical simulation

MSC: 34A34; 34D20; 37N25; 92-10

1. Introduction

One of the biggest problems is the zoonotic pathogen. Recently, the world has faced
SARS, influenza, Yellow fever, Avian influenza, MERS, and COVID-19 [1-3]. These diseases
affect the world’s economy. If we focus only on the swine industry, Streptococcus suis
(S. suis) is one of the major problems [4-6]. S. suis is a Gram-positive bacterium that is an
infectious agent found widely in piglets and pigs around the world [7,8]. It can be found in
the respiratory tract, genitals, and alimentary tracts of pigs [9,10]. S. suis transmits rapidly
across the farm from pig to pig via direct contact with sick pigs [5,11]. This pathogen has
an at least 20% mortality rate in pigs around the world [12]. This disease was first found in
1954 [13,14]. There are at least 35 serotypes of S. suis [15,16]. Moreover, this pathogen can
be transmitted to humans via contact with pork [4,17,18]. After that, the number of humans
who are infected by this pathogen has increased over the last two decades. Especially,
the most commonly found human cases are in Thailand, Vietnam, the Netherlands, and
China [9,19-21].

Many people die due to the disease. Mathematical models can help to prevent the
spread of the disease. They are efficient tools to predict the dynamics of the disease [22-25].
Fatmawati et al. [26] proposed a new model for dengue fever by using fractional calculus.
They also investigated the relationship between mosquitoes and humans. Huang et al. [27]
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used a price function to express the relation between price and pig stock. Then, they pro-
posed the time delay dynamical model to analyze the dynamics of African swine fever (ASF)
disease transmission. Carvalho et al. [28] proposed the mathematical modeling of a dengue
epidemic by considering the relation between vectors and humans. Kumar et al. [29] stud-
ied the time-delay Caputo fractional order model for plant disease. Peter et al. [30] proposed
the fractional order of COVID-19 in Nigeria using the Atangana—Baleanu operator. How-
ever, fewer research studies have been conducted on the mathematical models for S. suis
infection. Shen et al. [31] introduced the SIQRW model to study the dynamic of S. Suis by
using ordinary differential equations. Giang et al. [16] introduced the mathematical model
to predict the behavior of the disease, and estimated the parameters in the model with
collected data. To our knowledge, no research study has reported on a mathematical model
for S. suis using fractional calculus. Fractional calculus is a suitable tool for demonstrating
some real-world situations, because it is more generalized than integer-order differential
equation systems. In addition, the model can reduce financial losses in the swine industry
because the model can forecast disease transmission. Then, the strategies to control the
disease are obtained from the model parameters.

In this paper, we improved the mathematical model to predict the disease transmission
of S. suis between humans and pigs by using fractional calculus. Firstly, we formulated
the model in the form of the system of integer-order differential equations. We also found
the basic reproduction number by using the next-generation matrix. The symmetric and
asymmetric properties are investigated in the next-generation matrix. Then, we apply the
Atagana-Baleanu—Caputo fractional order derivative to the model. The analysis of the
proposed model is investigated. We propose the theorem to confirm that the solution of the
proposed model exists. We also present numerical examples to confirm the result from the
analysis part which are the stability conditions. This means that if the parameters satisfies
the stability condition, the solution trajectories will go to the equilibrium. In addition, the
basic reproduction number of the model, which is used to describe how fast the disease
transmission is, is also studied in this paper.

According to the argument mentioned above, to study endemic S. Suis, a mathematical
model is developed by considering the disease transmission between pigs and humans.
Basic knowledge about fractional calculus is presented in Section 2. Then, the SIQR-SIR
(Susceptible-Infectious-Quarantine-Recovery-Susceptible-Infectious-Recovery) model is
introduced in Section 3. The analysis of the mathematical model is shown in Section 4. The
fractional order model is presented in Section 5. Then, Section 6 discusses the numerical
examples of the proposed model. Finally, conclusions are presented in Section 7.

2. Fractional Calculus

In this section, the related definitions of the fractional operators that are used in this
paper are shown as follows.

Definition 1 ([32]). The Riemann—Liouville integral operator of the fractional order o for 0 < o < 1
for a function f : (0,00) — R is given by:

A0 = o -1 s, W

where T'(-) is the Gamma function.

Definition 2 ([32]). The Caputo fractional derivative for order p > 0 is defined as:

CDPF(t) = I L /(:(f — sy Pl (5)gs, )

n—p)

wheren —1 < p <n,n€Nand f € C"71[0,1].
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Definition 3 ([33]). The Atangana—Baleanu fractional derivative for a given function for order {
in the Caputo sense (ABC) is defined as:

tdf(s) . [—g(1—s)t
ABC ¢

oyt = 757 [ e | T o ©
where B({) = (1—-0) + ) is a normalization function and E,(-) is the Mittag-Leffler function.
Definition 4 ([33]). The Atangana—Baleanu fractional integral order { is defined as:

1-¢
ABCIE (1) = / 5)F~1ds, 4

where B({) = (1-{) + 1"(%) is a normalization function.

3. Formulation of the Mathematical Model

In this section, we express the model formulation of the disease transmitted in humans
and pigs. We classified the pig population into four classes, which are susceptible class (S;),
infectious class (I,), quarantine class (Qy), and recovery class (Rp). Since the transmission of
S. Suis can be transferred between pigs and humans, therefore, the susceptible human class
(Sp,), infectious class (I;), and recovery class (R},) are taken into the model. The flowchart of
the SIQR-SIR model of pigs and humans described by the system (5) is shown in Figure 1.

ds,
Zp
dj = MBSy1, — 61, —ml, —nl
dt PP P P ps
aQp
dt
% =¢€Qp —nRy, ©)
ds),
dt
T = 9Suly —aly— ly — fal

% = Baly — pRy.

The model parameter defined as B is the coefficient transmission per unit of time per
pig in the pig susceptible class contact with infectious pig class, M is the relative humidity,
m is the pig death rate induced by the disease, # is the pig natural death rate, ¢ is the rate
from infectious class to quarantine class in pigs, ¢ is the pig recovered rate, u is the human
natural death rate, 7y is the transmission rate from infected pig to human, « is the disease
death rate, and S, is the human recovered rate.

— MBSyI, — nSy,

=6l, —mQp —nQp —€Qp,
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Figure 1. The compartmental diagram for disease transmission dynamics of S. Suis infection for pigs

and humans.

4. Model Analysis

In this section, we investigate the invariant region of the solution of the model, which
is biologically meaningful because the proposed model involves the population number.
All variables and parameters in the model are assumed to be non-negative. Then, the
equilibria of the model and the basic reproduction number are obtained. Moreover, we also
study the local stability of all equilibria.

4.1. The Invariant Region
The total population of humans and pigs can be written as

N(t) =Sp+1I,+ Qp+ Ry + Sy + I + Ry,
Differentiating with respect to ¢ of the total population equation, we have

dN(t) :dﬁ+%+d&+d&+dﬂ+dj+d1{h

dt dt ' dt dt dt dt ' dt ' dt
=Np+ N, —n(Sp+Rp) — (m+n)(I, + Qp) — u(Sp + Ry) — (a + u)I,
SNp+Nh*AN

where A is a constant.
Then, we have

Np+ Ny Ny + Np\ _
< P _ At
N(t) < 1 T (N (0) 1 )e
As t — oo, the above inequality leads to

N, + Nj,
<P
N(t) < "

The feasible solution set of population in the system (5) remains in the region

N, +Nj,
Q= {(SP,IP,QP,RP,Sh,Ih,Rh) €ER]:N< ’7A}
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4.2. Equilibria

Setting all equations in the system (5) to be zeros , we obtain

N, — MBS,I, — nS, =0,

MBS, 1, — 61, — mI, — nl, =0,

0l —mQp —nQp —eQp =0,
eQp —nRy, =0, 6)

Ny — uSp —vSplpy =0,

YSulp —aly — ply — P2l = O,

Paly — pRy, = 0.

The system (5) has two types of equilibrium points, which are disease-free equilibrium
(DEFE), the point at which no disease is, and endemic equilibrium, where the infection is
constantly maintained at some level [34,35].

The disease-free equilibrium (DFE) of the system (5) can be written as

N N,
E, = <”,0,0,o,",0,0>.
n Z

The endemic equilibrium of the system (5) is

£ — (5+m+n n(Rg —1) ol eQp N,MB YSulp 521h>
2 MB ~ MB ‘min+e n uMB+ny(Ro—1) a+u+p u )

4.3. Basic Reproduction Number (Rg)

The next generation matrix method [36] is used to compute the basic reproduction
number (Rp). In addition, the local stability of the equilibrium of the system (5) can be
considered by using the basic reproduction number. By following the process as [37],

we have
MBS, I,
f= oI, |,v=

’YShIp

The corresponding asymmetry Jacobian matrix of f and v are

Oly +mly +nly,
mQp +nQp +eQp
(XIh + ]/llh + ,BZIh

MBS, 0 0 S+m+n 0 0
F = 1) 0 0|,V= 0 m+n+e 0
¥S, 0 0 « 0 U+ B2
Then, we have
1
1 o+m—+n (1) 0
Vo= 0 m+n+e 0
—u 0 1
(64+m—+n)(pu+p2) pt+p2
Therefore,
MBS
1 (S-HSl-fn 00
FV— = ‘5+7"s1+n 0 0].
(5+m’—1&-n 0 0
The eigenvalues of FV ! are
MBS,

)\1 :0,/\2 = O,/\?, = m
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We thus have the basic reproduction number, which is the spectral radius

MBS,

Ry = — 2P
O St m—+n

4.4. The Stability of Disease-Free Equilibrium

In this subsection, the disease-free equilibrium E; is shown, where E; is locally asymp-
totically stable when Ry < 1. The method is to investigate the eigenvalues of the Jacobian
matrix of the linearized system of the model (5) at the equilibrium.

Theorem 1. The disease-free equilibrium point (E) is locally asymptotically stable if Ry < 1.

Proof. The Jacobian matrix at the disease-free equilibrium (Ej) of the system (5) is

- —Mp 0o 0 0 0 0]
0 MBE_5-w 0 0 0 0 0
0 ) —w—¢ 0 0 0 0
J(E1)=| 0 0 € -n 0 0 0
N
g —’yNh?" 0 0 —u 0 0
T 0 0 0 —a—pu—p2 O
[ 0 0 0 0 0 R

The eigenvalues of the Jacobian matrix J(E;) are

M =—x—pu— P,

A= —w —¢,
A3 = A4 = —p,
As = Ag = —n,
MBN, —n(éd —w
Ay = 5’7n< ):(5+wa0—1y

We have that A; < 0 when R < 1. Therefore, the disease-free equilibrium (E;) of the
system (5) is locally asymptotically stable when Ry < 1. [
4.5. The Stability of Endemic Equilibrium

In this subsection, the endemic equilibrium E; is shown, where Ej is locally asymp-
totically stable when Ry > 1. The method is to investigate the eigenvalues of the Jacobian
matrix J(E;) of the linearized system of the model (5) at the equilibrium. The Jacobian
matrix method has been used in [38].

Theorem 2. The endemic equilibrium (Ey) is locally asymptotically stable if Ry > 1.

Proof. The endemic equilibrium

E :(§+w n(Ro—1) oI, eQp N, Mp VSnlp M%)
2 MB’' MB "wHe n  uMB+ny(Ro—1)" a+u+pB" u

is positive and epidemiologically meaningful if Ry > 1.
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The Jacobian matrix at the endemic equilibrium (E;) of the system (5) is

[—n(Rop—1)—n —6—w 0 0 0 0 07
n(Ry — 1) 0 0 0 0 0 0
0 6 —w—¢ 0 0 0 0
J(Ep) = 0 0 € —n 0 0 0
0 —-B 0 0 —u—~9C 0 0
0 B 0 0 7C —a—pu—p 0
i 0 0 0 0 0 B2 —
where
. TNj = MRo—1)
n(Ro — 1)y Mp
MB ”
The eigenvalues of the Jacobian matrix J(E,) are
)\1 = —-n,
)LZ = _F’l/
A3 =—w—g¢,
Ay = —a—upo,
5 M§B ,
1 1 5
Ae = —5nRo+ E\/nZRO — 45nRy — 4mnRy — 4n2Ro + 461 + dmn + 4n?
1 1
= —5nRo+ 5\/;121{3 — 4(6n + mn +n2)(Ry — 1),
Ay = —%nRO - %\/an% — 46nRy — 4mnRg — 4n?Rg + 46n + 4mn + 4n?
1 1
= _EnRO - E\/nZR% —4(dn 4+ mn +n?)(Ro — 1).

We have that A5 < 0 when Ry > 1.

We next consider Ag and A7 are negative if (6n + mn + n?)(Rg — 1) < 0. This means
that Ry > 1.

Therefore, the endemic equilibrium (E;) of the system (5) is locally asymptotically
stable when Rg > 1. O

5. The Fractional Order Model with the Atangana-Baleanu-Caputo Operator

The improved model by using Atangana-Baleanu—-Caputo (ABC) fractional derivative
to the proposed model (5) given by a system of ordinary differential equation can be written
as the following system.

ABEDES, (1) = Y1(t,Sp(t)) = Ny — MBSpl, —nS,

ABEDEI, (1) = Ya(t, I(t)) = MPBSpl, — 81, — ml, — nl,

ATDEQ(1) = ¥a(t,Q(H) = 81, — mQy —nQy —Qy

ABCDER, (1) = Yalt,Rp(t)) = eQp — 1R, @)
APSDES,(t) = Ws(t, Su(t )) = Ny — uSp —vSplp

ABS DAL, (t) = Yot I(t)) = ¥Splp — aly — ply

APSDER, (1) = Fr(t, Ry(t )) = Baly — Ry — 21y
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The notation ABé: D¢ is the time fractional derivative in Atangana-Baleanu with Ca-
puto sense and the parameter 0 < ¢ < 1 is the order of the ABC operator with the
initial conditions

p(O)r Ipo(t) = I,,(O), ng(t) Q (0)/ Rpo(t) = Rp(o)/

iy ®)
Sio(t) = Sp(0), Iy (t) = I;(0), Ry, (t) = Ry(0).

The system (7) can be written as the Voltera integral equation by using the ABC
integral operator as follows:

Syn(1) = $,(0) = =5 (N — MBS, (01, (1) = n5, 1))

N

N
~—

I () = 15(0) = 55 (MBS, (O1,(0) = (6 + m-+ m)1y (1) )

Q1) = Q(0) = 55 (010 = (m Q1))

Ry () — Ry(0) = 2~ & (st(t) - an(t)>
9)

TBOMQ /ot ('Vshlp — (4 p+p- Z)Ih(z)) (t— 2)i 12

To confirm the existence of the solution of modification model [39,40], we propose the
following theorems.

Theorem 3. The kernels Y1, Y2, ¥3, Y4, Vs, Yo, Y7 given by the system (7) satisfy the Lipschitz
condition and contraction if the following inequalities hold: 0 < ¢; < 1foralli =1,2,...,7.

Proof. Let the kernel ¥y(t,S(t)) = N, — MBS,I, — nSp.
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Let Sp, and S;, be two functions, then we obtain the following
[F1(t,Sp, (1)) = ¥1(t, Sp, (1)) || = [(Np — MBSy (1) Ip(t) — nSpa(t))
— (Np Mﬁspz(f)lp(f) —nSp(t)) ||
:H Mﬁlp pl SpZ)(t) n(spl(t) - SpZ(t))H
<(MB|T,(t)[| +n Hspl = Sp(t)]
S(MﬁL]‘FI’Z ||Sp1 )H
<¢ Hspl H
where 1 = MBL +n and L; = max;¢ Hlp(t)H
In the same manner, we obtain
[¥2(t, Sp1(t)) — ¥a(t, Spa(t)) || < G| (1) — La (1)),
[¥3(t, Sp1(t)) — Fa(t, Spa(t)) || < &3]|Qp1(t) — Qpa(t) ||,
H‘F4(t,5p1(t)) —‘1’4(t,5p2(t))]| <G4 HRpl R,,z(t)H, (10)
[ ¥5(t, Spr(t)) — ¥s(t, Spa(t)) || < &51Sm (t) — Spa(t) I,
[¥o(t, Sp1(t)) = Fo(t, Spa () || < GollIna (1) — Ia(t) ],
[¥7(t, Spr (1)) = ¥7(t, Spa (1)) || < &7l Rpa () — Ria (1)1,
where
Cz :M,BLz— (5+m+n),
63 =m-+n+J,
Ga=m,
85 = p+Ls,
Ge=a+pu+po,
7=
with Ly = maxe; ||Sp(#) ||, L3 = maxej || I,(1)|-
Considering the kernels of the model, we can write the Equation (9) as
1-¢ 4 t z z —2)t iz
,(1) = 5,00+ 5+ (1050 + 5 [ (DEsE) ) e-2i e
1-¢ 4 ! -
L) = 10+ 5 (F00)) + gz [ () )62 s,
ﬂ 747 t z z —2)t 14z
Q1) = Q)+ s (Ha( Q) ) + by [ (a2 Qp(a) )t -2 e
1-7 4
Ry(t) = R,(0) + 30 ‘Y4(t,Rp(t))) + e BOT) / ( 4(z,Ry(z )))(t z)5ldz, (11)
1-¢ 4 z, z)5 1z,
Su(t) = $i(0)+ 55 <‘Y5(t,5h(t))) + 57 <‘{’5 Sz > (t— 2)i1d
1-¢ _& (1
) = 1)+ g5 (Yelt 1) ) + gzregy [ (Yolor e )¢ =27 1
Rult) = Ra(0)+ oo (B0 Ru0) ) + gzt [ (Bl R ) (- 2)F

L)
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Therefore, we obtain the following recursive formula.

S (6)= 50+ 5y (N16:50)) + 5yr f (B8 021
b (1) = 50)+ s (Yl ) + iy | (oo @) (1= 27 e,
Q1) = Qy(0) + oz (a1, Qs ) ) + iy o (¥ale Qa2 ) 0207
Fn(t) =Rpl0)+ 1B_)€ Talt R”““”) - B(g)z;r(g) /Ot (‘ﬂ(zr Rp, (Z))) (t—2)¢ (12)
() = 100) + s (01 0)) + gy (Yoo ) (2
R, (£) = Ru(0) + Z(}f (‘F7<t, Rh“(t))) + B@fm | t (‘P7(z, Ry, | (z))) (t—2)Fdz.
We then obtain the difference between the iterative terms in the expression
Y1, =850 = 85,1 (1) = G (F1(6:5,4(0) —a(85,,2(0))
+ B(g)gr(g) /ot (‘Pl(ésm_l (1) = Y1(¢, Sp“(é))> (t— )¢ ldg,
Yo, =1, (t) — I, ,(t) = 13(_5 (‘I’z(t, I, () = ¥a(t, Ipn_z(t)))
" B(g)gr(g) /Ot Y2(8,Sp, 1 (1) = Fa(S, Ipnz(é))> (t= )¢ e,
s, =00 () = Qs (8) = s (Y306, Qs () Y306, Q2 01 )

-6

' B<C)CT(C) /ot 3(8, Qp, 1 (1) = ¥3(S, Qp“(r’:») (t— )¢ ldg,
1-¢

Ya, =Rp, (t) = Rp,_, (t) = lg(g)(‘Y4(tr1zpn1(t)) —“Y4(tr13pnz(t)))

(13)
¥4(2, Ry, (1) — ¥a(&, Rp“(@))) (t— &g,

Y5, =53,(1) = 51,1, (1) = b (%(t, S, (£) — ¥s(t, sh“a)))

¥5(2, 5, () — ¥s(&, sh“(@))) (t— &)z,

+
o]
—
o
|
—
N
S—
h
N

Yo, =l (1)~ By, (1) = (%(t, I, () — ¥a(t, Ih“u)))

B0
W52, Ry, (1) —¥r(E, Rhn2<a>>) (t— &)z,

(
Yo, =R, (1) = Riy 1) = s (Y200, R (0) = (o, R, (1))
(
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where . ; ; ;
Spn = Z Ylm’IPn = 2 Yzm’ QPn = Z Y3m’RPn = 2 Y4m’
m=1 m=1 m=1 m=1

n n n
sh” = E Y5ml Ihn = Z Y6m’Rhn = E Y7m
m=1 m=1

m=1
Applying the norm of both sides and considering the triangular inequality, Equation (13)
becomes

Y1, ()] =|Sp. (t) = Spn-1(t) ||
<§3(€)€H‘P1(t/ Spn-1(t)) = ¥1(t, Spn—2 (1)) ||

4 t )
S| P S (1) = 1 S0} = )
Yo, (O] =] u (8) = Lons (1)

SlB(_é,)g ||"P2(t/ Ipn71<t)) — ‘Pz(t, Ipn—2<t)) ||

7

+ B(O@F@ / 28 Lo 1(2)) — Fal8 T2 ()} (— )1,
¥, ()] =[|Qp, () = Qpu1(8)|
ng(gfutfg(t, Q1 (1)) = ¥3(t, Quua(1))]|

4 t )
- B()T(7) /0 {¥3(8, Qpu-1(8)) — ¥3(&, Quu—2(@)}(t — &)1,
Y4, ()] =[|Rp, (£) = Rpn—1(1)]|

1-¢
Sm”‘lﬁ(t/ anfl (t)) —‘I’4(t, an—z(f))H (14)

C |/ )
+ B | o (FE R (0) = FaE B2 (@)} -
15, (£)]| =||Sn, () — Shn—l(t)H

s;(‘gfn%(t, St (1)) — F5(t, Spra(6))|

4 ¢ .
i B(C)T(C)H/o {958, Sin-1(8)) — ¥5(& Sin—2(@)} (t — )T
Y6, ()| =|Th, (£) = Tin—1 (£)|

g;(_g)gﬂ‘l’é(t, D1 () = ¥o(t, Ty (£)) |

7

7

¢ t )
TBOMQ) 6@ -1(8)) = Yo(E h-2(@)} (0 = O
1Y7, ()]| =||Ra, (£) = Run—1(t)||

ng(—gfnw, Rin—1(8) = ¥7(t, Ryn—2 (1)) |

+ ]3(5)%@“/;{‘1’7(@ Riyp_1(8)) — ¥7(E, Ryp_n (&) }(t — &)1
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Since the kernels satisfy the Lipschitz condition, we obtain the following equations.

1—

o~

N, 01 < s al v, 0+ g [ @
Y, 01 < S el ¥a, O]+ g f o @
¥, 01 < G5 ¥au, O]+ gz [ o @
e, 01 < S ¥ao, O]+ gzt [ o
¥, 01 < 5528 ¥s0y O]+ gzirgsés i [ @
e, 01 < 526 Yoy O]+ gzirzyée f; [Noun @
I, 01 < G5 ¥eu, O+ gz f @

This completes the proof of the theorem. [J

(t— )t g,
(t— )t g,
(t— )t g,
(t— )t g,
(t— )t g,
(t— )t g,
(t—¢)°1de.

(15)

Theorem 4. The system (7) has a solution under the conditions that we can find tmax satisfying

m<lg+

tax
B(() F(C)) <t

forj=1,2,...,7.

Proof. Suppose that the functions S,(t), I (t), Qp(t), Ry(t), Sy(t), In(t), Ry, () are bounded.

From Equation (15), we obtain the following inequalities.

fe)
)]
b))

B
|

o 0 < 501 2 (1-¢+

1Yo, (8)] < | 1,(0)] [Bfg) (1 —g+

I, ()] < [[Qp(0)]

s, ()] < [[Rp(0)]]

g
15, ()] < [15,(0)] [55(1 o

Y, (D] < [1,00)] [56) (1 it

1¥7,(8)] < IRu(0)] [57(1 _

(16)

Thus, the functions Y1, (t), Y2, (t), Y3, (t), Ya, (t), Y5, (t), Ye, (t), and Y7, (t), which are
given in (16), exist and are smooth. In addition, to show that (16) is the solution of the

system (7), we assume that
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(0)
(0)
(0)
— Ry(0) = Ry, — Py, (1), (17)
(0)
(0)
(0)

where @ (t), Py, (1), P3,(t), Pa, (t), D5, (£), Pg, (t), and Py, (t) are the remainder terms of
the series solution.

Then, we must show that these terms approach to zero at 1nf1n1ty, thatis, || P H —
0, ||@a(e0) (1) = O, [ @3 (8)]| = 0, (0] = 0||@se) )] = 0, tH—>O
and ‘ q>7 () (B)]| = 0. Thus, we consider
|, (1)) < guwl (t,5()) = ¥1(4,5,., )]

* m / (£ = )¢ [ ¥1 (L, Sp(t)) = ¥a(t, Sp,, (1)) [|dy

gl 17€+ gmux HS _S “
—B(g P Pa-11]*

Continuing in this way, we obtain

g i’é n+1
@1, (B)[| < B&Y [B(g)( -+ "gg)] (18)

where B = ||S,(t) — S, , (t)||. After we take the limit of both sides, 1 tends to infinity, and
we have

Hq>j(oo)(t)H 50, j=12...,7
O

6. Numerical Examples and Discussion
6.1. Approximation Technique

Consider the Atagana-Baleanu—-Caputo fractional order model (7), along with initial
conditions (8). The terms S, I, and Sy, I, in the proposed model are nonlinear. Applying the
Laplace transform on both sides of the system (7), we obtain,

B(g) s°L{S,(t)} —s¢71S,(0)

= L{N, — MBSpI, — 1Sy},

1-7 sC+ &
25, LR =0 gy~
(é’iw SgE{Qpi?:;ilQp(O) = {61, — mQy — nQp —£Q,},
(7)@ séc{Rp(stg)}+ _fsz_lRp(O) _ £{eQ, - 1Ry}, (19)
(2 séc{shi?}+ —élsh(o) = L{N, — 1Sy — 7SIy},
% s LIy (S’;):EZ_”” © _ £{aSuL, — aly — i),

B(Z) s*L{Ry(t)} —s¢~1R; (0)
1-¢ F

= L{B2Iy — uRy, — BaIn}-
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Rearranging, we obtain:

ﬁ{sp(t)} =

L{Ry(t)} =

_ 1(0) 5 (1-0)+¢

Ly L~ Mesyl ;)

%) 00 L 141, o, - n - 101,

e R .
_ Su(0) s*(1-¢) +¢ L{Ny — 1Sy — Spl,},

LLySpl, — aly — puly},

s¢(B(g))
Ru(0) s*(1-0)+¢
hS s 0 L{B2I; — uRy, — BaI,}.

Further, the inverse Laplace transform on (20) yields

Sp(t) = 5,(0) + L7 ng

In(

0)+ L1

0)4 L1

1-0)+¢
SG(B(g)) )L{Np — MBSpl, —nSp} ]

[( ) )E{Mﬁsplp O, —ml, —nly} ],
o3
("o

+£1[ st (1

|
|

)* )L{&I,,menstQv}}'
<5 )Yg)ﬁ{eQ””R”}}’ -
G )

é
(St ))ﬂ £{rSuly — b= 1} |,

Ry (£) = Ry(0) + £~ 1[(W>£{ﬁﬂh—m—ﬁﬂh}}

The nonlinearity property of S,I, = Y. Hj, whereas Hj, is further decomposed as
n=0

n n n—1 n—1
Hy = ZSP;‘ 2 IPj - 2 SPj Z IPj'
=0 =0 =0 =0

Applying the initial conditions, the recursive formula are given by
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Sppea(t) = 5p,(0) KS )ﬁ{Np — MBS,I, — nS,} ]
I, () =T, (0) ng ) L{MBS, I, — 51, — mI, — nl,} ]
Qs = 0y, @+ £ [(H ) o1, — m, —n0y — 0y |
Ry, ,(t) =R, (0)+ L KS )J)rg)ﬁ{sQ,, — 1Ry} } (22)

Shn-1(t) = Sp,(0) + L7 1[(5 )_)F€>£{Nh_l/‘sh_')’5hlp}}r
Inpa(t) = Iy, (0) + L7 1[<Sg

)+ C) L{YSply — aly — ply} ]/
Ry 1 () = Ry (0) + £~ 1[( i

)
;g)ﬁ{ﬁzlh — URy — BaIp} }

where
Spo(t) = Sp(0), Ipy(t) = 1p(0), Qpy(t) = Qp(0), Rp,(t) = Rp(0), Sy, (t) = Su(0),
Iny () = 1,(0), Rpy(t) = Ry (0).

The approximate solution is assumed to obtain as a limit when n tends to infinity.
Sp(t) = nh_ffgo Spn(t)f Ip(t) = nh_{folo Ipn(t)r Qp(t) = nh_ISO Qpn(t)r Rp(t) = nlg{}o an(t)/
4(£) = Jim S,(6), 15(t) = lim 1, (1), Ry(8) = lim R, (8).

6.2. Numerical Examples

The numerical examples of the Atagana—Baleanu-Caputo fractional derivative system (7)
are computed for demonstration of the disease transmission with the given initial values

S,(0) = 100, I,(0) = 5,Q,(0) = 5,R,(0) = 0, 5,(0) = 100, I,,(0) = 5, R,,(0) = 0.

The parameter values of the numerical results of the integer-order model (9) are
defined as N, = 0.175, N}, = 10, M = 0.9,m = 0.001,n = 0.001,6 = 0.5, = 0.7,& = 0.1,
u = 01,7 =0.02, 8 =0.02, and B2 = 0.03, which gives Ry < 1. The trajectories of the
solution approaches to disease-free equilibrium (E; ), as shown in Figure 2.

n
o

-
o
<]

— S
—1I, © 90 _g 7l
af

., and Ry,

I}
3
LS
I

80~

701
60 -
60 50 -
40
30
201

10y

40 1
¥
0 . . . .

7 \g\
o ‘ ‘ ‘
0 5 10 15 20 25 30

@) (b)

Figure 2. The trajectories of the solution of the model SIQR-SIR approaching to E; when Ry < 1 for
(a) pig population (b) human population.

The pig population densities of S, I,,, @,, and Ry

The human population densities of S},

The numerical simulation in Figure 2 shows that there are only pig susceptible, pig
infected, human susceptible, and human infected populations at the beginning. After
that, the disease spreads from the infected population to the susceptible population. The
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densities of pig- and human infected increase. Then, the densities of human infected and
pig infected decrease to a lower value. The density of the pig quarantine class increases
after the density of pig infected class increases, and then it decreases after the density of
pig infected decreases. This means that the pig quarantine reduces the transmission of the
disease. In the long run, the numerical results approached to the equilibrium point in the
analysis part.

The parameter values of the numerical results of the ABC fractional order model (7)
with various orders are defined as Np = 0.175,N, = 10,M = 0.9, m = 0.001,n = 0.001,
6=05¢e¢=07a=01u=01y=0.02,8 =0.02, and By = 0.03, which give Ry < 1.
The trajectories of the solution approaches to disease-free equilibrium (E; ), as shown in
Figure 3.

Figure 3 shows the solutions of the fractional order model with the ABC operator.
The various values of the fractional order ¢ = 0.6,0.7,0.8, and 0.9 were investigated. The
results indicated that the fractional order provided different trajectories. This is the major
benefit of the fractional order model. From a mathematical point of view, we can change
the order of fractional order to find the best fit of the curve. In the long run, the numerical
results show that higher fractional order provides the lower densities of all classes except
human recovered classes. Then, the solution trajectories of all fractional orders leads to the
disease-free equilibrium.

The parameter values of the numerical results of the integer-order model (9) are
defined as N, = 9,N, =5 M = 03,m = 03,n = 0.1,6 = 0.6,¢ = 0.3,a = 0.1, » = 0.01,
v = 01,8 = 0.03, and B2 = 0.1, which give Rg > 1. The trajectories of the solution
approaches to endemic equilibrium (E;), as shown in Figure 4.

The parameter values of the numerical results of the ABC fractional order model (7)
with various orders are defined as N, = 9,N, = 5,M = 0.3,m = 0.3,n = 0.1,6 = 0.6,
e =03a =01y =001,y =01, = 0.03, and B, = 0.1, which give Ryg < 1. The
trajectories of the solution approaches to disease-free equilibrium (Ejy), as shown in Figure 5.
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Figure 3. Cont.
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Figure 3. The solution trajectories of the system (7) when Ry < 1 for (a) pig susceptible class,
(b) pig infectious class, (c¢) pig quarantine class, (d) pig removable class, (e) human susceptible
class, (f) human infectious class, and (g) human removable class with various time fractional orders

{=206,0.7 0.8, and 0.9.
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Figure 4. The trajectories of the solution of the model SIQR-SIR approaching to E; when Ry > 1 for

(a) pig population (b) human population.
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Figure 5. The solution trajectories of the system (7) when Ry > 1 for (a) pig susceptible class,

(b) pig infectious class, (¢) pig quarantine class, (d) pig removable class, (e) human susceptible

class, (f) human infectious class, and (g) human removable class with various time fractional orders

£ =0.6,0.7,0.8, and 0.9.
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According to the numerical result in Figure 4, the solution trajectories lead to the
endemic equilibrium when Ry > 1. The endemic equilibrium is the state where the disease
still transmits with constant densities in each class. Figure 5 shows that the solution
trajectories of all classes have different values with different fractional-orders. Higher
fractional orders provide lower densities for pig susceptible, pig infected, pig quarantine,
and human susceptible. Otherwise, the higher fractional order provides higher densities
for the pig removable, human infected, and human removable classes.

7. Conclusions

The dynamics of disease transmission for Streptococcus suis by considering the relation
between humans and pigs is investigated. We have proposed the fractional order mathe-
matical model based on the Atangana-Baleanu—Caputo fractional derivative. The proposed
model is improved from the SIQR model, which can be expressed in the system of ordinary
differential equations. The model is composed with seven compartments, these are the
pig susceptible (S,), infectious (I,), quarantine (Q,), and recovery (R,) populations, and
the human susceptible (Sy,), infectious (I;), and recovery (Rj,) populations. The proposed
model has investigated the contact between pigs and humans. Many properties of the
model have been investigated: the invariant region, equilibria, stability analysis, and the
existence and uniqueness of the solution. The basic reproduction number (Ry) of the model
is also presented to explain the behavior of the disease. The conditions of equilibrium points
are obtained. The disease-free equilibrium point is locally asymptotically stable if Ry < 1.
The endemic equilibrium is locally asymptotically stable if Ry > 1. The numerical examples
confirm the results from the proposed theorems, which lead the solution trajectories to the
equilibria. Moreover, the fractional order derivative provides different solutions with the
same parameters. Using the concept of the fractional order derivative, we can extend the
mathematical models that are represented in the ordinary differential equation in this way.
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