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Scale insects are parasitic insects that attack many indoor and outdoor plants, including
cacti and succulents. These insects are among the frequent causes of diseases in cacti: for
the reason that they are tough, multiply in record time and could be destructive to these
plants, although they are considered resistant. Mealybugs feed on the sap of plants, drying
them out and discoloring them. In this research, we propose and investigate a fractional
model for the transmission of the Cochineal. In the first place, we prove the positivity
and boundedness of solutions in order to ensure the well-posedness of the proposed model.
The local stability of the disease-free equilibrium and the chronic infection equilibrium
is established. Numerical simulations are presented in order to validate our theoretical
results.

Keywords: fractional differential equations; cochineal; Caputo fractional derivative;
SIRC epidemic model; local stability; numerical simulations.
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1. Introduction

Scale insects are parasitic insects that attack many indoor and outdoor plants, including cacti and
succulents. These beasts are among the frequent causes of disease in cacti: they are tough, multiply
in record time and can therefore be destructive on these plants, which are nevertheless considered
resistant. Mealybugs feed on the sap of plants, drying them out and discolouring them [1]!

The cochineal is a parasitic insect that does not exceed half a centimeter in length. It has a kind of
rostrum to suck the sap of the plants it colonizes. The female scale insect lays thousands of eggs which
appear as fluffy, whitish heaps. These white clusters are often encountered, signs of the presence of
the mealybug. Other mealybug eggs take the form of round spots of shiny wax [2].

This pest can be seen on the stems or on the leaves (along the veins or on the underside). We can
identify the insects themselves, or spot the infestation by observing cottony, mealy or waxy clumps
attached to the organs of the plant. The leaves can also become covered with a sticky honeydew, on
which sooty mold (soot-like black deposit) develops. Affected twigs weaken from lack of sap. While
mealybugs rarely kill their host, they can still cause significant damage.

Mathematically, it has been observed in mathematical modeling that fractional order models can
provide a better fit between measured and simulated data than classical integer order models [3-9].
A first attempt at a fractional model to simulate the Dengue epidemic was reported by Pooseh et
al who suggested replacing the first derivative (of integer order) with a fractional derivative in the
Riemman-Liouville sense of order a € [0,1]. In his work Diethelm (2012) [10] criticizes Pooseh’s
approach, explaining, on the one hand, that the choice of fractional derivatives in the R-L sense has
the disadvantage that the derivative of order a of a constant is not zero and on the other side, that the
differential equations of R-L cannot be combined with the classical initial conditions of the considered
form. Then, Diethelm found that a simple dimensional analysis of the model proposed by Poosehet
shows that the left-hand sides of the system equations have the dimension (temps)~ so that, the right
sides have the dimension (temps)~!. To remedy these inconveniences, Diethelm proposes a fractional
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model to simulate the epidemic of Dengue fever, he considers the fractional derivatives in the sense of
Caputo and adjusted the dimensions [11].

The aim of this work is to propose a representative mathematical model to simulate the mealybug
epidemic by taking into account the memory of the phenomenon by the fractional derivatives in the
sense of Caputo.

2. Preliminaries
In this section we recall some fundamental concepts of fractional differential calculus where the deriva-
tive is in the Caputo sense.

Definition 1. The Caputo fractional derivative of order o > 0 for a function f € C™(RT;R) is
defined as

1 L)
Def(t) = d
1) I'(n—«) /0 (t — s)o—ntl %
where n is a positive integer such that o € (n — 1,n). Also, the corresponding fractional integral of
order o with Re(a)) > 0 is given by

a 1 ! o
Ty ) = e [ =97 (0) s
where I'(+) is the Gamma function [12].

Lemma 1. Let f,g: [a,b] — R be such that D*f(t) and D%g(t) exist almost everywhere and let
ai,az € R. Then D® (a1 f(t) + azg(t)) exists almost everywhere, and

D (a1 f(t) + az2g(t)) = a1 D* f(t) + a2 Dg(2).
Further the Caputo fractional derivative for a constant function is zero [13].
Lemma 2. Suppose that f € C[a,b] and D*f € Cla,b] with 0 < o < 1. Then there exists {(z) €
[a, z], such that
1 o e
fl@) = fla) + —Df(E)(z —a)®.
Based on the previous Lemma we have the following result [14].

Corollary 1. Suppose that f € C([a,b]) and D*f € C([a,b]). If D*f(t) > 0, (resp: D*f(t) < 0)
Vt € (a,b), then f is non-decreasing (resp: non-increasing) in [a, b].

Definition 2. The constant point x* is a steady state of the fractional model

D%x(t) = f(t, (1)),
if and only if f(t,z*) =0 for all t > 0.

Lemma 3. Let « € (0,1) and consider a continuous function x: [ty,00) — R satisfying the following
condition

D%(t) + px(t) <v, t>to, pveER, p#0.
Then we have the inequality

2(t) < (33(750) - ;) Ea(-n(t —10)") + &

for all t > tg, where E,, is the Mittag—Leffler function of one parameter defined by
0 k
-3 o
— Iak+1)
We can now state the following existence result for fractional differential equations [15].

Eq(t)
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Theorem 1. Let « € (0,1], Q C R™ a domain and f: [tg,00) X Q — R™ be a function satisfying the
Lipschitz condition on x and consider the following fractional order equation
D(t) = f(t,x(t)), t> to,

with the initial condition x(ty) = x¢ € Q. Then the above system has a unique maximal solution [16].
Lemma 4. Let7T >0, a € (0,1], A, B two (n x n) square matrices and ¢ € C (|—,0];R"™). Consider
the linear fractional delayed differential system with the Caputo derivative

D (t) = Az(t) + Bx(t — 1), t>0,

_ _ (1)

z(t) = p(t),t € [-7,0].
We define the characteristic equation of system 1 by

A(s) = det (s*I, — A— Be™*") = 0.
If all the roots of the characteristic equation A(s) = 0 have negative real parts, then the zero solution
of system 1 is locally asymptotically stable [17].

Lemma 5. (1) If all the eigenvalues X of the matrix M = A + B satisfy |arg(\)| > aF and the
characteristic equation A(s) = 0 has a no purely imaginary roots for T > 0 then the zero solution of
system (1) is locally asymptotically stable. (2) Suppose 7 = 0. If all the eigenvalues A\ of M satisfy
|arg(A)| > aF, then the zero solution of 1 is locally asymptotically stable [14].

Lemma 6. Let 2* € Q C R™ be an equilibrium point of the system
D%(t) = f(t,z(t)), t=to,
and let V (t,x): [tg,00) X  — R be a continuously differentiable function such that
Wi(x) < V(t,z) < Wa(z), DV (t,z) < —-Ws(x),

fort >ty and z € Q, where W;(zx), i = 1,2,3 are continuous and positively defined functions on 2.
Then x* is uniformly asymptotically stable [18].

3. Formulation of the mathematical model

The spatial spread of mealybug-infected cacti can be modeled initially using a four-compartment SIR-C

system.

— The compartment S: The number of cacti belonging to the area that are not diseased but likely
to become diseased.

— The compartment I: The number of cacti infected by the mealy bug.

— The compartment R: The number of cacti that once had the disease and are now immune to the

mealy bug.
— The compartment C: The growth rate of the mealy bug.

%Tf =A—~9SC+nR — psS,

o1 =7SC — 01 — A,

0>t

R Rol (2)

gag ML

o*C C
— 1— =) —

| 5o e ( K) pC,

with the following non-negative initial conditions

5(0) =0, 1(0)>0, R(0)=0, C(0)=>0,
where -y is rate of mushroom encounters with palms, 3 is fungal mortality rate, A is death rate of palms
due to infection, 6 is palm healing rate, 7 is rate of healed palms that become susceptible due to loss

of immunity, A is recruitment rate (birth rate), p is natural mortality rate, us is natural mortality rate
of cacti.

Mathematical Modeling and Computing, Vol. 10, No. 2, pp.379-386 (2023)



382 El Baz O., Ait Ichou M., Laarabi H., Rachik M.

4. Existence of solution

The model (2) is described by the first order nonlinear differential equations system. It can be rewritten
in the following matrix form:
DX (t) = F(X),
where
S(t
I(t
xo=| o |-
C(t)
and F is the function of class C* on R* with values in R* defined by
Fi(X)=A—~SC+nR — usS
Fy(X)=~SC - 01 —\I

- —

F(X) = F3(X) = —nR+0I
Fy(X) = uC <1 — %) - BC

We study the existence of the solution of the system 2 in the region [0,7], where:
max(|S|,|1],|R[,|C]) £ M and T < +oo. We note X = (S,I,R,C). For all X, X € RY, it fol-
lows that

IF(X) — F(X)|| = |Fi(X) — Fi(X)| + |F2(X) — Fa(X)| + | F3(X) = F3(X)| + | Fu(X) — Fuy(X)]
= |—7SC + 1R — psS +v5C — nR + psS|
+ |[7SC — 01 — X —4SC + 601 + X| + | —nR+ 01 + nR — 01|

+'uc<1—%> —5C—MC‘<1—%> —ﬁé'

= [n(R = R) = (S = §) = 4(SC = SO)| + [(SC = §C) = (0 + N (I - T)|
+ 101 = I) = (B = B)| +|u(C = C)| = =(C* = C?) = B(C = O)

< 2u|R — R| + ps|S — S|+ 2v|SC — SC| + (20 + \)|I — I|
+(n+B)IC = Cl+ £|0? - ¢

<2u|R — R+ (s +2yM)|S — S| + (20 + \)| — 1|

2uM _
+<27M+u+6+—‘;{ >|C—C|
where
2uM
L = max { (us +27M), (20 +A), 20, { 29M +p+ B+ —— | | -

Thus, F(X) satisfies the Lipschitz condition with respect to X, it follows from the theorem that for
each Xo = (S0, Io, Ro,Co) € RY, there is a unique solution X (t) € R% of the system (2) with the
initial condition Xy, which is defined for any ¢ > 0.

5. Stability of equilibrium points

The remaining equilibria of system (2) satisfy the following algebraic equations

A—~SC+nR—pusS =0, (3)
~SC — 01 — X\ =0, (4)
—-nR+ 01 =0, (5)
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uC<1—%>—ﬁC:O, (6)
From (6)
C’<u<1—%>—5>:0:>020 or C:K—BTK.

For C=0: (3) > A+nR—pS=0= S =2 (4)=1=0, (5):>R:0,thenE0:(ﬁ,o,o,o).
For C =C*=K — %: From (3) we have vSC = A+ nR — psS. We replace in (4) A +nR —
wsS — 601 — X\ = 0, WherewehavenR—leo,A—,usS—)\I:0:>S:%. From (4) on a
¥SC — 01 — \I = 0, then,
AK (p — B)

I* = .
MKp — BE) + 2 pps

From (5), R = %I, then,
OAK (n — )
(K p = BK) + 152 pgp

INCESI

= AEn—BE) + (01 Nns

,  thus, S*=

therefore,

E* = (S*,I*, R*,C™).
Local stability. Here we study local stability of both free Ey and endemic steady states E*.
Theorem 2. If u < 3, then Ey is locally asymptotically stable.

Proof. The Jacobian matrix for the system (2) evaluated at Ej is
—Hs 0 n 0
0 —-6—-X 0 0
0 0 -n 0
0 0 0 pu—2p
One of the eigenvalues of J(Ey) is r1 = —us < 0. We put dy = 0 + X and do = p — . Then, we
consider the following matrix

JE, =

—Hs —T 0 n 0
. 0 —d1 -Tr 0 0
= 0 0 —-n—r 0
0 0 0 do —r
Hence, the eigenvalues of Jg, are § = —pus, & = da, §&3 = —dj and { = —n. Clearly, & satisfies
condition (2) if u < S, since &1, &3 and &, are negative, proving the desired result. ]

Theorem 3. If u > 8, then E* is locally asymptotically stable.

Proof. Let Jg+ be the Jacobian matrix of the system (2) evaluated at Ej,

—~vC* — g 0 n 0
N C* -\ 0 0
I = 0 0 - 0
2p
0 0 0 pu—-—2C*—
k=7 B

One of the eigenvalues of J(E*) is 11 = —yC* — us < 0. We put dy = vC* + ps, do = 0 + X and
ds=pu—p0— %“C*. Then, we consider the following matrix

—di—r 0 n 0

_ ~C* —dy — 7 0 0

Py = 0 0 —n—r 0
0 0 0 dg —r
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The characteristic equation of P, can be written as

r + h3’f’3 + hg’f’2 + hir 4+ hg =0,
where
hy = —ds +n+d; +dy > 0,

hy = —d3(n + di + da) + n(dy + d2) + did2 > 0,
hi = nYAC™ + nusdy — d3 (2d1dy + (n+ 1)dy + ndz) > 0
ho = —ds (’I’}/\C* + ’I’}/LsdQ) > 0.

Ifds < 0= pu > B, we have
hg >0, ho>0, hy >0, hg>0,

hohs > h1, hy (hahs — hy) > hoh?.
Then by the FR-H all the eigenvalues of the P» matrix have negative real parts [19,20].
Then from Theorem 3, E* is locally asymptotically stable. ]
6. Numerical simulations

In this section, we validate our theoretical results by numerical simulations. Let At be the size of the
time step such as ¢, = nAt for n € N. The fractional derivative of Caputo can be approximated by

@ 1 - @ \
“DFX (ty) = T Z G X (tn—j) — Xn, (7)
=0

where X = ’Ifg(l))_ti; and C;‘ is the fractional binomial coefficient with the recursive formula

e’ 1—|—Oé o
Cj = <1_ )Cj 1 and CO =1

For simplicity, we note the approximations of (S,I,R,C) solution of the system (2) at the discretized
point t, by (S™,I", R™,C™). By applylng , we find

n+1 agn+l—
NT (5 +Z<s E

1 <In+1 +Z<aln+1 ]) _In-‘,-l _ ,ysncn or" — )\In’

=A—~S5"C" —nR"™ — pusS™,

Ate
At <Rn+l + ZgaRn—i-l ]) _ _an + 9[”,
A (Cm—i—l + Zgacn—i-l ]) _ Cn—i—l — ,uC’ <1 _ %) _ 5071
7=0
Thus,
S = AtY(S"T 4+ A —4S"C™ — pR” — S Z s,

L= AT 4 4SO — QI — M) — Z ¢ortty,

n—1 __ o/ pn+l n n apnt+l—yg
RN = At*(R™ —nR" 4 61") = > (R,
7=0

Ol — A <Cm+1 + /LC” (1 _ %) _ ch> _ Zgjqcn—l—l—j‘
=0

For the numerical illustrations, we choose in all the section v = 0.01, n = 1072, § = 0.00002, \ =
0.00001, £ = 0.2, 8 = 0.09, p© = 0.00001, ps = 0.09, and A = 10. The initial conditions used are:
S(0) = 1000, I(0) =8, R(0) =2, and C(0) =0.2.
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Fig. 1. Variations of the population number for dif- Fig. 2. Variations of the population for different val-
ferent values of a. ues of a.

In this case, Rg = 9 > 1. According to Theorem 2, the infection-free equilibrium FEj is locally
asymptotically stable. Figure 1 confirms this result. In the case of Rg < 1, we chose p = 0.00001,
3 = 0.09 and leave the other values unchanged. By a simple calculation, we have Rg = 1.11-107% < 1,
and the system has a unique equilibrium point of free infection Eq(1.1111-102,0,0,0), which is locally
asymptotically stable, meaning that the mealy bug will disappear and the cactus will be completely
cured. Figure 2 illustrates this result.

7. Conclusion

In this paper, we have studied a model that writes the growth dynamics of the mealy bug. We have
shown that the global dynamics of the model is entirely determined by a threshold parameter which
is the basic reproduction number R,. We proved that the equilibrium without infection FE, is locally
asymptotically stable when R, < 1, which means that the growth rate of the mealybug decreases and
thus leads to the eradication of the mealybug. Whereas, when R, > 1, the growth rate of cochineal
increases. From the above analytical results, we deduce that the order « of the fractional derivative
does not affect the stability of the equilibria, but from the numerical simulations, we observe that when
the value of o decreases, the solutions of the model converge rapidly to the states, so the fractional
order can affect the arrival time in the stable states.
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AHani3 cTiikocTi gpoboBol Mmoaeni nepeaadi KoweHini

Eib Baz 0.1, Aiir I[woy M.2, Jlaapa6i X.!, Pauik M.!

L Tabopamopia ananizy modemosarns ma cumyrayis, 20670, Kacabaanka, Mapokko
2 Jlabopamopis mamemamury ma 3acmocynxis, ENS, Kacabranxa, Mapoxxo

JIyckokpmii — 1e mapa3uTUYIHI KOMaXu, dKi ypaxKymoTh 6araTo KiMHATHUX 1 BYJIUTHUX
POCJIMH, BKJIIOYAIOUN KaKTYCU Ta CyKysaeHTH. i KoMaxu € OMHIME 3 YACTUX IPUYNH 3aXBO-
PIOBaHb KaKTYCiB: BOHH BUTPHUBAJI, PO3MHOXKYIOTHCS 38 PEKOP/IHO KOPOTKHII 9ac i MOXKYThb
OyTu 3ryOHUMU Tl IUX POCJIMH, X09a BOHU 1 BBAXKAIOThCS CcTifikumu. BopontaucTi gepsii
JKUBJIATBCsI COKOM POCJIMH, BUCYIIYIOUM 1 3HEOAPBIIIOIOYH 1X. Y I[bOMY JOCJIi?KEHHI IIpO-
MIOHYEThCA Ta JIOCTIIKYEThCA IPOOOBa MOE/b mepefadi KomreHii. Crepriry 10BOAUTHCS
JIOJIATHICTD 1 0OMEKEHICTh PO3B’A3KiB, 00 MEPEeKOHATUCSI B KOPEKTHOCTI 3aIIPOIIOHOBAHOT
Mozesti. BeTaHoB/IIOEThCS JIOKaIbHA CTIMKICTDh piBHOBATrW 06€3 3aXBOPIOBAHHS Ta PIBHOBATH
xponiuHOl iHdekmil. s miarBepiKeHHsT HAIMAX TEOPETUIHUX PE3Y/IbTATIB IIOIaHO Uh-
CeJIbHE MO/IETIOBAHHS.

Kntouosi cnosa: dpobosi dudeperiyianvii pieHantA; Kowenias; dpobosa noxiona Kany-
mo; modeav enidemii SIRC; aokaavha cmitikicmo; wucesvHe MOJEAIOCAHHA.

Mathematical Modeling and Computing, Vol. 10, No.2, pp.379-386 (2023)





