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Abstract. This paper introduces a novel mathematical model for capturing the
complex dynamics of drug abuse within populations. Departing from conventional
methodologies, the model employs global derivatives to integrate non-local effects,
thereby offering enhanced insight into the spread and evolution of drug abuse. The
stability analysis and numerical simulations conducted in this study reveal criti-
cal thresholds and dynamic behaviors that are instrumental in understanding the
persistence and potential escalation of abuse within communities. Numerical sim-
ulations also demonstrate the long-term behavior for different orders of «, and the
effects of the function g(x) are presented, further elucidating the intricate inter-
play of factors that govern the system’s dynamics. These findings not only shed
light on the underlying mechanisms driving the temporal and spatial patterns of
drug abuse but also provide valuable guidance for designing effective intervention
strategies aimed at mitigating its spread. By systematically manipulating key pa-
rameters, the model serves as a powerful tool for exploring the driving factors be-
hind drug abuse diffusion and control. The insights gained from this research have
significant implications for public health policy, offering a rigorous mathematical
framework to inform targeted efforts in curbing the epidemic of drug abuse.
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1 Introduction

The impact of illegal drug use remains significant, resulting in the loss of numerous
valuable lives and productive years. In 2022, drug-related deaths were estimated at
around 11.8 million [10]. Globally, between 172 million and 424 million individuals
aged 15 to 64 were estimated to have engaged in illicit drug use, [3]. Illicit drug use
refers to the non-medical consumption of substances prohibited by international law,
such as amphetamines, cannabis, cocaine, heroin, diploids, and MD-MA. The risks

*Corresponding author. Email: magau.hangwie@gmail.com (H. Magau)

http://www.global-sci.org/ajiam 20 ©2025 Global Science Press



21 H. Magau

of premature death and health problems associated with illegal drug use depend on
factors such as the amount consumed, frequency of use, and method of administra-
tion, [12,17,19].

Studies have shown that factors such as age, gender, socio-economic status, and
mental health can all play a role in drug use and related health outcomes [1, 2, 10].
For example, younger individuals, males, and individuals with lower socio-economic
status are more likely to use drugs, and are also at higher risk for adverse health out-
comes. Additionally, individuals with mental health conditions, such as depression
and anxiety, are more likely to use drugs, and drug use can also exacerbate existing
mental health problems [12,17].

Mathematical models have been used to better understand the dynamics of drug
use and its impact on population health. These models can help researchers identify
key drivers of drug use, as well as the relationships between drug use and various
health outcomes, [20]. In recent years, there has also been growing interest in using
fractional calculus to model drug use, as this approach allows for the exploration of
complex, non-linear relationships, [9, 15, 21]. These operators provides a more ad-
vanced mathematical approach that can capture the intricate dynamics and behaviors
involved since traditional calculus assumes exponential growth or decay and lacks the
ability to capture long-term memory effects and non-exponential behaviors [5,7,15].

1.1 Motivation

Substance addiction and abuse are complex public health challenges influenced by
a delicate interplay of biological, psychological, and environmental factors. These
dynamics evolve over time and across different populations, making it essential to
develop mathematical models that can capture both local and global influences on
addiction and recovery processes. Traditional models, often based on classical or frac-
tional derivatives, may not fully account for the long-range dependencies and spatial
diffusion patterns observed in real-world substance abuse cases. To address these lim-
itations, a more comprehensive framework is needed. One that integrates non-local
effects to better reflect the progression of addiction, the role of external interventions,
and the impact of social and environmental influences.

2 Fractional operators and global rate of change
Here, we present some well known fractional operators.

Definition 2.1. The Riemann-Liouville fractional-order integral operator is [22]

RO = i (=0 o 1)
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Definition 2.2. The Riemann-Liouville fractional-order derivative is defined as

k t
DEFE) = Fpgy gy (=10 i 22

As an alternative to the Riemann-Liouville fractional derivative, the Caputo-Fabri-
zio fractional derivative was introduced to overcome some of its limitations [11]. How-
ever, some scholars do not accept the use of fractional derivatives with non-singular
kernels [13].

Definition 2.3. Letf € H'(a,b), b > a, « € [0,1]. The Caputo-Fabrizio derivative of frac-
tional order w is defined as

CFDDC

T) exp { } drt. (2.3)

Here, M(«) is such that M(0) = M(1) =

Definition 2.4. Supposed that the function does not belong to H(a,b). The Caputo-Fabrizio
derivative of fractional order  is defined as follows:

aM(a)
1—ua

opf() = TH [ (0~ ) exp | —ag = | @

1—w
Again, M(«) is such that M(0) = M(1) = 1.

Definition 2.5. The Caputo-Fabrizio fractional integral of order « is defined as

L) = et () + s [ (0~ f)ar, 29
M(a) = %, 0<a<l. (2.6)

The Atangana-Baleanu fractional derivatives were introduced in 2016 by Atangana
and Baleanu [8], they proposed the following definitions.

Definition 2.6. Let f € H'(ay,a3), ao > a1, & € [0,1], the Atangana-Baleanu fractional
derivative in Caputo sense is

ABC D £(f) — M/tE“ {_“ﬂ}  (v)d. 2.7)

11—« 11—«

Definition 2.7. Let f € H'(ay,a3),a > a,a € [0,1] not necessary differentiable, the
Atangana-Baleanu fractional derivative in Riemman-Liouville sense is given as

ABRDS £ (f) = B(a) 4 /t E, [—a(t_T)“} f(r)dr. (2.8)

1—adt 11—«
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2.1 Global rate of change

Nowadays the concept non-local operators is widely used in the field of mathematics
[4,16]. With that being said it calls for those operators to be timorously visited to
improve and modify them for a better understanding of the changing world around
us. We know that if y = f(x) then dy/dx will be the rate of change of the variable y
with respect to x. In other words, the rate of change,

_ flx2) = () 2.9)

Xy — X1

We can think of the above (2.9) as a proportion of a continuous function f(x) be-
tween x; and x; and the function g(t) = t. we can extend the idea for any function

of g(x)
— f(xz) _f(xl)' (210)
8(x2) —g(x1)
Definition 2.8. Let f be a continuous function and g(x) be a positive non-constant and in-
creasing function, such that if a < b, then g(a) < g(b). The global rate of change between a

and b is given by
m= LD =fla) 2.11)
8(b) —g(a)’
Definition 2.9. Let f be a continuous function and g(x) be a positive continuous increasing

)
function in the interval [a, b] and non-zero for all t € [a, b]. The derivative of f with respect to
the function g is given by

Dof(t) = lim M (2.12)

When g(t) =
£~ F(t1) 213)

7

Dgf(t1) = lim ==— ’

we then recover the classical differential operator. To recover the fractal derivative we

let g(t) = t*
Dyf(t) = lim L) —f(1)

bt 1 —

, >0, a>0. (2.14)
Ifg(t) =t27%/(2—a), we get

D.f(t) = lim M(z —a), t>0, 1<a<?2 (2.15)
M

Also, if g(t) = tF1),
FO— f(t) o6
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If f and g are differentiable, then for ¢(t) = t, we get

Dyf(t) = lim £ = (1)

= f'(t1).

t—t t—1t
For g(t) = t* we get
e = f(h)
Deflt) = im = —
i SO St
=t — t—1
o O f)
t—H  t—H tr —tf
1-a
_ g 1
= f (tl) X X
For g(t) = 27%/(2 — a), we get
o SO f(h) B
Dgf(tl)_thjﬂ t2—a/(2—¢x) 2 —w
_ £~ (1) t—h
h 270/ (2—n) — B4 /(2—a) t—h
i S0 = (1) =t
it t—H 2ae/2—a)—H5"/(2—a)
—_= /(tl) X t%_l.
For g(t) = t8!), we get
_ o SO = f(H)
Def(t1) i fB(6) — (B0
i O =) 1=y
t=h 4B(t) _ tf(tl) t—1t
g fO A0 o
t>h t—Hh (B(1) _ tl( 1)

t—B(t)

Zf’(tl) X B

f])h’l(f]) —+ B(f])/tl'

Definition 2.10. Let f(t) be a continuous function and g(t) be a non-constant increasing posi-
tive function. Let K(t) be a kernel singular or non-singular for 0 < a < 1. A fractional global

derivative in Caputo sense is given by [6]

GDgf(t) = Dgf(t) xK

(t),
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derivative in Caputo sense is given by

0" Dgf(t) = Dg(f(t) *K(1)).

Here, * denotes the convolution. Now, if the kernel K(t) = t~*/T(1 — «), we then have the
power-law type

FDH(0) = Fr—gy P / F(T)(t — 1), 2.17)
and with Caputo we get
1 t
FD () = s /0 D, f(1)(t — 7)~*d. (2.18)
To recover the Caputo-Fabrizio, we take K(t) = exp|—at/(1 —a)]/(1 — «)
SEDYF(1) = o f (T) exp [—%(t - r)} dr, (2.19)
SEDEf(r) = M (a /0 (1) exp [—%(t - r)} dr. (2.20)
We recover the Atangana-Baleanu derivative for K(t) = AB(a)/(1 — a) Ep[—at*/ (1 — )]
AB
SECDYE(t) = "2 /O Dy f()E, [— - - —(t— r)“} iz, (2.21)

ABRDocf(

D f £ 52

(t - T)D‘:| dt. (2.22)

3 Model formulation

The population is divided into six compartments: S(t) is the susceptible individuals,
these are individuals who are not taking drugs, but they leave among drug users. D(t)
are individuals who takes drugs at times but not addicted (casual drug users). H(t) is
the group of individuals who are taking drugs more often and are addicted and P(t)
as those individuals taking drugs (addicted and not addicted) and are in a correctional
service center due to drug related crimes. Individuals suffering mental illness due to
drug abuse are denoted by C(t) and finally, R(¢) denotes those individuals that are
recovering and going to rehabilitation centers. Thus, the total population,

N(t) = S(t) + D(t) + H(t) + C(t) + R(#). (3.1)

We assume a constant size population with recruitment and a natural death rate given
by u. The parameter B is the strength of interactions between the susceptible indi-
viduals, casual drug users and drug addicts, that is, the influence of D(t) and H(t)
on S(t); k is a modification factor which accounts for the increased likelihood of heavy
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illicit drug users H(t) to influence more new drug users compared to casual drug
users. The parameter « is the rate at which casual drug users become heavy users;
v,€1,€ and p denote the rates of detection and rehabilitation of drug users in the
group, D(t),H(t),P(t) and C(t); o and 6 denote the rates at which the casual and
heavy illicit drug users develop mental illness; ¢, 1, 3 and 14 denote the permanent
exit rates of casual, addicts and those in correctional services, due to either cessation
or drug use-related death.

Also, A1 and A, denotes the rate at which the casual and heavy illicit drug users be-
comes identified and go to a correctional service facility. Individuals in rehabilitation
recover at rate w and are assumed to permanently exit the model. Mentally ill individ-
uals permanently exit the model at rate § due to drug use-related death. Further, we
assume that the mentally ill population does not influence the susceptible individuals
to become illicit drug users.

The model mechanism based on the above assumptions is then

ds B(D +«H)S

E =7 7]\] yS —|—CUR, (32)
dD D +«xH)S

- _ B(D+xH)S j;\]" ) —(a+y+o+u+A1+91)D, (3.3)
dH

= aD = (p+0+p+y+ A)H, (34)
dP

5 =MD+ MH—(e1+1+u+93)P, (3.5)
dcC

E:aD+9H+TP—(€2+y+1/J4+4>)C, (3.6)
dR

E:'yD+pH—|—e2C—i—e1P+<pC—(pt—i—w)R (3.7)

with the initial conditions given as

5(0) = So, D(0) = Do, H(0) = Ho,

3.8
P(0) =Py, C(0)=Co, R(0)=R,. (38)
Using the assumption made above, the schematic diagram is given in Fig. 1.
N(t) = S(t) + D(t) + H(t) + P(t) + C(t) + R(¢). (3.9)
Differentiating (3.9) with respect to t, we get
dN(t)  dS(t) L dH(t) D(t) P(t) C(¢) n R(t)
dt dt dt dt dt dt dt
=71 —uN+ 91D+ ¢oH + P3P + ¢4C, (3.10)
dN(t) < m—uN. (3.11)

dt
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This is an ordinary differential equation, which has the solution

N(t) < %Jr <N - %) e, (3.12)
Furthermore,
N < Z+ <No - E) et < T (3.13)
Iz " "

Figure 1. Flow diagram, with f; = B(D + xH)/N.

4 Positiveness and boundness of solutions

Assuming that the initial conditions are positive for all t > 0, we show that the system
remains positive. Firstly, we consider the D(t) class

dD D +kH
= = %S—(a+7+a+/\1+¢lm

> —(a+y+0+A+91)D, Vit>
= D(t) > Doe—(lx+’)/+(7+/\1+l[11)t’ Yt >
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dH

’r =aD—(p+0+u+yr+A)H

> —(p+0+u+v2+212)H,
= H(t) > Hoe—(p+9+;t+ll)2+/\z)t,

t

v
Vit

\\/ \\/

Using the same procedure

t

> pOe*(€1+T+V+¢3)t, v
> Coe—(52+ﬂ+4’+¢4)f, Yt
=z i

4

~

A\VARR\VARR\V,

0
0
Roe~ (#tw)t t>0

7 7

S(t):n—W—VS—FwR, Vt>0,
LD Y viso

(kH+D)+y> S, (Ht>0)
(k|H| + D)) +y) s

k sup |H|+ sup ]D]) >S

tE[tO T] tG[tQ T]

\\/
/\ A/\/\/\

zw Z> zw zw

(kHHHoo+|IDHoo)+ﬂ>S, V>0,

2o

= (x (Kl Hlleo+ I Dllee) 1)t Vi >0.

n
—
—~
N—r
WV
n
(e
N

We can now define the following feasible region:

0= {(S,D,H,P,C,R)GIR 1 0<S+D+H+P+C+R=N< %}

4.1 Reproduction number

28

The reproduction number, also known as the basic reproduction number or Ry, is

a measure of the average number of secondary cases generated by a single infected
individual in a population that is entirely susceptible to a disease, [14, 18].

In the

context of a drug use mathematical model, the reproduction number would represent

the average number of individuals who start using a drug as a result of one individual

already using the drug.
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We use the next generation matrix to derive the reproduction number using the
following system:

T =D k)s — (@t y o+ A+ 9D,
Z—Ij:aD—(p+9+V+lP2+/\2)H'
‘;_1;:/\D+A2H—(sl+r+y+lp3)1’,
Z—f:UD+9H+TP—(€2+y+<P+¢4)C'

Use above equation, we have

B (m B (T
e g Prl L
0 N 0 RS
F=10 0 0 0 ,
0 0 0 0
0 0 0 0
and
x+y+0o+A 4+ 0 0 0
r— —u p+O0+u+iyr+ A 0 0
—M —A2 g +T+put+ys 0
—0 —¢ -7 -+ U+ P+ Py

Thus, the reproduction number is given by

Ro= T (BY |kt 0tptAat )  a
0 N A1Ar A, A1Ay |7

where

Al=a+v+0+ A+,
Ay =p+0+u+Ar+ 1y,
As=er+pu+ ¢+ s

5 Steady states analysis

dD dS dH dP dC dR _

W@ @ @ (1)
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5.1 Equilibrium points

Here we investigate all the possible equilibrium points.
Case 1: If S =0,

D=0, H=0, P=0, C=0, or R=0.

Case2:If D,H,C,P,R =0,
Ey = (%, 0,0,0,0, 0> drug-free equilibrium.

Case 3:If S, D, H, P,C and R are greater than 0,

m—uS—wR—-dD=0,
hH

30

2)

3)

4)

D=—,
o
H</\_hl+;\2> —pP=0 = P= (M) H,
hl_H+¢H+T(Ah1/a+A2)H_C1C:0 N C:[hl/tx+<,b+1'()\h1/tx+)\2)/p1 H} ,
a P1 €1
h Ah A Ah A
H<lh1+p+(sz+¢) [—1+¢+r <71/x+ 2)] 2ldh/atd 2> —(u+w)R =0.
1% % Py P1
Also
(th/ﬂé+kH) . d]h] .
<ﬁ N S . H =0,
H (,B(hl/vé—l—k)s — %) =0.
Thus,
N -1
H=0 S*=Ndih | —+—F———= ,
or 5 =Na (g7 )
p(dihiN/w) < hidy <M+w)>>
- — -— R =0, 5
B(h1/a+ k) YT ky (
o plhi/a) Cmdy (ptw)) !
K= (n Blndi/a+k) ) \“ " "a ki ’ ©
where
h Ah Ah A
k121h1+p+(52+¢) {_1_}_4)4_1—(_1_}_)\2)}_'_82( 1/a+ 2), 6
o o ! p1
= B B G

k1 k1

5)
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* hl H +w *
D_tx<k1 >R' >0
h Ah A
= | I/t et (A /a+ 2)/’”)>H*, (57)
C1
pP* = MH*, (5.8)
P1
E{ =(S*",D*,H*,P*,C*,R*) endemic equilibrium. (5.9)

6 Stability analysis

Here we will study the stability nature of our two equilibrium points (Eo, E.), we first
discuss the drug-free equilibrium point then later the endemic point the Jacobian ma-
trix for our model is given by

—U —%S —%ks 0 0 w
o —(A1+%S> —%ks 0 0 0
=1 o « A, 00 0

0 M As —Aj3 0 0

0 o ¢ T —Ay 0

0 0% 0 e 0+e —(p+w)

6.0.1 Local stability drug-free equilibrium point
The Jacobian drug-free equilibrium J(Ey)

—u 0 0 0 w
0 —-A 0 0 0
|10 o —-A, 0 0 0
J(Eo) = | M A —A; 0 0
0 o ¢ T —Ay 0

0 0% o €1 0+e —(p+w)

The trace and the determinant of the Jacobian matrix are
tr(J(Eo)) = —(u+ A1+ A+ As+ Ay + (n + w)) <0,
Det(J(Ep)) = (1 x A1 x Ay x Az x Ay x (p+w)) > 0.

We can conclude that the drug-free equilibrium Ej of the model is locally asymp-
totically stable if the tr(J(Ep)) < 0 and Det(J(Ep)) > 0.

Theorem 6.1. The Drug-free equilibrium of the proposed model for illicit drug abuse is glob-
ally asymptotically Stable within the feasible region if Ry < 1 and unstable if Ry > 1.
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Proof. Lets consider the following Lyapunov function:

1 1
L= D+
a+y+o+A+4 pto+u+ar+ip
1
+ P+ ! C
g +T+u+ys E2+pu—+0+1yy

such that
L _ ! a 1 an
dt  a+y+o+M+prdt  p+o+ut+Ar+yy dt
1 apP 1 dC
T T R ST T
1 B

- P (D+KH)S - A D
Aty +o+ A+ ¢ N (D KH)S = (a+y+0+ A+ )

——————[aD— (p+ 6 H
ey, WP et Ot y2)H

1
* e+ 1T+ 12 + 7703
N 1
e+ pu+o¢+y
Then simplifying, we get

dL B(D +kH)S aD
i — D+ —H
dt  N(a+y+0+A+¢1) p+e+pu+1+n
MD+MH o, 6D+ yH+7P
g +T+ U+ @3 2+ pu+9P+ @4
B(D +kH)S aD
N@+y+o+M+¢1) p+o+u+l+,
MD + A H 0D + ¢H + TP

[MD + AH — (61 + T+ p+ ¢3)P]

[0D 4+ ¢H + TP — (e + p + ¢ + 14)CJ.

7

—[D+H+P+C.
Sg+THpu+@s +u+yP+ @y [ TH+ P+ ]
Also
d_L_[ B(D +kH)S aD
dt — [N@+y+o+h+¢) p+o+p+l+y
MD + A H 9D—|—1PH+TP] 1
—[D+H+P+C
Gttt ate mipigpiglDiEipic PHHFIPHC
< {EE[ (1—p)a(¢ + K(e1 + 11 + 3)
SluN{(ay+o+h+e)(p+o+u+rat+e)(er+T+u+ 93)
Pu 1
—1Y(D+H+P+C
+(“+’Y+U+H1+(P1)(81+T+y++§03)]D+H+C+P }( +H+P+C)

<(D+H+C+P) <0,
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if Rp <1,
D+H+C+P>0, Vt

As we assumed initially that all parameters are positive, then dL/dt decreases if Ry <1
and increases if Ry > 0. However, when L = 0,thenD = H=P =C = 0.

Let T be the biggest compact invariant set in {D,H,P,C € Q) : dL/dt < 0} is E,.
Using Lasalle’s invariant principle, all the solution of the illicit drug use model with
data in () yield Eg when t — oo and if Ry < 1 Therefore Ey is globally asymptotically
stable. O

6.1 Local stability endemic equilibrium point

The Jacobean matrix for the endemic equilibrium point is

B B
A+ NS NkS 0 0 w
0 A+ <A1+£S> —EkS 0 0 0
J(E) = R
0 o A+ A 0 0 0
0 A1 Ao A+ Az 0 0
0 o ¢ T A4 Ay 0
0 0% 0 €1 0+e A+ (u+w)

We have the following characteristic polynomial:
P(A) = (0 +A)(As+A) (A +A) (3 + w) +A)

B B ap 2
><|:1‘12<Al—|—]\]5ﬁ< + A A1—|—NS* —|—Nk5*+)\A2+)\ ,

which we can simplify to this form
P(A) = A® + [A° + A + 1A% + A + 1A% + A
using the following equality:
P = det|IyA — JE,| =0,

I is a 4 X 4 unit matrix.
The polynomials above has the following square Routh-Hurwitz matrix:

_11 13 l5 0 0 O
L Iy Ig O
L I3 Is 0
1 L I I

LIy s
0 1 lz 14 16_

o O O O -
o O O O
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The condition for stability is as follows:
Z1=1>0,
Zy=hlh—13>0
Z3 = —Bly+ il + 15 — 13 >0,
Zy = Bllg — 1315 — 11315 + Lilalaly — Lilslg + 211 14l5 + Lolsls — 131, — 12 > 0,
Zs = — 312 + 23 Ll516 + B13l4le — L1313 — 11151316 + ilal3lyls — 311131516
+ 201413 + Ll3l? — 31315 + 1316 — 31415 — I3 > 0,
Zs = lgZ5 > 0.

Theorem 6.2. If Ry > 1, the drug abuse endemic equilibrium point is globally asymptotically
stable.

Proof. We make use of the Lyapunov function
L(S*,D*,H*, P*,C*,R")

= <S—S*—S*log%> + <D—D*—D*log%>

+<H—H — H*log H>+<P+P P logF>

+<C—C —Clog€>+<R—R RlogR>.

Derivating L with respect to ¢, gives
dL_L_ §—-65* dS+ D - D* dD+ H+H*\ dH
a7\ S )at D ) dt H ) dt
P —P*\ dP C—-Cr\dC dR
+< P >E+< C >dt (R=R") G-
Substituting dS/dt,dD /dt,dH /dt,dC/dt,dR/dt,

_Qx
%: <S SS > [ﬂ—%(D—Fl—I—k)S—yS—I—wR]

* <D+D*> [Z[\%](D+kH)—(a+7+U+A1+¢1)D}
H+H*>

+

D—(p+0+u+yr+Ar)H]

_|_

*

O
+ ~

c

+

) [0D +H+ TP — (2 + p + g + ¢)C/|
R*

4+ o

R
+

(
<P+P*> [MD+AH — (g1 + 7+ p + ¢3)P]
(
(

R >7D+pH+ (p+¢€2)C+eP — (n+ w)R].
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Simplifying further give
aL BS* (S —5%)? . (S8 —5%)? (S —85*)?
_ gx)2 _Q*)\2 _ p*\2
—i—kD*(S SS ) — (S SS ) U— (P PP) (€1 +4¢1+ )+ kSaH —kx SH”
+Fk)\2S H — ?k/\S H ?,BSD—F?COS + P TS*D,
dL
— =F-QO.
dt
_qx)\2 _Q*)\2
Q:n%—kﬁH*L ) +AD*7(S )
S S
+aypSH + wypS*H* + ySH + 15°C* + %(TﬂSD
p* . P Y S H*
+Fwy5 D—I—FwSI +?wS H—I—p’ycg
D* L e
LR «R* L R* .
F=22 tw DL_S*)ZM D(s_s*)2+(5—s*)2
=My hembTg PP s 7
(P_P*)z * *
+T(zx+9+y)+wySH + TKS*C + puS
+wSD" + wS"H + ?wySP%—ﬁwKS D +€1/J15D
p* H— H*)?
+?wS*H*+%(s+p+y)+)\2P*
D* C—-C)?
+ﬁkcﬁ+%(w+y)+cc*+ec*

C* H* (D_H*)Z
C* (R_R*)Z
pP— A S
+7T C + R

R R
*+aD* + yH— g
+e6C" +aD" +y R+[5CR+7R

D*
V"")’P*"”TEDSP*ﬁ

So have that dL/dt < 0if F+ < ), however

L
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So, the largest compact invariant set for illicit drug model in the region

{(S*,D*,H*/p*,c*,R*) eT: Z_i = o} .

It is the endemic point E,.
We therefore conclude that E. is globally asymptotically stable in I' if F < ), by
Lasalle’s principle. O]

7 Existence and uniqueness for the illicit drug model

In this section, we proof the existence and uniqueness for the illicit drug model.
We simplify our model as follows:

B _ fie,s),
o = htD),
= h(t,
o = Alt,P)
o = h(t,0),
il—]: = f6(t, R).

We show that fi, f», f3, fa, f5 and f¢ are bounded. That is

fi(t,51) = fit, S2)P < kilS1—S2)?, Vi€ [0,T]
f2(t,D1) = f2(t, D2)|> < ko|D1 = Da?, V€ [0,T]
f3(t, Hy) — f3(t, Hp)|* < ks|H; — Ha|?>, Yt €[0,T]
fa(t,P1) — fa(t, B) > < k4|P — P>, YVt e[0T,
( 0, 7]
0, T]

Ifs(t,C1) — f5(t,Ca)|* < ks|C1 — Co?,  Vte
Ifo(t,R1) — fo(t,Ro)|> < k1|Ry — Ro|*, Vte

To show that fi, fo, f3, fa, f5, fe are indeed Lipschitz

2
fi(t,51) ~ filt,$2) < | B (D xk)s) — s — B (D 4 xH)S, + s

| < (BA+K) +p)S1-—(B(L+k)+p)S2
< B +k+ )51 — S2/%,

| 2
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|f2(t,D1) = fa(t, D2)|* < |(1 4 kH)S + di (D1 — D2) — B(1 + kH)?
< di|D; — Dy* < KDy — Dyf?,
fs(t, H1)d — f3(t, Ho)|* = | — Hq|*|Hy — Ha|?
< Hi|Hy — H»|* < ks|Hy — Hy|?,
fa(t, P) = fa(t, PP = | — (&1 + T+ p+91)]* [Py — Pof?
<(er+1o+pu+)? P — P
< Ky|Pp — P,
fs(t,C1) — fs(t,C2) > = | — (2 + 4+ ¢ + 94) [*|C1 — Co|?
< (e2+p+¢+1s)*|C1 — Cof?
< K|Cy — Gof%,
[fo(t, R1) — fo(t, Ro)|> = | = (4 + w)[*|Ry — Ro[?
< (p+ w)*|Ry = Rof?
< Rg|R; — Ry %

Then we show that the following hold:

1)
1)
Tl (7.1)
1)
1)
1)

S
]fl(t,S)lz = ‘ — N(D+kH) — pus +wR
|

7 — f(D +k)s — pus + wR|?

(7 + w*(1+ k)?[s|* — p*|S|* + w?|R|?)

(7 + w?|R[* + (2R*(1 + k)* — %) [s]?)

<3( 7 +wsup |[RI* + (282 (1 + k) — pi?) ]s|2>

t<T

< 3(r% + w?|[R[|eo + (2821 + k)% — 1) s]?)

28%u + K2 — i
< 72 2Roo 1+ =T P 52,
< 71° 4+ w?|R| ( + 2+ 2R Is|
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We require that
282 (1+K)? —

<1
7% 4 w?|| Rl

For f»(1,D)

2
|fo(t,D)|* = 'B(LNk}DS—(th'H—UjL(Pﬁq)l)D

< 2B*(1+k)?|s|* +di|DJ?

<2(B*(1+k)*sup|[S|* + d3|DJ?)
t<T

<2(B*(1+k)?*|S]% +di D)

d2
<28%(1 h252<1 1 D2>
<25°(1+h)%|IS|l% +252(1+k)3||5”wl |

<k (1+|DJ?),
whenever
dz .
— < 1.
B (k)21S][ oo
For f3(t,H)

fs(t, H)|* = [aD — (P + ¢ + p + Az + o) H|?
< Z(az sup ]D]z + (H1)2|H]2>
t<T
< 2(a®||D||x + H{|H|?)
hy H?
< 22Dl (1+ g IHI)
202D
<ks(1+ |H?)
when h1 /(¢?||D]|e) < 1.
For f4(t,P)

[fa(t, P)[* = [MD + A2H — (e1 + T+ p + ¢3) P|?

2
< 2<A% sup H?+ A3 sup IH!> + (&1 +T+V+1/J3)2>
te[0,T) te[0,T]

< 2(Af[|Dllew + AZ|| H|* + Py P)

< 2<A%HDHa + 2|H|2(1 + PP).

If
g+T1T+u+s

24Dl + € — £ HII5,

<1,

38
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then
fa(t,p) P < ka(1+[p*) < ks(1+[CP).

Such that
G
(o2||D[%, + D?||H||% + 72| P||3

7

fo(t, R)2 = [YD + pH + e2C + €P + g — (4 + w)RP?
SCﬁmF+MHV+%a+¢FKF+dPH%u+aYRf>

< (vzmqﬂzn2+4fsup|HF-+<a—+¢fsup1wcf
<T t<T t<T

+8wPWH+w+wﬂmﬁ
t<T

2
< VIDI% +p*IHI% + (e2 + @) ICIIE + €1 [Pl + (1 + w)? RIS

2
< (VDI + e IH|IZ + (22 + ) IICI% +€2HPH§o>

for
(1 +w)?

<
YIDI% + Pl H|% + (&2 + ¢)2IICII% + &2 P13

Therefore, if the condition on linear growth holds such that

1, (7.2)

max{ci, €2, C3,¢4,¢5,C6} < 1, (7.3)

where

_ 2BP(1+ k) —p

4T T R
C dlz
2 = AN A 7

B (0)2[S]w
c —7}11
* 7 42D’

a+T+put+ys 2 2 3 2
€4 = 2d7||D||e + €5 — £°||H||5 > 0),
4= 2Dt - P ZIPlet ez~ ElHls > 0)
o — 1
° = 2(c?|D + D[ + [ P]%
(p+w)?

Ce

p— 2 y
YIDI% + PIH|% + (22 + ¢)" ICl13 + GEIIPI%

then the system has a unique solution.



Substance Addiction and Abuse Dynamics via Global Nonlocal Operators 40
8 Numerical approximation for illicit drug model

We now apply the numerical approximation to the model above.

8.1 Numerical solution of the model with two step Lagrange global scheme

Consider the illicit model below

”;_f =F(tS,D,H,P,C,R) =7 — w — US +wR,

”;_l: = FK(t,S,D,H,P,C,R) = W —(a+y+o+pu+rA+1)D,

T~ (4,5, H,P,C.R) = aD — (p+0+ i+ 2 + M) H, o
”;_l; = F(t,5,D,H,P,C,R) = MD + AyH — (1 + T+ p + 3) P,

”;_f =Fs(t,5,D,H,P,C,R) =0D+6H+ 1P — (e2 + p + s + ¢)C,

”;_1: = Fs(t,S,D,H,P,C,R) = D + pH + €,C + €1 P + ¢C — (p + w)R.

Given that, So = s(0), I(0) = Iy, R(0) = Ry. Applying the above scheme

8(tut1) —g(ta) h

K1 = Xn+ At 2

[BF (ty, X)) — F(ty—1,Xn-1)], n=123,..., (82)
where

Xn+1 = [Sn/ Dn/ Hn/ Cn/ Pn/ Rn]/
F(tnlxi’l) = [F11F21F3/F41F5/F6]/

X1 can be calculated using the midpoint approximation that is of order 2.

8.2 Numerical solution of the model with Caputo-Fabrizio fractional
derivative

Let us consider the fractional simple drug use model defined by Caputo-Fabrizio frac-
tional derivative given by an ordinary differential equation system

D+xH)S

<"D§S(t) = F(t,S,D,H,P,C,R) = — % — uS + wR,

D+ «xH
<"DgD(t) = K(t,5,D,H,P,C,R) = W —(a+y+o+ut+A+91)D,
<"D§H(t) = F3(t,5,D,H,P,C,R) = aD — (0 + 6 + pt + 2+ A2) H, (8.3)
<FD§P(t) = Fy(t,S,D,H,P,C,R) = MD + AoH — (e1+ T+ i+ ¢3)P,
<"DgC(t) = F5(t,5,D,H,P,C,R) = 0D 4+ 0H + TP — (&2 + pt + ¢4 + ¢)C,
<"DgR(t) = Fs(t,5,D,H,P,C,R) = ¥D + pH 4 €2C + 1P + ¢C — (4 + w)R.
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Thus,
X1 = Xn + ]1\4_(03 (8" (tn) F (tn, Xu) — &' (tn) F (tn-1, Xn-1)]
o 3ah ,
+ W |:(1 — 06) + m:| g (fn)F(tn,Xn)
+ [(1 —w) + %g’(tn)F(tn_l,Xn_l)} , n=1,2,3,4,5,6, (8.4)
where

Xn+l = [Sn/ Dn/ Hn/ Cn/ Pn/ Rn]/
P(tVl/Xn) = [F11F2/P3/F41F5/P6]'

8.3 Numerical solution of the model with midpoint Riemann-Liouville
global scheme

Let us consider the fractional illicit drug model defined by Riemann-Liouville frac-
tional derivative given by an ordinary differential equation system with the midpoint
approach

D+ xH)S
""DgS(t) = R (t,5,D,H,P,C,R) = m — % — uS + wR,
D +«xH)S

SD3D() = (1,5, 0,H,7,€,R), = BT _ (aysoppinr D
“"D§H(t) = F5(t,S,D,H,P,C,R) = aD — (0 + 6 + pt + 2+ A2) H, (8.5)
R"D§P(t) = Fy(t,S,D,H,P,C,R) = MD + AoH — (€1 + T+ i+ ¢3)P,
""DgC(t) = F5(t,5,D,H,P,C,R) = 0D +6H + TP — (&2 + i + P4+ ¢)C,
""DgR(t) = Fs(t,5,D,H,P,C,R) = yD + pH + €2C + 1P + ¢C — (y + w)R.

1 i+ a—1
¥ (ti1) = 2/’ T, y(0) (b1 — 7)o

1 & g () —g (k) (it Ea vty
(“) Z/ A f ) ’ > X (tn—i-l - T) dt
A 1 n

F(oc+1) Z (g( i+1) — g(tj))
ftAf’%+%“){w—f+n”—w—»ﬂ,

A~ 1 n-1 h y+y+1
Yn+1 = Dé—i—l g 1+1 ))f<t+§ : 21 >5$J
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a—1 P
+ o (g(tun) — (o) 1+ 3, L),
where
Opj={(m—j+1)*=(n—j)"},
» A 1 n ) (t) 5
Ynt1 = I"(zx+1 ]Zf 1’y] ]+1 -8 ])”/j'
Then
a—1 n-1
X(tpy1) = t Z [ (t +h Xﬂ{(n—jﬂ)“—(n—]’)“}
+g ()P (tn +3X ) L=+ 1~ (=)
with

Xn+1 = [Sn/ Dn/ Hn/ Cn/ Pn/ Rn]/
F(tnlxi’l) = [F11F21F3/F41F5/F6]'

9 Numerical results

Numerical simulation involves using mathematical models and computer algorithms
to simulate and analyze the behavior of physical or biological systems studied. The
system is broken down into smaller parts and equations are used to describe the be-
havior of each part. The objective is to obtain an accurate representation of the sys-
tem’s behavior through time, allowing for predictions or deeper understanding of the
underlying processes. We now simulate our drug abuse model with two step La-
grange scheme, two-step Lagrange Caputo-Fabrizio numerical scheme and Midpoint
Riemann-Liouville global scheme. we use different step sizes, and function the g(x).
The following parameters were used (Table 1).

10 Conclusion

In conclusion, this study reinforces that illegal drug use continues to be a significant
public health challenge on a global scale, despite ongoing research and educational
initiatives. The mathematical model developed herein, which leverages global deriva-
tives to capture non-local effects, provides a robust framework for understanding the
multifaceted dynamics of illicit drug use, see Figs. 2(a), 2(b), 3(a), 3(b). By integrating
both biological and social factors — including the detection of drug users-and incorpo-
rating population-specific parameters, the model is designed to reflect the diversity of
drug use dynamics rather than being limited to a single substance.
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Table 1: Parameter values.

Parameter Value Source
T 0.36 8
B 0.35 [19]
T 0.001 8
U 0.02 8
0% 0.01 8
1, P2, 3 and ¢4 | 0.035 | Assumed
w 0.3 8
0 0.35 8
© 0.09 8
K 1.25 8
o 0.01 8
€1, €2 0.6 8
o 0.6 8
0.9 0.9
e Susceplible S(1) — Sysceptible,5(t)
08 Casual drug users, D{t} 0.8 Casual drug users, Dt}
Addicted H(t) Addicted H(t)
0.7 In Correctional service centr, P(t) 07 s |11 Correctional service centr, P(1)
Mentally il.C Mentally ilL.C
Recovered, R{t) - Recovered, R(t)
06 _— s 0.6
0.5 155 0.5
o
o
04 Vs I ig 0.4 [ \\ o= . -
= ==y 2 " -
03 .ﬁf ST “ o3 [ " ~ >
0.2 ;’E 02 |
J [
0.1 / 0.1 /
: s’g_—g . P e —

0 50 100 150 o 50 100 150
time time
(a) g = 0.0001x, h = 0.001 for 150 days (b) g = 0.0001x, h = 0.05 for 150 days
Figure 2: Results found using the two-step Lagrange scheme.
09 0.9
s Susceplible, (L) — S sceptible, S(t)
0.8 s C@SUE drug users, Dit) 08 e Casual drug users, D1}
Addicted Hit) Addicted H(t)
o7 In Carrectional service centr, P{t) 07 s |1y Correctional service eentr, P(1)
s Mentally ill,C s Mentally ill,C
Recovered, R{t) - Recovered, R(t)
0.6 < 06 o
o
B
0.5 o 0.5
5
oar f \x., ~ = S g = §
\ rd N — — =1
03 | N\ V4 E=
| )
0z |
|
01}
o h
0 50 100 150 50 100 150
time time
(@) g = x, h = 0.001 for 150 days (b) § = x, h = 0.05 for 150 days

Figure 3: Results found using the two-step Lagrange scheme.
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The stability analysis and numerical simulations reveal critical thresholds and
long-term behaviors, particularly when examining different values of a and the influ-
ence of the function g(x). These results underscore the importance of timely, dynamic
interventions and demonstrate that control strategies sensitive to temporal changes
can effectively reduce or eliminate illegal drug use. Moreover, the use of non-local op-
erators in our model has proven instrumental in capturing complex phenomena that
traditional methods might overlook. The simulation outcomes, which highlight the
eventual dominance of the recovered group over time, shown from the simulation in
Figs. 4(a), 4(b), 5(a), 5(b), 6(a), 6(b), 7(a), 7(b), further validate the model’s applicability
and predictive power.

Numerical approximations using three global derivative schemes — the two-step
Lagrange, two-step Caputo-Fabrizio, and Midpoint Riemann-Liouville methods — pro-
vide additional insight into the system’s behavior. While the model does have limi-
tations and is not exhaustive, the results offer valuable perspectives on the dynamics
of drug abuse and the potential impact of intervention strategies. Given the serious

08 0.8

s Susceplible Sit) — Susceplible, S(1)
07 Casual drug users, D(t) 47 Casual drug users, D(t)
Addicted Hit) o Addicted H(t)
s Iy Correctional service centr, Pit) E In Correctional service centr, P(t)
06 Mentally ill.C 0.6 ; s ety .G
Recovered, Rit) / Recovered, Rit)

=)
o

=]
o

Future prediction
=)
=

Future prediction
=
=

o
w

\
\\._& A

r/_‘f

)
S

K____
01 [ 01 h‘\__
o ) o
0 50 100 150 0 50 100 150
Time Time
(a) g(x) = 0.0001x, « = 0.35 for 150 days (b) g(x) = 0.0001x, & = 0.7 for 150 days

Figure 4: Results found using Caputo-Fabrizio scheme.

0.9

o
=

=3

bt
=]
@

=)
~

06 s Susceptible,S(t) s Susceptible S(1)
Casual drug users, D(t) s Casual drug users, D(t)
Addicted H{t) 08 Addicted H(t)

05 s | CoOTeCtiONal service centr, P(t) s ) Correctional service centr, P(t)
Mentally il.C 0.5 s Mentally il,C
Recovered, Rit) - Recovered, Rit)

Future prediction
)
=

Future prediction
o
=

=]
w

] 50 100 150 0 50 100 150
Time Tine,

(a) g(x) = x, & = 0.35 for 150 days (b) g(x) = x, & = 0.7 for 150 days

Figure 5: Results found using Caputo-Fabrizio scheme.
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0.8 0.8 — Susceplible, S(1) [
m— Susceplible, S{1) Casual drug users, D{t)
s C 28101 dirUig Users, D{t) Addicted H(l)
o Addicted H(t) ot s |1y Corrrectional service centr, Pit)
In Correctional service centr, P(t) Mentally ill,C
06 s e rtily il C 0.6 . e ‘Re_r.nvered‘ Rit)
Recovered, Rit) _— = 2 —
= .- — I o q"
Sos : _———————— Sosf| /
B g /
=] =2 )
g 0.4 E 0.4 l
o m I
Soard Zos F
0.2 0.2
01 l-f‘ 0.1 lg
0 a %
0 50 100 150 o 50 100 150
Time Time
(a) g(x) = 0.0001x, « = 0.35 for 150 days (b) g(x) = 0.0001x, &« = 0.7 for 150 days
Figure 6: Results found using midpoint Riemann-Liouville scheme.
15 | == Susceplible,S(t) 14
s Drug users, D(t)
H
— P 12+ ——— 4
— — Susceptible,S(t)
= Recovered, R(t) s Drug users, D(t)
1F H
s e - —p
2 8 —
% % 08 Recovered, R(t)
) @
& =4
o @
S 5086
z z
0.5
041
2 o —— 0.2 il
" —
e
. 0 — Y T .
100 150 0 50 100 150
time time

(a) g(x) = x, « = 0.35 for 150 days (b) g(x) = x, a = 0.7 for 150 days

Figure 7: Results found using midpoint Riemann-Liouville scheme.

health and social consequences associated with illicit drug use, these findings empha-
size the need for continued research. Future studies should aim to refine the model,
improve its accuracy, and explore additional intervention strategies to more effectively
address the pervasive issue of illegal drug use in communities worldwide.
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