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Abstract

The two most common ways to prevent spreading drug addiction are counseling and imprisonment. In this
paper, we propose and study a model for the spread of drug addiction incorporating the effect of consultation
and incarceration of addicted individuals. We extract the basic reproductive ratio and study the occurrence of
backward bifurcation. Also, we study the local and global stability of drug-free and endemic equilibria under
suitable conditions. Finally, we use numerical simulations to illustrate the obtained analytical results.
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1. INTRODUCTION

The issue of opioid drug addiction is one of the complex problems of human societies, which has become a social
problem in most countries today. Predicting and analyzing addiction and quantifying the factors involved in it, is very
useful for decision-makers in societies, so experts in various disciplines, including mathematics and statistics, have
been modeled the addiction and studied some of the factors involved in epidemic or control of it.

According to [4, 34], ”dynamic modeling complements indicators and direct data analysis in drug epidemiology at
the macro the level. Instead of the usual inductive or empirical method of data collection and interpretation, it can
be used to enhance the understanding of drug processes by simulating experiments that are difficult or impossible to
perform in real life. Dynamic drug models can help in understanding a phenomenon via scenario analysis, thereby
providing a tool to simulate experiments that are not possible in real life due to practical or ethical reasons”.

There are three general approaches modeling the dynamics of the spread of drug use. Authors of [15] believe:
”anyone could be a ‘prey’ to illicit drugs”. They applied the predator-prey paradigm for the modeling of illicit drug
consumption, see also [4, 7, 12]. On the other hand, drugs have been considered as an epidemic problem like an
infectious disease, because most drug initiations start through contact with users, not through contact with drug
sellers, see [20]. Also modeling with the optimal control method has been performed, see the monograph [17].

Among illicit drugs, heroin is one of the world’s most dangerous opioids which is highly addictive. In the United
States in the time interval of 2002 to 2014, the number of heroin users increased from about 404,000 to 914,000 and
the number of addicted cases increased from about 214,000 to 586,000, see [13].

White and Comiskey assumed that the spread of heroin addiction has a mechanism like the spread of infectious
diseases and introduced the first compartmental model with ordinary differential equations for the heroin use, see
[35]. Compartmental models are powerful tools for the study and analysis of infectious diseases. Such models which
are generally expressed by ordinary differential equations were first introduced by Kermack and McKendrick. These
models have been used in modeling many diseases such as AIDS, tuberculosis, and influenza, see [24]. After White
and Comiskey’s work, Mulone and Straughan revisit their work, [27]. Nyabadza and Hove-Muskava, in [31], modified
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the White and Comiskey model and studied the dynamics of methamphetamine. For the study of the epidemiology
of crystal and the effect of rehabilitation, relapse and information, see [1, 25, 26, 29, 32].

Despite increasing evidence that addiction is a treatable disease of the brain, most individuals do not receive
treatment. Mostly, treating illnesses are more costly than preventing them. For example treatment of heroin users
and a variety of drugs is a costly procedure and is a major burden on the health system of any country. Treating
drug-involved offenders provides a unique opportunity to decrease substance abuse and reduce associated criminal
behavior.

In this manuscript, we modify White-Comiskey’s model and propose a compartmental model which incorporates
the effect of consultation and incarceration of addicted individuals.

In section 2, we present the model and compute the basic reproduction number and study the boundedness and
positivity of solutions. In section 3, we prove the existence of endemic equilibria and show that the system may have
up to two endemic equilibrium points when Ry < 1 and up to three endemic equilibrium points when Ry > 1. In
section 4, we show that backward bifurcation occurs leading to bistability. In section 5, we study the global stability of
equilibrium points by using Lyapunov functions and the geometric stability method. Finally in section 6, we present
numerical simulations to illustrate the analytical results.

2. MODEL FORMULATION AND BASIC PROPERTIES
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FIGURE 1. The flowchart of the model

In our model, the community is divided into five compartments: S susceptible individuals, i.e., the individuals
at risk of drug use, U drug users which are not in treatment, incarceration or consultation/rehabilitation, T drug
users under treatment, ()1 incarcerated drug users and )2 drug users under consultation. The number of these
compartments is S(t), U(¢t), T(t), Q1(t), and Q2(t) respectively. We use N(t) for the total population, i.e., N(t) =
S(t) + U(t) + Q1 (1) + Qa(t) + T(1).

Table 1: Parameters of the model



878 R. MEMARBASHI AND Z. EBADI

Symbol Description

A The rate of recruitment of susceptible individuals.

I The rate of Natural death.

51 The rate of drug use.

5o The treatment rate.

B3 The relapse rate.

P1 The rate of return of prisoners to the susceptibles.

D2 The rate at which individuals under consultation/rehabilitation back to susceptibles.
D3 The rate of imprisonment of drug users.

D4 The rate at which drug users turn to counsel.

D5 The rate at which prisoners are referred to treatment.

D6 The rate at which individuals under consultation are referred to treatment.

Based on the flow diagram of the model depicted in the above figure, we obtain the following ODE system:

% =A- % — 1S 4+ p1Q1 + p2Q2

G =250+ BT — (u+ Ba+ps + pa)U
% = —BUL 4 BU +psQ1 + peQ2 — uT
gl =psU — (u+p1 +ps)Q1

i =paU — (L +p2 + pe)Q2

At first, we study the nonnegativity and boundedness of the solutions.

Lemma 2.1. The variables of the trajectory (S(t),U(t), Q1(t), Q2(t), T(t)) of model are nonnegative for all t > 0,
when the initial values are nonnegative, i.e., S(0) > 0,U(0) > 0,Q1(0) > 0,Q1(0) > 0 and T'(0) > 0.

Proof. All solutions of this model are smooth. Furthermore, if all of the components of the system have nonnegative
initial conditions and that if any of the compartments are zero at time ¢ = ¢; > 0, then the derivatives are nonnegative.
For example if S(¢1) =0, U(t1) > 0, Q1(¢t1) > 0, Q2(t1) > 0 and T'(¢1) > 0, we get

ds(t
agtl) =N+ Qu(t1) + Q2(t1) =0,

> 0 and hence, S(¢) is nonnegative for all times ¢ > 0. Next, assume that T'(t2) = 0, S(t2) > 0,
0 and Q2(t2) > 0. Hence we have

dT (t2)
dt

that implies T'(t3) > 0 and hence, T'(t) is nonnegative for all times ¢ > 0. A similar result can be obtained for the
other components of the solution and as mentioned in [30], it can be concluded that all compartments are nonnegative
at all times ¢ > 0. The boundedness of the solutions is also of interest. We prove it in the following lemma.

that implies S(t])
Ultz) > 0,Q1(t2) >

= [oU(t2) + psQi(t2) + peQ2(t2) > 0,

Lemma 2.2. The total population N(t) = S(t)+U(t)+Q1(t)+Q2(t) +T'(t) is bounded from above, for all nonnegative
initial values.

Proof. The equations of the system yield N=A- uN, and by integration we have,

N(t) = N(0)e " + %(1 — e ") < max(N(0), %) =M
(=)=
E)NE
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for all t > 0.

As in the White-Comiskey model, we consider the total population of the community, i.e., N, to be constant

A =pS+ pU+ uT + p@1 + pQ2. Now we replace A in (2.1) and then use the substitutions

Ll
N7

S =

u T:Z :Ql and :%zl—s—u—r—
N’ Q1 N a2 N q1,

u =

which yields the following final form of our system:

ds

o =p—Pisu—ps+pigg+p2(l—s—u—7—q),

.

gt
i
g]t
q1

’ = p3u— (L +p1+ps5)q1-

= Bisu+ Baur — (1 + P2 + p3 + pa) u,

= —fsur + fou—+psqi +ps (1 —s—u—7—q1) — pur,

We study (2.3) in the region,

Q= {(SvuaTaQI) € Ri :

This region is positively invariant under (2.3).
This system has a unique drug-free equilibrium Py = (s*, u*, 7%,¢7) = (1, 0,0, 0) and the Jacobian matrix of Py has

the following form:

J(Po)

—H—=Dp2 —B1 —pa2 —D2 P1— P2
0 B — (u+ B2+ p3 + pa) 0 0
—D6 +B2 — ps —1—Ds D5 — De
0 p3 0 —(p+p1+ps)

5>0,u>0,7>0,q1 >0, s+u+7+q <1}

. Hence

(2.2)

This matrix has the eigenvalues, \y = 81 — (u+ B2+ ps +p4), A2 = —(+p1 + ps) and the eigenvalues of the following

submatrix:

—H P2 —D2

—Ds —H — Ps

Furthermore, since trE < 0 and detE > 0, the real part of eigenvalues are negative. The relation A\; < 0 can be written

as Ry < 1 in which,

Theorem 2.3. The drug-free equilibrium Py is asymptotically stable when Ry < 1 and unstable when Ry > 1.

1

Ry = .
O i+ Ba+ ps + pa

(&)
ENE
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3. ENDEMIC EQUILIBRIUM POINTS
The endemic equilibrium points of (2.3) satisfy the following system,

p— Prs*u* — ps* +pigi +p2 (1 —s" —u* =75 —q7) =0,
Brs*u* + Bau*T* — (u+ B2 + p3 +pa)u* =0,

—Bsu*T* + Pau + psqi +pe (1 — 8" —u* — 7" —qf) — pr* =0, (3-1)
p3u* — (pu+p1 +ps)gi = 0.
This yields that v* is the positive root of:
F(u*) = A(u*)® + B(u*)?> + Cu* 4+ D = 0, (3.2)
where
D3
A = —(u+petps)(1+ —=——)Bifs,
(1 +p2 +p6)( u+p1+p5)6163
B = (u+p2+ps) [(1 - i)ﬁlﬂ:& + (@ -1 (pig (ps — p6) + B2)
Ry B1 1+ p1+ps
b3
(1 —2 +p2) + Bi( + ps)) |
( P +ps)(ﬁa(u p2) + Br(p P6))}
C = (u+p2+pe) [(1 - i) (Bs(p+ p2 + B1(p+ps)) + (& -1) R -
Ry B1 i+ p1+ ps
b3
(ps(p — p1) +paps) — (1 + S +p5)“(“ + po +p6)],
1
D = (u+p2 +p6)2 (1- R7)
0

Now, we consider f(u) = Au® + Bu?+ Cu+ D, with f'(u) = 3Au® +2Bu+ C and f”(u) = 6Au+ 2B. The negativity
of A implies lim, 4o f(u) = 0o and lim,_, o f(u) = +00. The following cases can occur,

Case I: Ry > 1.

In this case D > 0. Some subcases can occur and we study them:

Iy: A =4B%? — 12AC < 0.

The negativity of A implies that f/(u) < 0 for all u, so it has one positive root.
I: A>0, B>0and C > 0.

From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = _256’,)72& <0
and a local maximum at ugy = ’2%72& > 0. Therefore, f(u) has one positive real solution.

I,b: A>0, B<0and C <0.

From these relations and by using the second derivative, we see that u; = _2%72& < 0 is a local minimum and
Uy = ’2%72‘/5 < 0 is a local maximum with u; < us. Hence f(u) has one positive real solution.

Is5:A>0, B>0and C <0.

From these relations and by using the second derivative, we see that u; = _2]‘27:& > 0 is a local minimum and
Uy = ’2%72‘/5 > 0 is a local maximum with u; < us. Hence, f(u) has three solutions.

I4:A>0, B<0andC > 0.

From these relations, we see that f(u) has a local minimum at u; = *2?57;& < 0 and a local maximum at
Uy = % > 0. Hence, it has one positive solution.

I5ZA>O&HCIB=O.

These relations imply C' > 0 hence, f(u) has a local minimum at u; = Tﬁ < 0 and a local maximum at uy = # > 0.

Therefore, there is a unique positive solution.

Ig: A>0and C =0.

The relations A > 0 and C' = 0 imply B # 0. When B > 0, f(u) has a local minimum at u; = 0 and a local maximum
an

Ba
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at ug = _72% > 0. Hence, f(u) has one positive real root. When B < 0, by a similar argument we see that f(u) has
one positive solution.

I : A=0and C #0.

The relation A = 0 implies C' = 33—: < 0. When B >0, u= g—f > 0 is a horizontal tangent of f(u), and when B < 0,
u = g—f < 0 is a horizontal tangent of f(u). Hence, for sufficiently small € > 0 we have f’(g—f +e) = _S—iz +3A24-C =
34€> <0and f/(35 —€) = _3—1'22 +3A4€% + C =3Ae? < 0. So it has only one solution which is real.

Iy:A=B=0.

These relations imply C = 0 and u* = {/=2 > 0 is the root of f(u).

Iy:A=C=0.

These relations imply B =0 and u* = ¢ % > 0 is the root of f(u).

Case II: Ry < 1. In this case D < 0. Some subcases can occur and we study them:
Il : A <0.

The negativity of A implies that f(u) is strictly decreasing without any positive root.
II; :A>0, B>0and C > 0.

From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = _2367?/5 <0,
and a local maximum at us = _2%7;@ > 0. And f(u) has two positive roots, a unique positive root and has no
positive root, when f(u2) > 0, f(uz) =0 and f(usz) < 0 respectively.

II,: A>0, B>0and C <0.

From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = % >0
and a local maximum at us = _2%7;& > 0 with u; < ue. And f(u) has two positive roots, a unique positive root
and has no positive root, when f(uz) > 0, f(uz) =0 and f(u2) < 0, respectively.

II3: A >0, B<0andC >0.

From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = % <0
and a local maximum at us = _2367;\/5 > 0. And f(u) has two positive roots, a unique positive root and has no
positive root, when f(ug2) >0, f(uz2) =0 and f(ug) < 0 respectively.

II,: A>0, B<0andC <0.

From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = % <0

and a local maximum at uy = 43672& < 0 with u; < uy. Hence f(u) has no positive root.
II5: A>0and B=0.
From these relations and by using the second derivative, we see that f(u) has a local minimum at u; = 6—‘/§ < 0 and

a local maximum at ug = _E)‘T\/Z > 0. So that f(u) has two positive roots, a unique positive root and has no positive

root, when f(uz) >0, f(uz) =0 and f(uz) < 0 respectively.

Ilg: A >0and C =0.

These relations imply B # 0. If B > 0, f(u) has a local minimum at u; = 0 and a local maximum at ugy = %% > 0.
Hence f(u) has two positive roots, a unique positive root and has no positive root, when f(us) > 0, f(uz) = 0 and
f(u2) < 0 respectively.

If B <0 then f(w) has a local minimum at u; = %% < 0 and a local maximum at us = 0.

II; :A=0, B#0and C #0.

The relation A = 0 implies C = 33—2 < 0. Hence, A <0, C <0and D < 0. When B > 0, f(u) admits a tangent line
which is horizontal at u = g—f > 0. When B < 0, f(u) admits a tangent line which is horizontal at u = g—f < 0. Hence

when € > 0 is sufficiently small, f'(3% +e€) = E—if?—l—SAeQ—i—C =3Ae? < 0and f/(35—¢€) = E—T—FSAGQ—I—C = 3Ae2 < 0.
This implies that f(u) does not have any positive solution if B > 0. The case B < 0 is similar.
IIg: A=0and B =0.

The unique root of f(u) is u* = {/=2 < 0.
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Ilg: A=0and C =0.
The unique root of f(u) is u* = {/=2 < 0.

Case III: Ry = 1. In this case D = 0 and F(u) = 0 reduces to,

g(u*) = Au*?* + Bu* + C =0, (3.3)
This equation does not have real roots when A" = B2 — 4AC < 0. If A" > 0 and C > 0, it has one positive solution.
If A" >0 C <0, when B >0, g has maximum at u},,, = 52, with g(u%,,,) = 4AA > 0.

4. BACKWARD BIFURCATION

In most epidemic models, when Ry < 1 and the initial values of the compartments of the model belong to the basin
of attraction of the disease-free equilibrium point Py, the disease dies out. At the same time, in some epidemiological
models in the range Ry < 1, there exist endemic equilibrium points which show that all initial states cannot be
absorbed to Py, i.e., the disease may become endemic. Backward bifurcation is the occurrence of this problem [24].
Now we prove the occurrence of backward bifurcation in the proposed model.

We use the Castillo-Chavez and Song theorem, i.e., the theorem 4.1 in [11].

Let s = x1, u = x2, T = 23 and ¢; = x4, then (2.3) becomes:

LJ? =p— Prxixg — pxy + preg +p2 (1 —xp — x9 — 23 — 24) = f1,
% = fix122 + Baxoxs — (1 + B2 + p3 + pa)z2 = fo, (4.1)
% = —Pswawy + Para + psta +pe (1 — 21 — 22 — 23 — 14) — a3 = f3,

\ % = p3xy — (p+ p1 +ps5)Ts = fa.

If Ry = 1 then 81 = 87 = pu+P2+p3+ps . The Jacobian matrix J(Pp, 87) has three negative eigenvalues and the simple
eigenvalue 0. Let v = (0,1,0,0) be the left eigenvector of A corresponding the zero eigenvalue, computed by v.A = 0.
On the other hand, let w = (wy, ws, w3, w4)” be the right eigenvector of A associated with eigenvalue A, = 0. We have,

—(p+p1+ps) {51(# +p6) + po(p + 52)] + p3 [pl(u +p6) — p2(p + ps)

o f1(p + p2 + pe) ’
wy = Ww4—ﬂ+p1+175,

(1 +p1+ps) [p2/32 + pe 1 + (B2 — pes)] + 1ps(ps — ps) + P3(PLPe — P2p5)
o pu(pt + p2 + pe) ’
Wy = P3-

By using these vectors, we compute constants a,b as in [11],

0? fx *
a = Z VRWiWj 5o g (Po, B Zwlea o1, -(Po, 1)

k,i,j=1 1,j=1

= 2wy (wlﬁl + w3ﬁ3)7
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and
4

0? 0?
b= Z UkW; 55 ]¢;¢ Po, B1) sza 5251 (Po, B7)

k,i=1
= wiTo + WaT1 = wg = U+ p1 + Ps.

As b is positive, by the sign of a we can determine the bifurcation of the system around DFE for 5, = 57 . We
consider

Ar = pipsBi(p+pe) + (1 +p1+ps)Bs [52(# +p2) + peﬁd +ps B3(psp + pipe),
and
As =P {(M + p1+ps) (ﬁ1 (1 +ps) + P2+ ﬂz)) + paps(p + P5)} + B3 [IJPG ((M +p1+ps)+ P3) + P2p3p5} :
Now A; > Aj if and only if @ > 0, and part (4) in the theorem of Castillo-Chavez and Song imply the following result.

Theorem 4.1. If As < Ay, then backward bifurcation occurs when Ry = 1. Furthermore, endemic equilibrium has
asymptotic stability when Ry > 1 and close to one.

5. GLOBAL STABILITY OF EQUILIBRIUM POINTS

In this section, we study the global stability of equilibrium points of the system. To determine whether the
addiction can invade the population, we study the global asymptotic stability of the DFE point P;. We prove the
global asymptotic stability of P, under certain conditions, which ensures that the addiction dies out for all initial
values of the model components.

B1
Lemma 5.1. If Ry < 5
f o < B1+ B3
Proof. We consider the function V' : {(s,u,7,¢q1) € @ : s > 0,7 > 0,¢q1 > 0} = R by V(s,u,7,¢q1) = u, as a
Lyaponuv function. Now,

v du 1
=G (0 - )+ A

DFE is GAS in Q.

av av
Therefore, g < 0 when Ry < 3 il 3 Furthermore, o 0 if and only if v = 0. Hence by Lasalle invariance
1 3
principle, Py is global asymptotic stable with respect to the invariant set 2. See [21] for the proofs and applications
of the notion of asymptotic stability with respect to invariant sets. O

In this part, we use the geometric stability method proved in [22, 23]. See [3, 9, 10, 18] for applications of this
method.

Suppose that the system has a unique endemic equilibrium point. The Jacobian matrix of the system at the point
(s,u,7,q1) is given by:

air a2 @13 Aai4
_ 67f _ | @21 a22 (23 Q24
~ Ox  |am az azz asa|’

G41 Q42 Q43 Q44

(5.1)

a1 = —p—p2— —Piu, a2 =—-P01s—p2, a3 =—D2, Q14 =P1 — P2,
ag1 = biu, age = B1s+ B3 — (u+ B2+ ps +pa), ags = Psu, a =0,
as1 = —pe, a3z = —P37+ P2 —ps, asz=—PL3u—pe— [, azs=pP5— Pe;
agnn =0, aga=-p3, a3 =0, au=—(p+p1+ps)
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The second compound matrix, J2! of J = % is:

My My 0 My Mys 0

Mz Mas Moz May 0 Moy

Mz 0 Msz 0 Mgy Msg

My My 0 Mgy Mys 0O ’
0 0 Mz My Msgs Mg

with the following components,

My = —(2u+ B2+ p2 +p3 +pa) + Bi(s —u) + P37, Mo = Bau, Mg =ps, Mis=ps—p1,
Moy = =37 —pe + 2, Moo = —(2u+p2+ps) — (B1+ Bs)u, Moz =ps —ps, Moy = —P15—pa,
M3y =p3, Msz=—piu— 2u+p+p2+ps), Mss=—pB1s—ps, Mss=—pa,

My = ps, Mayp = Bru, My = —p15+ P37 — Bau— (2 + B2 +p3s +pa+ps), Mis = ps — pe,
Ms3 = Bru, Mss = Bis+ 37 — (2u+ B2 +p1 +p3 +ps+ps),  Mse = B3u,

Mes = —ps, Mes = —p3, Mes = —PB37+ B2 —ps, Mes = —P3u— (2i+ p1 + ps + ps)-

We use the following matrix function,

L ooo oo
u
0100 0 0
001 0 00
P=19 00 L 0 o0
u
1
0 0 = 0
u
(000 0 0 1|

/ ’ ’

Which yields the matrix PP~ = —diag(—,0,0, —, —,0) and,
u u u

A A 0 Ay Ais O

Agi Ay Az Ay 0 Ay

A3r 0 Aszz 0 Az Ase

Ay Ay 0 Ay Ay 0|7
0 0 Agz Ass Ass Ass

Q=P P '+ PMP =

in which,

Ay = —p—pru—p2, Ap=p03, Aw=p2, Ais=p2—p1,

Agy = —(B3T+ps—PBa)u, Ass = —(2u+pa+ps)—(B1+P3)u, Az =ps—ps, A= —(Bis+p2)u,
Az = psu, Asz=—Pru— 2u+p1+p2+ps), Aszs=—(B1s+p2)u, Mss= —p2,

Ay =pe, Asp=p1, Au=—P3u—ps, Ass=ps— e,

Asz = P1, Ass =—p—p1—ps5,  Ase = Bs,

Ags = —ps, Aea = —pau, Mes = —F37+ B2 —ps, Aec = —SB3u— (2p+p1+ps+pes)-

We use the norm introduced in [18]. At first, we prove the following lemma.

Lemma 5.2. There exists x > 0, with Dy || z ||[< —x || 2 || in which z € R is the solution of,

dz

a = Q(¢:(1))=

(5.2)

Mse = p2 —p1,
(5.3)

Agg = p2—p1,
(5.4)

provided that, po < p1, ps + B3 < B2 + 3, ps+ B3 < i, p3s + B3+ p2 + B1 < p+ p1 and p1 + p2 + 261 < 2u + pg.-

(=)=
E)NE
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Proof. To demonstrate the existence of such y > 0, we need the sixteen separate cases, see [9]. We demonstrate
two cases with complete details.
Case 1: Uy > Uy; 21, 22, 23 > 0 and |z1] > |22|. In this case, || z ||= |z1] + |23| and

Dy || z||l= (Aiiz1 + Arozo + Avaza + Aiszs) + (As121 + Aszgzs + Asszs + Aszeze)

We have,
(A11 + As1)z1 + Asszz + A1aza < max{Ai1 + As1 + B3, Ass + B3} || 2 ||,
and
[#] A1a24 = pazy
[#+]  A1sz5 + Asszs = [p2 — p1 — (B18 + p2)ulzs
[**x] Aseze = —p226

The following situations occur :

(1): If 24, 25, 26 > 0, we delete [xxx] and by the condition ps —p1 + (—S15—p2)u < 0, [*+] is also deleted. Furthermore,
Apzs < paf 2.

We consider the condition:

maX{AH —+ A31 =+ 53, A33 + ﬂ3} =+ max{pg,pl — P2 + (,615 erg)u} < 0 (55)

(2): If 24, 25, 26 < 0, then we delete [] and,
A1szs + Asszs + Asezs < palze| + (p1 — p2 + (Bis + p2)u)|2s|
< max{pg, p1 —p2 + (B1s +p2)u} || 2 | .

In this case, we use (5.5).
(3): If 24,25 > 0 and zg < 0, then [xx] is deleted and,

Ayaza + Aseze = pa(|za| + |2z6]) < p2 || 2 ||

in this case, we use (5.5).
(4): If 24,25 < 0 and 2g > 0, then [x] and [ x *] are deleted and,

Aiszs + Asszs < (p1—p2+ (Bis+p2)u) || 2 |,

we use (5.5).
(5): If 24,26 > 0 and z5 < 0, then [ x x| is deleted,

Apgzg + Arszs + Asszs < max{pz, p1 — p2 + (Bis +p2)u} || 2 ||

and we use (5.5).
(6): If 24,26 < 0 and 25 > 0, then [+] and [x] are deleted,

Aseze < p2 | 2 ||

and we use (5.5).
(7): If 25,26 > 0 and 24 < 0 then [%], [*x] and [* * %] are deleted due to their negativity.
(8): If 25,26 < 0 and z4 > 0 hence,

Avgza + Aiszs + Asszs + Aseze < max{ps,p1 — p2 + (B1s +p2)u} || 2 ||

and we use (5.5).
The following conditions are sufficient for this case:

{ p2 —p1 — (B1s+p2)u <0
max{ A1 + As1 + B3, Ass + B3} + max{ps, p1 —p2 + (B1s + p2)u} <0
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Case 2: Uy > Us, 29, 23 > 0> 2z and |21] < |22|. In this case, || z ||= |22| + |23] and
Dillzll = =z
= (Ag121 + Aoozo + Aozzz + Aoszy + Ageze) + (Az121 + Aszgzs + Asszs + Aseze). (5.6)
We have,

Aga|za| 4 (A2 + Asz)|zs] < max{Ag, Aoz + Asz}(|22] + |23])
= max{Ag, Aoz + A3} || 2 | .

We suppose the inequality As;+ Az > 0, and then delete the term (Aaq+ Asq)z; because of its negativity. Furthermore
we have the following terms:

(]  Aoszy = (=15 — pa2)u 24,
[#x]  Asszs = (=P1s — p2)u zs,
[** %] Aogz6 + Aze2z6 = (P2 — P1 — P2)26 = —P1%-

The following situations occur :
(1): If 24, 25,26 > 0, we delete all terms in [#], [**] and [* % ] due to negativity.

(2): If 24, 25,26 < 0. We have,
Asazy + Asszs + Agsze + Aseze < (01 + (2615 +2p2)u) || 2 || -

Thus
Dy || 2 || < (max{Ass, Azs + Ags} + (1 + (280 +2p2)w)) | | -
Hence, we suppose the following condition:
max{Aaz, Aoz + Ass} + p1 + (2615 + 2p2)u < 0. (5.7)
(3): If 24,25 > 0 and 26 < 0, then [x] and [xx] are deleted and,
Aseze + Azeze < pilze| <p1ll 2|,

hence we use (5.7).
(4): If z4, 25 < 0 and 2zg > 0, then [ * %] is deleted and,

Agyzg + Asszs < (Bis+p2)u || 2 ||,

hence we use (5.7).
(5): If 24,26 > 0 and z5 < 0, then [%] and [* % *] are deleted and,

Asszs < (Bis+p2)u || 2 ||,

hence we use (5.7).
(6): If 24,26 < 0 and z5 > 0, then [xx] is deleted and,

Aouza + Asezs + Aseze < (p1 + (Bis +p2)u) || 2 ||,

hence we use (5.7).
(7): If 25,26 < 0 and z4 > 0, then [x%] and [* % *] are deleted and,

Aggzg < (Bis+p2)ull z |,

hence we use (5.7).
(8): If 25,26 < 0 and z4 > 0, then [«] is deleted and,

Asszs + Azeze + Azeze < (p1 + (Bis + p2)u)llz],

hence we use (5.7).

(=)=
E)NE



CMDE Vol. 10, No. 4, 2022, pp. 876-893 887

The following conditions are sufficient for this case:

Asy + Az >0
max{Aga, Aoz + A3z} +p1 + (2815 + 2p2)u < 0

The inequalities of this lemma imply the negativity of the coefficient of || z || in all cases. 0

As it is mentioned in [3], when backward bifurcation occurs, for example our system, we need to prove the following
lemma which is an analogous to proposition 5.2. of [3] for our model.

Lemma 5.3. Let ¢ be a simple closed curve in S, then there exist € > 0 and surfaces * minimizing S with respect
to Y (0, ) and for allk =2, 3, ,... and t € [0,€], ©F C Q.

d
Proof. Let £ = 7mm{u : (s,u,7,q1) € ¥}. Obviously &€ > 0. The inequality ditt > —(u+ B2+ ps +p4)u implies the

existence of € > 0 for which the trajectories remain in €, for ¢ € [0, €], if u(0) > £. Now we prove that there exists {*}
minimizing S in the set > (¢, Q) in which Q = {(s,u,7,¢1) € Q@ : u > &}. For (1) = (s(),u(l), 7(0), 1 (1)) € D (¢, Q)
define the surface, (1) = (s(1),u(l), 7(1),q1 (1)) as follows:

e(1) if u(l)=¢,
(svgaTaQI) Zf u(l)<§,s+§+7‘—|—q1§1,
A if ul)<§&s+E+T74+q>1,
in which
S T q1
A= 1- A 1- 3 1- .
(\/§(S+T+Q1)( &t \/§(5+T+(J1)( 2 \/3(5+T+(]1)( %)
Now 3(1) € 3(1, Q). We will prove S@ < S¢.
We denote
dp 0o ,__ _ __ __ __ __
ai;j A 87;2 (le7x27$3)x4am5?x6)
and
0 0
8—;? N a—z = ($1,$1,$2,$37$4,$5;$6)T-
We prove,
3@ 8@ 8@
I ||_|| o H

Three cases can occur:

1. If u(l) > &, then ¢ = ¢ and therefore, | Z; |=| x; | (i =1,2,...,6) , hence,
192 S Il g2 n .

2. Ifu(l) < &and s(l) +€+7() + 1 (1) <1, then ¢(I) = (s(1),&,7(1), q1(1)). Therefore it follows ; = z; (i =1, 3,5)

and Z; = 0(i = 2,4,6). Thus | z; |[<| z; | (¢ =1,2,...,6), which imply

ago 8<p dp Oy
I =l Aa I
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3. Ifu(l) < ¢ and s(I) + &£ + 7(1) + q1(I) > 1, then

~n S _ T _ q1 .
Pl = (\/g(s +74+q) SR V3(s +T+(]1)(1 2 V3(s +T+CI1)<1 -

. . 0s 0T  Oq _ .
In this case, using a—lj + a—lj + a—l] = (0 we obtain,
op ¢
= z1(l) fi + z2(l1) fo and 21(l2) f1 + z2(l2) f2
oly aly
in which,
1 0
0 0
=1 ¢ 1 2=] 4
-1 -1
and 9 9 9
(r+m) g —s(Gr+50)
all) = (1—¢) 0l; ol; 0l
H \/3(5 +7+q1)?
0 0 0
(s+ @) g — (5 + 5)
wo(ly) = (1—€) 0l; ol; ~ 0l
2 V3(s 4+ 714+ q1)?
for j = 1,2. Therefore,
0
1
9p 9p _ o (@-¢p -1
ol N oy (z1(l1)z2(l2) — 22(l)z1(I2)) fi A fa = 3(3+7’—|—q1)4K

in which,
K=q(s+174+q)ra—7(s+7+q)xs+s(s+ 7+ q)zg
This yields,

3«9 090 so 90”.

~ 1
Furthermore %(l) = maxz{u(l),£}, hence = S " Therefore,

Sh = /||P —/\— |dl</|\P @Aaﬁ VI di = S

Let § = inf{S¢: ¢ € > (¥,Q)} and the sequence {(;Sk} minimizes S in the set (1, ), then limg_,, S¢¥ = §. Now
consider the sequence {o¥} € (4, ) as in the above definition, from the boundedness of {S¢*} and S¢F < &bk we

have limg_, o, SQS < 4. Furthermore (j)k € > (¥,Q) hence Sd)k > 6 and limy_, o Sqﬁk > § which imply limy_, (,zS = 4.
Now,

||<|$2|+|m3|+|936|<||

inf{S¢ : o€ > (¥, D)} < nf{Sp : s (1,0
The relation ¢ € Y(1), Q) implies that 1nf{S¢ qb €> (¥, Q)} > 6, hence mf{Sqﬁ $e (1, Q) =6 At the final,
we can show that limy_.o S¢* = 6 = inf{Sé : ¢ € (1, Q)}, i.e. {¢*} minimizes S with respect to (1, Q). 0
B8O
BE
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From Lemma 5.2 and 5.3, we have the following result.

Theorem 5.4. All w-limit points of (2.1) in Q° are equilibrium points and therefore each positive semi-trajectory
tends to a steady state.

And finally, we have the following useful result.

Theorem 5.5. Let the conditions in Lemma 5.2 hold,
(1) If the system has the unique steady state Py, i.e., the drug-free equilibrium, all trajectories converge to Py.
(2) If the system has a unique endemic steady state, all trajectories converge to it.

6. NUMERICAL SIMULATION

In this section, we will simulate the system using MATLAB software, so that the obtained analytical results can
be seen numerically. We present three cases.

B
Case 1. Ry < ﬁﬁlﬁg < 1.

We choose t = 3 x 1074, B, = 11 x 1074, 8, = 3 x 1074, B3 = 107°, p; = 1075, py = 1073, p3 = 4 x 1074,

pa=2x%x10"% ps =10"% and pg = 10~%. In this case, Ry ~ 0.9166 and ﬁllilBS ~ 0.99099. See Figure 2.

—a ] 3,200011
3,200021

4,70.0003
1,70.0004

08 . 4 N J,=0.0031 0l 5.=0.0005
2 3,=0.0041

4,70.0006

» — =
0 1000 2000 3000 4000 5000 6000 7000 B0OO 9000 10000
t t

(a) (B) (c)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

3,20.00001 | |
3,=0.00002

u(@=0.1
(=03
u(@=05
o
u(0)=08

4,70.00004

|

o
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

(D) (®)

FIGURE 2. (a) shows the plot of the solution of the system. (b), (¢) and (d) show the sensitivity
of u(t) with respect to (1,82, and S respectively. (e) shows the convergence of u(t), (infectious
compartment) of five solution curves of the system to the DFE. In this case, Lemma (5.1) shows the
global stability of DFE.

Case 2. ﬁlBTIﬁ:S < Ry < 1.
We choose 1 =2x 1074, 81 = 1073, 65 =1073, B3 =5x107%, p; =5x107°, po =5x 1077, pg = 107%, py = 1074,
[ ]
(0] €]
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ps = 107% and pg = 10~%. In this case, Ry ~ 0.7142 and ,316-153 ~ (0.6666. See Figure 3.

5,=0001
3,=0.002

3,20001
5,20002
3,=0.003 5,20.003
3,=0.004 4,70004

0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

\ g

u(@=0.1
(=03
(@05
u0)-07
u(0)=08

=

0
0 02 04 06 08 1 12 14 16 18 2
t x10% t «10*

(D) (®)

FIGURE 3. (a) shows the plot of the solution of the system. (b), (¢) and (d) show the sensitivity
of u(t) with respect to 1,82 and (3 respectively. (e) shows the convergence of u(t), (infectious
compartment) of five solution curves of the system to the DFE.

Case 3. Ry > 1 and parameters satisfy the relations in lemma 5.2.
We choose 1 = 1072, 81 =3 x1073,8, = 1073, B3 =3 x 1074, p; =3 x 1073, pp =2 x 1073, p3 = 2 x 1074,
ps = 107%, ps = 10~*and pg = 10~2. In this case Ry ~ 1.304347. See Figure 4.

7. CONCLUSION

In this article, the model of White and Comiskey has been modified. We added two compartments for drug users
under consultation rehabilitation and incarcerated drug users. We studied the steady states of the model, its existence,
and local and global stability. We showed that DFE is locally and globally stable under appropriate conditions. With
the aid of the geometric stability method, we studied the global stability of the endemic steady states. Furthermore,
we proved that backward bifurcation can occur. The occurrence of this bifurcation showed that the reduction of the
basic reproduction number to Ry < 1 is not enough for the control of the epidemic.
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FIGURE 4. (a) shows the plot of the solution of the system. (b), (¢) and (d) show the sensitivity
of w(t) with respect to (1,82, and S3 respectively. (e) shows the convergence of u(t), (infectious
compartment) of five solution curves of the system to the endemic equilibrium.
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