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Abstract - \

Among the various causes of heroin addiction, the use of prescription opioids is one of the main reasons. In
this article, we introduce and analyze a two-strain epidemic model with the superinfection for modeling the
effect of prescribed opioids abuse on heroin addiction. Our model contains the impact of relapse of individuals
under treatment/rehabilitation to drug abuse in each strain. We extract the basic reproductive ratio, the invasion
numbers and study the occurrence of backward bifurcation in strain dominance equilibria, i.e., boundary equilibria.
Also, we explore both the local and global stability of DFE and boundary equilibria under suitable conditions.
Furthermore, we study the existence of the coexistence equilibrium point. We prove that when Rg < 1, the
coexistence equilibrium point can exist, i.e., backward bifurcation occurs in coexistence equilibria. Finally, we
use numerical simulation to describe 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
[3, 42], “dynamic modeling complements indicators and direct data analysis in drug epidemiology at the macro 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 [14] believe “anyone
could be a ‘prey’ to illicit drugs.” They applied the predator-prey paradigm for the modeling of illicit drug consumption,
see also [3, 5, 11]. 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 [23]. 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 [9].

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 heroin use in [41].
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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 [1, 12, 24, 28, 38, 43].
The mathematical epidemiology of drugs has been studied by several authors after White and Comiskey’s work.
Mulone and Straughan revisit their work, [32]. Nyabadza and Hove-Muskava in [36] modified the White and Comiskey
model and studied the dynamics of methamphetamine. For the study of the epidemiology of crystal and the effect of
rehabilitation and relapse, see [34, 37]. In [29, 30] the authors have studied the effect of information transmission and
education on the drug dynamic.

On the other hand, infectious diseases with several strains are of great importance in mathematical epidemiology.
Therefore this type of epidemic model, such as influenza, HIV, malaria,..., has been attracted considerable attention
see [7, 15, 19, 28].

Several mechanisms can cause stable coexistence of multiple strains, one of them is superinfection. In some cases,
individuals who have been previously infected by one strain of a pathogen agent can be infected with another strain
of the pathogen at a later time. Such event is called superinfection, see [28]. Superinfection was first introduced in [6].
Studies of heroin addicts have revealed three main pathways to heroin addiction, one of them is prescription opioid
abuse, see [22, 33].

Prescribed drugs are commonly used to reduce pain. These substances also cause great peace and feeling in people
in a short period of time. This makes them more dependent on these substances, and by increasing their use, people
tend to use more effective substances such as heroin. Hydrocodone, oxycodone, oxymorphone, morphine, codeine,
and fentanyl are examples of prescribed opioids. Prescription drugs are usually safe if given in a short period of time
and with a doctor’s prescription. But some people abuse the prescribed drugs, this abuse for example involves the
excessive use of these substances or the use of substances prescribed to other people. Easier access to heroin in some
places and its greater effectiveness will lead to a tendency for people with prescription drug abuse to be a heroin user.
Studies show that about 4 to 6 percent of people who use prescription drugs turn to heroin, and about 80 percent of
people who take heroin have a history of prescription drugs, see [20, 33].

We modify in this manuscript the White and Comiskey’s model and propose a two-strain epidemic model with
superinfection about the impact of prescription opioid abuse on heroin addiction. We consider the effect of relapse of
individuals under treatment/rehabilitation infected with each strain. We study the effect of the parameters contained
in the model, especially the transition rate of individuals with prescription opioid abuse to heroin-addicted individuals
and relapse rate, on the dynamic of the model. This study reveals the impact of changes in these parameters on the
drug addiction outbreak.

Naturally, in epidemic models, the infection can be controlled by having Ry < 1 if the initial values of all compartments
of the model are in the basin of attraction of the disease-free equilibrium point. Simultaneously, in some epidemic
models in the range Ry < 1, the endemic equilibrium points may also exist, which shows that Ry < 1 is not enough for
eliminating the disease. In such models, it is said that backward bifurcation occurs, see [28]. We study the occurrence
of backward bifurcation in each strain and in general i.e. in the coexistence equilibrium point in our model.

We organize the paper as follows. In section 2, we present the model and study the positivity of the solutions, the
basic reproduction number, and the local and global stability of DFE. In section 3, we study the strain dominance
equilibria and compute the invasion numbers. We prove that under suitable condition, strain dominance equilibrium
points can exist, i.e., backward bifurcation occurs in that strain. Also, we study the local and global stability of them.
In section 4, we prove the occurrence of backward bifurcation in strain dominance equilibriums, with the aid of center
manifold theory and theorem obtained in [10]. In section 5, we study the existence of coexistence equilibria. We prove
that when Ry < 1, the coexistence equilibrium point can exist, i.e., backward bifurcation occurs in the coexistence
equilibria. Furthermore, we obtain sufficient conditions for the global asymptotic stability by the geometric method
introduced by Li and Muldowney in [26]. Finally, in section 6, we use numerical simulation to describe the obtained
analytical results.
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FIGURE 1. The flowchart of the model

2. MODEL FORMULATION AND BASIC PROPERTIES

In our model, the total population of the community is divided into the following groups, susceptible individuals
S, individuals infected with strain one, i.e., individuals who abuse prescription opioids I7, individuals infected with
strain two, i.e., individuals addicted to heroin I, and individuals under treatment/rehabilitation R. The number
of individuals in this compartments is denoted by S, I1, I>, andR respectively. The numbers §1, 82 show the rate of
infection in strains one and two, respectively. Since we consider the superinfection, the infection rate (5 is enhanced
by 62, and the transition rate from prescription opioid abuse to heroin addiction becomes d28. On the other hand,
heroin-addicted individuals may tend to misuse prescription opioids. We consider the transition rate from heroin
addiction to prescription opioid misuse by 6151. A fraction «;,7 = 1,2, of individuals infected by each strain recover
from the infection, i.e., come under rehabilitation/treatment programs and go to the compartment R. Furthermore,
individuals under rehabilitation/treatment relapse into the infection in each strain due to contact with infected indi-
viduals respectively at rates v1,72. In figure 1. the model’s flowchart is depicted, and we have the following ODE
system,

ST ST
S=A- ﬂl *5272*/15
]I I I RI
51 —52ﬁ2 = tofi— 22— (p+a) 1 +m Nl
(2.1)

SI I[ II RI
[32*24-5252 : 2—5151£—(ﬂ+@2)12+72 N2

R[l R,

R= I I —uR—~y —— — 9 ——.

ayly +aglo—p Y1 N Y2 N

At first, we prove that the solutions are nonnegative.

Lemma 2.1. If the initial conditions are nonnegative, i.e., S(0) > 0,1;(0) > 0,13(0) > 0 and R(0) > 0, then all
components of the solution of the system are nonnegative for all t > 0.

Proof. All components of the solution (S(t),I1(t), I2(t), R(t)) of the system are continuously differentiable. Fur-
thermore, if all compartments have nonnegative initial conditions and that if any of the compartments are zero at
time ¢ = t; > 0, then the derivatives are nonnegative. For example if S(¢;) =0, I1(¢t1) > 0, I(¢t1) > 0 and R(¢1) > 0,
we get

dS(t1)

dt =0

(=)=
E)NE
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that implies S(t]) > 0, and hence, S(t) is nonnegative for all time ¢ > 0. Next, assume that I;(t2) = 0, S(t2) > 0,
IQ(tQ) 2 0, R(tg) 2 0, we have
dI(t2)
=0
dt
that implies I;(t5) > 0, and hence, I;(¢) is nonnegative for all time ¢ > 0. Now, assume that R(t3) = 0, S(t3) > 0,
Ii(t3) > 0, Iz(t3) > 0, we have
dR(t
d(tg) = Otlfl(tg) + OZQIQ(tg) Z 0
that implies R(t3) > 0, and hence, R(t) is nonnegative for all time ¢ > 0. The same reason is true for I, and as
mentioned in [35] it can be concluded that all compartments are nonnegative at all time ¢ > 0. O

Boundedness is one of the basic properties of the solutions that we prove in the following lemma.

Lemma 2.2. For any set of nonnegative initial values, the total population N(t) = S(t) + I1(t) + Ix(t) + R(t) is
bounded from above.

Proof. We have N = A — uN, and integration yields,

N(t) = N(0)e " + %(1 — e M) < max(N(0),

==

This proves the boundedness of the solutions of the system. m

As in the White-Comiskey model, we consider the total population of the community to be constant, i.e., N(t) = Nj.
Let

§= 0 1= 5o, l2 = o0, T = o (2.2)
Therefore (2.1), is converted to:

i1 = Ba(in — i3 — dvia — rin) + (81 B1 — 62 Ba)ir e — (u+ an)iy + 71701
iy = Ba(ia — i3 — dvia — rig) + (02 B2 — 61 B1)iv iz — (i + ao)iz + Y21z (2.3)
’f‘:Oéli1+042i2 7#7”7"}/17’2‘1 7’)’27’112.

We study this system in the following region,
Q = {(i1,i2,7);i1 > 0,42 > 0,7 > 0,4y +ip + 7 < 1}

which is positive invariant with respect to (2.3).

A nonlinear differential equation model with constant coefficients typically has time-independent solutions, that is,
solutions that are constant in time. Such solutions are called equilibrium points. Equilibrium points play an important
role in the long-term behavior of the solutions. They are easy to find from the differential equation even if we don’t know
the explicit solution, since their derivative with respect to time is zero. In the mathematical epidemiology literature,
the equilibrium in which the disease is not present in the population, and the entire population is susceptible, is referred
to as the disease-free equilibrium, see [28]. In (2.3), the disease-free equilibrium point is the point Ey = (0,0, 0).

A classical way for computation of the basic reproduction number of a model, which is a key quantity in mathematical
epidemiology, is the linearization theorem which uses Jacobian matrix of the system in disease-free equilibrium point,
see [28]. The Jacobian matrix of (2.3) has the following form:

aix aiz2 ais
J=| ax ax a3
a3l a3z a33
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in which
aiy = P1(1 —2iy —iz — 1)+ (0181 — 0282)ia — (1 + 1) + v,
aiz = —Priy + (0181 — 0232)i1, a13 = —Prin + i,
ag1 = — Pz + (0282 — 0131)i2, agz = —Paiz + Y212,
age = Po(l — iy — 2ip — 1) + (0282 — 01 51)i1 — (1 + o) + var,

azy = a1 — M7, a32 = Q2 — V2T, G33 = —p — Y1i1 — V2l2.
And
Br— (1 + 1) 0 0
J():J(Eo)z 0 ﬂg—(/i-i-ag) 0
aq Qi —H

which has the eigenvalues

pr—(p+ai), Bo—(u+az), —p. (2.4)

We define the basic reproduction of the model by Ry = max{R;, Ro} in which, R; = ﬁ, Ry = #fiz. The
linearization theorem implies the following result.

Theorem 2.1. The DFE point Ey is local asymptotic stable if Ry < 1 and unstable if Ry > 1.

To determine whether the infection can invade the population, we prove the global asymptotic stability of the DFE
point. Backward bifurcation occurs in this model, which is proved in next sections. Hence DFE can not be globally
asymptotically stable, across region Ry < 1, unless under certain conditions. In the following proposition we extract
sufficcient conditions for this problem.

Proposition 2.1. The DFE point Ey is global asymptotic stable provided, Ry < 1, 5; < p+ %Oﬁ, Vi < 725 Bi, for
i=1,2 and m > 2.

Proof. Consider the following function V' : Q — R™T.
V(i1,i2,7r) = miy + mig + 7.

The function V is positive definite with respect to Ey. And the derivative of V on the trajectories of (2.3) with respect
to t is,

E:mi’1+mi’2+r'

< Briy (1 - Pi) + ((m =1)(B1 — p) = (m = 2)az)ir + (M — 1)y — mpB1)riy

+ Bais (1 - é) +((m—1)(B2 — p) — (m — 2)aa)ia + ((m — 1)ya — mPB2)ris — ur.

Since Ry <1, Ry <1land f; < pu—+ %@i, Vi < ;%5 Bi, the % is negative, and Lyapunov theorem implies global
stability of Fj. O

3. BOUNDARY EQUILIBRIUM POINTS AND THEIR STABILITIES

An equilibrium point with the presence of strain one and the absence of strain two is called a strain one dominance

o~

equilibrium point, see [28]. Such equilibrium point F; = (41,0,7) is the solution of the following equations with

(=)=
E)NE
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positive components:

Bi(l—1 =P +nF=p+a
-~ ~ P (3.1)
a1ty —pur—myrip =0.

Therefore ?1 is a positive solution of the following equation:

Fi(iy) = A2 + Bi, + C =0 (3.2)
in which
1
A= C=- 1——
Y1 B, 51#( R1> ;

B=pi(p+a1) — a1y —mb <1 - ];) .
1

Fy (’2\1) is a convex parabola with a minimum point % and minimum value %, in which A = B2 — 4AC. Now by

applying the geometric properties of parabolas, we have:

Theorem 3.1. One of the following cases occur in (2.3):

Case 1. The system has a unique strain one-dominance equilibrium point E1 = (i1,0,7), provided C < 0. In this case,
Ry > 1.

Case 2. The system has a unique strain one-dominance equilibrium E; = (?1,0,?), provided, B < 0, C' = 0. In this
case, Ry = 1.

Case 3. The system has two strain one-dominance equilibrium, provided B < 0, C' > 0 and A > 0. In this case

4y BT
41 Bt + B2
Case 4. The system has a unique strain one-dominance equilibrium, provided B < 0, C > 0, and A = 0. In this case

4y B
4y Bip + B2

In the next theorem, we prove the local stability of Fj.
Theorem 3.2. Let
Ba(l —i1 = 7) + 028501 + o7
§181i1 + (4 aw) '
When, ]A%% <1 and Bﬁl(u + 'yﬁl) — p(y1 — B1)7 > 0, the equilibrium point Ey = (?1, 0,7) is local asymptotic stable.

o~

< R; <1

=R <1

B2 =

Proof. We compute the Jacobian matrix of the system at F; as follows:

bir b2 bis
Ji=JE)=| 0 by 0
bs1 bsz bss
where,
bir = Bi(1— 201 —7) — (u+ 1) + 17,
biz = —Pui1 + (6181 — 6282)i1, b1z = —Pui1 + i1,
bas = Bo(1 — iy — 7) + (82 B2 — 61 Bu)i1 — (1t + a2) + 727,
b31 = a1 — T, b3y = ag — Yo7, bag = —pu — 7121-
An eigenvalue of the matrix Jp is
A1 = fo(l — i — 7)+ (62 P2 — &1 51);1 — (4 a2) + yaor. (3.3)

Elm
E[E
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Furthermore, the eigenvalues of the submatrix:

b b
J11={ 11 13]

b31 b33

have negative real parts if 7r(J11) < 0 and Det(J11) > 0. By using (3.1) we can easily see that

~

~ = r D
bin = —Prin, biz = (71— Bu)in, bs1 = p=, bsz = —p— i
21

and
Det(J11) = Brir(p+ i) — p(y1 — Bo)7
Furthermore Tr(J11) = by1 + b3z < 0. Now For the stability of Ej, the sign of eigenvalue A\1; must be negative, that

is,

B2 = Ba(1 =iy —7) + 628201 + Yol <1

8180 + (p + az)

Lemma 3.1. Let R% <1 and v1 < B, then the equilibrium point Fy = (?1, 0,7) is locally asymptotically stable.

As it is mentioned in [28], the quantity R% is called, the invasion reproduction number or invasion number of strain

two at the equilibrium of strain one. Mathematically, the invasion number gives a threshold for the stability of a
dominance equilibrium. The strain two cannot grow when strain one is at equilibrium if and only if R% < 1. In this
case, we say that strain two cannot invade the equilibrium of strain one. Epidemiologically, the invasion number of
strain two at the equilibrium of strain one gives the number of secondary infections one individual infected with strain
two will produce in a population in which strain one is at equilibrium during its lifetime as infectious.
In theorem 3.1 and section 4 we show the occurrence of backward bifurcation in strain one dominance equilibrium
points. In fact, strain one dominance equilibrium points and DFE can exist simultaneously. Therefore, equilibrium
point E4 can be global asymptotic stable only under certain conditions. In the following theorem we extract sufficcient
conditions for this problem.

~

Theorem 3.3. The equilibrium point E1 = (i1,0,7) is global asymptotic stable if,

Br= P2, 71 =72, 01 =02, < 1, R} < 1. (3.4)

Proof. We use the following function on Ri’r, as a Lyapunov function:

V=K, (il A —€1Ln(2)> + Koo + K (r — 7). (3.5)
11

Where K1, K5 and K3 are positive constants to be chosen later. The function V is positive definite with respect to
E;. We compute the derivative of V' with respect to ¢.
av ~ 1 .
& DKy — i)+ Koy + 2K5 (r — 7)1
dt 11
= —FK1 Bi(ir — i1)* = Kafai — 2Ksp(r — 7)° — 2K3 (vt + 72i2) (r — 7)°
— (K1 By + Kafa)ia(in —i1) + [Ki(n — Bi) + 2K3(aq — 1i7)] (i1 — i1)(r — 7)
+ Kaiz ((B2(1 =0 =) + 028571 +727) — (s + 0z + 018171) ) + [Ka(12 — B2) + 2K (az — 127)ia r — 7).

Let
1 1 1 1

K

= °

B m 2T B—y YT 21 — 7)) 2(az — yof)
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Since v1 < B1, v2 < B2, and Y17 < a1, constants K1, Ko, and K3 are positive. Since 3 = 7o, 1 = B2 then, K1 = Kj.
The following inequality has been obtained from dV/dt and by using the inequalities a® +b? > 2ab and a® +b* > —2ab,

v _ Kois ( e

< — 1) — 2K3(y1i1 + v2i2)(r — 7)% — 2K3u(r — 7).
[ PR E ) = 2Haloi + )7 =) = 2Bl =)

From (3.4) we have % < 0. Therefore, F; is globally asymptotic stable. (]

The study of the existence of the strain two-dominance equilibrium point, computation of its invasion number, and
the proof of local and global asymptotic stability can be done similarly.

4. BACKWARD BIFURCATION

Naturally, in epidemic models, the infection can be controlled by having Ry < 1 if the initial size of all compart-

ments of the model is in the basin of attraction of the DFE P,. Simultaneously, in some epidemic models in the range
Ry < 1 the endemic equilibrium points may also exists, which shows that Ry < 1 is not enough for eliminating the
disease. In such models, it is said that backward bifurcation occurs, see [28]. This phenomenon can also occur in the
case of strain one-dominance equilibrium points. We call it the occurrence of backward bifurcation in the strain one.
Similarly, one can define the occurrence of backward bifurcation in strain two.
In theorem 3.1, we prove that when R; < 1 under suitable conditions, strain i-dominance equilibrium exists, i.e., the
backward bifurcation occurs in strain i. A standard method for studying the occurrence of backward bifurcation is
to use the Castillo-Chavez and Song theorem, which was obtained using the center manifold theory. The following
results is obtained by directly applying theorem 4.1 of [10]. We consider two cases:

Casel. Ry =1and Ry < 1.
In theorem 4.1 of [10], it is needed that Jacobian of the DFE point has 0 as an eigenvalue of first order, i.e., a
simple eigen value. Since Ry = 1, we can compute 1 as 81 = 87 = u + «1. Now the eigenvalues of J(Fy, 7) are

0, —u, B2 (1 — R%) Corresponding right and left eigenvalues are w = (1,0, %) and v = (1,0,0). We consider

X1 =41,%9 = iz, 3 = r and compute the quantities a and b in theorem 3.2. of [10], in the following forms,

i o ,
Z Vi B O g 51_7(%—/31‘)= Cowm + uten))

kz,] 1 K
- 82f1
b= Z vk 52— (Eo, ) Z (0,0) =
kyi=1 =1 ;0
Therefore a > 0 if,
a1 < (p+a1)? (4.1)

which shows the occurrence of backward bifurcation in strain one.
Figure 2 shows bifurcation diagram, i.e. the diagram of i; in term of Rj.
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0.44
0.3

0.2

FIGURE 2. The occurrence of backward bifurcation in strain one in a set of parameters including
p=0.1, 81 =0.01, v3 = 0.1, ay = 0.2, satisfying (4.1). In this case Ry = 3—10.

Case 2. Ro=1and Ry <1.
In theorem 4.1 of [10], it is needed that Jacobian of the DFE point has 0 as an eigenvalue of first order, i.e., a simple
eigen value. From Ry = 1, we conclude that 82 = 85 = 1 + ag, and the Jacobian matrix J(Fy, 85), has eigenvalues

0, —p, B1 (1 — R%) The right and left eigenvectors of J(Fjy,5) associated with Ay = 0 are w = (O, 1, %) and
v =(0,1,0). Hence

3
% fx 20 2(—agy2 + (1 + 2)?)
a= Vg WiwW; ——— = 235 — Yo — B )
kgl k j@miaxj 2 1 — (2 2) = 7
3
82
b= Z VKW 5~ (Eo, B3) Z fl 0)=1
k,i=1 =1 Z

Now a > 0 if agys < (i + a2)? which shows the occurrence of backward bifurcation in strain two.

5. THE COEXISTENCE EQUILIBRIUM POINT AND GLOBAL STABILITY

An equilibrium point (43,45, 7*) in which if # 0, i # 0, i.e., both strains are present, is called a coexistence
equilibrium. In this section, we study the existence and stability of such equilibriums. Such a point is a solution to
the following system:

Bi(l—ij —is —7r") + (61 1 — 02 B2)i5 — (u+a1) +yr* =0
Ba(l—i5 —i] —7")+ (6282 — 01 B1)i] — (L + a2) + 27" =0 (5.1)
a1 i) Fagiy —purt —ypiirt — iyt =0.

By solving ¢} and ¢4 in term of 7* and other coefficients, we have,

B1Ba(l - #-) +52(5—51)(1—R%)+( —B1)B2+ (6 — B1) (72 — B2) .
02 + B20 — P10 02 + B20 — P10 02 + B20 — P10 ’

*_
1=

and

B1Ba(1 - ) B+ 5)(1 - ) . (72 = B2)B1 + (0 + B2)(B1 — Vl)r*
6% + 20 — P10 6% + 26 — P10 6% + 20 — P10 '

iy =

(=)=
E)NE
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Where § = 0181 — 02082. Now we substitute if and @5 in the third equation of the system (5.1) which yields,
F(r*)=A; 7 4 Agr* 4+ A =0 (5.2)

where

A, = Y1 B2(B1r — 1) +71(0 = B1)(B2 — ¥2) + 251 (B2 — 72) + v2(0 + B2) (1 — 1)

02+ 826 — 6 31 ’
Ay = a1fa(m — B1) +a1(6 — Bi)(v2 — B2) n azf1(v2 — B2) + (6 + B2)(B1 — 1)
02+ 820 — 6 1 02+ 326 — 6 By
—Y1B1B2(1 = 7) = m1B2(0 = B1) (1 — 77)  —2B1Be(l — 7) +7261(6 + B2)(1 — 77)
N 52+ B2 — 051 N 52+ Ba0 — 0 ’
s a1Bife(l— z-) +a1fo(0 = 1)1 — g;)  @2Bifa(l — 77) — a2Bi(0 + B2)(1 — &)
8= 52 1 Bad — 0 B * 521 Bad — 0 '

F(r*) is a parabola with an extremum point 52 and an extremum value 545, in which A = A3 — 44, A3. Now in the

following list, we present the cases in which F'(r*) = 0 has positive solutions.

Case 1. When A; A3 < 0, (5.2) has a positive solution, which is unique.

Case 2. When A; < 0 and A3 < 0, then if A > 0 and Ay > 0, it has two positive real roots. And if A =0 and A3 > 0,
(5.2) has a positive solution, which is unique.

Case 3. When A; <0, A3 =0, and Ay > 0, it has a positive solution, which is unique.

Case 4. When A; > 0, A3 > 0, if Ay < 0 and A > 0, it has two positive roots, and when A, < 0 and A = 0, it has a
positive solution, which is unique.

Case 5. When A; > 0, A3 =0, A3 <0, and A = 0, the equation (5.2) has a unique positive root.

Now we have the following result.

Lemma 5.1. The coexistence equilibrium point exists if:

1. 624 Bod — 5B #0.

2. F(r*) =0, has positive real roots.

3. After substituting the positive r*, in if and i3, they have positive values.

Proposition 5.1. If we choose an r* > 0 from the above list and consider the following inequalities:
1. 0 <0, =B2 <6 < B1— P2, B1 <M, 72 < B2, and Ry < 1.

2 mresma—g <<l

B1(6+pP2)
S BT BB (& D (BTGB Ay < T < L.

Then (2.3) has a coexistence equilibrium point.

Remark 5.1. The above proposition shows the occurrence of backward bifurcation in the coexistence equilibria.

Now we study the global asymptotic stability of the coexistence steady state in the case of the uniqueness of such
point by using the geometric method presented in [26].
Let P be the following matrix function as it is needed in the geometric method,

63i1 +3io 0 O
P= 0 St g
0 0 631'1 +3i2

Now we have the matrix,

PrP~" = diag(3i, + 3ib, 3} + 3iy, 31, + 3ib),
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and,
Ay A Agg
Q=PPt+ PJEIPT = | Ay Ay Ass |,
Az1 Az Asg
in which,

An =01 —p+p2a—p—ar—as+ (b1 — P2 —3(p+a1) —d)i
+ (=B1+ B2 = 3(n+ az) + 8)is + (=1 — Pa +m +72)r — 26147
—2(B1 + B2)iriz + (=261 + 271 )irr + (=282 + 272)iar — 282 43,
A1y = (Ba + 8)ivia + Bai3 + (v2 — Bo)iz + (—72 + Ba)iar,
A1z = —Bii] + (—B1 + 8)iviz + (=71 + B1)ir + (11 — Br)iar,
Ag1 = ag — y2r + Y2127 + Y1017,
Ago = (B1 — 2 — o) = 28145 — 3Bais + (b1 — 3(u + ar) —m)in + (3m — 261 )iar
+ (=61 = 3(p + az) —v2 +3B2 + 0)iz + (y1 — Bu)r + (dy2 — 3B2)iar + (=0 — 2B1 — 3B2)iriz,
Agz = (8 — B1)i1 + (B1 — m)irr + Brif + (b1 — 8)iria,
As1 = —on + i — yiar — Y2lar,
Agy = (=0 — Ba)ia + (B2 — Y2 )iar + Bais + (B2 + 0)inia,
Asz = (B2 — 21 — @) — 2655 — 3B1i] + (=2 — 6 + 301 — 3(pu + a1) — )i

+ (B2 — 3(p + a2) — 72)ia + (471 — 3B1)iar + (y2 — B2)r + (32 — 262)iar + (8 — 361 — 2P2)i112.

We use the following norm for z = (21, 20, 21)7 = (iy,42,7)T

I max{|zi| + [z3], [22] + |23} if 223 >0,
z|| = ‘
max{|z1| + |z3|, |z2|} if 2223 <0.
Lemma 5.2. There exists a constant T > 0 for which Dy||z|| < —7||z||, in which z € R3 is a solution of

dz

T = QW)

when

21 < B1,372 < P, B+ B < ag, a0 + B < o,y 2 < B

(5.3)

(5.4)

(5.5)

Proof. We present one case from eight. The other cases are similar. We consider 6 = §181 — d282 < 0. For § > 0, the

proof is similar.

Case 1: z1,29,23 > 0 and |z1] + |z3| > |22] + |z3]- In this case, ||z|| = |z1] + |23] and,

Dzl = Dy (lz1] + [23]) = Dy (21 + 23) = 21 + 23
= (A1 + Asz1)z1 + (Ai2 + As2) 2o + (Ais + Aszz)zs.
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Since 2 > 72 and § < 0, therefore the coefficient of zo is less than 28213 + 2Bqi1is + (282 — 272)iar — iz, and
zo < 21, hence,
Dyl < [Br—p+ P2 —p—2a1 —as + (B1 = 3(p+ 1) — B2 — 0)in + (—B1 + B2 — (1 + a2))iz
+ (271 — B1 = Bo + 7)1 + (71 — 2B1)iar — 2Brivia — 28145 — Y2iar] 2
+ [—4B1i5 + (20 — 4B1 — 2B2)ivia + Ba — 21 — o
+ (481 — B2 — 0 = 3(p + a1) = 271)ir (5yr — 4B1)ir + (B2 — v2 — 3(p + az2) )iz
+ (72 = B2)r + (372 — 22)iar]23
< max{L11, L2} ||z,
where
Lin=01—p+Be—p—2a1 —as+ (B1 —p—a1 —2(p+a1) — B2 — 0)is
(=B + B2 — =z = 2(p+ )iz + (271 — B — Ba +72)r + (71 — 2B1)inr — 2Buivia — 26143,
Lyg = —4B1i} + (20 — 451 — 2Ba)ivia + B2 — 2 — ag + (381 — 3 — B2 — 6 — 3o + 1 — 271)ia
— 2B0i5 (51 — 4B1)irr + (B2 — 72 — 3(1 + 2) )iz + (v2 — B2)r + (372 — 2B2)iar
From (5.5) we have, 261 < a1, f2 < ag,271 < f1,272 < (2, which implies the negativity of Ly, and Lis.

From Lemma 5.2 we obtain the following theorem.

Theorem 5.1. Assuming the relations (5.5), positive semi-trajectories of the system converge to a steady-state, i.e.,
any w-limit point of the system in Q°, is a steady-state.

In the end, we have the following result.

Theorem 5.2. Assuming the relations (5.5), then:
(1) If the system has the unique steady state Ey, i.e., DFE, all trajectories converge to Ey;
(2) If the system has a unique endemic steady state Ey, then all trajectories converge to Ej.

6. NUMERICAL SIMULATIONS

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

6.1. Case 1. In this case, we choose a set of parameters which show convergence of trajectories to DFE. Furthermore,
we show the sensitivity of infectious individuals in both strains with respect to rates of infection of each strain [y, 5.
In this case, we have Ry < 1.

6.2. Case 2. In this case, we choose a set of parameters for which Ry < 1 and trajectories converge to strain one
dominance equilibrium point, i.e., the occurence of backward bifurcation in strain one. Furthermore we show the
sensitivity of infectious individuals in both strains with respect to rates of infection of each strain 31, fo.

6.3. Case 3. In this case, we choose a set of parameters for which Ry > 1 and trajectories converge to strain one
dominance equilibrium point. Although i5 converge to zero, Figures (¢) and (d) shows the occurence of an outbreak
in strain two and the sensitivity of its peak to (31, Bs.

6.4. Case 4. In this case, we choose a set of parameters for which Ry > 1, and trajectories converge to coexistence
equilibrium point. Furthermore, we show the sensitivity of infectious individuals in both strains with respect to rates
of infection of each strain (1, 3s.
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FIGURE 3. Set of parameters in (a) and (b): u = 0.0001, 5 = 0.0019001, 5, = 0.0014001, §; = 0.01,
do = 0.02, v; = 0.008001, o = 0.003001, a; = 0.1 and as = 0.2. In this case Ry = 0.01898 and
Ry = 0.006997001. (a) and (b) show the convergence of the solutions with various initial conditions.
(¢), (d), (e) and (f), show the sensitivity of i;(¢) and is(¢) with respect to 31, Ba.

7. CONCLUSION

In this paper, we modified White and Comiskey’s, model. We studied the effect of individuals who abuse pre-
scription opioids on individuals addicted to heroin with the aid of a two-strain epidemic model. Our model contains
superinfection and the effect of relapse of individuals under rehabilitation/treatment to drug abuse in each strain.
We compute the basic reproduction and invasion numbers and study the existence and stability of strain dominance
an
BE
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FIGURE 4. Set of parameters in (a): p = 0.00001, 5; = 0.0019001, 8> = 0.0014001, 6; = 0.01,
do = 0.02, v; = 0.08001, 2 = 0.03001, a; = 0.01 and as = 0.02. In this case Ry = 0.18981 and
Ry = 0.06997001. (a) and (b) show the convergence of the solutions with various initial conditions.
(¢), (d), (e) and (f) show the sensitivity of i1 (¢) and i2(t) with respect to 81, 2.

and coexistence equilibrium points. We proved that backward bifurcation occurs in each strain, i.e., the existence of
strain dominance equilibriums if the basic reproduction number of the related strain is less than unity, as a result of
the relapse effect. In fact, we showed that if the rate of relapse in strain ¢ is greater than a special value, then the
backward bifurcation occurs in the strain, for ¢ = 1,2. Backward bifurcation leads to bistability and makes it more
difficult to control the disease, in fact, in order to prevent the outbreak of strain 4, the reducing of R; to R; < 1, is
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FIGURE 5. Set of parameters in (a): u = 0.00001, 5, = 0.03003, B2 = 0.04004, §; = 0.01, d2 = 0.02,
~v1 = 0.1001, 5 = 0.1001, o; = 0.01 and @y = 0.02. In this case Ry = 3 and Ry = 2.00099. (a) and
(b) show the convergence of the solutions with various initial conditions. (c), (d), (e) and (f) show
the sensitivity of 41 (¢) and i5(t) with respect to B1, fo.

not enough.

Furthermore, we proved that backward bifurcation might occur in general, i.e., when the reproductive ratio Ry is less
than unity, the coexistence equilibrium point may exist.
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FIGURE 6. Set of parameters in (a): p = 0.0000001, 5; = 0.03003, 5 = 0.62031, §; = 0.001,
do = 0.002, v; = 0.1001, 72 = 0.1001, a; = 0.0001 and as = 0.0002. In this case Ry = 300 and
Ry = 3100. (a) and (b) show the convergence of the solutions with various initial conditions. (c), (d),
(e) and (f) show the sensitivity of i1(¢) and i(t) with respect to 8, Ba.
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