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Abstract: Based on the development of heroin vaccine, in this paper, we propose an age structured
heroin transmission model with treatment and vaccination. The model allows the drug reuse rate of the
individuals in treatment to depend on a treatment-age and the vaccine waning rate of the vaccinated
to depend on a vaccination age. Meanwhile, the model allows that the heroin vaccine provides an
imperfect protection (i.e., the vaccinated individuals can also become drug addicted). We derive
the basic reproduction number which dependents on vaccination. The basic reproduction number
completely determines the persistence and extinction of heroin spread, i.e., if the basic reproduction
number is less than one the drug-free steady state is globally asymptotically stable (i.e., the heroin
spread dies out), if the basic reproduction number is larger than one, there exists an unique positive
steady state and it is locally and globally stable in some special cases. Finally, some numerical
simulations are carried out to illustrate the stability of the positive steady state.

Keywords: heroin transmission model; age of vaccination; basic reproduction number; drug-free
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1. Introduction

Heroin is a highly abused opioid and incurs a significant detriment to society worldwide. Heroin
usually appears as a white or brown powder or as a black sticky substance, known as “black tar heroin”
[1], and its most frequent routes of delivery were intravenous injection (25%) and inhalation [12].
It crosses the blood-brain barrier within 15-20 seconds, rapidly achieving a high level syndrome in
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the brain and the central nervous system which causes both the ‘rush’ experienced by users and the
toxicity [25]. Heroin users are at high risk for addiction. It is estimated that about 23% of individuals
who use heroin become dependent on it.

More recently, a heroin conjugate vaccine attracted much attentions. It was developed through
comprehensive evaluation of hapten structure, carrier protein, adjuvant and dosing, which can generate
a significant and sustained antidrug IgG titers in each subject and it is effective in rhesus monkeys [3].
Also, it is found that immunization of mice with an optimized heroin-tetanus toxoid (TT) conjugate
can reduce heroin potency by > 15% and the vaccine effects proved to be durable and persisting for
over eight months. Although it is unknown what will happen if the heroin vaccine is used in clinical
setting, the heroin vaccine brings much hope for the defence against and control of heroin abuse.

In fact, the spread of heroin habituation and addiction can be well modeled by epidemic type
models as “transmission” occurs in the form of peer pressure where established users recruit
susceptible individuals into trying and using the drug [4, 9, 16], that is, mathematical modelling is a
means to provide a general insight for how classes of drug takers behave, and as such, could hopefully
becomes a useful device to aid specialist teams in devising treatment strategies. Modeling heroin
addiction and spread in epidemic fashion is not new [21]. Recently, Fang er al. [10] proposed a
age-structured heroin transmission model and proved its global dynamics behaviors. Usually, the
population is divided into three classes, namely the number of susceptibles, S (¢), the number of drug
users not in treatment, U, (¢) and the number of drug users in treatment, U,(?), respectively. Naturally,
we wonder how the heroin vaccine effects the heroin transmission process.

The study of vaccination has been the subject of intense theoretical analysis [2,7,8,14,17-20,27,29].
Based on the study of classical epidemic models, Kribs-Zaleta and Velasco-Hernandez [17] added
a compartment V into an SIS model and studied the vaccination of disease such as pertussis and
tuberculosis; Kribs-Zaleta and Martcheva [18] studied the effects of a vaccination campaign upon
spread of a non-fatal disease which features both acute and chronic infective stages, as well as variable
infectivity and recovery rates in the chronic stage. Interestingly, Xiao and Tang [29] developed a
simple SIV epidemic model including susceptible, infected and imperfectly vaccinated classes, with
a nonlinear incidence rate and there would be backward bifurcations; Arino et al. [2] also showed
that, if vaccines are imperfect, i.e., vaccinated individuals can be infected, there could be backward
bifurcations.

To study the role of the heroin vaccine in the control of heroin abuse, adding a compartment V(¢)
into a heroin transmission model is necessary. To our best knowledge, there is no related work in
this field by now. Hopefully, mathematical modeling can provide a new insight into the interaction
mechanism between the vaccinated, the susceptibles, the drug users and the individuals in treatment.

Motivated by the development of the heroin vaccine, in this paper, we present an age structured
heroin transmission S U; U,V model which incorporates a drug reuse rate a(a) dependant on treat-age
(i.e., the time since the host has been in treatment) and a vaccine waning rate dependant on vaccination
age (i.e., the time since the host has been vaccinated). We also assume the susceptible population
is vaccinated at a constant rate ¢, the vaccinated individuals can be infected at reduced rate o8 with
0 < o < 1. Obviously, o = 0 means the vaccine is completely effective in preventing infection, while
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o = 1 means that the vaccine is utterly ineffective. As a result, the system is as follows:

% =A-(u+WS®) -BSOU () + f ) a(a)V(a,t)da,
0
% = BS(HU,(t) + oBU (1) f i V(a,t)da + f i pOU»(0,1db
0 0
L+ 1 PUID), M

8U(60,1) U,

20 T v 60+ pO)U6,),
Wan V@D _ o\ @ +oBU @)Vian

oa ot

for t > 0, with the initial and boundary conditions:

(2)
S(0) =S80, Ui(0) = Uiy, Ux(6,0) = Ux(0), V(a,0) = Vi(a),

{ U»(0,0) = yUi(1), V(0,0 = yS(0),
where Uy (), Vo(a) € LL(0, o).

In system (1)—(2), 6 is the treat-age, that is the time that has elapsed since a drug user is in
treatment; U,(0, t) is the density of drug users in treatment with age 6 at time #; S (¢) is the density of
the susceptibles at time #; U,(¢) is the density of drug users not in treatment, initial and relapsed drug
users. The positive constant A is the recruitment of susceptible, u the natural death rate of the general
population, S is the force of drug use per contact with the susceptible per unit time, o8 is the force of
drug use per contact with the vaccinated individuals per unit time, 7y is the rate of drug users who enter
treatment, ¢; a removal rate that includes drug-related deaths of users not in treatment and a
spontaneous recovery rate, individuals not in treatment who stop using drugs but are no longer
susceptible, ¢, a removal rate that includes the drug-related deaths of users in treatment and a rate of
successful “cure” that corresponds to recovery to a drug free life and immunity to drug addiction for
the duration of the modelling time period. The function p(6) is the probability of a drug user in
treatment with the treatment-age 6 relapsing to the untreated users.

Throughout the paper, we make the following assumptions: (A1) there is a positive number of drug
users not in treatment, i.e., Uyg > 0; (A2) the initial conditions U,y(6) and V(a) are uniformly bounded
respectively for 6, a € (0, +00); (A3) the maps € — p(0) and a — a(a) are almost everywhere bounded
and belong to LT ((0, +00), R) \ {0z~}.

The paper is organized as follows. In the next section, we present some preliminary results of
system (1)—(2). In Section 3, we prove the local and global stability of the drug-free steady state of
system (1). In Section 4, we present the existence and the stability results of the drug spread steady
state of system (1) when the basic reproduction number is larger than one. Finally, in Section 5, a brief
discussion and some numerical examples are presented.

2. Preliminary results
In this section, we give some basic results prepared for the further study of system (1).
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For the sake of convenience, we let

q)l(g) :e_ foﬁ(,u+($2+[7(‘1'))d7" f (131(9)d9 — ¢1’
0

D() :7P(9)e_ foﬂ(,u+6z+p(r))dr, f d(0)do = o,
0

(@ —e- Fsaie f ki(@)da = i,

0

k(@) =a(a)e b o wakwyM::JK

0

By simple calculations, we have that %" = 1 — u#] and ¢ =y — y(u + 62)¢;.
Naturally, system (1)—(2) has a unique drug-free steady state E°(S°, 0,0, V°(a)) which satisfies that

0=A-@u+yvS°+ fw a(a)V(a)da,
0

A% 3
D — i+ atapV(a), ®
da
Vo(0) = wS°.
Solving the last two equations, we have that
VO(a) = g O b 4ot — 50, (q), )
Substituting Equation (4) into the first equation of (3), we have that
A A
§° = = : )
p+y(l—2)  p(l+yt)
Thus, we have that A
4
Via) = ————ki(a). (6)
u(+yat)

According to the definition of the basic reproduction number in existing literatures [5,6,28], we define
the basic reproduction number R as:

_ B 0 R
RO_,u—+51+y—¢(S +0'£ V(a)da)

_ B A
T pH S Y+ g p(l +yA)

(7

(I + oy ).
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According to [24], any positive equilibrium (S, U§, U5(6), V*(a)) of system (1), if it exists, must
be a constant solution of the following equations

0=A-BS"Ui—(u+y)S* + foo a(a)V*(a)da,
0
0=p4S"U: +oBU: fw Vi (a)da — (u+ ) + YU + fw POU(6)db,
0 0
dU;(G) .
0 —( + 62 + p(0))U5(0), 8)
U5(0) = yUyj,
WD _ 1+ aa) + oBUDV (@),
da
Vi(0) = yS"*.
Let .
n(a) = e f()a(“J““(T)J“‘TBUDdT, Ky = f n(a)da. 9)
0

By simple calculations, we have that

fo ya(a)n(a)da = — Y(u + oBUY) A (10)

From the third and the forth equation of (8), we have that
U5(0) = yU @4 (6). (11D

From the fifth and the sixth equation of (8), we have that
V*(a) = ¢S n(a). (12)

Substituting (11) and (12) into the second and the first equation of (8) respectively, we have that the
following equations

0=A-BS"Ul+ W —ydu+oBU)IA)S" — (u+¥)S” 13)
0=pS"Ui +oBU; S — (u+ 6, +y)Ui + oUj.
It follows from the first equation of (13), we have that
A
St = . " . (14)
BUT +y(u+ opU) A7 +
Substituting (14) into the second equation of (13) and eliminating U}, we have that
Al + oy,
AL + oy ty) as)

I = , .
BUT + Y+ oBUDHr + ) + 61 +y — §)

Define a function ¥ (U7) to be the right hand side of Equation (15). Obviously, ¥(0) = Ro. It
follows from (9) we have that ¥ (Uy) is a decreasing function of U7 and #(U}) — 0 as U} — oo. Thus,
there exists an unique positive root of Equation (15) only if Ry > 1.

Summarizing the above discussion, we have the following result.
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Theorem 2.1. System (1) always has a drug-free steady state E°, besides that, it has an unique drug
spread steady state E* only if Ry > 1.

Now, by setting

N =S+ U @)+ f°° U»(0,1)do + fw V(a,t)da,
0 0

we deduce from (1) that N() satisfies the following ordinary differential equation:
N (@) =A—-uN@) —6,U(t) + 52f U,(0,1)d6 < A — uN(t), (16)
0

and therefore lim sup N(f) < % Denote

—00
Q ={(S, U1, Un, V) €R, X R, X L}(0, 00) X L} (0, 00) :

00 00 A
S+ U, + f Uy (6, -)d6 + f V(a,)da < —}
0 0 H

Then Q is the maximum positively invariant set of system (1) that attracts all positive solutions of of
(1). Therefore, we restrict our attention to solutions of (1) with initial conditions in .

In the following, we use the approach introduced by Thieme [26]. Consider

X =RxRxRxL(0,),R) xR x L' (0, o),R),
Xo = R xR x {0} x L'((0, 0),R) x {0} x L'((0, ), R),
X, =R, xR, xR, x L'((0,0),R) x R, x L} ((0, ), R)

and
X0+ = XO N X+.

Let the linear operator A : Dom(A) C X — X defined by

S —(u+¢)S

U, —(u+01 + YU,
N il

U, B =U) = (u+ 6+ p(0)U,

0 -V(0)

\%4 V' —(a(a) + )V

with
Dom(A) = R xR x {0} x W'L((0, +00), R) x {0} x W"1((0, +00), R),

where W'! is a Sobolev space. Then Dom(A) = X, is not dense in X. We consider a nonlinear map
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¥ : Dom(A) — X which is defined by
A-BSOU(t) + f a(a)v(a, da
0

BS(OU, (1) + opU (1) f ) V(a,t)da + f ) p0,HU,(0,1)db
0 0

F@) = S (@) ,
0y

( YU (D) )
(ocBU(t)V(a, )

and let '
M(l) = (S(l), Ul(t), ( UZ? [) )’ ( V(O l) )) .

Then, we can reformulate system (2.3) as the following abstract Cauchy problem:
du(t
Z?(t) =Au(®)+F () for t>0, with u(0)=x¢€ Xo,. 17
By applying the results in Hale [11], Magal [22], and Magal and Thieme [23], we obtain the following
theorem.

Theorem 2.2. System (1) generates a unique continuous semiflow {U(t)}»o on X, that is bounded
dissipative and asymptotically smooth. Furthermore, the semiflow {U(t)};s0 has a global compact
attractor A in Xy, which attracts the bounded sets of Xy,.

3. The stability of the drug-free steady state

In this section, by use of characteristic equation, we will prove the local and global stability of the
drug-free steady state E°.

For the sake of convenience, we give the following Laplace transforms of the corresponding
functions

() = f " o@)eds, B = f " 0,00 do,
0 0

- - (18)
H(A) = f k(a)e *“da, H(A) = f ki(a)e *da.
0 0
By direct calculations, we have the following relationships
A ) =1-Q+wH ) and D) =y — y(d + u + 62)D, (). (19)

Theorem 3.1. The drug-free steady state E° is locally asymptotically stable if Ry < 1, and unstable if
Ro > 1.

Proof. By linearization of system (1) at the drug-free steady state E°, we can obtain the corresponding
linearized system. We let

S@ =S +S°, U@ = U,@t), Us8,1) = Us(6,1) and V(a, 1) = V(a, 1) + V(a).
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By linearization of system (1) at the drug free steady state E°, we obtain the following system

—di’?) = —(u+ S ) - ST, (1) + f ) a(a)V(a, tda,
0
dli;t(t) =BS°U, (1) + 0B f ) VO(a)daU, (1) + f ) p(O)U»(6,1)do
0 0

—(u+ 6, + U, (1),

dU>6,1)  dU(6,1) N
0 o —(u+ 62+ p(0)U(0, 1),

U,(0,1) = yU, (1),

oV(a,t) N dV(a,t) = —(u+ a/(a))V(Cl’ 1) — O'ﬁVO(a)fjl(t),
da ot

V(0,1) = yS ().

(20)

To analyze the asymptotic behaviors around E°, we let
S(1) =xe", Ui(t) = ye'', Us(8,1) = 20)e", and V(a,t) = w(a)e"

where X, y, () and w(a) can be determined. Thus, we consider the following eigenvalue problem
AX = —(u + Y)X — BS5(1) + f a(a)yw(a)da,
0

15 = BS"5 + o f T VO@)daF - (4 + 61 + )T + f " (0o,
0 0

aO)

5 - —(A+ p + 6, + p(0)z(0), (21

z(0) =y,
dw(a)
da
w(0) = yx.

= —(1+ u + a(@)w(a) — oV (@),

Solving the third equation of (21), we have
28) = Z0)e™ D, (6) = yye '@, (6). (22)

Solving the fifth equation of (21), we have

a

w(a) = w(0)e ki(a) — o8y f e"““‘”MVO(s)ds
0 kyi(s)
= yxe ki (a) — oBYS ki (a)y fﬂ e g (23)
0
= yxe Yk (a) — oBYS %k, (a)i% (1-e).
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Substituting (23) and (22) into the first and the second equation of (21), we have the characteristic
equation
Al Ap

0 Ay =0, (24)

det(A(Q)) = ‘

where
An =+ (1 +yA0),
Ap =pS° (1 + %mw? - J?u»),
Amy =1+ (U + 61 +7) — D) — oByYS° % — BS°.
Then the roots of Equation (24) are determined by the following equations
A+ p) (1 +y () =0 (25)

and
A+ U+ +7)— ®) — opyS°# - BS° = 0. (26)

Obviously, 4 = —u is the root of Equation (25). Then we need only to consider the root of Equation
(26) which can be rewritten as

A+ 1+ 6+ YA+ +6)0 () = (ot + 1) BS°. (27)
We also have that
| = (oyt1 +1)BS°
A+u+o6+yA+u+ 62)61(/1)'
Define a function H(A) to be the right-hand side of Equation (28). It follows from the definition of

the basic reproduction number R, (see (7)), we have that H(0) = R,. By direct computing, it is easy
to show that H’(1) < 0, that is, H(A) is a decreasing function of A with lim H(2) = 0.

t—+00

Assume that A = x + iy is a root of Equation (28). Then it follows from (28) that

(28)

x20=1=|HW| < |HX)| <H@O) =Ry, ie., Ry > 1.

Thus, we can have that R(A) is negative if Ry < 1, and therefore the steady state E° is locally
asymptotically stable if Ry < 1 and it is unstable if Ry > 1. O
In the following, we will use the Fluctuation Lemma to establish the global stability of the drug-free

steady state E°. To this end, we first introduce the notation

g = liminf g(r) and g% = limsup g(?).
1—o0

>0
Then the Fluctuation Lemma is given as follows.

Lemma 3.2. (Fluctuation Lemma [13]) Let g : R, — R be a bounded and continuously differentiable
function. Then there exist sequences {s,} and {t,} such that s, — oo, t, = 00, g(5,) = g, &' (s,) = 0,
gty — g>and g'(t,) » 0asn — oo.
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Lemma 3.3. [15] Suppose f : R, — R be a bounded function. Then

lim Supf h@O) f(t — 6)do < f||hlly,
0

t—o0

where |\ll; = [~ h(s)ds.

Using integration, U,(6, t) and V(a, t) satisfy the following Volterra formulation:

yU\(t — 0)D,(6), if t>0,
U,(0,1) = @,(0) _ (29)
Uz(g—t,O)m, if 8>t

’7[/S (l _ a)e_ foa(y+a(7')+0'ﬂU1(t—T))dT’ 1f t> a,
V(a,t) = (30)

V(a — t,0)e” hlratensoptienir g g5 ¢
Theorem 3.4. If Ry < 1, then the drug-free steady state E° is the unique steady state of system (1),
and it is globally stable.

Proof. Theorem 3.1 shows that the drug-free steady state E° of system (1)) is locally stable if Ry < 1.
To use the Fluctuation Lemma, substituting the expressions of V(a,t) and U,(6, t) into the first two
equations of system (1), we have that

‘i—i = A-BSOU (1) + f yra(a)e™ b @Bt g (o
0
—(U+Y)S () + Fy(1)
¢ . 31
% = BS (OU:(1) + o BU, (1) f e~ b k@B (¢~ g)da ey
0
—(u+ 06, +U@) + f QO)U,(t - 0)do + Fy(t) + Fyy (1),
0

where

Fy(r) = f Yya(a)V(a—t,0)e” brat@=nraptir g,
t

210

Fy(t) = f POUAO —1,0) 5= db.

Fuy(t) =opU (1) f V(a - 1,00 hwetnroption g,
t
with lim Fy(¢) = 0, lim Fy(¢) = 0 and lim Fyy(t) = 0.
t—00 t—o0 t—0oo

Choose the sequences ¢! — oo such that S(z}) — S and S’(r!) — 0. Then Fy(f) - 0 asn — oo.
With the assistance of the Fluctuation Lemma, it follows from the first equation of (31) we have that

0=A-=BSTU(t) = (u+Y)ST + Sy A,
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and
A

<—
U+ =y

(o)

Choose the sequences #, — oo such that U,(tZ) — U{° and U/(r.) — 0. Then Fy(r) — 0 and
Fyy(t) —» 0 as n — oo. With the assistance of the Fluctuation Lemma, it follows from the second
equation of (31) we have that

0<BSCUY + oy 1SUY — (u+ 61 + YUY + oUY
=BSA +oy ) —(u+61+y)+d) U
Al + o A7) -
< ﬁm—(ﬂ'ﬂsl +7)+¢)U1
=(u+061+y-¢)R - DHUY.

Thus we obtain that U® — 0 if Ry < 1. It then follows from (29) we have that lim U,(6, t) = 0.
—00
Choose the sequences 7 — oo such that S(2) — S, and S’(2) — 0. Note that lim U;(#}) = 0 and
lim F V(t,i) = (. It then follows from the first equation of (31) we have that

0=A-BSelU® - (U+U)Sew +UHSw=A—U+)Sw+UHS .

It follows that

A 3 o o A
pry =yt 7T T pry =y
which implies that lim S (1) = —2—. It follows from (30) we have that
11— H‘Hﬂ 'ﬂ}{
: _ YA _ 0
tlgg V(Cl, t) = mkl (Cl) =V (Cl)

Therefore, (S, U, U,, V) — E°in R, x R, X L! X L! as t — oo. This completes the proof of Theorem
34. O

4. Stability of the drug spread steady state

This section aims to establish the stability of the drug spread steady state of system (1) in terms of
the basic reproduction number Ry.
By a similar discussion as Theorem 3.5 in [10], we have the uniform persistence result as following.

Theorem 4.1. Suppose the heroin spread is initially present, i.e., Uyy > 0. If Ry > 1, then the semiflow
generated by system (1) is uniformly persistent, i.e., there exists € > 0 which is independent of initial
values such that

liminf S (¢) > &, liminf U,(¢) > &, liminf ||U,(-, Dl =&

[—o0 —o0 —o0

and liminf,_, ||V (-, Dl > e
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For the sake of convenience, we let
() = f m(a)e“da, and K1) = f a(a)r(a)e da. (32)
0 0
It then follows that A .
Ho(D) =1 = (A + p+ apU)H(A). (33)

In the following, we try to study the stability of the drug spread steady state E* (S*, U7, U5(6), V*(a))
of system (1). We let

S0 =8@)+S*, Uyt) = Uy(t) + UL, Uy(6,1) = Uy(6,1) + UL(6)

and V(a,t) = V(a, t) + V*(a). By linearization of system (1) at the steady state E*, we obtain the
following system

égﬁ:‘“*“”gm—ﬁUﬁﬁwﬂﬁﬁim+¥fwmm?mem

0

d[illt(t) = ﬁUfg(t) +ﬂS*fj] (l) + O'ﬁUi< foo V(Cl, t)da + 0',3 foo V*(a)daﬁ] (l)
0 0

—w+&+wﬁm+j‘mmmw@w,

aU(6,1) U6, 1) 0 — (34)
g; + ;’ = —(u+ 6, + p(B) U6, 1),

U,(0,1) = yU, (1),

‘W(;Z’ 2 avgtz, D _ (i + ala) + cBUDV(a, 1) — BV (@) T (1),

V(0,1) = S (7).
To analyze the asymptotic behaviors around E*, we let

S(1) =%, Ui(t) =y, U>6,1) = 20)e", and V(a,1) = w(a)e"

where X, y, z(f) and w(a) can be determined. Then, we consider the following eigenvalue problem

AX = —(u +y)x — BUTX = BS V(1) + f i a(ayw(a)da,
0
15 =pUiT+ps5+opU; [ wada+ [ pemors
0 0

+08 fm V*(a)day — (u + 61 + )y,
0

dz(6
—§¥=—m+u+®+mmﬂ@,

z(0) = »y,
dw(a)
da
w(0) = Y.

(35)

= —(A+p + ala) + opUNW(a) — oV (a)y,

Mathematical Biosciences and Engineering Volume 16, Issue 1, 397-420.



409

Solving the third equation of (35), we have
28) = Z0)e™ D, (0) = yye '@, (6). (36)

Solving the fifth equation of (35), we have

w(a) = w(0)e “n(a) — 0By f e‘ﬁ(“_s)%V*(s)ds a7
= yXe ™ n(a) - oByf(a, D),

where

f(a, /1) = f” e—/l(a—s)@v*(s)ds — lpS *7'((61) fa e—/l(a—s)ds
0 n(s) 0

: s N A
=S ﬂ(a)fodeﬂds:wS ﬂ(a)z(l—e’l).

Substituting (37) into the first equation of (35), we have

¥ =2 (gs*+oB f wa(a)f(a,/l)da)
0

G (38)
- BS*+ 0',8sz*l f a(a)n(a) (1 - e‘ﬂa) a’a]
G A Jo

where
G = A+ Y +p + BUY) = YA (A).

It follows from (33) we have that
Gu =(1+ ) (1 + Y Ha(D)) + BU; (1 + o Hn( D).

Substituting (36) and (37) into the second equation of (35), by use of cByYS* %, = (u+6,+y)—BS*—¢
(i.e., the second equation of (13)), we have that

(a +¢— O + cBU; j; ) f(a, A)da)y = (BU} + U} Jn()) .

Substituting (38) into the above equation and dividing both sides by y leads to the characteristic
equation

I+ ¢— D)+ azﬁzws*U;*l f ) n(a) (1 - ™) da
A Jo
— 1
= — (BU} + oyBU; A1) e (39)

1

: [ﬁS* + aﬁws*% fo ) a(a)r(a) (1 - ) da] .
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It follows from Equation (39) we have that

G (1+¢ - D))
+4°S"U; (1+ mp;?,,\u))z + %azﬁwa*U]kGu (A — Hn) (40)

- %o-ﬁngS*UT (5 = HD) (e + TBUD (1 + oy Hr ().

Due to the fact that the characteristic equation (39) is too complex, it is very difficult to determine
the distribution of the eigenvalues. In the following, we will study the stability of the drug spread
steady state E” in three special cases of system (1) respectively.

Case (i) We assume that a(a) = 0, that is, the vaccine does not wane once the host is vaccinated.
which is reasonable since the heroin does not change the toxic (pathogenic) substance. Mathematically,
letting fow V(a,t)da = V(¢) in this case, we can rewrite system (1) as

dS

- = A—u+y)S@) —BSHOU(),

dU )

— = = BSOUID + oBUIOV() = (u + 61+ MU (1) + f P26, 56,
0

Us(6.1)  9U>(0.1) _

50 7 —(u+ 02+ p(O)Us(6,1), 41)
dVv
% =yS @) — (u+ oBU(D))V(Q@),

Ux(0,1) = yUi (1),
$(0) = So, Ui(0) = Uig, Ua(6,0) = Uxy(6) € LL(0, 00), V(0) = V.

Then we have the following result.

Lemma 4.2. If a(a) = 0, the drug spread steady state E* of system (41) is locally asymptotically stable
if it exists.

Proof. Linearizing system (41) at its positive steady state (S*, U7, U5(-), V"), we have the following
characteristic equation

A+u+y+pUp BS* 0
—BU? A+¢-DQ)  —oBU; = 0. (42)
= opV* A+u+opU;

By simple calculations, we have the following
Bi(D)By(D)(A + ¢ — D) + By LUV + By(DBPUS* + oyp*U;S™ =0, (43)

where
Bi(D) =A+u+y+pU;, By(d)=A+u+opUj.

Obviously, if o # 0, 4 = —(u + ¢ + pU7) and 1 = —(u + oBU7) are not the roots of Equation (43).
Dividing both side of Equation (43) by B(1)B»(A) leads to

A+ ¢+Z=0), (44)
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where
oBUVE BUST  oyprU;S”
= + .
B, (2) Bi(1)  Bi(D)By(A)
Now, assume that A is a root of Equation (44) with R(1) > O.AIf we can prove the real part of Z is
positive (see Appendix A for its detailed proof), then by using |®(1)| < ¢, we have

<A+l <A+ +Z =D < ¢

This contradiction implies that all roots of Equation (44) have negative real parts. Hence, the positive
steady state (S, U7, U(-), V") of system (41) is locally stable if it exists. O

Case (ii) We assume that o = 0, i.e., the heroin vaccine can provide a prefect protection for the
vaccinated individuals to avoid the heroin drug addiction. It then follows that n(a) = ki(a).
Mathematically, in this case, system (1) can be rewritten as

‘Z_‘j =A—(uU+yY)S@) -BSOU @) + f ) a(a)V(a, t)da,
0

dU ”
d_tl =BS(OU() — (u+ 6, +Y)U () + fo p(O)U2(0,db,
oU, (6, oU, (0,

(2;0 D, g(t D+ 60+ pO)U6, 1), (45)
oV(a.n) VD

aa + at = (/,l + a/(a))V(a, t)?

Ux(0,0) =yU(1), V(0,1) =¢S (1),
S(0) =S80, Ui(0) = Uyg, Ux(6,0) = Uxp(0), V(a,0) = Vy(a).

Lemma 4.3. If o = 0, the drug spread steady state E* of system (45) is globally asymptotically stable
if it exists.

Proof. It then follows from (18) and (19) we have that Equation (40) can be modified as
(A+ 1+ + BUT = 5o() (1 + ¢ - D)) + 7S U} =0. (46)

Since A = 0is not the roots of Equation (46). Both sides of Equation (46) are divided by (/l +¢ - 6(/1)),
we obtain

A+ + 0 +BUS+Z = S4(D) 47)
where ”
*U*
7 = ’B—Al
A+ ¢ — D)

Assuming A is a root of Equation (47), we can prove that ‘R(1) (i.e., the real part of 1) is negative.
Supposed R () is nonnegative, then the real part of Z is nonnegative (see Appendix B). It follows from
(10) and (47) we have that

U <|u+y+BU <A+ pu+y+BU+Zi| = IS,V < ¥, (48)
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which is a contradiction. So, all roots of Equation (47) have negative real part, and therefore all roots
of Equation (46) have negative real part and the drug spread steady state E* of system (45) is locally

asymptotically stable if it exists.

Based on the persistence results in Theorem 4.1 and the local stability results of E* of system (45),

we will use a suitable Lyapunov functional to prove the global stability of E*.

Set g(x) = x — 1 —Inux, for x € R,. The function g(x) has a global minimum at x = 1 with g(1) = 0.

For our presentation here, we define

£1(0) = f p(r)e” W o2 s o and gy(a) = f a(T)V*(1)dr.
0 a

(49)

Note that £(6), &,(a) > for all 6 > 0 and a > O respectively. We can easily check that £,(0) = ¢/v,

£(0) = [~ a(a)V*(a)da and

de (0) dsia) - — @V (@)

1g =~ 81O+ 62+ p(0) - p(9) and
Now, we define the following Lyapunov functional

W) = Ws() + Wy, (1) + Wy, (1) + Wy (D),

where g
W o :S*g( S(?),
Uit
Wy, (1) = U*g( . )
U 1 U1

© U,(0,
Wy, (1) :f(; 81(9)U;(9)g(%)d@
2

* V(a,t)
= d
Wy (1) fo 82(61)8( V@) ) a,

(50)

(51

(52)

Then W is bounded. Then we calculate the time derivative of W(#) along with the solutions of system
(45). Following the results in the proof of Theorem 2.2 in [10] and the proof of Theorem 3.11 in [30],

we have that

aWs() (ST SO N (o ST\ SO UG
ar WS (S(t)+ S 2)+ﬁS Ul(l S(t))(l s- U )
= V@ Vi S s*
+£ ala)V (a)( V@ - V@ SO -1+ S(t))da’
AWy, (1) * -
7 =BS(OU,(t) =S U,(t) - BS®U| +BSU;
* . Ux(@,t) U1 Ul U,,1) )
U@ - - 1) de,
+fo POV )( U U U0 U3
dWy, (1) _ ) Us(6,1) . (U0
7-—&(9)02(%( U0 )\gzmwmg( 7 )
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« UZ(Hat)
- U39 do,
fo POV )g(U;(e))

dWy(t) V(a,1) ® o (V0,0
2 ——82((1)g( V*(a))‘a:w + fo a(@)V (a)g( V*(O))da

- fo " @V @)g ( “//(‘z t))) da

B 0 N0 S B V(a,t) V(a,t)
_+f(; a(a)V*(a )( nS(t) V@) + In V*(a))da

— &)(a) V(a,t)
&ela)g V*(a)
By adding dWS(t) and % together, though some simple calculations, we have that
dWs (1) N dWy(1)
dt dt
el ST _SOUI® S* S(t)_
Ll (1 S(t))(1 s+ U; ) (3 (S(t) S 2)
* S S (1) * . V(a,t) S*
fo a(a)V” (a)( (t) o Z)da—fo a(a)V (a)g(V*(a) S([))da
_ (V(a, t))
&(a)g V)

_ncerr 1 ST\ _SOUO) (T . V(a,1) S*
S Ul(l S(r))(1 s Ur) fo“(“)v(“)g(V*(a)S(r))d“

Via, st S o
—gz(a)g(v(fzag))‘ +(S(t) ; S(?—z)( fo oz(a)V*(a)da—(,u+¢)S*).

Combining the above four compartments of the Lyapunov functionals, through some simple
calculations, we obtain

aw (ST S0 ) {Us,1)
a A(S(t)+ R 2) SI(G)UZ(Q)g(U;(e))‘

« Ui U, t) Via,n
- O)U2(0) ( — &(a)g
fo PO 0o v |7 7\ v
Notice that equality holds only if S(r) = S§*, U(1) = Uj and U,(0,1) = U;(6). Thus we conclude

that the largest positive invariant is the singleton {E£*}. By Lyapunov-LaSalle invariance principle, we
conclude that the drug spread steady state E* is globally asymptotically stable when it exists. O

Case (iii) We assume that o = 1, i.e., the heroin vaccine is noneffective and cannot provide any
protection from heroin drug addicted, the vaccination makes no sense. In this case, mathematically,
the compartments S and V can be combined, system (1) can be rewritten as the system in [10] (see
Appendix C for more details) and the drug spread steady state E* is locally and globally stable.
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5. Numerical simulation and discussion

In this paper, we have studied an age structured heroin transmission model with treatment and
vaccination, in which the vaccination can only provide an imperfect protection and the vaccinated
wanes the protection as vaccination age goes.

The basic reproduction number R, of our system (1) has been found by the definition. When R, < 1,
system (1) has only the drug free steady state E° and it is globally asymptotically stable, which implies
that the heroin drug will die out eventually. Meanwhile, from the expression of R,, we find that the
vaccination, although it is imperfect, plays an important role in the control of heroin spread. When
Ro > 1, system (1) has only the drug spread steady state E* and it is uniformly persistent provided that
the heroin spread is initially present. Due to the fact that the characteristic equation of system (1) at
the drug spread steady state is very complex, it is difficult to discuss the distribution of its eigenvalues.
From the biology angle, we have recast system (1) into three special cases and obtained the local and
global stability of the drug spread steady state E* if it exists (see Lemmas 4.2-4.3).

Recalling that the expression of Ry in (7), it follows from 0 < o < 1 we have that

BA 1+ oyt - BA
U+ 6y +y(u+ 6)¢1) (1L + Y o8) ~ u(u+ 6 +y(u+ 62)¢1)

It implies that Ry(¥) < Ry(0), i.e., the vaccination plays an important role in the basic reproduction
number which can reduce the reproduction number, although the vaccine provides an imperfect
protection. Thus, heroin vaccine will definitely benefit the people.

In the following, we will present some numerical simulations to study the dynamic behaviors of
system (1) under the condition that the basic reproduction number is lager than one, i.e., Ry > 1.
Before that, for simplicity, we take one month as the unit time. Note that the function § — p(6) and
a — a(a) are both almost everywhere bounded and belong to L((0, +00),R) \ {O;~}. In this section
we assume that the vaccine waning rate of the vaccinated individuals is

(53)

0.10(a — 10)?e7036-10 10 < a < 40;
ala) = 0.0025, 40 < a < a; (54)
0, otherwise,

and the drug reuse rate of the individuals in treatment is
p(0) = 0.8(0 + 2)e 20+, (55)
for 6 € [0, 6], where @, 6 are the maximum value of vaccination age and treat-age respectively. For
simplify, we adopt that a = 8 = 50 (months).
To study the stability of the drug spread steady state of system (1), we adopt the other parameters
in system (1) as follows

A=10% f=35x10"7, u=0.001,6, =0.02, 5, = 0.01, ¥ = 0.1, o = 0.85, y = 4. (56)

It follows from the expression of the basic reproduction number R, that Ry, = 1.0117 > 1. By use
of the parameter values adopted in (54)-(56) and appropriate initial conditions, we will perform some
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numerical simulations with the help of Matlab. The numerical simulations show that the drug spread
steady state E* is asymptotically stable if it exists (see Figure 1).

Furthermore, we want to illustrate that the stability of the drug spread steady state is not dependent
on the initial conditions by numerical simulations. Let

A=10%, B=7x107, u=0.001, §; =0.02, 5, =001, ¥y =05, =085 y=08.  (57)

We obtain that Ry = 7.6102 > 1 and simulate the solutions of system (1) under four pairs of initial
values (see Figure 2). The numerical simulation results show that the stability of the drug spread steady
state is not dependent on the initial conditions. In this case, we may conjecture that the drug spread
steady state is globally asymptotically stable whenever it exists.

L L L L L L L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
t t

(a) The solution of S () (b) The solution of U(¢)

4000 40
3000 30 3000
2000 a2 2000
1000 t 10 o 1000 t

4000

(c) Age distribution U, (6, 1) (d) Age distribution V(a,t)

Figure 1. If Ry = 1.0117 > 1, the drug spread steady state £ of system (1) is asymptotically
stable with initial conditions S = 15000, U;o = 100, U,0(0) = 10, Uy(6) = 0 for 8 € (0, 6],
Vo(0) = 3000, Vy(a) = 0 for a € [0, a].

Appendix A.

In the course of the proof of Lemma 4.2, we let R (1) > 0 and want to prove that R(Z) > 0, where

_CFUY BUST aypUis”
B Bi()  Bi()Bx (1)

(A.1).
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L L L L L L L L
800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

t

(b) The solution of U,(¢)

1000

400 ¢

200

(c) Age distribution U,(6, 1) (d) Age distribution V(a, t)

Figure 2. If R, = 7.6102 > 1, the solutions of system (1) approach the drug spread steady
state E* of system (1) with four different initial conditions.

To study the sign of R(Z), we let 1 = x + iy with x > 0 which is assumed nonnegative in the proof of
Lemma 4.2. Substituting A = x + iy into (A.1), by some calculations, we can have that

% o BUV* _rt By)o?B*UV*
B,() (x + Bpn)? +)?
% BUS* :(X+Bn)ﬁ2U]kS*
Bi() ] (x+Bn2+y*’
(O'l//ﬁzUTS* [(x + B11)(x + By) — y*loyp*U;S*

B (1) B(2) [(x + B11)?> + Y2 1[(x + By)? + 7] ’

where
Bll(/l):/l+lﬂ+ﬁUT, B> :/.l'i'O'ﬁl]ik

Summing the above three terms, we have that

%@F%(&w Bi(1) Bi(D)By(A)

UZ,BZU}‘V*) N %(ﬁQU;‘S*) N %(awﬁU}‘S*)
%{(x + B)a? B UV [(x + Bii)* +y°]

+(x+ Bin)B*U S *[(x + Bx)® + ]

+[(x + Bu)(x + By) -y 1owpU;S ")
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=é{Dl + Day?),
where

C =[(x+ B11)” + y’][(x + Bn)” +y’] > 0,
Dy =(x + By)o?B*U;V*(x + By))* + (x + B1)B*US *(x + By)*
+ (X + B11)(x + Bn)oyB*US* > 0,
D, =(x + Bn)o?B*UV* + (x + BB US* — oyp*U;S*
=(x + Bp)a? LUV + (x + u+ U + (1 — o)) B*US* > 0.

It then follows that the real part of Z is positive, i.e., R(Z) > 0.

Appendix B.

To consider the roots of Equation (47), we let R(1) > 0 and want to prove that ‘R(Z;) > 0, where

2S*U*
Z] = ﬁ !

_ i (B.1).
A+ ¢ — D)

Let A = x + iy with x > 0. By substituting 4 = x + iy into (B.1), we have that

Zl _ ﬁZS*UT _ ﬁzS*UT
X+ ¢— fooo DO)e0d + iy Ey +iEy
and
1 3k 3k
R(@Z) = —=hS"U;

where E| = x + ¢ — fooo D(0)e™ cos(yf)dl and E, = y + fom ®(0)e sin(y6)d#. 1t follows from

E5=x+¢—j‘mwyﬂﬂmxwmezx+¢—j‘mwyﬂwezxzo
0 0

we have that R(Z,) is nonnegative.

Appendix C.

Ifo=1.Set V() = fom V(a, t)da. It follows from the last equation of system (1) that we have

dV (1) f"" oV(a,r)
— = da
0

dt ot

_ f‘x’ (_BV(a, n (1 + a(a) + BU,())V(a, t))) da
0 da

:w¢nﬁo—w+ﬁwa»jmvama—fmammema
a=eo 0

0
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=S () — (u+pUD))V(©) - fo a(a)V(a,t)da.

Denote that S (1) := S (1) + V(2). By dropping the hat, we have that

ds
C = S (0 - B O, 0.

Then system (1) can be rewritten as the main system in [10] and the drug spread steady state E* is
locally stable.
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