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Abstract In this paper, to investigate the synthetic effect of PrEP (pre-exposure
prophylaxis) and ART (antiretrovial therapy) on HIV transmission among MSM (men
who have sex with men) in heterogenous environment, an realistic HIV epidemic model
with spatial diffusion is established. Here, HIV infectious people are divided into three
immunity based compartments, i.e., CD44 T cell count less than 350, between 350 and
500, and more than 500, respectively. The basic reproduction number Ry is established
and proved as a threshold parameter: The global asymptotic stability of the disease-free
steady state holds for Ry < 1, and the disease will be present if Ry > 1. Considering
the substantial advantages of PrEP and ART in controlling HIV transmissions among
MSM, the optimal control problem is presented for the case of positive constant diffusion
coefficients, which minimize the total population of susceptible individual and HIV infected
individual, the cost of PrEP and ART thearpy. As an illustration of our theoretical
results, we conduct numerical simulations. We also conduct an optimal control case study
where model parameters are estimated from the demographic and epidemiological data
from China. This work suggests: (1) Spatial factors cannot be ignored during the HIV
intervention; (2)Taking the PrEP intervention measure for HIV transmissions among MSM
as early as possible will help to improve the control efficiency and reduces its cost; (3)
Reducing the PrEP drug costs will promote the efficiency of PrEP treatment in preventing
the spread of HIV among MSM.
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1 Introduction

The total number of HIV notifications in China has steadily increased in recent years
[1]. MSM group (men who have sex with men) turn out to be a crucial driving force
of the increase in HIV infection. In 2017, there were 34,385 new cases within the MSM
group, accounting for one quarter of the total new HIV/AIDS cases in China [2]. Hence,
the Chinese government has strengthened its intervention and control efforts, developed
national working policies and guidelines and control among MSM.

On the one hand, development of clinic treatment has made AIDS as a treatable chronic
disease [3]. There exist some models are presented to investigated the influence of ART on
HIV incidence [4, 5] and many compartment models also have been applied to studying
the impact of ART treatment on HIV infection [6, 7]. As one of the earliest mathematical
models, Williams et al.[?] established a model to investigated the effect of ART on the
transmission of HIV based on the HIV infected cases in adults in South Africa, and to
show how it could help to control the epidemic. Hosseini et al.[6] formulated a multi-scale
model of HIV infection in vitro and APOBEC3G-based ART to study the impact of ART
to HIV virus infection. However, the above work only studies the impact of ART therapy
on HIV infection, and did not consider the medical standards of ART treatment. This is
an important factor that cannot be ignored in mathematical modeling. In fact, in clinical
treatment, a decision as to whether a therapy should begin or not is dependent on CD4+
T cell count in patients. The report of World Heath Organization (WHO) suggests [8] that
ART should start when CD4+ T cell < 350. Meanwhile, infected persons having 350-500
CD4+ T cell within the host, then they are suggested to start ART, they should moderately
suggest to begin ART when CD4+ T cell > 500. Hence, the infected individuals immunity
can be divided into three levels: normal (> 500), moderate (350-500), and weak (< 350).
Based on the above discussions, Rahman et al.[9] divided the total HIV infected population
into three compartments dependent to their immunity level. Soon afterwards, Ishaku et
al.[10] established an HIV model to analysis and optimal control problem based on CD4+
T cell count. Shen et al.[11] presented an infection-age structured HIV-1 model linking
within-host and between-host dynamics, they divided the total infection population into
three stages with similar way in [9]. The results of those works have provided some useful
suggestions for the design of the clinical treatment strategy.

On the other hand, current studies have found that daily use of a fixed dose of Tenofovir
and Entreptabine (Truvada) can effectively prevent HIV infection effectively [12]. CDC
(centers for Disease Control) of the United States accepted the proposal and wrote it into
the latest edition of the guidelines. According to the guidelines, the CDC recommends the
following four measures for high-risk groups to receive PrEP: MSM (men who have sex with
men), IDUs (inject drugs users), Heterosexual sex workers with high-risk behaviors, People
in HIV-discordant couples [13]. Meanwhile, the medical results suggest that individuals
at substantial risk of HIV infection should be offered PrEP as an additional prevention
choice [14], it is an effective and safe mechanism for preventing HIV-infection [15]. In
recent times, there are many studies that focus on PrEP prevention. Rahman [16] divided
the total population into two groups: study group and general group to study the impact
of Tenofovir gel as a PrEP on HIV infection. Akudibillah et al.[17] considered a model to
study the benefits of ART and PrEP in resource-limited settings. Silva et al. [18] presented



a compartment model with PrEP to cumulative cases of HIV infection from 1987 to 2014
in Cape Verde. Kim et al. [19] investigated HIV prevention strategies including PrEP on
HIV incidences in South Korea. Pinto et al. [20] presented a model that combine PrEP
with HCT (HIV counselling and testing).

Note that these works mentioned above are mainly based on ordinary differential equa-
tions (ODE) models to study the effect of PrEP treatment on the HIV transmission.
Epidemiologically, the spacial heterogeneity can not be ignored in epidemiological com-
partment model. That is, it is necessary to investigate the whole process of HIV/AIDS
transmission by mathematical modeling and experiment when heterogenous environment
and population diffusion are considered. In fact, reaction-diffusion epidemic models are
effective tools to understanding those situations [21, 22, 23]. Furthermore, Shen et al.[24]
studied the cost-effectiveness of oral HIV PrEP and early ART in the presence of drug resis-
tance among MSM in San Francisco, and they verified that high PrEP coverage and earlier
ART are expected to provide the greatest benefit. Therefore, in addition to considering
the heterogeneous spatial diffusion, it is also necessary to consider the optimal control
strategies that combines PrEP with ART treatments in this paper. Actually, optimal
strategy theory has been successfully applied to some reaction-diffusion epidemiological
and population models, e.g., general SIS model [25], SIR model [26], prey-predator model
[28], Cancer invasion model [29]. However, as far as we know, few HIV/AIDS epidemic
models have been formulated to study the adjoint effect of PrEP and ART treatments,
optimal control, and spatial heterogeneity on HIV infection among MSM group. Here,
we will consider those factors all together by investigating the following spatial diffusion
MSM HIV/AIDS model in a heterogeneous environment.

(P50 0 (0050, 0) + M) — () + ()8, )
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— (a(z) + m2(x) + p(x)) L2 (2, t) + n3(2) I3(, 1),
WD) 5 (030 V1, 1)) + a0} o, ) — () + () + (@) 1),
OPgtU,t) =V (04(x)VP(x,t)) + r(z)S(x,t) — pu(x)P(x,t),

with (x,t) € Qr = Q x (0,7). It is supplemented with the no-flux conditions

[Oo(x)VS(z,t)] -9 = [0;(x)VIi(z,t)] -0 = [04(x)VP(z,t)] -9 =0, (z,t) € 0% € (0,T),
(1.2)
and positive initial conditions

S(x,0) = So(x), P(x,0) = Py(x), I;(x,0) = Iip(x), i =1,2,3, z € Q, (1.3)



4 L. Wang, A. Din, P. Wu

In this paper, we consider a MSM population and divide it into five groups at time ¢ and
location z: a healthy compartment, S(t,x), three infected compartments (dependent on
CD4+ T cell count) with ART treatment, I1(t,x), I2(t, x), I3(t, ), and a susceptible group
under PrEP, P(t,z) (see Table 1). The meaning and symbols of the model parameters
and variables are summarized in Table 2. Since we mainly focus on the disease infected

among MSM in China.

Table 1. Biological meaning of variables in model (1.1)-(1.3)

Variables | Description

S(xz,t) | Susceptible at time t and location x

P(z,t) | Individuals under PrEP treatment at ¢ and location x
Ii(z,t) | Infected compartment with CD4+ T cell count> 500
I(x,t) | Infected compartment with CD4+ T cell count 350 — 500
Is(x,t) | Infected compartment with CD4+ T cell count< 350

Table 2. Description of parameters in model (1.1)-(1.3)

Parameters | Description Mean value | Sources
(year ')

A() Recruitment rate of susceptible 830,000 [44]
B1(%) Infection rate of for I (z,t) - -
Ba() Infection rate of for Is(z,t) - -
Bs() Infection rate of for I3(z,t) - -
w(+) Natural death of individuals 0.0246 [45]
() The rate of death-related AIDS 0.7114 [45]
a1(+) Transfer rate of I (x, 1) 0.33 9]
0] Transfer rate of I(x,t) 0.34 [9]
n2(+) The ART failure rate of Is(x,t) 0.57 [9]
n3(+) The ART failure rate of I3(x,t) 0.32 [9]
r(-) Rate of individuals under PrEP treatment 0.2 [47]
6o(+) Diffusion of susceptible 0.08 [23]
61(+) Diffusion of I (x,t) 0.02 (23]
0a(+) Diffusion of Iz(x,t) 0.01 (23]
05(+) Diffusion of I3(x,t) 0.03 [23]
04(-) Diffusion of P(z,t) 0.1 Estimate

We first set b = min,cq b(-) and barb = max,q b(-), where b(-) = A(-), Bi(-), p(+), d(-),

a1(-), aa(:), (+), n2(-), m3(+)-



2 Preliminaries

In this section, we are devoted to studying the well-posedness of system (1.1)-(1.3). More-
over, the existence of the global attractor of system (1.1)-(1.3) can be also established.

Consider the system as follows

gz;j =V (& (x)Vw) — B(x)w+ F(x), t >0, z € Q,
&0 € 09 .
619 - 9, x k)

where

N CURR I CO RN )

Using the similar methods in Lemma 1 in [30] , one has the following lemma
Lemma 2.1. System (2.4) has a globally asymptotically stable positive steady state w*(x) =

_ T
(S*(x), P*(x))" in C (Q,R). Moreover, w* = (ﬁ, u(;/-xﬂ-r)) if A, r, and p are all posi-

tive constants.

Set X = C (Q,R5) equip with the supermum norm || - ||x, X+ = C (Q,Ri’r). Then
(X,X") is an ordered Banach space. Define y;(t) : C (Q,R) — C (,R) (j =0,1,2,3,4)
as Cp semigroups with respect to V (6(z)V) — m;(-) with the Neumann boundary condi-
tions, where mo(-) = () + (-, m1 () = () + 1 (), ma() = () + a2() + 1), ma () =

pu(-) +d(-) +n3(-),ma(-) = p(-). Then we have

(05(t)9) () = /Q Gj(e.t,a)pla)da, t >0, ¢ C (UR),

where Gj(x,t,a) is the Green function with respect to V (6(z)V) —m;(-), j =0,1,2,3,4.
Based on the conclusion in [31], it is obvious that y;(t) (j =0, 1,2, 3,4) is strongly positive
and compact for all ¢ > 0. Then there admits an @ > 0 such that ||y;(t)]| < Qe%® for
each t > 0. Here ¢; < 0 is the principal eigenvalue of V (6(2)V) — m;(-) with the no-flux
condition.

Define Z = (Z(), Z1, 4o, Z3, Z4)T Xt 5 X by

Zo(P)(-) =Az) — (Br()e1 () + B2()2() + Bs()3(+)) Yo (),
Z1() () = (Br()Y1() + B2 ()2(-) + B3()3(+)) Yo () + m2()2(-),
Zo(¥)(+) =1 ()1 () +m3 ()3 (),
Z3(Y)(+) =a2(-)2("),
Zs()(-) =r(-)vo(),
where 1 = (g, 11,2, ¥3,1%4)T € XT. Then we can rewrite system (1.1)-(1.3) as follows
B() = B* (1) + /0 B*(t — 5)Z(B(s))ds, (2.5)

where B(t) = (S(8), E(t), I (1), To(t), Is(6), P()T, B () = diag(yo(t), y1 (£), ya(t), ya 1), ya(£)).
Thus, similar with the result of Corollary 4 in [32], we have the following lemma
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Lemma 2.2. For system (1.1)-(1.3) with initial value ¢» € X*, it has a unique mild
solution B(t,v) € Xt on [0,0x), 0o < +00. Furthermore, the solution is a classical
solution.

2.1 Well-posedness and global attractor of system (1.1)-(1.3)

Theorem 2.3. For system (1.1)-(1.3) with initial value ¢ € X*, it admits a unique
solution B(x,t,) € Xt fort >0, and the semi-flow of solution ¥ (t) = B(t,-, ) : XT —
Xt admits a global attractor.

Proof. We complete the proof by the following two steps.

Step 1: The uniqueness, existence, and positivity of the solutions can be obtained from
Lemma 2.2. Assume oo < 400, ||B(t,z,v)|| = +oo(t — 400) (see Theorem 2 in [32]).
It follows from S(x,t) equation of system (1.1) that

0S(z,t)
ot

<V ((z)VS(z,t))+ A= (p+1)S(z,t), z€Q, t €[0,00). (2.6)

From Lemma 2.1, we obtain that there admits M; > 0 such that S(z,t) < My, x € Q, t €
[0,000). Next, we consider the following system

(

3
Qo 9 (000 n) + M1 3 B+ r — (e, 7 € 2,0,
Ows ) = i )
el V (02(x)Vwa) + arwr — (as +1, + f)ws + aws, @ € Q6> 0,
é:;f =V (03(x)Vws) + dows — (d + n, + pws, € Q,t>0, (2.7)
5;;? =V (04(z)Vwy) + 7My — pwy, z € Q,t >0,
\8:;1 _ 3;)2 _ 3;)3 _ 3;;;4 _ 0. zeon.

From Theorem 7.6.1 in [31], we know that the eigenvalue problem associated with system
(2.7) admits a principal eigenvalue A with respect to a strongly positive eigenfunction
0=(01,02,03,04). Hence, system (2.7) admits a solution deMp(t) for t > 0, where §
satisfies

§¢ = (w1(0,2),ws(0, ), ws(0,1),ws(0,2)) = (Lo(x), Iao(z), I30(x), Lio(x), po(x)) for z € Q.
Thus, we obtain that
(I (z,t), Iy(x,t), I3(x, 1), P(x,t)) < deMp(x), t €[0,00), x € Q,

which indicates that there has a positive constant Q2, such that P(t,x) < Q2, I;(t,x) <
Q2, 1=1,2,3, 2 € Q,t € [0,00). If 000 < 400, it leads to a contradiction. Accordingly,
the global existence of solution follows.



Step 2: We further prove that the dissipativeness of the semiflow of solution. Applying
the standard comparison principle, formula (2.6) and Lemma 2.1, it can be verified that
there exist No, to > 0 such that S(¢,x2) < No,t > to, x € Q.

Denote A (t) = [o(S(t,z)+ 11 (t,z) + I2(t, ) + I3(t, ) + P(t, z))dx, then we have that

o

< /QA(x)dx — (ulx) + ()N (), £ > 0.

Thus, there admits N* > 0 and t; > 0 such that 4 < N* for all ¢t > ¢;. It follows from
Chapter 5 in [34] that G1(t,z,y) = > ,51 € ¢n(x)pn(y). Here o; is the eigenvalue for
V (01(x)V) — my(z) subjects to the no-flux condition associated with ¢, (z), and o1 >
09 = 03 > ... 2 0p = .... Since @, is uniformly bounded, then we know that G (¢, z,y) <
W1 ps1 ent, t > 0, for some ¢ > 0.

Let ¥, (n=1,2,3...) be the eigenvalue of V (01(x)V) — m; with the no-flux condition
and satisfy ¥1 = —m; > ¥2 > ¥3 > ... > ¥, > ..., we obtain that ¥; > 7, for any i € N
from Theorem 2.4.7 in [35], For ¥J,, decreases like —n?, then we have

Git,z,y) <@ Y e <wett = me ™!, >0,

n>1

for ¢ > 0 and some w > 0.
Set t3 = max{tp,t;}. From (2.5), we have

t 3
Li(t,x) = y1(¢) 1 (t3, )+/ y1(t —s) (S S, T ZBZ I( an(x)lk(s,x)> ds
k=2
3
< My =) || (13, 2 HJr//Gltfsxy < syZBZ (s, 9) +an Ik(sy)>dyds
k=2

t
<Mle““‘t3>\|11(ts7w)\l+/ we_ml(t_s)/ (NOZ& (5,9) +N*Z77k )dyds

ts

k=2
3 3

t
< Mleﬂ(t_tg)HIl(t&m)H + wN* (NO ZBl + Zﬁk) / e_m1(t—8)d8
i=1 k=2 ta
3 _ 3
< wN* <N025i+z7lk> /ml,
=1 k=2

for t > t3, which implies hm sup [|I1(t, x)|| < wN* (No Z?Zl Bi + 2222 ﬁk) /ml. Similarly, there
exists N1, Na, N3, Ny > 0 such that

limsup || I2(¢, z)|| < Nz, limsup ||I5(t, z)|| < N3, limsup ||P(t, z)|| < Ny.
t—o0 t—o0

t—o0

Thus, the dissipativeness of the system follows. Accordingly, the compactness of W(t)
holds for all ¢ > 0 (Theorem 2.2.6 in [35]). Hence, the existence of the global attractor of
U(t) follows (Theorem 3.4.8 in [36]). O
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3 The basic reproduction ratio R, and the dynamics of disease-
free steady state E)

In fact, Lemma 2.1 implies that system (1.1)-(1.3) always has a disease-free steady state
Ey = (5°(2),0,0,0, PO(x)), where (S°(z), P’(z))" = w* ().
The linearized system (1.1) around Ej is given by

4 a 3
% =V (61(z)Va1) + S° Z,Bi(l')%' + n2(2)g2 — (u(z) + a1(x))q1, t > 0,z € Q,
=1
0
% =V (02(2)Va2) + a1(x)q — (az(x) + n2(x) + pu(x))ge + n3(x)gs, t >0, z € Q,
0
O 7 (03(0) V) + ao(@)az — () + ms(2) + a(a))as, 1> 0, 2 €0,
Oq1 _ 9a2 _ 945 _
o -9 v =0, z € 09.

Set (q1,q2,q3) = M (Y1(x),2(x),3(x)). Then we can rewrite the system as

X1 =V (01(x) V) + SOZ& i + m2(x)ths — (u(z) + ar(2))r, o € Q,
=1 3.8
Mg =V (02()Vipa) + a1 ()1 — (aa(w) +n2(z) + p(z)) 2 + n3(x)s, = € Q, 39

Mp3 =V (05(2)Vips) + aotpa — (d(z) + n3(x) + pu(z))vs, = € €L
It follows from Theorem 7.6.1 in [31] that system (3.8) has a unique principle eigenvalue
Ao(Sp) with a strongly positive eigenfunction (¢1(z), Y2 (z),¥s(x)).

Define ®(t) : C(Q,R3) — C(Q,R?) as the solution semigroup of the following system

0

% =V (01(2)Vq) +n2(x)g2 — (p(z) + aq(z))q1, t >0,z € Q,

0

% =V (02(2)Vq2) + ar(z)q1 — (a2(z) + n2(z) + p(z))g2 + n3(x)gs, t >0, z € Q,
0

s _ S (0y(2)5) + cr(a)ap — (@) + () + pla))as, >0, w € Q

On _ 9¢2 _ Oa3
5 =5 =9 =0, z € 00

and set

x
0 0 0
0 0 0

Denote the density of initial value as ) = (11(z), ¥2(x), 3(x)). Thus, ®(t)1) is the density
of those HIV infected individuals as time goes by Accordingly, the density of total new

HIV infective individuals is Z(¢ fo (t)ydt. Thus, the basic reproduction
number is obtained Ry = p (& ) by the next generation operator.

(Bi(x)SO Ba(2)8%  Bs(x)S° )

From [37], we have the lemma as follows



Lemma 3.1. )y has the same sign as Rg — 1 and Ey s stable when Ry < 1, otherwise, it
is unstable.

Theorem 3.2. The disease-free steady state Eg of system (1.1)-(1.3) is globally asymp-
totically stable (g.a.s) when Ry < 1.

Proof. From lemma 3.1, we can verify that there admits a o > 0 such that \o(S° +0) < 0
and \o(P° + o) < 0. From system (1.1), we can obatin that

oS
=7 S
ot

aa—]tj <V (04(x)VP) +7(z)(S° + o) — p(x)P, t >0, 2 € Q,

which indicates S(t,7) < S° + o and P(t,z) < P+ o for all t > t; > 0 and = € . Thus,
we obtain

V (0p(2)VS) + A(x) — (p(z) +7r(x))S, t >0, z € Q,

( 3
% <V (01(2)VI) + (8° 4 o) ;@(1’)1} +m(x) o — (p(z) + a1 (x)) 1, t > t1,x € Q,
% <V (02(2)VIz) + ar(z) 1 — (2(x) + na(w) + ()2 + n3(x) I3, t > 11, z € Q,
88];3 <V (03(2)VI3) + as(x)Iz — (d(x) + n3(z) + p(z)) s, t > t1, x € Q.

Assume that € (¢1(z), p2(z), p3(x)) = (I1(t1, x), I2(t1, z), I3(t1, x)), where (@1 (x), p2(z),
@3(x)) is the eigenfunction associated with the principle eigenvalue Ao(S° + o) > 0. Then,
we get

(Il (ta x)? IQ(t7 a:), I3<t’ IL’)) <€ (@1(1:), @2(‘7:)7 @3(‘7;)) eAO(SOJrU)(titI)'
Hence, limy_,oo(I1 (¢, x), I2(t, x), I3(t,z)) = 0, S(t,x) and P(t,x) are asymptotic to Eq.
(2.4). Moreover, it is easy to obtain that lim; o, S(t,7) = S°, lim;_,o P(t,z) = PY. The
proof is completed. O

In the next part, we further show that the uniform persistence of the disease. For this
purpose, we first give the following denotations.

Let
Xo = {()0 = (S7II7IQaI3aP) € X+ﬂIZ() ?é 0,1= 172a3} )
0Xo={(8,I1,12,13,P) e X" : I, (-) =0 or Io(-) =0 or I3(-) =0} .

Then, it follows from Hopf boundary lemma [38] and the maximum principle that Xj is
positively invariant of ®(t). Let My = {p € 0Xo, Vt > 0}, w(p) be the omega limit set

of v () = {@(t)(¢) : t = 0}.

Lemma 3.3. Ugenm,w(p) = Ep.

Proof. Note that ¢ € My, it follows that I1(z,t,¢) = 0 or Is(x,t,¢) = 0 or I3(x,t,¢) =
0. Assume that I3(z,t,¢) = 0, it follows from the forth equation of system (1.1) that
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Ir(t,z,p) = 0, and then we obtain that I1(t,z,¢) = 0 from the third equation of system
(1.1). Therefore, S(t,z,¢) — S°, P(t,z,) — PY as t — oco. If there admits a to > 0 such
that I3(t,z,p) # 0, we can verify that Is(t,z,¢) > 0 for all t > tg, that is, I1(t,z,p) =0
or Ir(t,z,) =0 for all t > to. If I1(¢t,z,p) = 0, then it follows from the second equation
of system (1.1) and positivity of I;(¢t,z,¢),i = 1,2,3 that Is3(t,z,¢) — 0 as t — oo. If
I(t,z,p) = 0, then it follows from system (1.1) that I3(t,z,9) — 0 as t — oo. Then
S(t,x, ), P(t,z,p) are asymptotic to Eq. (2.4). Thus, S(t,z,¢) — S and P(t,z,p) —
P uniformly for z € Q as t — oo. O

Lemma 3.4. limsup ||®(t)(¢) — Eol| =<, ¢ € Xp.

t—o00

Proof. We proof lemma 3.4 by contradiction. Since Ry > 1, then there admits a ¢ > 0 such
that A\o(S°—¢) > 0. Suppose that there exists o € X such that lim sup ||®(¢)(¢0)— Eol| =
t—00

6. Then, we have S(t,x, o) > S° —¢, Vt > t;. Hence, we can obtain that

3

88{51 2 \Y% (Hl(x)Vh) + (SO — §) Zﬁz(.’ﬂ)lz —+ 772(,7;)[2 — (M(x> + 041(3?))[1, t 2 tl,.%' c Q7
=1

88{52 >V (02(2)VI) + ar(2) [ — (ce(x) + ma(z) + p(x)) s + n3(x) I3, t = t1, € Q,

0l

v >V (03(x)VI3) + ag(x)Iy — (d(x) + n3(z) + p(x)) I3, t = t1, x € Q,

Denote the principle eigenvalue A\o(S°—¢) > 0 as (¢1(z), g2(x), p3(z)). Suppose a > 0 and

satisfies a(@l(x),@g(x),aﬁg(x)g (I1(t1, z), Ia(t1, x), Is(t1,)). Then, (I1(x,t), I2(x,t), I3(x,t))
> a(¢1($),¢2($),@3($>)€)‘0(S _g)(t ) ¢ > t1, which implies that hm (Il(t x), Ir(t,x), I3(t, z))

= (400, +00, +00), it leads to a contradiction. O

Theorem 3.5. If Ry > 1, then there admits a ¢* > 0 such that the solution (S(z,t),I1(x,t),
Ir(z,t),I3(x,t),P(x,t)) of system (1.1)-(1.83) with So(x) # 0,110(x) # 0,120(x) # 0,130(x) #
0, and Py(x) # 0 satisfies

hmme(t x) =", hmmfP(t x) =", hmmf](t r) >, reQ, i=1,23.

Further, system (1.1)-(1.3) admits at least one endemic steady state.
Proof. Define .7 : Xt — [0, 00| by

7 () = min {minwl(ﬂc)a min y(z), min s03(w)} , pEXT.
e e €

It is obvious that .#~1(0,00) C X,. Note that .#(p) = 0 and ¢ € Xg or F(p) > 0.
Thus, .Z#(V(t),) > 0. Therefore, .# is a generalized distance function with respect to
U(t) : XT — X*. By the above lemmas 3.3-3.4, it indicated that any forward orbit of W(¢)
in My converges to Ey, and W*(Ep) N X = (). Furthermore, Ej is an isolated invariant
set in X* and no set of {Ey} from a cycle in 9Xy. From Theorem 3 in [39] we can verify
that there exists a ¢; > 0 such that

hmmf[(t x,p) =6,V e X, i =1,2,3.
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By similar discussions as those in Theorem 2.3, we obtain that there exists positive con-
stants K > 0 and t2 > 0 such that I;(z,t,0) < K, t > ty, V2 € Q, i = 1,2,3. Then

S(z,t) and P(x,t) satlsﬁes 5 >V (0p(x)VS) + A — (,H +KY? Bl) S, t >ty v €Q,
which implies liglnfS(t, x, qS) > :=A/(i+ (B1+ P2+ B3)K). Hence

opP

a5 2 >V (0g(x)VP)+roy — P, t > ty, x €,

which implies hm 1nf P(t,x,¢) > g3 := rog/i. By the comparison principle, Lemmas 2.1,

3.3,3.4, let ¢* = mm{q 2,63}, then the uniform persistence follows.

Finally, we show system (1.1)-(1.3) admits at least one positive steady state. From
Theorem 3 in [22], it follows that system (1.1)-(1.3) has at least one steady state in Xo.
In next, we suppose (¢o, 1, P2, 3, ¢4) is a steady state in Xg. Then ¢ Z 0 (k =1,2,3).
Applying the Hopf lemma and maximum principle, we can obtain that @5 > 0, ¢ > 0 (or
wo = 0), and ¢4 > 0 (or g = 0). Suppose ¢y = 0, then we can obtain that ¢ = 0 from
the first steady state system of system (1.1), which leads to a contradiction. If ¢4 = 0, then
o = 0, by the last equation of system (1.1), which implies that ¢ = 0, a contradiction
too. Accordingly, the positivity of (¢, @1, ¥2, ©3,¢4) holds. This completes the proof.

O

4 Optimal control of model (1.1)-(1.3)

In this section, we study the optimal problems of the following reaction-diffusion HIV
model with PrEP and ART treatments. In the rest of the part, we consider the positive
constant diffusion coefficients, namely 0;(z) = 6;, j = 0,1,2,3,4. Furthermore, let A(z) =
A r(x) = r,np(x) = ng, k = 2,3 as positive constants. We give the following controlled
system

83(@? 2 =00AS(z,t) + A — (B1(z) 1 (2, 1) + Ba(z) 2(7, 1) + B3()I3(2, 1)) S(w, 1)
— () + ruy (2, 1) S(x, 1),
mléf’ﬂ =01 AL (z,1) + (B1(2) [1(2,t) + Ba(@) L2 (2, 1) + B3 () I3(2, 1)) (1)
+ mua(x, t) Iz (x, ) — (u(z) + ar(z)) L1z, 1),
({Higf’t) =02AL(x,t) + a1(2)[1(z,1) — (a2(2) + moua(z, 1) + p(z)) L2 (2, t)
+ n3us(z, ) I3(z, t),
miéff’t) =03AI3(x, 1) + ag(z) Ia(z,t) — (n3us(z,t) + p(x) + d(2))I3(z, t),
ai(af’ﬂ =04 AP (1) + az(2)Ia(x, t) + rus (z,4)S (2,1) — p(x) P(x,1),

(4.9)
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with (z,t) € QxQr = (0, 7). The corresponding Neumann boundary and initial conditions
as follows

0S(z,t)  OLi(w,t) Olx(xz,t) OI3(x,t)  OP(w,t)
5(0.2) = So(x), P(0.2) = Polx), L;(0.2) = Io(w), = € Q.

(4.10)

We let the admissible control set as follows
%’z«&tz(uhuQﬂ@)e(LQGhﬂf,(%guigl,ae.szT,i:]113}. (4.11)

The optimal control strategy is formulated to minimize the population of susceptible and
HIV infected people with different stages and minimize the cost of PrEP and ART. For
this purpose, we structure the objective functional as follows

3 3
IS, 11, Iy, I3, u) = /Q [co(:c, £)S(z,t) + Z ci(z, ) I;(x,t) + Zwi(:v, t)ui(, t)] dzdt
l:l 31:1
+ / Go()S(r.2) + > Gl@)L(r, ) + Y pilx)ui(r, a:)] dz,
@ =1 i=1
(4.12)

where the positive functions cg,c1,c2,c3 € L (Qr) and w; € L (Qr), i = 1,2,3 are
weight functions; (o, (1,C2,(3 € L (Qr) and p; € L™ (Qr), i = 1,2,3 are the control
measures of the cost of HIV intervention among MSM corresponding to the control for
PrEP and ART treatments in (t,z) € Qp. (S, I, I, I3, P) is the solution for state system
(4.9)-(4.10) with the optimal control u. Thus, the purpose of the optimal control strategy
is to minimize the control cost functional (4.12) subjects to the state system (4.9)-(4.10),
i.e., to find an optimal control u* € % satisfies

S (S I, Iz, I3, u”) Zggqf;f(&fl,fzaf&u)' (4.13)

4.1 Preliminaries and basic assumptions

Define II = (L? (Q))5 as Hilbert space. Suppose that A : Z(A) C II — II is a linear
operator and given by

A = diag(0oA, 01 A, 02, 05, 04) (4.14)

with

P(A) 2 {(S, LI, Is) € (H2 (Q))E), 05 (x,t) _ Ol (z,t) _ Ol (z,t) _ OIs(z,t) _ OP(x,t) _ O}.

a9 09 09 09 a9
(4.15)
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Denote by Q = (Sv Ila 127 137 P)? @(ta Q) = (GO(ta Q)a @l(tv Q): @2(ta Q)v ®3<t7 Q)a @4(t7 Q))
with

(©0(t, Q) =A — (Bi(x) 1 (2, t) + Ba(x) () + B3(x)I3(x, 1)) S(z, )

— (u(@) + r(@)ur(z,1))S(x, 1),

01(t, Q) = (Bi(x) 1 (z,t) + Ba(z) 22, t) + B3(x)I3(x, 1)) S(2, 1) + noua(x, ) Ia(z, 1)
— (u(@) + a1 (2)) 1 (2, ),

O2(t, Q) =au(2)1(z,t) — (a2(x) + moua(z, t) + pu(x))Ia(z, ) + naus(z, t) I3(z, 1),
O3(t, Q) =az(x)Ia(z,t) — (n3us(w,t) + p(x) + d(x))I3(z,1),

O4(t, Q) =az(2)Ia(z,t) + rur(z,t)S(2, t) — p(z) Pz, 1),

(4.16)
where Q = (S,I1,12,13, P) € 2(0) 2 {Q €I, ©(t,Q) €II, VYt € [0,7]}. Then system
(4.9)-(4.10) can be rewritten as

oQ
5 —AQ+O(LQ), te o7, (4.17)
Q(0) = Qo.

To prove system (4.17) admits a unique strong solution, we introduce the results from
literature [40] as follows

Theorem 4.1. Denote a real Banach space by F, A : (A C F — F a Co-semigroup
infinitesimal generator of continuous {S(t), t = 0} on F. If Qo € I, then system (4.17)
has a unique mild solution Q € ([0, 7];F) as follows

Q(t) =§(t)Q0+/O S(t —s)0(s,Q(s))ds, t € [0,7]. (4.18)

Moreover, if F is a Hilbert space, A is dissipative and self-adjoint on F, then the mild
solution satisfy with Q € W2(0,7;F) N L%(0,7; 2(A)).

Assumption 4.2. Suppose that So(x), Lip(x) € TI3(2), and c’)sgqu) = a%@ = 8]3319(95) =
0, €0, i=1,2,3.

By the similar arguments as those in [26], we have the following the existence and
uniqueness theorem of the solution in state system (4.9)-(4.10). For more details, the
reader is referred to Theorem 3.1 in [26].

Theorem 4.3. For bounded domain Q in RF, k < 4, with the boundary of class C2¢, € >
0. Suppose that Assumption 4.2 holds. Then for any optimal control pairs u = (u1, ua, us) €

U, there admits a unique globally positive strong solution Q for state system (4.9)-(4.10),
satisfying Q = (S, I1, Iz, I3, P) € WY2(0,7;11) and

S(x,t) € L*(0,7;I13(Q)) N L=(0, 75 TTH(Q)) N L>=(Q7),
P(z,t) € L*(0,7;112(Q)) N L>(0, 7; I (Q))N € L>=(Qr) N L®(Qr), (4.19)
Ii(z,t) € L0, 7;T1H(Q)) N L2(0, 7; 1%(2)), i = 1,2, 3.
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Furthermore, there admits a ¢ > 0 such that

HaS/atHLQ(QT) + HSHL2(0,T;H2(Q)) + HSHLoo(QT) <0
HOP/Ot| 122y + 1Pl 20,20y + 1P poo () < 05
10L; /0t 12007y + IHill 20 mm2 () + il e () S 00 1= 1,2,3,

105/0t|[11 07y < 0, [10P/0 11100y < 05 101/ 08110y < 00 VEE [0, 7], i = 1,(243;0)

4.2 The existence of the optimal control pair of state system (4.9)-(4.10)

Theorem 4.4. If Assumption 4.2 holds, then there admits an optimal control (S*, I, I;,
I3, P*, ui, u3, u3) of system (4.9)-(4.10).

Proof. Let
3 3
G (S, 11, Iy, Is,u)(x,t) = co(x, 1) S(x,t) + Y cilw, )i, 1) + Y wilw, tua(w, b),
=1 =1
3 3
H (S, I, I, I, u) (2, T) = Go(2)S(z,7) + D G(@) iz, 7) + > pil@)ui(z, 7).
=1 =1
Then

/(S,Il,IQ,[g,u):/ /g(s,ll,fg,fg,,u)(t,l')d[]}dt+/%(5,11,12,13,u)(7',.7])d1'.
0 JQ Q

It follows from (4.19) in Theorem 4.3 that the cost functional is bounded blew. Ac-
cordingly, there exists a minimizing sequence {ul",u5", u}'};m>1 and a positive constant
a1 = ingl J (S, 1, I3, I3, u) such that

UEY

ap = lim Z(S™, 1", I3, 13", u™) = inf _7(S, 11, 1>, I3, u), (4.21)

m—00 uEU
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where (S™, I7", IF", IF") is the solution of the system as follows

85'”;(1?7 t) :QOASm((E, t) + A - (51 (1‘)[{”(3}, t) + ﬂQ(l’)Ign([E, t) + ,83(.73)[5”(3}, t)) Sm(x’ t)
— (u(@) +ruf’ (2, 1)) 5™ (2, 1),
ol 6(:,75) =01 AL (x,t) + (B1(2) [ (z, t) + Bo(2) I3 (x,t) + B3(x) I3 (x,t)) S (x, t)
+ naug(z, ) 15" (x, 1) — (u(@) + on (@) 17" (, 1),
OB g, AL (1) + o) (,1) — (an(e) + o () + () I (2.1
+ 773“5”(55» t)Ign(x7 t)>
alg;(f 2 =O3AI5" (2,) + az(2) 13" (2, 1) — (3ug’ (2, 1) + p(z) + d(2))I5" (2, 1),
(w;f’t) =0,AP™(x,t) + ao(x) I3 (x,t) + rul*(x, t)S™ (x,t) — pu(x)P™(x,t),
oS™(x,t)  OI{"(x,t)  OIF(w,t)  OIF'(w,t) 0
o o9 o9 o9
S™(x,0) =Sy (xz) >0, P"(x,0) = Py*(x) >0, I;]"(z,0) = Lij(x) >0, i =1,2,3.

(4.22)
On basis of the result of Theorem 4.3, we can verify that S™, I, P™ € W12(0,7;11), i =
1,2, 3, which means that S™, P™, I™ € C([0, 7]; L*(Q2)). Further, by (4.19), the uniformly
boundedness of S™, Il follows, i.e., there exists a independent of m positive constant w
such that

™ i ) + NOL" /0| 2oy + L | 1200, mm02 () + [ | oo () < @, V £ € [0, 7],
1S™ Iy + 1OS™ /0| L2007y + 15" 11200, 7im2(02)) + 19" o000y S @, Y T € [0, 7],

Pl ) + 1OP™ [0t L2y + 1IP™ (| 120 mim2(0)) + 1P || ooy S @, VT €0, 7]
(4.23)
Thus, we have the equicontinuity of the family {(S™(t), P™(t), I{"(t), 15" (t), 15" (t))} from
(4.23). Since IT' (£2) is compactly embedded into L?(12), it follows that {(S™(t),P™(¢),I"(t),
I ()15 (t),) b1 is relatively compact in (L%(€2))° and 5™ 120y < @|[P™||2(0) <
w,HIlmHLQ(Q) <w,Vtel0r], i=1,2,3. From Ascoli-Arzela Theorem [41], we obtain
there exists (S*, P*, I7,13,13) € (C[0,7] : L*())® and a subsequence of {(S™(t), P™(t),
I (t), 15" (t), 15" (t), ) }m>1, still defined as itself, such that

lim sup [[S™(t) — S*™(t)||r2) = 0,

m=00 te0,7]

lim sup [|[P™(t) — P*(t)||r2) = 0, (4.24)

m=09 tc0,7]

lim sup [[I77() — I (0)]| 2@ = 0, i = 1,2,3.

m=00 te0,7]

Therefore, we can show that (S*, I}, I3, I3, P*) is an optimal control pair of (4.9)-(4.13) by
letting m — oo in system (4.22). From (4.23), it can be choose a {(S™(¢t),I7"(t),15"(¢),I5"(t),P™(t)) }
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such that
os™  9S8* .2 .72
S~ g weakly in L*(0,7: L*()),
op™ oP* .12 2
oPm 9Pt . 4.25
5 - 5 weakly in L°(0,7; L*(Q2)), ( )
o oIy

. 2 ) -
5t — T weakly in L“(0,7; L*(Q2)), i =1,2,3.

S™ — §* weakly in L>(0, 7; TT1'(Q)),
P™ — P*, weakly in L>=(0, 7; ' (Q2)), (4.26)
I™ — IF, weakly in L°°(0,7;11'(Q)), i = 1,2, 3.

AS™ — AS*, weakly in L*(0,7; L*(Q)),
AP™ — AP*, weakly in L*(0,7; L*()), (4.27)
AI™ — AIY, weakly in L*(0,7; L*(Q)), i = 1,2, 3.

Furthermore, note that ul™, i = 1, 2,3 are all bounded in L?(27), there admits an optimal
control pairs v} and subsequence of {u[*;m > 1, i = 1,2,3}, still defined as themselves,

such that

m
U;

— u}, weakly in L*(Qr), i =1,2,3. (4.28)

19

Considering % is convex and closed set in L?(27), which implies it is weakly closed.
Therefore, we can obtain that u] € % from (4.28). Hence, from (4.20), (4.26), (4.28), we
can prove that

STIM™ — S*IF, in L*(0,7; LA(Q)), i = 1,2,3, (4.29)
and
STyt — S*ui, IVl — Db, IYul — Db, weakly in L2(0,7; L*(Q)). (4.30)

Noting that S™I™ — S*If = S™(I" — ) + I} (S™ — S*), u*S™ — ujS* = u*(S™ — S*) +
S*(u* —wuy) and I up* — Ifuy, = wl (I — I}) + I (u* —uy), k= 2,3 and employing the
Aubin compactness theorem (Theorem 3.1.1 in [42]), (4.25)-(4.26), we can show that S™
and I}* strongly converges to S* and I in L?(Q7), respectively. Moreover, on the basis of
the uniformly boundedness of S™, P™, I™ in L*(2), we have (4.29)-(4.30). Hence, it is
obvious to see that (5%, IT, I3, I3, P*) is an optimal control pair of state system (4.9)-(4.13)
when m — 400 in system (4.22). O
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4.3 The first order necessary condition for optimal control

In this subsection, the system which including the adjoint states of the state variables
given by

a‘g O * * * *\ O * T * T * T
E = —GOAS + (/81[1 + /6212 + 53[3 + 1% + rul)S - /81—[1[1 - ﬁ?IQIQ - B3I31—3 + €0,
afl 7 * & * 7 7
i —01AL + 1SS — (B1lf — p— 1)1 — azls + c1,
6f2 F 7 * O * 7 * 7 * 7 2
ﬁ = —03AI5 — aglz + 52575 — ﬁgflfl — nously + nousls + (OéQ + M)IQ + ca,
8j 7 * & * T * T 7 * 7
5y = ~0sALs+ 53878 —nguily + nsudls + (u+ d)fs — B387h + e,
a8 oI, 0l Ols
—_—— = — = — = Q
90~ 90~ 90 90 0, on (0,7) x 92,
\S( x) = —Co, I (7’ x)=—(, inQ, i=1,23,

(4.31)
where (S *,AI ¥, 15, I3, w*) is an optimal pair. Replacing the variable ¢ with 7 —¢ and setting
co(x,t) = S(x, 7 —1t), gi(z,t) = Li(x,7—t), i =1,2,3, then we can rewrite system (4.31)
as follows

aa? = —00Aqy + (B1I] + Bol5 + B3I5 + o+ rul)so — Bilis1 — Balsse — P3l36s + co,
0@@2 = —01Aq + B15" 0 — (Bil] — p—a1)s1 — auce + e,

% = =028 — aag3 + 2570 — fali1 — mauzer + n2upse + (a2 + p)s2 + c2,

% = —0300 + 05570 — nsuzsz + myuzss + (p+d)ss — B3STa + e,
%:%:%:%:07 on (0,7) x 09,

w0(0,2) = —Co, i(0,2) = —¢;, in Q, i=1,2,3.

(4.32)
Using the similar methods in Theorem 4.3, we show the uniqueness and existence of the
solution for (4.32), then the well-posedness of system (4.31) follows. Besides, similar to
the proof of Theorem 4.3, we have

Lemma 4.5. Supposing the conditions for Theorem 4.3 hold, and (S*, 11,12,13, u*) is an
optimal control pair. Then system (4.32) has a unique strong positive solution (S I, I, I3)
such that S, I, Iy, Is € WY2(0,7;1). Furthermore, S, I, I, Iy € L®(Qp)NL2(0, 73 I12(Q))N
L‘X’(O,nHl(Q)).

Lemma 4.6. Suppose that the conditions of Theorem 4.3 hold. For @ € L*(Qr) and a
positive Kk, let uf = u +ru; € %, i = 1,2,3. Then optimal control strategy problem
(4.9)-(4.13) with w = u* admits a unique solution Q" = (S*, I, 15,15, P*). Further,
||QHHL°°(Q) is uniformly bounded in regard to k in Qp.
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Proof. Employing the similar methods mentioned in Theorem 4.3, the existence and
uniqueness of the positive strong solution immediately follow. To show [|Q"[|re(q) is
uniformly bounded, we introduce the system as follows

‘W = 0o AW (z,t) + A, in Qr,
OVVa(;:,t) =0, on (0,7) x 09, (4.33)

W(z,0) = Sy(x), in Q.

Together system (4.33) with system (4.9)-(4.12) associated with v = u* and using Gron-
wall’s inequality and comparison principle, yields

0 < |[S"(z,)|| Lo () < [IW(z,8)]| o) < @1 + AT, (t,2) € Qr,

where wy > 0 is a constant independent of x. Thus, we know that [|S*|[ e (q) is uniformly
bounded with respect to x in Q7. Using similar method, we can obtain [|P"||5(q), and
[ oo (), % = 1,2, 3 are all uniformly bounded in regard to « in Q7. O

For further analysis, we assumed that (S*, I}, I3, I3, P*,u*) is an optimal pair and
QF = (5", Iy, 15,15, P*) is the solution of optimal control problem (4.9)-(4.13) subjects
to u” denoted by in lemma 4.6. Let

Sk — §* pPr— P* IF — I

Yy = lim ———, Y = lim ——— Y* = lim *—"% i=1,2,3.
rk—0 K Kk—0 K rk—0 K

Then we obtain the following system

3
Y F
op = DAYE =D BiIFYE + SYE) = r(u] Y + 8% ) — pY,
i=1
('“)Yl” K ’ KV K *V K *V K K~ :‘f
o 01AY]" + Zﬁi(fi Yo'+ STY) + na(uaYs' + I3ts) — (1 + an) YT,
i=1
oy Z

at — QQAYQH + Oélyvf — (062 + IU)YQH — nQ(USYQH + I;’llg) + ?73(U§Y3H + Ig’fbg), (4 34)

AYr B '
5 = GAYE 4 oY — (uk DYF — (WY + I,

oY [
ot

Y r

87’(; 207 on (077—) X 897 j:071727374’

([ YF(0,2) =0, in Q, j=0,1,2,3.

= 04AY [ — Y + r(uYg + 5%),

Lemma 4.7. If Theorem 4.3 conditions remain hold. The problem (4.34) has a unique
strong solution Y™ which satisfies Y* = (Y{F, Y5, Y3, Y&, V)T € WH2(0,7;11) and Y* €
L2(0,7;112(2)) N L>=(0, 7;I1Y(Q)). Furthermore, it can be verified that S® — S*, P* —
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P IF — IF, in L2(Qr) and Y* — Y, in L*(Qr) as k — 0. Here, Y = (Yo, Y1, Yo, Y3, V)T
1s the solution of the system as follows

( 3
8Yb * * * * ~
;. =AYy —;ﬁﬂmw Y;) = r(uiYo + §*a) — u¥o,
dY, 3
87751 = 0,AY] + Z,@Z(L*YE) + S*YZ) + WQ(USYQ + I;ﬂg) — (,u + al)Yl,
=1
Y5

S = 0AY2 F anYi — (a2 + )Ye — ma(u5Ye + ) + ma(u5Ys + i), (4.35)

aY: v, 1 I
873 = 03AY3 + asYs — (u+ d)Ys — n3(uiYs + I313),
19)¢

oY

6719] 207 on (037—) X aQa j:0?17273’

Y;(0,2) =0, in Q, j=0,1,2,3.

Proof. By the same methods in Theorem 4.3, we have that system (4.35) admits a strong
solution. In the next, we show that Y*, j =0,1,2,3 are all bounded in L?(Q7) uniformly
in regard to x and

il_I)I%)HSH _S*HL2(QT) = O, ili}l’%)”[f _IZ*HL2(QT) = O7 7 = 1’2’3’£%‘|PH _P*HLQ(QT) _ O,

For this purpose, let

*’I“S'{ﬂl *TS*ﬂl
I5a I5i
U = I SR IR o Jplata (4.36)
nslgus — nalsug n3l3uz — nolyts
—n3dguzrStuy —ngliusrS* i,

~ (S Bl 4 ptra) BT 5" S0

T — 23:1 Bil P18 —p—ay n2u3 0 0
B 0 a1 —(az + p+ nau3) n3U3 0 |-

0 0 Qo —(n+d+mnsu) 0

ru} 0 0 0 L
(4.37)

— (ST ptrul)  —piS ~hS" B8t 0

T Z?:l Bil; B1S* —p— o MU3 0 0

- 0 Qay —(ag + p+ naul) n3u3 0

0 0 (o) —(p+d+mnsus) O

U} 0 0 0 L
(4.38)
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Then we can rewrite system (4.34) as follows

agt —AYR(t) 4 T YS(E) + US(E), in O,

Y®(0) =0, in Q.

(4.39)

We suppose that A generates semigroup {S(¢) : ¢ > 0}. Then we have the following
expression of Y*(t) from [43]

VR = /D " S(t — )T ()Y (s)ds + /0 " S(t — $)UR(s)ds, t € [0,7]. (4.40)

From Lemmas 4.5, 4.6 and Theorem 4.3, the uniformly boundedness of the elements of U
in (4.36) and T in (4.37) in regard to ¢ holds. Hence, we can choose positive constants By
and By such that

t
V¥l 2 < B + Bs /0 1Y"(5)| (s, € [0,7].

It follows from Gronwall inequality that Y* is bounded in L?(€2). Then we have ||S* —
Sz = ElIS™[|z2p) = 0, [|P™ = Pllzzy) = sllP"|2@p) = 0, 117 = Lillz2(0p) =
K| L2p) — 0 as & — 0, @ = 1,2,3. In the next, we show that Y* — Y, in L*(Qr).
System (4.35) can be rewritten as

oY
— =AY () +T*()Y(t) + U*(¢t), in Q
o= AY () + T (OY (1) + U (1), in O, o
Y (0) =0, in .
Then we have the following expression of the solution of system (4.41)
t t
Y(t) = / S(t— 5)T*(s)Y (s)ds + / S(t— $YU*(s)ds, t€ [0,7].  (4.42)
0 0

Combination of (4.40) and (4.42), yields
t
YPR(t) - Y"(t) = / S(t—s)(T"Y" — T*Y)(s)ds, t € [0,7].
0

Considering that the elements for T*(¢) are all uniformly bounded and converge to the
elements of T*(t) in L?(Qr), respectively. Thus, we can deduce that Y* — Y in L?(Qr)
by applying the Gronwall inequality. O

Theorem 4.8. Assume that Theorem 4.3 conditions remain hold. If (S*, I}, I5, 15, u*) is

an optimal control pair of the optimal control problem (4.9)-(4.13) and (S’, I, I, I, f’) 18
the solution to system (4.51), then

3
/ (rSS* + w1 ) (i — ul)(t, z)dedt+ Z/ (eI I + wi) (i — ul)dadt
h=2 (4.43)

3
>-3 | pia)is = i) (7).
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Moreover, if pi(x) =0 in Q, i = 1,2, 3, then we have
1, in {(t,a:) cQ:(rS*S +wi)(t,z) < o} ,
uy = X (4.44)
0, in {(t,x) eQ:(rS*S +wi)(t,x) > 0},
1, in {(t, z) € Q: (I L + wi)(t, x) < 0},

) (4.45)
0, in {(t, x) € Q: (pli Iy + wi)(t, z) > O},

Ukl (=2,3) =

Proof. Suppose that (S*, I}, I, 15, P*,u*) is an optimal control pair, the control cost
function #(S,11,12,13,u), which is given by (4.12). Hence

IS I, I3, I ur) < 7 (8™, I7, 15, I, u), ¥ k> 0. (4.46)

That is to say

3
/ [ +ch IF - 1) —f—ZﬁwZu,] (t,x)dtdx
Qr =1

=1
+/
Q

= 0.

(4.47)

3 3
)+ CIF I+ Kpim] (,2)dx
i=1 i=1

Dividing both sides of inequality (4.47) by k, yields

3 3
/ (COYO + ZczY” + Zw u) (t, x)dtdz + / (coYo“' +3GYr+ mei) (T, x)dz > 0.
Qr i=1 i=1

(4.48)
Furthermore, if follows from Lemma 4.7 that

Y& = Yo, Y=Y, Y =Y, Y& = Ys, € L2(Qr), as & — 0,
Yo = Yo, Y= Y1, Y =Y, Y& = Vs, in LY(Qr), as k — 0,
Yo (1) = Yo(r), YP(1) = Yi(1), Y38 (1) = Ya(1), Y35°(T) = Y3(7), in Ll(QT), as k — 0.

Then we can obtain the following results from (4.48) by sending k — 0

3 3
/ (COYO + ZQY + Z%m) (t,z)dtdx + / (COYO + Z GY; + ZPHL) (1, 2)dx = 0.
Qr i=1 =1

(4.49)
From system (4.31) and (4.35), we can obtain that

3 ~
a5 8Y0 0Ly, 0%,
Py, + E Y, Il
ar 0t < ( )

3 3
=60 (AYeS - ASYy) + Z;a (avih — ALy;) + Z eV — rS* 8y — ;nklklkuk
(4.50)
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Recalling the initial boundary conditions of (S, I1, I5, Is) and integrating (4.50) over Qp,
we have the result by the Green formula as follows

/ (YOS+ ZYI) T,z)dr = ZCZY (t,z)dxdt — r S* Sty dadt

Q Q
tet ! (4.51)
/ anfklkukdxdt
O =2
Further, from the last equation of system (4.31) and (4.51), yields
3
/ (COY(W-ZQYi) T, X dx—i—/ ch (t, z)dzdt
Q — Q
= L (4.52)

=r [ S*Suydxdt + anlklkukdxdt
Qp Qr k=2

Then by (4.49), yields

/ rS* SuldxdtJr Zm[kfkukdxdt / (witi; ) (t, da:dtf/ Z pit;) (1, z)d
Qr O =3 Or =1

On the basis of @ = (@1, @2, u3) € L*(Qr) is arbitrary, we can set @; = 1; — uy, Vu; €
U, i=1,2,3. Then the inequality (4.43) in Theorem 4.8 is obtained. This completes the
proof. O

We study numerically the optimal control problem (4.13) in the next section.

5 Numerical simulations

5.1 Estimation of the model parameters and initial values

In this subsection, we mainly focus on the estimation of model (1.1)-(1.3) parameters and
initial values. The mean values of the some parameters in model (1.1)-(1.3) are taken
as in Table 2, we set b(z) as constant b > 0, where b = r, a1, a2, 12,13, 1, d. We choose
r=0.01, a; = 0.33, ag = 0.34, n2 = 0.57, n3 = 0.32 are taken from the literature [9] in
Table 2. The natural death rate p = 0.0246 and AID-related death rate d = 0.7114 are
taken from the literature [45] in Table 2.

From [44], we can assume that A = 830,000. From the HIV/AID reported case in
2018 [46], we can obtain the new HIV/AIDS cases through homosexual transmission is
34,358 (25.5% of the total new reported cases), where 35.8% of the case under ART
treatment [47]. Hence, we assume that I19(z) = 34,358 x (1 — 25.8%) = 22,058, Iy(z) =
10,000, I3o(x) = 2,300. Meanwhile, let Sp(x) = 20 million, Py(z) = 20 million x20% =
4 million. Similar with the form is given by literature [22], we choose (i(z) = 1.2 X
1077, Bo(z) = 1.8 x 1077(1 + 0.5 cos(2z)), B3(z) = 6.3 x 1078(1 + 0.5 cos(2z)). We set 2 =
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[0, 1] for simplification. The diffusion coefficients of the MSM in different compartments
can be set to 8y = 0.008, 6, = 0.002, 5, = 0.001, 65 = 0.003, 84 = 0.006.
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Figure 1. The solution surface to system (1.1)-(1.3) when Ry < 1, on Qp = [0,10] x [0, 1].

5.2 Dynamical behaviors of system (1.1)-(1.3)

In this subsection, we first choose 81 (z) = 1.2x1078, Ba(z) = 1.4x1078(1+0.5 cos(2x)), B3(z) =
1.3 x 1078(1 + 0.5cos(2z)) and obtain Ry ~ 0.942 < 1. From Figure 1, we can see
that the solution of system (1.1-1.3) approaches the disease-free equilibrium as ¢ — oo.
This result is lines in with Theorem 3.2, i.e. Ejy is g.a.s if Ry < 1. When we choose
Br(z) = 1.2 x 1078, Bo(z) = 3.8 x 1078(1 + 0.5cos(2x)), B3(x) = 3 x 1078(1 + 0.5 cos(2x))
and obtain Ry =~ 1.209 > 1. Figure 2 shows that the disease will be present in the MSM

group.
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Figure 2. The solution surface to system (1.1)-(1.3) when Ry > 1, on Qr = [0,10] x [0, 1].
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Figure 3. The influence of the spatial heterogeneity on Ry. (a) f1(x) = 1.2 x 1078(1 + ksin(2z)).
(b) Bi(z) = 1.2 x 1078(1 + ksin(2x)) and Bi(z) = 1.2 x 1078(1 + k cos(2x)). (c) p(z) = 0.0246 x
(1 + ksin(2z)). (d) 7(x) = 0.01 x (1 + ksin(2z)). (e) Ba(z) = 3.8 x 1078(1 + ksin(2x)). (f)
d(xz) =0.7114 x (1 + ksin(2z)). Other parameters as their means value in Table 2.

Obviously, we know that an increase in Ry will increase the risk of HIV transmission
among MSM group. Hence, we now study the effect of the heterogenous parameters on
Ry, which denotes the key threshold value of the disease transmission. In Figure 3 (a)
and (e), we can see that Ry increases as parameter k increases when we set f(i(z) =
1.2 x 1078(1 + ksin(2z)) and Ba(x) = 3.8 x 1078(1 + ksin(2z)), respectively. Furthermore,
Ro in the case of Bi(z) = 1.2 x 1078(1 + ksin(z)) (red dotted line in Figure 3 (b)) is
larger than Ry in the case of B1(z) = 1.2 x 1078(1 + ksin(2x)) (red solid line in Figure
3 (b)). It is revealed that choosing the average the infection the infection ability of HIV
will underestimate the risk of HIV transmission. Set d(x) = 0.7114 x (1 + ksin(2z)) and
other parameters are fixed as their values in Table 2. Then k increases will lead to Ry
decreases (see Figure 3 (f)). In Figure 3 (c), the influence of the heterogeneity of u(x)
on HIV infections risk Ry can be obtained similarly. Moreover, from Figure 3 (d), it is
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indicated that Ry decreases as k increases, which implies that increasing the coverage of
PrEP will effectively reduce the risk of HIV transmission among MSM group.

5.3 Application to the optimal control among MSM in China

In this subsection, we mainly focus on the optimal control of the reaction-diffusion model
(4.9)-(4.10) with PrEP and ART treatment. Studies have shown that taking PrEP
drug on time and in quantities according to doctor’s instructions can effectively pre-
vent HIV transmission through unprotected sexual behaviors. In fact, Gilead’s Truvada
(PrEP drugs) costs 6,500 (3,675-8,963) USD (United States Dollar) per person each year
through the health care system, and private purchases may be more expensive [47]. For
private purchases DTG (Dolutegravir) drugs, it almost costs 3,394 USD per HIV in-
fected individual each year [47]. For the sake of simplicity, we choose the mean value
of cx(x),(x(x), k = 0,1,2,3 [26, 27], and w;, ¢ = 1,2,3 in cost functional in (4.12) as
follows:

co = 1, C1 = 1, Cy = 1, C3 = 1.2, C() = 0.1, Cl = 0.02, CQ = 0.04, Cg = 0.02,
w1 = 6500, ws = 3394, ws = 3394.

We now solve the optimal control problem proposed in (4.13) for p;(x,7) =0, i =1,2,3,
7 = 1 year. It is easy to see from Figure 4 that the optimal controls u} (i = 1,2,3) are
all of the Bang-Bang form. From Figure 5, it is revealed that the strategy associated
with controls leads to a significant decrease on the number of HIV infected individuals
at various stages among MSM. The corresponding cost of optimal control (uj,u3,u3) is
1.582 billion USD (see Case 2 in Table 3 and Table 4), which is significantly less than
the predicted costs in [47]. In fact, the authors in this paper estimate the total spending
on PrEP would be 29.6 (22.2-37.1) billion USD over the period from 2018 to 2037 if 20%
MSM initiated daily oral Truvada for usage period of 5 years per person, namely, PrEP
treatment costs an average of 1.48 billion USD per year.

Optimal control u;
Optimal control u;

Figure 4. (a) the surface of uj; (b) the surface of u3; (c) the surface of uj.






From the standpoint of epidemiology, it is very meaningful to study whether the diffusion
coefficients affect the optimal control strategy. For this purpose, we choose three cases
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From the data mentioned in [47], we know that the cost of Gilead’s Truvada range from
3,675 USD to 8,963 USD. Hence, in this subsection, we devote to discussing the effect of
the cost of the PrEP drug on the optimal control strategy for HIV transmission among
MSM. For this purpose, we choose three cases of the initial values w; in Table 5. It can
be seen that the strength and cost of the optimal control strategy are increased by the
cost of the PrEP drug in Figure 8 (a)-(f), which range from 1.061 to 2.142 billion USD
in Table 5. This indicates that high drug prices pose a big challenge to the promotion of
PrEP treatment among the MSM group. In fact, this also brings great intervention costs
to the national public medical system. Therefore, in order to better play the role of PrEP
drugs in preventing the spread of HIV among MSM group in China, the cost of PrEP drug
needs to be reduced so that most people can pay for PrEP drug treatment.

Case Case 1 Case 2 Case 3
w1 3,675 6,500 8,963
F(uf,u3, u3) 1.061 billion USD 1.582 billion USD 2.142 billion USD

Table 5. The value of cost functional # (uf,u3, u3) with respect to the cost wy of PrEP therapy.

6 Conclusion

In this paper, we formulate a realistic HIV/AIDS epidemic model with spatial diffusion
to study the combination effect of PrEP and ART on HIV infections among MSM group
in heterogenous environment. We derive the basic reproduction number Ry and demon-
strated as a threshold parameters for the dynamical behaviors of the model: the disease
dies out when Ry < 1 and presents when Ry > 1 in MSM group.

On the basis of PrEP and ART have substantial advantages in controlling HIV in-
fections among MSM group, we establish an optimal control strategy for the model with
positive constant diffusion coefficients. The purpose of the optimal control is minimize
the total number of MSM susceptible population and HIV infected population, the cost
of PrEP intervention and ART treatment for MSM group. By virtue of minimal sequence
techniques and the methods of convex perturbation, we show the existence and the first
order necessary optimality conditions of the optimal treatment strategies, respectively.
Furthermore, it is worth mentioning that we give the Bang-Bang form for optimal treat-
ment strategies in the case of p;(7,2) =0, i = 1,2, 3.

Finally, on the basis of the MSM group data in China, we conduct some numerical
simulations to reinforce the analytical results. More specifically, by analyzing the influence
of diffusion coefficients on the optimal control, we found that the increase in the diffusion
coefficients of MSM group increases the density of maximum control (see Figure 6), and
it also increase the cost of control (see Table 3). This implies that spatial diffusion cannot
be ignored during intervention for HIV transmissions among MSM group. We are also
interested in whether the initial data of HIV infections among MSM group affects the
optimal control strategies. By analyzing the influence of initial values on the optimal
control (see Figure 7, Table 4) and considering a practical situation, the numbers of HIV
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infections among MSM group increase year by year in China. Our works suggest: (1) it
will be help to improve control efficacies and reduce its cost if the PrEP intervention and
ART treatment measures for MSM group are taken as early as possible; (2) in order to
better play the role of PrEP drugs in preventing the spread of HIV among MSM group
in China, the price of PrEP drug needs to be reduced so that most people among MSM
group can pay for PrEP drug treatment. From the view of practical, the model established
in our paper can be applied to comprehend and control the transmission of the disease
among MSM in China, which can help the department of health to implement preventive
intervention for HIV infections among MSM group.

Acknowledgements The author is very grateful to Dr. Aaron Sun from University of
Texas at El Pasofor for his linguistic assistance.
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